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Editorial on the Research Topic
 Imaging Cerebrovascular Reactivity: Physiology, Physics and Therapy




CEREBRAL BLOOD FLOW

Brain tissue stores little energy and so requires a continuous supply of oxygen and glucose to maintain normal brain function and cell viability. With cerebral oxygen consumption accounting for ~20% of the total resting body oxygen consumption, this demand requires a continuous and well-regulated blood flow, and takes up to 15–20% of the total cardiac output (Helenius et al., 2003; Ito et al., 2004). Accordingly, several mechanisms are in place to maintain cerebral blood supply in the face of challenges such as variations in arterial blood pressure, hypoxemia, and vascular occlusions (Willie et al., 2014).

These include both the anatomical characteristics of the cerebral vasculature, such as the Circle of Willis, and physiological mechanisms. The latter includes the following mechanisms: (1) autoregulation to maintain flow against supply pressure changes (Tan and Taylor, 2014; Tzeng et al., 2014), (2) neurovascular coupling to increase flow in active regions (Attwell et al., 2011, 2016; Phillips et al., 2016), and (3) increased flow during hypoxemia (Duffin et al., 2020).

Other physiological factors also affect CBF. Acute changes in arterial blood gases (Willie et al., 2012), such as hypoxia (Cohen et al., 1967; Mardimae et al., 2012) and hypercapnia (Battisti-Charbonney et al., 2011), as well as decreases in hemoglobin (anemia) (Borzage et al., 2016) all impact cerebral blood flow (CBF). In the presence of hypoxia and anemia, vascular tone decreases to maintain adequate oxygen supply (Duffin et al., 2020). Long term changes in CBF occur in chronic anemia (Brown et al., 1985) including sickle cell anemia (Bush et al., 2016). These increases in flow required to maintain oxygen delivery, are accompanied by a multitude of adaptive changes orchestrated via the HIF 1 alpha pathway (Poellinger and Johnson, 2004) so that in the long term the cerebral vasculature remodels to provide larger diameter vessels to accommodate a higher CBF.

In normal physiological conditions, local demand for CBF is met by changes in the vascular resistance in parenchymal arterioles, with little variation in the global blood flow. The large pial arteries on the surface of the cortex contain multiple layers of vascular smooth muscle cells. These vessels branch into penetrating arterioles containing a single layer of vascular smooth muscle cells (Nishimura et al., 2007), and enter the cortical parenchyma where capillary pericytes may control the flow (Hall et al., 2014; Attwell et al., 2016). As detailed in this topic, the common effector pathway for controlling cerebral blood flow is changes in vascular diameter orchestrated by vascular smooth muscle (Duffin et al.). However, the mechanisms that drive this diameter change and subsequent CBF response may be complex and interconnected; as an example, CO2 may cause both direct vasodilation as well as indirect effects mediated by pressure changes (Battisti-Charbonney et al., 2011).



CEREBROVASCULAR REACTIVITY

Brain vascular health relates to a fundamental ability of the cerebrovascular system to match blood flow to tissue demand. Consequently, a measurement of the blood flow response to a vasodilator challenge constitutes a means of discerning the general health of the physiological regulators. This measurement is referred to as cerebrovascular reactivity (CVR). Numerous vasodilator stimuli exist, including pharmacological agents such as acetazolamide. At present, it is increasingly preferred to use a less invasive and more readily reversable dilatory stimulus such as hypercapnia: an increased arterial partial pressure of CO2 provides a strong global vasostimulation (Fierstra et al., 2013). The measurement of the CBF response can be made using transcranial Doppler (TCD) measurement of the velocities in large vessels, particularly the middle cerebral artery. However, the adoption of changes in blood-oxygen-level dependent (BOLD) signal measured with magnetic resonance imaging (MRI) have enabled the local responsiveness of the cerebrovasculature to be investigated with whole brain coverage. It should be noted, however, that there is no clear relationship between TCD- and BOLD- CVR measures (Burley et al.). The BOLD signal within an interrogated voxel arises from changes in flow in capillaries and venules and is therefore a proxy for the local tissue blood flow response. CVR is reported as the percent change in BOLD divided/normalized by the change in the partial pressure of CO2 due to the hypercapnic stimulus. This use of MRI measures to examine CBF changes on a voxelwise basis leads to the presentation of detailed CVR maps.

The development of CVR testing procedures has included aspects of both the vasodilatory CO2 stimulus as well as the detection of the resulting increase in cerebral blood flow with MRI (Sleight et al.). Endogenous CO2 changes that occur naturally with breathing have been considered as stimuli (Pinto et al.) as well as the CO2 and oxygen changes occurring during breath holding (Solis-Barquero et al.). The endogenous variations in CO2 and hence CVR, also interact with the measurement of intrinsic brain activity in resting state functional MRI, reviewed by Chen and Gauthier, and the effect of the removal of the respiratory variation in CO2 on resting state measures is demonstrated by McKetton et al..

Technical developments in the ability to control arterial CO2 via inspired gases have led to proposals for a standardization of a repeatable CO2 stimulus (Fisher and Mikulis) and experience with this methodology is described in Sobczyk et al. as well as its reproducibility across different MRI scanners by Sobczyk et al..



CEREBROVASCULAR REACTIVITY DATA ANALYSIS

Not only have CVR testing procedures matured but substantial advances have been made in the acquisition and analysis of the MRI data used to capture the CBF response. While BOLD contrast has been usually chosen as the surrogate measure of CBF for CVR measurement, other MRI sequences can also be used. A pseudocontinuous arterial spin labeling (pCASL) sequence combined with other adjustments was used to evaluate CVR in the study by Solis-Barquero et al. and investigations into the use of different MRI sequences has suggested improvements in CVR measurement (Cohen et al.). A comparison between CVR measurements at 1.5 and 3 Tesla showed that 3 Tesla MRI may reduce variance in CVR magnitude (Stringer et al.), and the use of ultra-high field MRI (Champagne and Bhogal) has generated insights into the temporal aspects of CVR. With the application of intensive processing, corrections for partial averaging, when the BOLD signal in a voxel originates from a mixture of tissue types, can be made as presented by Poublanc et al.



USING CVR TO ASSESS VASCULAR HEALTH

One aspect of CVR measured using CO2 that pertains to its use in assessing vascular health is that the effect of CO2 is a global one, vasodilating all smooth muscle controlling cerebral blood flow. With BOLD MRI measuring CBF at a voxelwise spatial resolution the entire brain can be mapped. This aspect contrasts with typical task-activation functional MRI measurement where only particular regions are activated, and CBF increases via neurovascular coupling. With a global CO2 stimulus, flow changes are not only due to vasodilation but also to changes in the redistribution of local perfusion pressure brought about by the general increase in flow that increases the pressure loss in the major cerebral arteries (Faraci et al., 1987). An uneven distribution of the consequent local perfusion pressure decrease can lead to a CBF decrease in some regions where the cerebrovascular response to CO2 is lacking. This phenomenon is known as cerebrovascular steal, as though the healthy vasodilating voxels have stolen the flow from their unhealthy colleagues (Brawley, 1968).

The use of CVR as a clinically useful metric is slowly gaining recognition, with the transfer of research findings into clinical practice. CVR analysis was initially applied to measure the extent of steno-occlusive disease, but, as the papers presented in this Research Topic illustrate, CVR measures have applicability to a wide range of cerebrovascular pathologies, from assessing the impairment of CVR in sickle cell disease (Afzali-Hashemi et al.) as well as in chronic traumatic brain injury, where CVR relates to post-traumatic headache severity (Amyot et al.).

The challenges to its use as an effective diagnostic and prognostic tool in treatment planning and guidance, as well as the physiological mechanisms that lead to impaired CVR in aging and disease are reviewed by Krishnamurthy et al. That CVR may play an important role in cognitive decline is now recognized, and the relationship between BOLD-based assessments of CVR and cognition, and how altered CVR in disease and in normal physiology are associated with cognition are reviewed in Williams et al. The Heart and Brain Study protocol and objectives described by Suri et al. combines several measures including both CVR and cognitive testing. Experiments measuring the relationship between CVR and cognition in a study population at risk of cognitive decline demonstrate that while resting CBF was unrelated to cognitive scores, CVR was related to lower scores (Kim et al.).

Obstruction of an artery, either by thrombus or embolus, is the commonest cause for local ischemic damage. Brain tissue deprived of blood supply undergoes necrosis or infarction (stroke) (Victor et al., 2000). Steno-occlusive disease pathologies vary from extracranial or intracranial focal stenoses, to more progressive vasculopathies that affect multiple vessels. CVR assessment of these pathologies are complicated by the compensatory changes to mitigate ischemia such as downstream regional vasodilation and the development of collateral vasculature (Liebeskind, 2003). Consequently, the clinical appearance of steno-occlusive disease depends on the time course of the occlusion, its location, extent, and the availability of recruitable collateral circulation. It is the latter factor, more than the degree of local vascular impairment, that determines the risk of stroke (Ben Hassen et al., 2019).

Indeed, if recruitable collateral flow is available present on the side of carotid artery stenosis, there is a positive CBF response to hypercapnia with an increase in BOLD signal (Sobczyk et al.). Such a positive CVR has the lowest correlation with the risk of stroke regardless of the degree of stenosis (Reinhard et al., 2014). Wallerian degeneration and diaschisis are considered separate remote entities following ischemic stroke, and (van Niftrik et al.) show a strong association between Wallerian degeneration and ipsilateral thalamic diaschisis, indicating a structural pathophysiological relationship. There is also increasing evidence that impairments of cerebrovascular function may contribute to early neuronal cell loss in Huntington's disease, with preliminary CVR findings supporting that view (Chan et al.).



CONCLUSION

We, the editors of this CVR Research Topic, hope that readers will benefit from the collection of articles presented. It is our conviction that CVR will prove to be ever more useful in the assessment of cerebrovascular disease and will see continued progress toward its adoption to clinical practice.
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In patients with carotid artery stenosis (CAS), the risk of stroke, its severity, and response to revascularization are strongly related to the availability of collateral blood flow. Unfortunately, there is poor agreement between observers in assessing collateral flow using flow-based imaging. We used changes in blood-oxygen-level-dependent (BOLD) MRI as a surrogate of changes in regional cerebral blood flow in response to a hypercapnic stimulus [i.e., cerebrovascular reactivity (CVR)] as indicating flow reserve ipsilateral to CAS. We hypothesized that some patients with hemodynamically significant CAS develop functional collateral flow as indicated by normalization of ipsilateral CVR. We identified 55 patients in our CVR database with various degrees of CAS assessed by angiography and classed them as <50% stenosis, 50–69% stenosis, 70–90% stenosis, >90% stenosis, and full occlusion. CVR was measured as the change in BOLD signal in response to changes in end-tidal partial pressure of CO2 (Δ BOLD/Δ PETCO2) and normalized voxel-wise relative to the mean and standard deviation of the CVR in the corresponding voxels of an atlas of 46 healthy controls (CVR z scores). CVR and z scores were then averaged over gray matter (GM) and white matter (WM) on each side of the middle cerebral artery (MCA) territory. As hypothesized, CVR varied for each severity of CAS. Ipsilateral MCA territory CVR was less than normal in each class, including that with <50% stenosis (Student t-test, two-tailed; p = 0.0014 for GM and p = 0.030 for WM), with a trend of decreasing average CVR with increasing stenosis. Remarkably, the considerable individual variability in MCA CVR included some patients with normal CVR in each class – including that with complete occlusion. We conclude that, in general, CAS depresses downstream vascular reserve, but the extent of collateralization is highly variable and not predictable from the degree of stenosis, including both <50% stenosis and complete occlusion. CVR may be the more reliable marker for recruitable collateral blood flow than degree of CAS.

Keywords: cerebrovascular reactivity, collaterals, cerebral blood flow, cerebrovascular disease, stroke, MRI


INTRODUCTION

Stroke is the leading cause of disability and the third leading cause of death in North America, with approximately 85% of strokes ischemic in nature (Writing Group Members et al., 2016). Nevertheless, even among symptomatic patients with severe carotid artery stenosis (CAS) or occlusion, stroke incidence is only 12–15% in the first year following diagnosis, indicating the possibility that high and low risk subgroups exist among these patients (Blaser et al., 2002; Amarenco et al., 2018). Patients with CAS may undergo risk stratification based on the severity and frequency of symptoms, morphology of the lesion (Cogswell et al., 2017; Mandell et al., 2017), and Doppler or angiographic assessment of the degree of stenosis (Derdeyn et al., 2002; Brott et al., 2010). Other than morphology of the lesion, most of these parameters are poorly related to the risk of stroke (Gupta et al., 2012; Reinhard et al., 2014). It has become clear over the last decade that the co-existence of recruitable collateral blood flow (Bang et al., 2008; Sheth et al., 2016; Tan et al., 2016) is one of the strongest predictors of stroke risk, in terms of its severity, prognosis (Lima et al., 2010; Menon et al., 2011), and response to therapy. Current tests of cerebral perfusion (CT and MR perfusion imaging) assess resting blood flow but provide no information about the availability of distal recruitable perfusion (Powers, 1991), i.e., collateral blood flow function, to compensate for an upstream flow obstruction such as from a clot or embolism (Fanou et al., 2015; Leng et al., 2016).

As an alternative to having a reliable and quantifiable image of collateral flow (Ben Hassen et al., 2019), a functional assay, such as the flow response to an increased demand, is required. An increased arterial partial pressure of carbon dioxide (“hypercapnia”) can provide a strong global vasostimulation. Changes in MRI blood-oxygen-level-dependent (BOLD) signal within an interrogated voxel arise from changes in capillary flow and venules and are, therefore, good markers for local tissue blood flow responses (Ogawa et al., 1993; Hoge et al., 1999). The ratio of the percent change in BOLD signal, in response to a given hypercapnic stimulus, is called cerebrovascular reactivity (CVR).

All cerebral vascular beds dilate in response to hypercapnia, causing them to compete for flow from the major extracranial arteries (Sobczyk et al., 2014). In health, the changes in vascular resistance in response to hypercapnia are balanced, and the hyperemia is uniformly distributed throughout the brain (Bhogal et al., 2016). However, in the case of an uncompensated hemodynamically significant unilateral CAS, hypercapnia increases flow on the healthy side, reducing the overall perfusion pressure, and thus the flow past the stenosis. This discrepancy in flows is reflected in the BOLD signal in the respective hemispheres (Sobczyk et al., 2014). On the other hand, if recruitable collateral flow is present on the side of CAS, there is an increase in flow and, therefore, in the BOLD signal. This assumption of the significance of increase in BOLD arises from the observation that the strength of ipsilateral CVR has a strong inverse correlation with the risk of stroke regardless of the degree of stenosis (Gupta et al., 2012; Reinhard et al., 2014).

Nevertheless, “degree of stenosis” and “hemodynamic compromise” continue to be dominant indications for therapeutic interventions and have been adopted as the chief inclusion criterion in trials such as CREST2 (Howard et al., 2017). To obtain insight into which criterion our own data support, we reviewed our existing clinical CVR database to find the relationship between the radiologically-measured severity of CAS and the presence of recruitable blood flow as indicated by CVR. We hypothesized that the hemodynamic severity of the CAS will be weakly associated with parenchymal CVR, implying that in some patients, the hemodynamic restrictions at the site of the lesion can be offset by functioning collaterals.



MATERIALS AND METHODS


Subjects and Ethical Approval

All studies conformed to the standards set by the latest revision of the Declaration of Helsinki and were approved by the Research Ethics Board of the University Health Network and Health Canada. Subjects were participants in prospective studies in which CVR was measured in healthy subjects and those with cerebral vascular disease referred for investigation of neurological symptoms. All subjects provided written and informed consent for the original studies.

This study followed the principle of standardized uniform stimulus and data post-processing (Sobczyk et al., 2015, 2016) to optimize the reproducibility of data between patients (Smeeing et al., 2016). The data are presented normalized to a healthy cohort, thus enabling comparisons to data generated at other centers. Normative data were generated from studies in 46 healthy individuals with no history of neurological or cardiovascular disease and who were non-smokers and taking no medication, as previously described (Sobczyk et al., 2015). For study subjects, we searched our CVR research database for all adult patients of either sex with known CAS disease to any exent but who had come to medical attention as a result of transient symptoms and had not suffered a cerebral infarction at the time of initial study. This search yeilded 55 individuals (demographics listed in Supplementary Table 1). The grade of stenosis was assessed by two staff neuroradiologists reviewing all available angiograms [magnetic resonance angiography (MRA), computed tomography angiogram (CTA), and catheter angiograms] and categorized as: Class 1, none; Class 2, <50%; Class 3, 50–69%; Class 4, 70–90%; Class 5, >90%; and Class 6, 100%.



Experimental Protocol


Hypercapnic Stimulus

Subjects underwent a standardized iso-oxic hypercapnic stimulus using an automated gas blender (RespirAct™, Thornhill Research Inc., Toronto, Canada) running a prospective gas targeting algorithm (Slessarev et al., 2007). The stimulus consisted of two step increases of 10 mmHg from a baseline end-tidal partial pressure of carbon dioxide (PetCO2) of 40 mmHg, lasting 90 and 120 s (Fierstra et al., 2013; Fisher et al., 2018).



MRI Acquisition and CVR Map Generation

Magnetic resonance imaging was performed with a 3.0-Tesla scanner (Signa HDx; GE Healthcare, Milwaukee, Wisconsin) with an 8-channel phased-array head coil and consisted of BOLD acquisitions using a gradient echo pulse sequence with echoplanar readout (TR/TE = 2000/30 ms, field of view 24 cm × 24 cm, matrix size 64 × 64, number of temporal frames 254, 39 slices, slice thickness 5 mm, no interslice gap, and flip angle 85°). The acquired MRI and PetCO2 data were analyzed using Analysis of Functional NeuroImages software (AFNI1; Cox, 1996). PetCO2 data were time-shifted to the point of maximum correlation with the voxel showing the greatest positive BOLD signal change and re-sampled at the repetition time. A linear, least-squares fit of the BOLD signal data series to the PetCO2 data series was then performed on a voxel-by-voxel basis. BOLD images were then volume registered and slice-time corrected and co-registered to an axial 3-D T1-weighted Inversion-Recovery Prepared Fast Spoiled Gradient-Echo (IR-FSPGR) volume (TI/TR/TE = 450/8/3 ms, matrix size 256 × 256, field of view 22 cm × 22 cm, slice thickness 1 mm, and flip angle 15°) that was acquired in the same imaging session. CVR maps were generated by color-coding the slope of the linear relation between the change in %BOLD signal and the corresponding change of PetCO2 to a spectrum of colors reflecting the direction and magnitude of the CVR and overlaid on the corresponding structural scans. All voxels with correlation coefficients between −0.125 and +0.125 were thresholded from the maps.




Analysis of CVR Data

This methodology is described in detail in Sobczyk et al. (2015) and summarized below and in Figure 1.

[image: Figure 1]

FIGURE 1. Pathway to normalizing cerebrovascular reactivity (CVR). Narrative description in text. Figure modified with permission from Fisher et al. (2018).



Atlas Construction and z Scores

Analytical processing software (SPM8; Wellcome Department of Imaging Neuroscience, University College, London, UK2) was used to co-register each of the individual brain volumes from the normative data (Sobczyk et al., 2015) into Montreal Neurologic Institute (MNI) standard space, and the mean CVR and associated standard deviation (SD) were calculated for each voxel across all 46 healthy subjects (AFNI software; Cox, 1996) to generate a normal atlas. Individual z scores were then calculated on a voxel-wise basis by co-registering their CVR maps to the same space as the atlas and scoring each subject’s CVR value by assigning a z score according to the mean and SD of the corresponding voxel of the atlas. The healthy subjects’ individual z scores were calculated by a “leave one out” or “jackknife” procedure, which required taking each healthy subject from the reference atlas and z scoring that subject to the remaining atlas (Minoshima et al., 1995).



Segmentation

The co-registered T1-weighted anatomical images for all subjects were segmented into gray and white matters (GM and WM) using the aforementioned SMP8 software and further segmented into right and left middle cerebral artery (MCA) territories using masks created manually by a neuroradiologist (DMM). For each subject, hemispheric GM and WM mean z scores were calculated for the MCA territory for each side.



Statistical Analysis

The internal carotid artery (ICA) stenosis/occlusions measures for each hemisphere were divided into groups based on the degree of stenosis classification mentioned earlier. For each group, the proportion of hemispheric mean MCA z scores compared to the entire combined group mean MCA z scores was calculated and their distribution displayed in frequency distribution histograms (FDH). Statistical analysis was performed with SigmaPlot 11.0 software package (SigmaPlot version 12, Systat Software, Inc., San Jose California3). Student t-tests (two-sided, α = 0.05) were performed between categories to determine if significant differences existed between the groups. To examine the effect of hemispheres with high grade stenosis (>50% stenosis) on hemispheres with <50% stenosis, the mean hemispheric z scores were re-categorized in the follow manner: Group A is hemispheres with both <50% stenosis, Group B is the hemispheres with ≥50% stenosis with a contralateral side having <50% stenosis, and Group C is hemispheres with both ≥50% stenosis. The distributions of these categories were plotted in FDH, and a one-way analysis of variance (ANOVA) with the Holm-Sidak method of multiple comparisons correction was performed to determine if any significant differences existed between the three groups (α = 0.05). Using percent stenosis as a threshold, receiver-operator (ROC) curves were generated for hemispheric z scores in GM and WM.





RESULTS

The anthropomorphic characteristics of the control group have been reported in Sobczyk et al. (2015). A representative control subject’s (65-year-old male) MRA, CVR, and corresponding z-map are shown in Figure 2A.

[image: Figure 2]

FIGURE 2. Three cases illustrating how z-maps display abnormality not readily distinguished from CVR maps. (A) A healthy 65-year old control subject. The CVR and z-maps of a representative axial slice show that the distribution of z scores are around 0 within a range of ±1 SD. (B) A 76-year-old man with bilateral proximal internal carotid artery (ICA) occlusions (as shown by arrows in MRA) and normal neurological examination. The CVR and z-maps of a representative axial slice show that the spatial distribution of CVR values was restricted to the lower normal range compared to the CVR z-map in A. (C) A 59-year-old man with transient ischemic attacks but no MRI evidence of ischemic injury. CT angiography shows distal left ICA near occlusion (arrow) and less than 50% proximal right ICA stenosis (not shown). The CVR and z-maps of a representative axial slice show steal (blue CVR) in the RACA, LACA, and LMCA territories. Note the absent right A1 segment of the RACA accounting for steal caused by the distal LICA stenosis, with the z-map measuring the severity and extent of vascular abnormality. CT, computed tomography; CVR, cerebrovascular reactivity; LACA, left anterior cerebral artery; LICA, left internal carotid artery; LMCA, left middle cerebral artery; MRA, magnetic resonance angiography; RACA, right anterior cerebral artery.


The patient group consisted of 41 males and 14 females with an average age of 61 ± 17 years (mean ± SD). Patient details, diagnoses and mean CVR and z score results are listed in Supplementary Table 1. In summary, there were 40 hemispheres with <50% stenosis, 11 with 50–69% stenosis, 12 with ≥70% stenosis, 7 with >90% ICA stenosis, and 40 hemispheres with complete ICA occlusion.

Differences in mean MCA, CVR, and z scores between the percent stenosis categories are displayed in Figure 3 for both GM and WM. The graphs present a relationship between percent stenosis and mean CVR and z scores. The z scores are a standardized score accounting for measurement and normal physiological variability (Sobczyk et al., 2015). The trend shows that the greater the stenosis the lower the mean CVR and z scores. However, at each percent stenosis, the range of CVR overlapped the normal range but only for its lower half, with mean z scores between 0 and −1; there were no z scores between 0 and +1. This observation is consistent with the principle of incomplete collateral flow compensation. Detailed imaging from one of these patients with severe CAS and near normal CVR is shown in Figure 2B.

[image: Figure 3]

FIGURE 3. Distribution of mean middle cerebral artery (MCA) percent stenosis category for (A) CVR (Δ% BOLD/Δ mmHg PetCO2) and (B) z scores for both gray and white matters. Beyond 50% stenosis, the distribution of CVR no longer has the distribution of the control cohort. All pairwise multiple comparison rank test (Dunn’s Method) showed for gray matter that all groups differed from the control group (p < 0.05) except <50% stenosis group, and for white matter all groups were significantly different from the control group (p < 0.05) except for the <50% stenosis and 70–90% stenosis groups. Note: Abscissas in B show average z scores for all voxels in the MCA region of interest (ROI). In an individual subject, CVR values in a voxel may contain errors due to partial voluming, location misregistration, subject movement, position, and others; however, when all the voxels are averaged over a large ROI, they more truly represent the underlying physiology of the ROI. The ROI z score of individual healthy subjects was calculated by performing a “jackknife” procedure, which involved taking each healthy subject from the reference atlas, calculating a mean CVR and comparing it back to the corresponding atlas average CVR. The range of z scores in the healthy individuals (comparable to the standard error of the mean) in the atlas was ±1. CVR, cerebrovascular reactivity; BOLD, blood-oxygen-level-dependent; PetCO2, end-tidal partial pressure of carbon dioxide.


The distribution of z scores for GM and WM, based on the degree of stenosis, is shown in Figure 4. There was a statistically significant difference in CVR between the control group and patients, regardless of degree of stenosis, including those with <50% stenosis for both GM and WM (p = 0.0014 for GM and p = 0.030 for WM). Significant differences were also present between the <50% stenosis group and 50–69% stenosis group in both GM and WM (p < 0.001 for GM and p = 0.001 WM). There were no significant differences (p = 0.409 for GM and p = 0.38 for WM) between the remaining hemispheric groups. A number of hemispheres with <50% ICA stenosis had reduced CVR outside the normal distribution; an example of a patient in this category with bilateral carotid stenosis is shown in Figure 2C.

[image: Figure 4]

FIGURE 4. Frequency distribution histograms of the mean MCA hemispheric z scores of gray and white matter for (A) normal group and all ICA stenosis groups regardless of degree of stenosis, (B) hemispheres with ICA <50% stenosis (including normal group) and hemispheres with ≥50% stenosis, and (C) hemispheres with ICA <70% stenosis and hemispheres with ICA ≥70% stenosis. ICA, internal carotid artery; MCA, middle cerebral artery.


It has been found that the CVR of the contralateral side is affected to a limited degree, by the ipsilateral side with high-grade stenosis (Sam et al., 2014). We have also observed subjects exhibiting this pattern from our cohort (Figure 2C). To examine the effect of high grade stenosis on the contralateral side of our cohorts, the mean hemispheric z scores were re-categorized in the follow manner: Group A is both hemispheres with <50% stenosis, Group B is the hemispheres with ≥50% stenosis with a contralateral side <50% stenosis, and Group C is both hemispheres with ≥50% stenosis. The distributions of these categories are found in the FDH in Figure 5. One-way ANOVA with Holm-Sidak method of multiple comparisons correction found significant differences between all three groups for both GM and WM (p < 0.001, α = 0.05) excluding WM Group A vs. Group B, which showed no significant differences after multiple comparison correction.

[image: Figure 5]

FIGURE 5. FDH of the mean MCA hemispheric z scores distribution of gray (left side graphs) and white matter (right side graphs) with (A) both hemispheres <50% stenosis, (B) one hemisphere ≥50% stenosis with the other hemisphere <50% stenosis, and (C) both hemispheres with ≥50% stenosis. *Indicates significantly different distributions. FDH, frequency distribution histograms; MCA, middle cerebral artery.


Two criteria were examined for defining “abnormal”: (1) any hemisphere with ICA ≥50% stenosis and (2) any hemisphere with ICA ≥70% stenosis. The ROC curves (Figure 6) demonstrate that this standardized CVR test is able to identify those with ≥50% stenosis who have impaired CVR [area-under-the curve (AUC)] for GM was 0.89 (95% CI = 0.85–0.94) and 0.87 (95% CI = 0.82–0.93) for WM. This indicates that the using two criteria to define hemispheres with ICA ≥50 and ≥70% stenosis as abnormal made little difference. False negatives (CVR in the normal range) were found in the hemispheres of patients with normal CVR due to sufficient collateral blood flow, regardless of the presence of a high-grade stenosis; presented in Figure 2B. However, Figure 3 shows that those hemispheres within the normal range for CVR do not have the same distribution as normal hemispheres in healthy subjects. They lack the CVR in healthy subjects that have z scores >0.

[image: Figure 6]

FIGURE 6. Receiver-operator curves displaying the accuracy of degree of stenosis as a predictor for hemodynamic impairment for, (A) defining any hemisphere with ICA ≥50% stenosis in both gray and white matters and, (B) defining any hemisphere with ICA ≥70% stenosis in both gray (g, gray matter; top graphs) and white matter (w, white matter; lower graphs). ICA, internal carotid artery.




DISCUSSION


Main Findings

In this study, we demonstrate a progressive decrease in CVR associated with increasing degree of CAS. However, the finding with the most far-reaching implication is that some patients with the more severe stenoses – including those with complete occlusion – had near normal ipsilateral CVR. The increase in the BOLD signal results from increased cerebral blood flow (CBF) and resulting reduction in deoxyhemoglobin concentration (Hoge et al., 1999). This surge of flow must be routed around the upstream stenosis, arriving through collateral pathways via the circle of Willis, or further downstream through interconnections between pial vessels, penetrating arterioles and capillaries (Fisher et al., 2018). The corollary implication is that patients with ipsilateral reductions in BOLD response lacked a similar extent of collateralization, and therefore, perfusion is unable to circumvent the stenotic part of the feeding vessel.



Steady State Vs. Responsive Cerebral Blood Flow

A perspective of these finding can be obtained by comparing them to those of Powers (1991). In that study, as in ours, patients had varying degrees of stenosis but no clinical or radiological signs of stroke. They were studied with positron emission tomography (PET) to determine resting CBF and oxygen extraction fraction (OEF). In Powers Stage 1 ischemia, near normal CBF and OEF are sustained by vasodilation, collateral blood flow, or both. PET measures the net brain blood flow but cannot determine the relative contributions of the two mechanisms, much less the reserve vasodilatory capacity. The latter requires a provocative vasoactive stimulus and a measure of a change in blood flow, both features of CVR. Flow is not measured directly but the change in the BOLD signal closely follows the magnitude of the change in flow (Hoge et al., 1999), making CVR a semi-quantitative measure. Finally, we note that whereas CVR provides a unique assessment of each patient, the model of Powers (1991) is based on group trends which do not address the risks in particular individuals, a requirement for clinical practice.



Standard Measures of Vascular Perfusion Integrity

Vascular perfusion integrity can be tested clinically. Digital subtraction catheter angiography has been used to generate angiographic images but the method is limited by lacking a standardized scoring method (McVerry et al., 2012). The American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) collateral score was developed to harmonize collateral circulation grading for CTA or perfusion MRI-based methods (McVerry et al., 2012; Ben Hassen et al., 2019) and is currently the recommended and the most commonly used scale in endovascular acute stroke trials for measuring collateral flow and decision-making on mechanical thrombectomy (Powers et al., 2019). Ben Hassen et al. (2019) tested the best case for inter‐ and intra-observer agreement of this scale in a randomized control trial, picking trained readers selected from interventional neuroradiologists who enrolled patients in the THRACE trial (Bracard et al., 2016). They provided the readers with a pre-trial training set and tested them on 30 cases selected for high image quality, showing opacification of ipsilateral posterior cerebral artery that enabled temporal territory evaluation. The overall agreement on a four-point scale was rated as “poor,” improving only slightly when the scale was dichotomized or readers grouped by years of experience. The intra-observer agreement varied greatly between readers, without a consistent pattern such as relation to experience.

In contrast, in two metanalyses examining measures correlating with the risk of stroke (Gupta et al., 2012; Reinhard et al., 2014), none of the subjective assessments based on degree of stenosis and flow were significantly correlated with the risk of stroke; the strongest correlation was shown by CVR. We are in accord with previous authors (Bang et al., 2008; Sheth et al., 2016; Tan et al., 2016) that hold that this CVR correlation occurs because it is related to the presence and extent of functioning collateral blood flow.



Incomplete Compensation From Collateral Blood Flow

Two additional observations from this study are notable. First, the CVR in patients with >70% stenosis whose CVR was in the “normal” range was almost all in the lower range of normal (Figure 3), an aspect not appreciated until z scoring of the CVR normalized it to a healthy cohort (Sobczyk et al., 2015). This observation follows a general principle in physiology of “incomplete compensation for an active biological disturbance that alters normal equilibrium.” This reduced range of response was discernable because the stimulus was standardized and was compared to the normal range. This finding suggests that no matter how well the cerebrovascular system is collateralized, compensation in patients will never be as good as in healthy subjects.



Clinical Implications

The second additional observation was that many patients with <50% stenosis also had ipsilateral mean CVR z scores below the normal range (Figure 3), further weakening the widely assumed relationship between the degree of stenosis and adequacy of perfusion reserve. Reductions in CVR in some of these patients who may have no pressure gradient across the stenosis at rest may be attributed to the development of a pressure gradient with the increased flow and turbulence induced by hypercapnia. The normal blood flow delivery at rest would not provide the stimulus for the induction of collateral vessel formation. Thus, the presence or absence of collateral flow, rather than simply the degree of stenosis, may determine the risk of stroke (Gupta et al., 2012; Reinhard et al., 2014), the size and distribution of the infarct (Verma et al., 2015), and the outcome of revascularization (Lima et al., 2010; Smeeing et al., 2016).


Implication for Clinical Trials

The presence or absence of a functioning collaterome (Liebeskind, 2015) affects the outcome of CAS patient treatment. In the case of best medical treatment (BMT), the benefits may be due to a well-functioning “collaterome” rather than the medical treatment itself. In the absence of a functional collaterome, BMT would provide added benefit only to the extent that it prevents embolic phenomena and progression of vascular occlusions. In the presence of an effective collaterome, surgical revascularization is a redundant protection, yet the patients incur the other risks associated with anesthesia and surgery. These potential confounding conditions are applied when degree of stenosis alone is the criterion for randomization. We suggest that a better basis for equipoise is to account for the functional state of the collaterals prior to randomization of treatment. Surgical or mechanical revascularization may also not be a suitable intervention without verification of hemodynamic benefit. This too can be indicated and quantified (Sobczyk et al., 2016) as an improvement in CVR.




CVR and Penumbra

The presence or absence of a functioning collaterome also determines the state of the penumbral volume during and after stroke. An assessment of the collateral flow to the penumbra would inform the choice of therapeutic options, timing of interventions, and prognosis, and thereby likely affect outcome. However, during the acute phase of stroke, CVR is time consuming and risks delaying definitive treatment. Hypercapnia risks vasodilating healthy parts of the brain, which would further reduce the perfusion pressure to the penumbra (“vascular steal”; Fisher et al., 2018). Nevertheless, it may be worth investigating if the benefits of a brief, standardized moderate hypercapnic stimulus equivalent to a single nocturnal hypopnea (to which patients with stroke are particularly prone; Redline et al., 2010) outweigh the risks of CVR for assessment of the collaterome.



Study Strengths and Limitations

This study was a retrospective, single center, case series design. All patients meeting inclusion criteria were recruited from studies incorporating CVR but were otherwise unselected. We have used a previously generated atlas of normal CVR values as a common reference standard for our studies. This atlas consisted of 46 people who were mostly younger than our cohort. However, we have examined the CVR in the atlas by age and sex (Sobczyk et al., 2015) and found that there were no discernable trends. In any event, the atlas values were applied uniformly and, therefore, function as a reference standard for all patients.

An important aspect of this study was the minimization of CVR variability as a result of implementing a uniform, repeatable hypercapnic normoxic stimulus for all subjects. This implementation enabled the scoring of each voxel CVR in each patient by reference to a normal range. Otherwise, with the range of CVR at each extent of CAS, we would not have been able to objectively discern sub-groups of patients for comparison. Automation of the stimulus administration ensures compatibility of the data between patients in an institution and between institutions (Reinhard et al., 2014; Smeeing et al., 2016) and enables the study to be precisely replicated by others.

The ROC analysis was performed to give a statistical overview of the BOLD MRI-CO2 z score diagnosis of impaired CVR using grade of stenosis as a reference standard. However, using grade of stenosis as the “truth data” for the ROC analysis has its limitations and must be interpreted with caution. A strong result may indicate that CVR is unnecessary. However, as Figures 2B,C indicate, there are a number of individuals who have high grade stenosis but preserved CVR. Relying on the degree of stenosis alone would exclude these subsets of individuals. A weak ROC result may indicate that either measure (CVR mean z scores or degree of stenosis) has large measurement error rather than indicate that CVR has more information than degree of stenosis. As Figure 3 presents, CVR does have more information than degree of stenosis alone. Ultimately, future work will require a separate study to test the ability of CVR to better predict stroke than degree of stenosis.




CONCLUSION

While CVR was related to the degree of stenosis over the patient cohort, it was highly variable across all degrees of stenosis. As such, CVR does not simply reflect the degree of CAS but, by being a measure of the net increase in flow, it reflects the ability of the vasculature to recruit blood flow in response to an increase in demand. Depending on the degree of obstruction of upstream major arteries, such flow can be, at least, partially attributable to collateral blood flow pathways. As methods of assessment of collaterals vessels improve, future work will need to continue examining the relationship between the structure and function of collateral vessels.
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Cerebrovascular reactivity (CVR) is defined as the ability of vessels to alter their caliber in response to vasoactive factors, by means of dilating or constricting, in order to increase or decrease regional cerebral blood flow (CBF). Importantly, CVR may provide a sensitive biomarker for pathologies where vasculature is compromised. Furthermore, the spatiotemporal dynamics of CVR observed in healthy subjects, reflecting regional differences in cerebral vascular tone and response, may also be important in functional MRI studies based on neurovascular coupling mechanisms. Assessment of CVR is usually based on the use of a vasoactive stimulus combined with a CBF measurement technique. Although transcranial Doppler ultrasound has been frequently used to obtain global flow velocity measurements, MRI techniques are being increasingly employed for obtaining CBF maps. For the vasoactive stimulus, vasodilatory hypercapnia is usually induced through the manipulation of respiratory gases, including the inhalation of increased concentrations of carbon dioxide. However, most of these methods require an additional apparatus and complex setups, which not only may not be well-tolerated by some populations but are also not widely available. For these reasons, strategies based on voluntary breathing fluctuations without the need for external gas challenges have been proposed. These include the task-based methodologies of breath holding and paced deep breathing, as well as a new generation of methods based on spontaneous breathing fluctuations during resting-state. Despite the multitude of alternatives to gas challenges, existing literature lacks definitive conclusions regarding the best practices for the vasoactive modulation and associated analysis protocols. In this work, we perform an extensive review of CVR mapping techniques based on MRI and CO2 variations without gas challenges, focusing on the methodological aspects of the breathing protocols and corresponding data analysis. Finally, we outline a set of practical guidelines based on generally accepted practices and available data, extending previous reports and encouraging the wider application of CVR mapping methodologies in both clinical and academic MRI settings.
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INTRODUCTION

Cerebrovascular reactivity (CVR) is an intrinsic regulatory mechanism whereby cerebral blood vessels adjust their caliber in response to a vasoactive stimulus, increasing or decreasing the regional cerebral blood flow (CBF). Importantly, CVR is thought to be a sensitive biomarker of the brain’s vascular health in a wide range of conditions and pathologies, including stroke (Krainik et al., 2005; Geranmayeh et al., 2015), glioma (Hsu et al., 2004; Pillai and Zacá, 2011; Zacà et al., 2014; Iranmahboob et al., 2016), small vessel disease (Hund-Georgiadis et al., 2003; Conijn et al., 2012), and obstructive sleep apnea (Prilipko et al., 2014; Buterbaugh et al., 2015; Ponsaing et al., 2018; Wu et al., 2019). Even in the healthy brain, CVR exhibits spatiotemporal patterns possibly reflecting regional variations in cerebral vasculature (Chang et al., 2008; Bright et al., 2009; Pinto et al., 2016), which may impact commonly used hemodynamic measures of brain activity, namely blood oxygen level dependent (BOLD) functional MRI (fMRI) (Ogawa et al., 1990). To take this into account, CVR mapping has been used as a normalizing factor in fMRI studies in order to reduce inter- and intrasubject variability (Handwerker et al., 2007; Thomason et al., 2007; Tsvetanov et al., 2015).

In order to evaluate CVR, a challenge to the vasculature is usually applied while the associated CBF changes are measured. While Transcranial Doppler Ultrasound (TCD) allows only global and indirect CVR evaluation, Positron Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT) enable whole brain CVR mapping; however, these techniques involve the administration of radiotracers, which can limit their ease of use and appropriateness in many studies. By overcoming both limitations, and further allowing improved spatial and temporal resolution, MRI techniques have become increasingly popular for CVR assessment. The BOLD contrast has been particularly useful in this context, as a surrogate of relative CBF changes. Although the BOLD signal results from a complex combination of several physiological parameters, including not only CBF but also cerebral blood volume (CBV) and blood oxygenation, it is nevertheless thought to reflect predominantly CBF changes (Mandell et al., 2008; Chen and Pike, 2010). For truly quantitative measurements of CBF, non-invasive Arterial Spin Labeling (ASL) perfusion imaging can be used (Detre et al., 1992; Williams et al., 1992; Alsop et al., 2015). However, the low signal-to-noise ratio (SNR) inherent to this type of measurement has limited its use. CVR values obtained with MRI methodologies have been shown to correlate with the ones obtained with gold standard techniques for CBF quantification (PET, SPECT) (Heijtel et al., 2014; Fierstra et al., 2018; Hauser et al., 2019).

Regarding the vascular challenge, the most common approach involves the induction of hypercapnia, whereby the arterial blood partial pressure of carbon dioxide (CO2) is increased leading to vasodilation and increased CBF. These vascular tone changes are thought to be mainly induced by CO2-mediated changes in pH levels (Kontos et al., 1977; Brian, 1998). A relatively common method of inducing hypercapnia is the inhalation of air with an increased CO2 partial pressure. For this purpose, a gas mixture with an altered concentration of CO2 (most commonly ∼5%) in relation to normal “room” air (consisting of approximately 21% O2 and 0.04% CO2 with balance nitrogen) is generally used. Different techniques have been developed and improved along the years in order to more precisely control gas concentrations. In particular, some respiratory gas manipulation techniques allow precise targeting of end-tidal carbon dioxide (PETCO2) and/or oxygen (PETO2) concentrations, which provide surrogates for the corresponding arterial gas concentrations (Mark et al., 2010; Spano et al., 2013). Nevertheless, the required experimental setups are quite complex, and for this reason may be associated with low tolerance by some clinical populations or be inappropriate in hospital scanning environments. Moreover, the required setups are quite expensive and may therefore simply not be available in many MRI facilities. Other less expensive gas delivery setups might also be used (Tancredi et al., 2014; Liu et al., 2017b), but these still require additional time for setting up the patient as well as expertise and equipment for manipulating gas levels.

Alternatively, strategies based on breathing tasks performed by the subjects without the need for external gas manipulations have been proposed: breath holding or paced deep breathing can readily induce changes in arterial pressure of blood gases and consequently drive vasodilation and vasoconstriction, respectively. Furthermore, a new generation of methods that are simply based on the spontaneous breathing fluctuations occurring during resting-state has also started to emerge. Both strategies have been shown to be well tolerated by populations generally considered less cooperative (Thomason et al., 2005; Handwerker et al., 2007; Kannurpatti et al., 2010; Raut et al., 2016; Dlamini et al., 2018) and to yield results comparable to those obtained with external gas manipulation techniques (Kastrup et al., 2001; Kannurpatti and Biswal, 2008; Golestani et al., 2016b; Liu et al., 2017a). Because of their simplicity and inexpensive implementation, these strategies might offer a new opportunity for the application of CVR mapping as a useful clinical and research tool.

The aim of this work is to review techniques for assessing CVR during MRI that do not require external gas manipulation. For this purpose, we will focus on the BOLD contrast for the MRI assessment of relative CBF changes, and we will consider the different methods that can be used to elicit a vascular response without the need for external gas manipulations. These include task-based methods, which rely on the voluntary execution of breathing tasks; and resting-state methods, which rely simply on the intrinsic breathing variations during an undirected or “resting” state. In each case, we first describe the experimental design and data acquisition for the respective vasoactive modulation approach, and we then discuss data analysis and modeling methodologies to derive CVR maps. A few reviews have addressed related aspects of CVR mapping: a summary of some of the stimuli commonly used to evaluate CVR, with the exception of resting-state methods (Fierstra et al., 2013; Moreton et al., 2016); technical reviews of CVR mapping, mainly focusing on CO2 inhalation methods (Moreton et al., 2016; Liu et al., 2019); and a systematic review of BH-based CVR mapping (Urback et al., 2017). Nevertheless, our review differs from these previous works by incorporating CVR methods based on spontaneous breathing fluctuations during resting-state and comparing them with task-based methodologies, and in this way giving a more comprehensive overview of the different methodologies for CVR assessment that do not require gas challenges. Additionally, we propose a set of practical guidelines for CVR mapping, addressing both acquisition and analysis methodologies, based on generally accepted practices and available data as described in this review.



TASK-BASED METHODS

This category of methods encompasses the voluntary execution of breathing tasks, designed to induce changes in the arterial pressure of CO2. These include hypercapnia-inducing breath-holding (BH), as well as hypocapnia-inducing paced deep breathing (PDB) tasks (Table 1). In both tasks, several parameters and options need to be considered before implementation. We summarize these in Figure 1, depicting the design of each task. A more detailed description will be provided in the following subsections.


TABLE 1. Summary of the most common non-invasive methodologies to induce a vascular response, their impact on arterial CO2 levels, cerebral vessels caliber and BOLD signal.
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FIGURE 1. Schematic illustration of the breathing task paradigms (top), including details for breath-hold (BH, bottom left) and paced deep breathing (PDB, bottom right). The parameters and corresponding options that need to be considered for applying the breathing tasks are summarized.



The Breath-Hold Task

The use of the BH task for CVR measurement was first described by Ratnatunga and Adiseshiah (1990), and it has since been the most common voluntary challenge chosen to elicit a cerebrovascular response. This task increases arterial CO2 levels due to subjects holding their breath and ceasing ventilation, ultimately leading to dilation of vasculature and an increase in CBF. The BH task offers a readily accessible and simple method for voluntary breathing modulation being reproducible at 1.5 and 3T (Magon et al., 2009; Lipp et al., 2015; Pinto et al., 2016; Peng et al., 2020).

Despite being used mostly in studies of healthy subjects, their successful application in children and elderly healthy populations indicates that BH tasks can be used to measure CVR even in populations that are generally considered less cooperative (Riecker et al., 2003; Thomason et al., 2005; Handwerker et al., 2007; Kannurpatti et al., 2010; Thomas et al., 2013; Raut et al., 2016). In fact, BH tasks have also been successfully applied in patients with pathologies, such as stroke (Raut et al., 2016), obstructive sleep apnea (Prilipko et al., 2014; Buterbaugh et al., 2015; Ponsaing et al., 2018), schizophrenia (Friedman et al., 2008) and glioma (Hsu et al., 2004; Iranmahboob et al., 2016). Other works have investigated the relationship between BH-CVR measurements and factors such as vascular risk/hypertension (Haight et al., 2015; Tchistiakova et al., 2015), smoking (Friedman et al., 2008), altitude/diving (Yan et al., 2011; Vestergaard and Larsson, 2019) and physical activity (Gonzales et al., 2014; Svaldi et al., 2015, 2017). Furthermore, some studies have reported high correlations between CVR mapping obtained using BH compared with methods based on CO2 inhalation (Kastrup et al., 2001; Biswal et al., 2007; Kannurpatti and Biswal, 2008; Tancredi and Hoge, 2013).

A BH task typically consists of a protocol that follows a standard block design, with alternating periods of breath holding and normal breathing. Nevertheless, there are several parameters and options, shown schematically in Figure 1, that need to be considered when implementing such a task.


BH Period Duration

When selecting the BH period duration, two primary factors must be balanced: the BH must be short enough to be successfully performed by the participant but long enough to induce a robust hypercapnia and CVR response (Kastrup et al., 1999b; Andrade et al., 2006; Magon et al., 2009). The CBF response to CO2 increases with the BH duration, up to certain limit, leading to an increase in the measured imaging signal amplitude and yielding higher sensitivity and SNR as well as more reproducible results (Magon et al., 2009). Nevertheless, shorter BH durations are easier to tolerate, particularly in clinical settings (van Oers et al., 2018), and may also be less susceptible to head motion artifacts. In fact, longer BH periods may be more challenging for the participant, which can result in large “recovery” breaths upon completion of the BH introducing severe head motion confounds (Thomason et al., 2007; Bright et al., 2009). Whether a BH is performed before an inspiration or an expiration highly influences the level of tolerability of the BH duration (discussed below).

Significant hypercapnia states have been reported with BH periods as short as 6 s (Abbott et al., 2005). Most studies adopt a feasible BH duration between 10 and 30 s, although the spatial extent of the significant BOLD response reaches a plateau at a BH length of approximately 20 s (Liu et al., 2002). Several studies have successfully applied BH with a duration of ∼15 s, hence this value might be a good compromise for BH CVR assessment (Leoni et al., 2008; Chang et al., 2009; Pattinson et al., 2009; Bright et al., 2011; Hua et al., 2011; Lipp et al., 2014, 2015; Tchistiakova et al., 2014; Geranmayeh et al., 2015; Urback et al., 2019, 2018).



End-Expiration or End-Inspiration BH

End-inspiration BH yields more complex BOLD responses than end-expiration protocols, commonly exhibiting a triphasic shape, with an initial short positive phase, then a signal decrease followed by a major increase that reaches a maximum, and finally returning slowly back to baseline (Kastrup et al., 1998; Li et al., 1999a; Magon et al., 2009) (Figure 2). End-expiration BH displays a simpler response, without the first signal increase commonly observed in end-inspiration BH strategies. End-expiration BH protocols also tend to achieve faster responses than end-inspiration BH protocols. Nevertheless, if these timing differences are adequately taken into account, both BH protocols have been shown to yield comparable CVR amplitude results (Kastrup et al., 1999b) (Figure 2).
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FIGURE 2. Comparison between end-inspiration (blue) and end-expiration (red) BH protocols: BOLD percent signal change (PSC) time-courses averaged across BH trials and across brain regions displaying significant signal changes. Error bars represent standard deviation across trials. Corresponding CVR maps representing the amplitude (top) and delay (bottom) of the BOLD response (due to the lack of PETCO2 information, the CVR amplitude values are presented in non-normalized units of absolute PSC). Maps were obtained using a Fourier basis modeling approach (Pinto et al., 2016).


End-inspiration BH tasks are naturally easier to perform, allowing for longer BH period durations, and may therefore be more suitable for potentially less cooperative patients (Roberts et al., 2009; Pillai and Mikulis, 2014). Nevertheless, when using an end-inspiration BH task, the amplitude of the BOLD response also depends on the depth of the preparatory inspiration, although visual feedback during task inspiration period has been proposed to tackle this issue (Thomason and Glover, 2008).

End-expiration tasks have been shown to be reproducible (Scouten and Schwarzbauer, 2008) but may induce additional head motion due to the urge to inspire toward the end of the task (Thomason et al., 2007). Nevertheless, chest position during the BH is more similar across trials when following exhalation rather than an arbitrary inhalation, with more consistent field changes due to chest position. Alternatively, instead of employing an explicit end-inspiration or end-expiration BH protocol, some studies instruct subjects to cease breathing wherever they are in their natural breathing cycle (Bright et al., 2009, 2011).



Baseline and Recovery Periods

Regarding the baseline periods between BH, these usually have a long duration in order to allow blood gas levels to return to baseline (Poulin et al., 1996). Another aspect that may be modulated is the breathing rhythm during these periods, which may be spontaneous (self-paced) or paced (externally, computer-paced). The latter may help minimize variability inherent to the spontaneous breathing rates within and between subjects, resulting in a more consistent baseline condition (Scouten and Schwarzbauer, 2008). On the other hand, computer-paced breathing methods require the choice of an appropriate breathing frequency for achieving a normocapnic baseline state, and this is highly dependent on physiological variations in lung function and breathing depth, within and across subjects. Breathing rates from 1/3 Hz to 1/6 Hz have been reported in literature (Handwerker et al., 2007; Chang et al., 2008; Scouten and Schwarzbauer, 2008; Bright and Murphy, 2013; Lipp et al., 2014, 2015; Wu et al., 2015; Cohen and Wang, 2019). However, Bright and Murphy observed mild hypocapnia when using 1/6 Hz compared to self-paced acquisition (Bright and Murphy, 2013). Using a higher breathing rate (1/3.75 Hz), Tancredi and Hoge also observed lower CO2 values in comparison to self-paced baseline values (Tancredi and Hoge, 2013). Residual effects after controlling for breathing rate may be related to the fact that breathing may automatically become deeper when paced, which could also lead to hypocapnia (Bright and Murphy, 2013). Targeting the breathing frequency to match the participant’s spontaneous breathing rate might minimize these hypocapnic effects of computer-paced breathing.

If a paced breathing approach is used for the baseline period, an additional recovery period, consisting of several seconds of spontaneous breathing, is commonly introduced after the BH and exhalation period, before resuming the baseline period (Bright and Murphy, 2013; Cohen and Wang, 2019). This recovery period primarily acts to accommodate faster and deeper breaths, as needed, following completion of the BH, which may minimize participant discomfort or anxiety and increase compliance when returning to the paced breathing pattern.



Number of BH Trials

In principle, the more BH trials are executed within a scan session the more averaging can be done and thus the higher measurement signal-to-noise ratio can be achieved. However, more trials also lead to longer protocol durations, which may increase motion artifacts and patient fatigue or non-compliance. Lipp and colleagues assessed the reproducibility of CVR measurements using different numbers of trials, with the recommendation of at least 3 to guarantee reproducible maps, when a breath-hold duration of 15 s is used in combination with 18 s of paced breathing (Lipp et al., 2015).



The Paced Deep Breathing Task

Despite the BH task being a valuable method to induce hypercapnia and vasodilation non-invasively, techniques to induce hypocapnia and vasoconstriction can also be useful, in particular when further vasodilation is compromised (Zhao et al., 2009; Bright et al., 2011). In that case, hyperventilation might provide a valuable alternative breathing task, as an increase in respiration rate/depth induces hypocapnia. Numerous studies have used this approach for CVR assessment in both healthy and patient populations (Posse et al., 1997; Weckesser et al., 1999; Cohen et al., 2002; Naganawa et al., 2002; Hund-Georgiadis et al., 2003; Krainik et al., 2005; Zhao et al., 2009; Hajjar et al., 2010; Tancredi and Hoge, 2013). However, prolonged hyperventilation periods may cause undesired effects such as light-headedness, dizziness, visual disturbance, numbness and paresthesia, palpitations, tachycardia, shakiness, tension or anxiety, panic attacks, and weakness or exhaustion (Posse et al., 1997). Moreover, hyperventilation tasks are usually associated with high levels of head motion synchronized with the inspiration/expiration cycle.

In order to overcome such limitations, paced breathing tasks have been designed to induce mild and transient hypocapnia. Bright et al. (2009) introduced a PDB paradigm consisting in a controlled and mild increase of respiration rate for brief periods of time. This method was compared with more standard approaches, such as BH or CO2 inhalation, yielding consistent results (Bright et al., 2009; Figure 3). In another study, Sousa et al. showed that a similar PDB protocol yielded CVR measurements with good within- and between-subject reproducibility (Sousa et al., 2014). Additionally, Bright et al. compared PDB and BH tasks during CO2 inhalation, mimicking cases where further basal vasodilation may be limited, and observed that PDB-derived CVR values (but not BH-derived CVR values) were significantly increased during this basal change in vascular tone (Bright et al., 2011). It is worth mentioning that a linear relationship between CBF and PETCO2 is assumed in the interpretation of these results, but this would not hold for extreme deviations of CO2 levels (more details in the section Other Considerations).
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FIGURE 3. Comparison between BH and PDB protocols: Example of BOLD signal time courses averaged across trials and across regions that display significant signal responses (left, error bars represent standard deviation across trials), and corresponding CVR maps (in normalized units of BOLD percent signal change per mmHg (%/mmHg), right), for one illustrative subject. The BOLD signal changes in response to the different tasks can be seen clearly, with a signal increase/decrease for BH/PDB, respectively. A Fourier basis modeling approach was used to obtain the CVR maps (Pinto et al., 2016).


The PDB protocol typically follows a standard block design, with alternating periods of paced deep breathing and normal breathing. However, some parameters and options (shown schematically in Figure 1) need to be selected before implementing a PDB task.


Frequency, Depth and Duration of PDB

While some studies instruct subjects to hyperventilate without imposing a fixed rate or depth of respiration, others opt to specify this. In some studies, subjects practice the PDB task outside the scanner while PETCO2 levels are monitored: this can be done simply in order to verify their compliance (Posse et al., 1997; Zhao et al., 2009), or also to determine the subject-specific rate that best yields the required hypocapnic effect to be used in the final protocol (Cohen et al., 2002). Respiration rates of 1/4, 1/5 and 1/2.5 Hz have been previously used (Bright et al., 2009; Vogt et al., 2011; Sousa et al., 2014) in blocks of only a few breaths (2 or 3 breaths) (Bright et al., 2009, 2011) or for longer periods (8 breaths) (Sousa et al., 2014). Vogt and colleagues studied the impact of faster (1/2.5 Hz) and deeper (at a different frequency, 1/5 Hz) paced respiration for 20 s periods. As expected, increasing the breathing rate and depth decreased PETCO2 levels, but with faster breathing achieving lower values. Nevertheless, the combination of fast and deep breaths yields the lowest PETCO2 values compared to either fast or deep breathing separately (Vogt et al., 2011).



Baseline and Recovery Period

As in the case of BH tasks, PDB periods are alternated with “normal” breathing periods that act as a reference baseline. The duration of these baseline periods has varied between 60 and 90 s (Bright et al., 2009, 2011; Sousa et al., 2014). Although these studies employed self-paced breathing, Vogt et al. (2011) observed that PETCO2 decreases were greater when using external, computer-paced breathing compared to self-paced breathing (Vogt et al., 2011).

Deep recovery breaths are not typically required after performing PDB, but it may be more comfortable or natural for the participant to take slower or more shallow breaths following an hypocapnic task. It may therefore aid in improving participant comfort and compliance to include a short recovery period prior to the resumption of a paced baseline breathing pattern.



Number of Trials

The number of PDB trials has been highly dependent on the duration of each PDB period. While Sousa et al. used longer PDB periods and only two trials (Sousa et al., 2014), Bright et al. used shorter PDB periods but six trials (Bright et al., 2009). At present, there has not been a systematic assessment of the number of trials required for reliable CVR mapping using PDB.



Additional Practices


Monitoring

Monitoring of task performance through the measurement of complementary physiological variables is strongly recommended, particularly PETCO2 levels. This can be achieved by using a capnograph in combination with a nasal cannula to measure the CO2 levels expired air. CO2 sampling and measurement should ideally be performed as close to the subject’s expired air flow (nostrils) as possible, as reducing the sample tube length diminishes dispersion effects as well as the time delay between the true physiological effect and measured recording (Moreton et al., 2016). However, the logistics of the MRI environment typically require several meters of tubing between the nasal cannula, near the center of the scanner bore, and the capnograph, which must be located in the control room. The sampling delay caused by this physical distance is impacted by the power of the capnograph’s vacuum pump, and a high vacuum strength is recommended. One simple way to determine the effective sampling delay is to record the CO2 trace following a single BH and measure the time between the end of the BH and the first end-tidal CO2 measurement after the BH (Bulte and Wartolowska, 2017).

The PETCO2 levels are extracted by identifying the maximum peaks on the recorded CO2 trace, and the final PETCO2 time course is obtained by correcting for the sampling delay and interpolating to the time of each acquired fMRI volume (Bulte and Wartolowska, 2017). It is worth noting that, during a BH, no information is collected, and therefore the most important PETCO2 measurements in each trial are from the exhalations immediately before and after the BH period. It is important to emphasize that these exhalations are crucial for obtaining the most accurate estimate of the PETCO2 change evoked by the BH task (Bright and Murphy, 2013). It must also be acknowledged that beginning and ending the BH period with exhalations may feel unnatural and be challenging to perform, as typically the participant will feel the need for deep inhalation following the BH. Special instructions and training (see below) are likely needed to achieve these important measurements.

Respiratory information and/or task compliance can also be assessed using a respiratory belt. However, studies comparing respiratory belt measurements with PETCO2 have shown that, although somewhat correlated, PETCO2 better models BOLD signal changes due to breathing tasks (Chang and Glover, 2009; Vogt et al., 2011).



Training

Pre-scan training is highly recommended when using task-based methods in order to ensure that the participant understands the instructions and how to perform the task (Magon et al., 2009; Kannurpatti et al., 2010; Zacà et al., 2014). Additionally, training also helps make the participant more familiar and less anxious about the task itself, improving compliance.

As part of the training, it may be desirable to explain what the participant should do if they feel unable to complete a trial. For example, if the individual needs to stop a BH prematurely, this can be readily tolerated, but it would improve data quality and interpretation to still perform a short exhalation at that time. This has the added benefit of giving participants more autonomy during the experiment, which may also reduce anxiety.



Task Instructions

Task instructions are usually provided using visual cues, although auditory cues can also be used (Riecker et al., 2003; Chang et al., 2008; Kannurpatti and Biswal, 2008; Tancredi and Hoge, 2013; Wu et al., 2019). Visual cues have ranged from simple written instructions displayed on a screen (Bright and Murphy, 2013; Haight et al., 2015; Lipp et al., 2015; Pinto et al., 2016; Liu et al., 2020), to color-coded or symbolic cues (Friedman et al., 2008; Thomason and Glover, 2008; Kannurpatti et al., 2010; Gonzales et al., 2014; Prilipko et al., 2014). In order to control for the potentially strong neuronal activation induced by visual instructions, brightness levels should remain similar across task and baseline periods (Kastrup et al., 1999a,b). An additional fMRI scan displaying the same instructions but without the execution of the breathing task can be performed in order to detect any differences in neuronal activation between task and baseline periods.



Data Analysis

Several strategies have been proposed to analyze fMRI responses to a vasoactive task, with focus on model-driven approaches, including the general linear model (GLM) approach. A box-car function describing the block design of the breathing paradigms may be used to build a model of the BOLD-fMRI response (Kastrup et al., 1999b; Biswal et al., 2007). Some studies have instead used ramp functions, assuming a linear increase in the BOLD signal with time in response to a BH task (Bright and Murphy, 2013). Rather than using the ideal/theoretical task paradigm, more precise models of the BOLD response can, in principle, be built based on the recorded respiratory traces, namely PETCO2 or respiratory belt data (Birn et al., 2008; Murphy et al., 2011; Bright and Murphy, 2013; Lipp et al., 2015). Using recorded respiratory traces to build the model has the advantage of intrinsically accounting for variations in task performance between subjects as well as within subjects across time. In particular, it has been demonstrated that the use of PETCO2-based models can account for irregular task performance, which is particularly relevant in non-compliant participants and thus has potentially great impact on patient studies (Bright and Murphy, 2013). The use of PETCO2 also becomes crucial for the normalization of CVR units (more details in the Other Considerations section).

In all cases, the temporal dynamics of the vascular response to the breathing task needs to be taken into account. This can be achieved by assuming a linear time-invariant system and convolving the task boxcar function, or the measured respiratory trace, with an appropriate impulse response function. Some studies have used the canonic hemodynamic response function (HRF) commonly used to describe the BOLD response to an impulse of neuronal activity; in this case, adding the temporal derivative to the model is critical to allow for the longer delays observed in the case of the respiratory response (Murphy et al., 2011; Jahanian et al., 2017). Birn and colleagues performed BOLD-fMRI measurements of single deep breaths and derived a new impulse response function to model the BOLD response to variations in the respiration volume per time (RVT), extracted from respiratory belt measurements – the Respiration Response Function (RRF). Using the RRF has been shown to provide a significantly better model of the BOLD changes induced by BH and PDB tasks than using the canonic HRF (Birn et al., 2008). In a later study, Vogt et al. derived an impulse response function of the BOLD signal to PETCO2 variations during paced hyperventilation (Vogt et al., 2011).

One aspect that most of these modeling strategies have in common is the assumption that a single, fixed time course can explain the BOLD signal across the brain. However, it has been suggested that the response to vasoactive stimuli may exhibit different temporal dynamics in different brain regions, not only in patients within cerebrovascular disease but also in healthy subjects (Chang et al., 2008; Magon et al., 2009; Geranmayeh et al., 2015; Pinto et al., 2016). Some studies have attempted to overcome this limitation by incorporating delay information into the analysis (Chang et al., 2008; Magon et al., 2009; Geranmayeh et al., 2015). The most common approach to obtain this information is by determining the optimal time lag within a certain time interval using cross-correlation between the voxel’s BOLD signal and the model (Chang et al., 2008). This optimization step can be performed voxelwise, or on a regional basis by considering a number of regions of interest (ROI) across the brain; this latter option may be advantageous in terms of SNR. Using the global BOLD timeseries as the reference has also been used to obtain an approximate estimate of the time delay of the BOLD response – but this does not take regional variations into account (Geranmayeh et al., 2015; van Niftrik et al., 2016). Other approaches that aim to estimate the voxelwise response time delay, include methods such as Hilbert transform (Raut et al., 2016), recursive tracking approaches such as the Regressor Interpolation at Progressive Time Delays method (RIPTiDe, RapidTide) (more details in the Resting-State Methods subsection) (Tong et al., 2011; Donahue et al., 2016; Champagne et al., 2019), iterative GLM fitting using shifted regressors (Geranmayeh et al., 2015; Cohen and Wang, 2019; Moia et al., 2020a), or Fourier basis modeling (Murphy et al., 2011; Lipp et al., 2015; Pinto et al., 2016; van Niftrik et al., 2016). The latter exploits the essentially biphasic shape of the BOLD response to alternating periods of task and baseline (assuming similar durations of each period), resulting in approximately sinusoidal signal variations at the paradigm frequency. More precise modeling of the shape of the response can be achieved by considering a Fourier series with a number of harmonics. Moreover, if a linear combination of a sine and cosine is used, then a phase delay can be estimated as well as the response amplitude. It has been reported that a sine-cosine pair at the task frequency and its two first harmonics provides a suitable model for the BOLD response to an end-inspiration BH task, yielding reproducible estimates of CVR amplitude as well as its time delay (Pinto et al., 2016).

The Fourier series approach has been shown to yield similar results to PETCO2-based modeling (Murphy et al., 2011; Lipp et al., 2015). This approach was further investigated by van Niftrik and colleagues in patients with unilateral hemispheric impaired perfusion (van Niftrik et al., 2016). Two sine waves with different frequencies were used in order to accommodate the fact that the BH and baseline periods had considerably different durations. Using the Fourier series approach to account for voxelwise optimal delay yielded significantly higher CVR values and better differentiation between affected and unaffected brain tissues (van Niftrik et al., 2016). Using iterative modeling of shifted regressors to account for voxelwise delay showed similar improvements in healthy controls (Moia et al., 2020a). Characterizing voxelwise delay information is clearly important for improving the accuracy of CVR measurements and may also supply complementary insight into the health or pathology of the local CVR response.



RESTING-STATE METHODS

The last years have seen an increasing interest in the study of the brain’s intrinsic functional connectivity, based on synchronous fluctuations in the blood-oxygen level dependent (BOLD) signal across different brain regions (Biswal et al., 1995). The hemodynamically driven changes in tissue and blood oxygenation underlying the BOLD signal are, however, caused by a combination of neuronal activity as well as non-neuronal mechanisms, including respiration and cardiac sources. These fluctuations of non-neuronal origin are usually referred to as physiological noise in the context of conventional resting-state fMRI (rs-fMRI) studies of brain activity, and they are often modelled and eliminated as they are of no interest in those cases (Greicius et al., 2003; Birn, 2012; Pinto et al., 2017). However, this so-called physiological noise also contains information about cerebral hemodynamics that may be of interest, including CVR mechanisms.

In one approach to analyze rs-fMRI data, metrics are computed to quantify the amplitude of low-frequency oscillations, within the range of approximately 0.01 to 0.1 Hz (Biswal et al., 1995). Although spontaneous fluctuations in neuronal activity are thought to occur within this frequency range, non-neuronal physiological processes also contribute (Murphy et al., 2013; Bright and Murphy, 2015; Caballero-Gaudes and Reynolds, 2017; Tong et al., 2019a; Whittaker et al., 2019). In addition, it is well known that higher frequency fluctuations associated with the respiratory and cardiac cycles are aliased into the low-frequency range, due to the typically low temporal resolution of fMRI data, playing a significant role in spontaneous BOLD fluctuations. Furthermore, cardiac pulsations and the breathing cycle can lead to bulk motion of certain brain regions (Harvey et al., 2008) and spin history effects in the fMRI timeseries (Friston et al., 1996), while breathing-related chest movements can induce B0 field fluctuations that also influence the BOLD signal (Van de Moortele et al., 2002).

Some of the physiological fluctuations occurring within the low-frequency band are also thought to be governed by the autonomic nervous system. One source of such fluctuations, the variability of heart rate, is commonly used as a marker of autonomic nervous system activity (Chang et al., 2013). It has a higher frequency component thought to be related to parasympathetic modulation (0.15 - 0.4 Hz), and a lower frequency component (0.05 – 0.15 Hz) that appears to occur in synchrony with arterial blood pressure oscillations, also known as Mayer waves (∼ 0.1 Hz) (Julien, 2006; Draghici and Taylor, 2016). Another source of BOLD fluctuations in the low-frequency range is vasomotion caused by contraction of the smooth muscle of the arterioles, which is thought to be independent of cardiac and respiratory cycles (Murphy et al., 2013). Low- and very low-frequency BOLD fluctuations (0.023–0.73 Hz and 0.001–0.023 Hz, respectively) have also been associated with CSF pulsations (e.g., glymphatic system) (Mäkiranta et al., 2004; Kiviniemi et al., 2016). More recently, correlations between gastric oscillations (∼ 0.05 Hz) and low-frequency BOLD fluctuations have also been reported (Rebollo et al., 2018).

Pertinent to this review, natural fluctuations in PETCO2 levels also evoke low-frequency BOLD oscillations, providing more specific access to CVR. In 1997, Biswal et al. showed that the amplitude of low-frequency BOLD fluctuations was sensitive to hypercapnia (Biswal et al., 1997). In 2004, Wise et al. further demonstrated that low-frequency BOLD fluctuations across the human brain are temporally correlated with spontaneous PETCO2 fluctuations (Wise et al., 2004). Additional investigation confirmed that low-frequency BOLD fluctuations are also correlated with BH hypercapnic responses (Biswal et al., 2007; Kannurpatti and Biswal, 2008), in both younger and older populations (Kannurpatti et al., 2011).

Taking these physiological mechanisms into account, a new set of methods relying on the spontaneous variations of breathing and PETCO2 levels have been successfully used to assess CVR based on resting-state BOLD-fMRI. These methods have the advantage of not requiring any task to induce a vasoactive response and therefore being less demanding in terms of the experimental setup and more easily implemented, and also less dependent on the cooperation of the participant. This might be more suitable for CVR mapping in less cooperative populations, such as patients with language–comprehension problems or with visual/auditory impairment. Nevertheless, a limitation of this approach is that, if the subject’s spontaneous breathing pattern yields minimal fluctuations in their PETCO2 level, there might not be enough signal variation for reliable CVR assessment. In fact, de Vis and colleagues showed that a hypercapnic stimulus of at least 2 mmHg above baseline PETCO2 is necessary in order to evaluate any hemodynamic impairment (De Vis et al., 2018). Another challenge is isolating low-frequency BOLD fluctuations arising from CVR mechanisms versus other physiologic noise sources or neural processes described above.

Several metrics have been proposed to derive CVR information from rs-fMRI data, and they can be subdivided in two main categories: metrics based on signal variation or signal regression.


Signal Variation

The resting-state fluctuation amplitude (RSFA) is a relatively simple metric commonly used in rs-fMRI studies, being computed as the temporal standard deviation of the BOLD time series (Kannurpatti and Biswal, 2008). Several studies comparing RSFA with CO2 inhalation and BH tasks for CVR estimation have reported similar results (Kannurpatti and Biswal, 2008; Kannurpatti et al., 2014; Wang et al., 2016), while other studies observed a low agreement between measures (Lipp et al., 2015). Nevertheless, RSFA has been shown to have high spatial repeatability (Lipp et al., 2015) and to be an important scaling factor in the analysis of the effects of age on task-fMRI (Tsvetanov et al., 2015).

Several other metrics based on modifications of the RSFA have been proposed as potentially more specific alternatives for CVR measurement. Makedonov et al. developed a physiological fluctuations (PF) metric, in which the temporal variance in signal attributed to thermal noise is subtracted from the total temporal variance of the BOLD signal at a particular voxel (Makedonov et al., 2013, 2016). Jahanian et al. proposed a coefficient of variation (CV) metric, in which the signal temporal standard deviation is normalized by the mean signal intensity (Jahanian et al., 2014, 2017). Jahanian et al. demonstrated that CV can be used to differentiate young healthy volunteers from hypertensive elderly subjects with chronic kidney disease. These CV differences mainly arose from very low-frequency components of the BOLD signal (< 0.025 Hz), and they became more significant after removal of physiological motion effects using the retrospective image-based correction (RETROICOR) method (Jahanian et al., 2014).

When comparing CV and BH-CVR, a strong linear correlation was observed in older adults (Jahanian et al., 2017). In contrast, moderate correlations were observed between CV and strategies based on PETCO2 signal regression (more details in the following subsection), although CV was best at representing whole-brain CVR variations across subjects (Golestani et al., 2016b). Liu et al. compared different physiological modulators of fMRI signal, obtaining a marginal correlation between CV and CVR using CO2 inhalation (Liu et al., 2013). The authors attributed this weak connection to CV being affected by factors such as bulk motion, spontaneous neural activity and breathing fluctuations (Liu et al., 2013).

Considering that some physiological fluctuations can be described within a well-defined frequency range, some authors have restricted their analysis to a specific low-frequency band. Usually, a frequency band of the 0.01 – 0.1 Hz or 0.01 – 0.08 Hz is chosen in order to target the components of interest while also removing high-frequency components possibly mostly contaminated by noise. The amplitude of low-frequency fluctuations (ALFF) metric is computed as the square root of the power spectrum across a specific low-frequency band of the preprocessed rs-fMRI BOLD signal (Zang et al., 2007). This metric has been used to rescale the amplitude of task-related fMRI in order to account for vascular differences (Kazan et al., 2016). More recently, the ALFF metric has been applied in patients with leukoaraiosis, yielding both decreases and increases in specific brain regions (Cheng et al., 2017). Another work on leukoaraiosis has shown that altered ALFF is positively correlated with executive function (Wang et al., 2019). Still, the low-frequency band is quite broad and more specific bands within this range may reflect different physiologic contributions. Zuo et al. (2010) demonstrated differences in the spatial distributions of ALFF in bands slow-2 (0.25–0.20 Hz), slow-3 (0.20–0.07 Hz), slow-4 (0.07–0.03 Hz) and slow-5 (0.03– 0.01 Hz). Although it remains challenging to discern what components of the low-frequency signals are specific to CVR mechanisms, correlation analysis with PETCO2 levels has been shown to be highest in the frequency band of 0.02–0.04 Hz (Liu et al., 2017a) (more details in the following subsection).

A related metric is the fractional ALFF (fALFF), whereby the power within the low-frequency range is normalized by the power across the whole spectrum (Zou et al., 2008). Both ALFF and fALFF have been shown to yield moderate to high test-retest reliability in gray matter (GM) regions, although ALFF is more reliable than fALFF (Zuo et al., 2010). Nevertheless, it has been demonstrated that ALFF is more prone to non-CVR physiological noise sources in comparison to fALFF, in particular near the ventricles and large blood vessels (Zou et al., 2008; Zuo et al., 2010). In summary, there is a tradeoff between reliability/specificity between the two metrics, and therefore some authors recommend reporting both ALFF and fALFF (Zuo et al., 2010; Figure 4).
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FIGURE 4. Comparison between BH and rs-fMRI protocols: (Top) CVR amplitude and delay maps obtained using BH BOLD-fMRI and the Fourier basis modeling approach (Pinto et al., 2016). (Bottom) Maps of ALFF and fALFF computed in the 0.01 - 0.023 Hz frequency band. All maps are group averages across 12 healthy individuals. For comparison purposes with the rs-fMRI metrics, the CVR amplitude maps are represented in non-normalized units of absolute BOLD percent signal change (PSC).


Recently, De Vis and colleagues compared ALFF and fALFF metrics of rs-fMRI with CVR fMRI measurements during hypercapnia and hyperoxia gas challenges. A moderate relationship was found between hypercapnia and resting-state CVR measures in healthy individuals, but this relationship was decreased in a patient group. While hypercapnia fMRI measures led to large effect sizes when detecting hemodynamic impairment, rs-fMRI ALFF/fALFF metrics only showed moderate effect sizes. Nevertheless, in both hypercapnia and resting-state CVR measures, resting CBV (using hyperoxia BOLD signal as a proxy) significantly explained a large portion of BOLD signal variance across the brain (hypercapnia: 53/37%; ALFF: 31/23%; fALFF: 29/14%, in healthy controls/patients, respectively) (De Vis et al., 2018). Similar to ALFF, fALFF maps have also been employed as a voxelwise scaling factor of task-based fMRI analysis, significantly reducing inter-subject variability (Kalcher et al., 2013).

It should be noted that all signal variation metrics presented in this section are merely qualitative since they are not normalized against a common scale, usually the amplitude of PETCO2 fluctuations. Nevertheless, they can be sensitive to spatial differences since they are computed for each voxel separately. A summary of the most common rs-fMRI signal variation CVR metrics and their computation is depicted in Table 2.


TABLE 2. Summary of the most common rs-fMRI CVR methodologies based on BOLD signal variation metrics.
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Signal Regression

Given that PETCO2 is a well-established surrogate of arterial CO2, regression of BOLD signal by the spontaneous variations in this metric can also be used in order to estimate CVR in rs-fMRI (Wise et al., 2004). Another possible surrogate of arterial CO2 is the respiration volume per time unit, RVT (Birn et al., 2008; Chang and Glover, 2009). In 2009, Chang et al., 2009 verified that PETCO2 and RVT account for similar patterns of temporal and spatial variations of resting BOLD signal. However, the authors also observed differences between the two metrics, and indeed the BOLD signal variance explained was higher when using a combination of the two metrics compared to using only one of them (Chang and Glover, 2009). Several other studies have reported the use of PETCO2 as a regressor to map CVR based on rs-fMRI in healthy volunteers (Lipp et al., 2015; Golestani et al., 2016b) as well as in patients with cerebrovascular diseases (Liu et al., 2017a). Nevertheless, the rs-fMRI response to intrinsic PETCO2 fluctuations in healthy subjects may not be a reproducible metric, exhibiting lower intra-class correlation values than BH-CVR metrics (Lipp et al., 2015). In particular, the rs-fMRI response to PETCO2 fluctuations has been shown to vary with eyes-open and eyes-closed states (Peng et al., 2013). Golestani and colleagues investigated the impact of CVR mapping using PETCO2 in rs-fMRI after removing the cardiac and respiration contributions (Golestani et al., 2015, 2016b). They then estimated the relationship between rs-fMRI BOLD and PETCO2 fluctuations through parametric deconvolution, yielding a PETCO2-based response function (HRFCO2) (Golestani et al., 2015, 2016b).

In 2015, Liu et al. (2015) hypothesized that the average rs-fMRI BOLD signal across the whole brain reflects spontaneous arterial CO2 fluctuations, and employed global-signal regression (GSR) to derive CVR. This was validated in comparison with CO2-inhalation CVR maps. Furthermore, the authors also applied the proposed method to Moyamoya disease patients and found a reduced CVR in the diseased territories, with rs-fMRI CVR maps being comparable to those derived from CO2-inhalation (Liu et al., 2015). The same group also observed that rs-fMRI GSR methods provide significantly better CVR maps (in terms of Z-scores) compared to PETCO2 regression methods, and they speculate that this is due to the low sampling frequency of PETCO2 recordings (limited by breathing rate) compared to the BOLD signal (Liu et al., 2017a). More recently, this rs-fMRI GSR strategy was also applied in a group of stroke patients, confirming its feasibility (Taneja et al., 2019). Golestani and colleagues observed a good within-subject agreement between CVR values obtained using rs-fMRI GSR and conventional CO2 manipulation. However, rs-fMRI GSR was much less reproducible than methods based on rs-fMRI metrics, namely RSFA and ALFF. The authors state that one possible reason for this is the close relationship between GSR CVR estimates and frame-wise head motion (Golestani et al., 2016b). This confound may improve when isolating low-frequency components of the global signal. When different frequency bands (between 0 and 0.2 Hz) were taken into account, correlation between BOLD signal and PETCO2 was highest in the frequency band 0.02–0.04 Hz, yielding highly reproducible CVR maps that were spatially correlated with those obtained using the conventional CO2-CVR method (Liu et al., 2017a).

Regression using rs-fMRI averaged across a specific tissue mask has also been described by Jahanian et al. in a cohort of older adults (Jahanian et al., 2017), which may also facilitate the specificity of rs-fMRI signal regression to CVR mechanisms. In particular, when using the CSF signal, assuming it predominantly reflects fluctuations of purely non-neuronal origin, significant correlations with BH-derived CVR were observed, although these were lower than the CV method described earlier (Jahanian et al., 2017).

The temporal aspect of the low-frequency fluctuations of rs-fMRI has been also investigated with approaches primarily based on time-lag correlation, including simple seed-based lag mapping (Amemiya et al., 2014; Tong et al., 2017) as well as recursive tracking methods such as RIPTiDe (or its accelerated implementation, RapidTiDe) (Frederick et al., 2012; Erdoğan et al., 2016). The former generates a lag map based on the rs-fMRI time shift that yields the maximum correlation coefficients in each voxel relative to a predefined reference time course. In contrast, the latter approach takes into account the rs-fMRI data itself, with the reference time course being updated recursively, to better accommodate timing and shape differences. This is performed by shifting voxelwise the initial time course and applying principal component analysis or a weighted average to obtain an updated single time course that accounts for the highest shared variance. This approach might account for physiological differences in breathing responses and other possible factors that are difficult to know a priori. The use of optimized temporal delays at each voxel (using GSR) has been shown to increase the amount of BOLD signal variance explained relative to a GSR approach that does not perform this optimization (Erdoğan et al., 2016). Furthermore, the commonly seen negative correlations in GSR are minimized when using an optimized delay approach (Erdoğan et al., 2016). Although estimation of temporal delays may be less robust in rs-fMRI protocols compared to task-based CVR (Bright et al., 2017), rs-fMRI lag maps have revealed close correlation with SPECT-CVR maps, using acetazolamide as the vasoactive stimulus (Nishida et al., 2019). Some studies support the assumption that the delays of the low-frequency oscillations of rs-fMRI propagate in a way similar to cerebral blood circulation within the brain, reflecting vascular structure, both in healthy subjects (Tong et al., 2017, 2019b) as well as in a series of pathological conditions (Lv et al., 2013; Amemiya et al., 2014; Christen et al., 2015; Ni et al., 2017).



OTHER CONSIDERATIONS


PETCO2 as Surrogate of PaCO2

Estimation of PaCO2 during CVR assessment is a critical requirement for quantitative interpretation of results. However, direct measurement of PaCO2 requires blood sampling, making it highly invasive; for that reason, PETCO2 is generally used instead as a non-invasive surrogate. PETCO2 has been shown to provide a robust proxy of arterial CO2 partial pressure when using gas challenges that target PETCO2 levels in combination with respiratory rates greater than 12 breaths per minute (Ito et al., 2008). This assumption, however, might be compromised and not applicable in patients with diminished cardiopulmonary function, during exercise, or when using in combination with other breathing protocols (Peebles et al., 2007; Ito et al., 2008). Nevertheless, even if the absolute value of PETCO2 is not equivalent to the arterial CO2 content, its relative variation still accurately reflects the CO2 changes elicited by the stimulus (Mcswain et al., 2010). For these reasons, in practice, the use of PETCO2 as a surrogate of PaCO2 is a pragmatic choice for breathing modulation monitoring and analysis (Bright et al., 2019).



Non-linear PETCO2 - CVR Relationship

The impact of baseline PETCO2 has been shown to influence CVR assessment (Halani et al., 2015; Golestani et al., 2016a; van Niftrik et al., 2018). In stroke patients, the compensatory baseline condition where vessels are dilated may explain the enhanced vasoconstrictive reactivity to hypocapnia in contrast to no significant changes in hypercapnic vasodilatory reactivity (Bright et al., 2011). Recently, it was demonstrated that CVR is significantly different when measured relative to a predefined “normocapnic” baseline (40 mmHg) compared to the subjects’ specific resting PETCO2 level (van Niftrik et al., 2018). Additionally, Hou and colleagues showed that subjects with higher baseline PETCO2 had lower CVR (Hou et al., 2020). Given all these observations, it is recommended that baseline PETCO2 levels should be reported in combination with CVR changes (Tancredi and Hoge, 2013; van Niftrik et al., 2018; Hou et al., 2020).

One possible explanation for why baseline PETCO2 level influences CVR measurement is the non-linear relationship between CBF (and the BOLD signal) and PETCO2. Although a linear relationship is usually assumed for CVR mapping, by applying progressive levels of hypo-/hypercapnia, a sigmoidal relationship provides a better model of the BOLD response (Bhogal et al., 2014; Sobczyk et al., 2014). Bhogal et al. observed a distinct BOLD signal plateau for high PETCO2 levels (assessed through gas challenges) (Bhogal et al., 2014), whereas Tancredi and colleagues emphasized that the CBF non-linear portion is critical mainly in the lower range of PETCO2 values (obtained by hyperventilation and ASL imaging) (Tancredi and Hoge, 2013). Combined, these observations indicate that baseline PETCO2 influences where on this non-linear, sigmoidal dose-response curve an individual is at rest and will thus influence the vascular response to any modulation in PETCO2 levels. It may be critically important to understand the role of non-linear CVR responses, particularly when comparing patient cohorts with different baseline physiology.

There is also substantial spatial heterogeneity of the non-linear BOLD response to PETCO2 (assessed through gas challenges) (Bhogal et al., 2014, 2015, 2016; Duffin et al., 2015; Fisher et al., 2017), emphasizing the need of studying CVR in a region-based or voxelwise manner. This heterogeneity is partly explained by differences in tissue types, anatomical regions and vascular territories (Bhogal et al., 2015).



PETCO2 Normalization

Cerebrovascular reactivity can be expressed as percentage change in the fMRI signal normalized by the amplitude of concurrent PETCO2 variations. This normalization can minimize variability due to breathing task compliance differences across sessions and subjects (Bright and Murphy, 2013). When comparing BH-CVR with CO2-inhalation CVR, Kastrup and colleagues observed higher correlation when normalizing data with individual PETCO2 changes (Kastrup et al., 2001). However, Goode et al. found contradictory results when performing PETCO2 normalization on BOLD responses in a hypercapnic challenge, obtaining worse reproducibility and higher between-subject variability (Goode et al., 2009). Tancredi and colleagues also observed a reduction in CVR variability across different protocols (hypo- and hypercapnic, using ASL imaging) when CVR was expressed in terms of the percent change in CBF compared with normalized change. This was explained by the fact that normalized CVR values depend strongly on the range of PETCO2 levels considered, being greatly influenced by the non-linearity of the fMRI response to CO2 described earlier (Tancredi and Hoge, 2013).

In some cases, the PETCO2 normalization step is not mandatory and may not be useful; this is the case for example when using a representative ROI (e.g., lesion) time-series to compare with its contralateral location, in order to assess regional CVR alterations within the same individual. Additionally, CVR normalized in relation to whole brain or reference tissue values may be a more sensitive biomarker than absolute CVR in clinical applications, as it minimizes inter-subject variations (Yezhuvath et al., 2009). In general, methods based on resting-state signal variation are also not normalized against PETCO2 fluctuations. Still, when comparing CVR across individuals or cohorts, or tracking longitudinal changes in CVR, it is generally accepted that normalized CVR values are more appropriate (Liu et al., 2019).



Role of O2

Within normal physiological values, the role of arterial O2 pressure in CBF regulation seems to be negligible (Ainslie and Duffin, 2009; Moreton et al., 2016), with reactivity to CO2 being approximately 60 times larger than to O2 (Prisman et al., 2008). Mark and colleagues observed no change in global CBF, as assessed by ASL, during an isocapnic hyperoxia stimulus (Mark et al., 2011). Breathing tasks, as described in this review, might also change arterial and venous O2 saturation levels and impact the BOLD signal (Bulte et al., 2009). Tancredi and colleagues also verified that, when using BH, the level of PETO2 decreased causing mild hypoxia; this could contribute a slight vasodilatory input, which would tend to exaggerate CVR measures. While the latter effect could explain the observed tendency of BH-CVR values to be higher than those for CO2 inspiration, the difference was fairly small and not statistically significant (Tancredi and Hoge, 2013).



ASL

As previously described, the BOLD signal results from a complex combination of several physiological parameters, including CBF, CBV and blood oxygenation, although it is thought to reflect predominantly CBF changes. For direct, quantitative measures of CBF, the ASL technique can be used (Alsop et al., 2015; Pinto et al., 2020). Nevertheless, in CVR mapping, the main limitations of ASL are the intrinsically low signal-to-noise ratio (SNR) and poor temporal resolution, making this approach problematic when combined with short BH and PDB durations and associated non-steady-state vasoactive responses. Furthermore, the hypo- and hypercapnic states attained for CVR assessment might elicit changes in blood flow velocity, and hence labeling efficiency and bolus arrival time, as well as changes in arterial blood T1, and in this way compromise ASL perfusion quantification and CVR results (Aslan et al., 2010; Tancredi et al., 2012). To date, the number of studies employing ASL imaging in combination with breathing tasks for CVR evaluation is relatively low, particularly when compared to BOLD imaging (Kastrup et al., 1999b, 2001; Li et al., 1999a,b; Lu et al., 2003; MacIntosh et al., 2003; Leoni et al., 2012; Tancredi and Hoge, 2013; Prilipko et al., 2014; Haight et al., 2015; Cohen and Wang, 2019). Faster acquisition strategies with simultaneous ASL and BOLD imaging have shown promising results in CVR assessment based on breathing tasks (Cohen and Wang, 2019) and may increase the utility of ASL CVR mapping methods without gas inhalation in future research.



PRACTICAL GUIDELINES

Despite the multitude of strategies and options that have been proposed and reported, as described in this review, the CVR literature is still insufficient to derive definitive conclusions regarding the best practices. Nevertheless, here we provide some practical guidelines based on available data on how to get started with CVR mapping without the use of gas challenges. We highlight the need for guidance depending on the type of population under study and equipment available as well as the expertise of the researchers.

First, the literature strongly indicates that a voluntary breathing manipulation (task-based) is able to produce larger CBF changes and hence more robust CVR measures than spontaneous breathing fluctuations (resting-state). To date, the most commonly used and most well studied breathing task is breath holding. For this reason, the choice of a BH task is recommended at this point, unless this is not feasible or otherwise appropriate for the population under study (see below). Several protocols have been proposed and tested, and we recommend the following parameters (illustrated in Figure 5): end-expiration BH; BH duration of 15s; exhalation immediately after the BH period to allow measuring PETCO2 at the end of the BH; recovery period with self-paced breathing; baseline period of externally paced breathing with a frequency that matches the participant’s breathing rate and a duration that allows blood gas levels to return to baseline; and a protocol with at least 3 BH trials.


[image: image]

FIGURE 5. CVR mapping pipeline: recommended guidelines for data acquisition (top), including the BH protocol with corresponding parameters, and data analysis (bottom), including the GLM analysis, as well as recommended alternative approaches in each case.


Second, it is generally accepted that CVR metrics should be reported as a BOLD or CBF change normalized by the corresponding variation in PETCO2. We therefore recommend the recording of PETCO2 data throughout the MRI scan session: besides being crucial for this normalization, it also allows monitoring participant’s task compliance, assessment of baseline PETCO2 and estimation of both the PETCO2 sampling delay (if a brief BH followed by exhalation is performed) and regional hemodynamic delay. Furthermore, we also recommend the execution, prior to the MRI acquisition, of a practice run with PETCO2 recording. This will allow the assessment and optimization of the participant’s compliance as well as the retrieval of their natural breathing rate (to be incorporated in the BH protocol).

For data analysis, we recommend using the well-established GLM framework for fMRI. In fact, this is a relatively simple method and it can be easily implemented using widely available and finely tuned software tools (such as FSL1, SPM2, or AFNI3).

If PETCO2 data are collected, this should be pre-processed by end-tidal point extraction, interpolation, and sampling delay correction. For subsequent GLM analysis of the fMRI data, the resulting time course should then be convolved with a response function. Several studies have shown that the canonical HRF commonly used in fMRI studies is an appropriate choice and this can therefore be used for simplicity. Since variable temporal delays have been observed across the brain for the BOLD response to a BH, we recommend voxelwise estimation of this delay. This can be performed using the PETCO2 data, by applying the RapidTide method or the iterative shifted regressors GLM approach, for example.

If it is not possible to record the PETCO2, it should still be possible to obtain a non-normalized CVR map from a BH fMRI dataset. The GLM framework may again be used, but in this case we recommend using a Fourier-based description of the BH protocol, which depends only on the knowledge of the period of the task and not on a measured PETCO2 trace. In particular, we recommend using a GLM including a pair of sine and cosine regressors, together with their first two harmonics; this accounts for variable phases, or time delays, and has been shown to provide a good model of a BH BOLD response.

When studying pathologies where vessels are in a dilated state at baseline, hypercapnic/vasodilating challenges such as BH might not be appropriate. In these cases, PDB tasks eliciting a hypocapnic response may be more appropriate. Because the number of studies employing PDB tasks is still limited, it is not possible to make recommendations for the specific PDB protocol parameters based on the literature at this moment.

In the case of less cooperative participants, such as small children, and elderly or cognitively impaired patients, resting-state methods may be the best choice as they do not depend on task compliance. Nevertheless, again not enough data exist yet to allow the identification of one preferred acquisition and analysis protocol in this case.

In Figure 5 we summarize our recommended guidelines in a “CVR mapping pipeline”, that includes a BH protocol and GLM analysis, as well as the different alternatives.



FUTURE WORK

Further investigation is still required in order to understand the physiological mechanisms underlying the BOLD response to changes in CO2 levels, as well as its spatiotemporal dynamics. In particular, it may be insightful to combine BOLD imaging with methodologies that measure neuronal activation (e.g., EEG) and/or CBF (e.g., ASL) directly, in order to allow the separation of different potential contributions to the measured BOLD response. Moreover, the more detailed and systematic investigation of the spatiotemporal dynamics of the BOLD response to CO2 variations might provide additional information of interest. The use of accelerated MRI strategies (e.g., simultaneous multi-slice acquisition schemes) providing higher temporal resolution might be advantageous for this purpose. Moreover, in resting-state studies, this may allow the separation of different physiological contributions to the BOLD signal by avoiding aliasing of faster fluctuations. Multi-echo acquisitions may offer further benefits, allowing for automatic decomposition of the data to isolate physiologic BOLD signal fluctuations from concurrent motion or other artifacts (Moia et al., 2020b).

In this work, we propose the use of a canonical HRF as the impulse response function when modeling the BOLD response to respiratory tasks. However, this aspect still requires further investigation: in analyses that do not include voxelwise optimization of vascular delay in the BOLD response, the latency of the response function would directly impact the resulting CVR amplitude estimates. While we recommend using an analysis method that accounts for differences in vascular transit and local response dynamics, it may still be beneficial to systematically explore the impact of different response functions, and potentially spatially-varying response functions, when analyzing these data (Golestani et al., 2015; Pinto et al., 2017; Kassinopoulos and Mitsis, 2019).

In terms of vasoactive modulation, more studies of PDB tasks are required to deliver sufficient data and allow more general conclusions. Combined breathing protocols should also be explored. In fact, a newly proposed breathing protocol based on rs-fMRI combined with intermittent breath modulation was indicated as another option for less cooperative participants (Liu et al., 2020). This strategy combines the large dynamic range of changes induced by breathing tasks with the easiness of resting-state methods. Another very recently presented approach implements breathing tasks at the beginning of the rs-fMRI acquisition to achieve similar benefits while maintaining a truly “resting-state” portion of the acquisition (Stickland et al., 2020).

Overall, the convergence of standardized practices remains crucial for the broader application of CVR methodologies without gas challenges. Future studies should therefore consider following the practical guidelines or alternative strategies outlined in this review as much as possible, and more studies should be conducted to assess the impact of protocol details on CVR mapping.



CONCLUSION

In this work, we overviewed the methods used to map CVR using MRI based on task-induced and resting-state (spontaneous) breathing modulations. Validation studies are still required in order to derive definitive conclusions regarding the best practices. However, based on the methodological overview performed in this review, we outline a set of practical guidelines. In particular, we recommend the use of a BH task in combination with a GLM framework for data analysis, but other strategies can also be productively employed depending on the data available and population studied. Overall, we hope that this review will help motivate the wider and more consistent use of CVR mapping techniques without gas challenges.
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Cerebrovascular reactivity (CVR) mapping is finding increasing clinical applications as a non-invasive probe for vascular health. Further analysis extracting temporal delay information from the CVR response provide additional insight that reflect arterial transit time, blood redistribution, and vascular response speed. Untangling these factors can help better understand the (patho)physiology and improve diagnosis/prognosis associated with vascular impairments. Here, we use hypercapnic (HC) and hyperoxic (HO) challenges to gather insight about factors driving temporal delays between gray-matter (GM) and white-matter (WM). Blood Oxygen Level Dependent (BOLD) datasets were acquired at 7T in nine healthy subjects throughout BLOCK- and RAMP-HC paradigms. In a subset of seven participants, a combined HC+HO block, referred as the “BOOST” protocol, was also acquired. Tissue-based differences in Rapid Interpolation at Progressive Time Delays (RIPTiDe) were compared across stimulus to explore dynamic (BLOCK-HC) versus progressive (RAMP-HC) changes in CO2, as well as the effect of bolus arrival time on CVR delays (BLOCK-HC versus BOOST). While GM delays were similar between the BLOCK- (21.80 ± 10.17 s) and RAMP-HC (24.29 ± 14.64 s), longer WM lag times were observed during the RAMP-HC (42.66 ± 17.79 s), compared to the BLOCK-HC (34.15 ± 10.72 s), suggesting that the progressive stimulus may predispose WM vasculature to longer delays due to the smaller arterial content of CO2 delivered to WM tissues, which in turn, decreases intravascular CO2 gradients modulating CO2 diffusion into WM tissues. This was supported by a maintained ∼10 s offset in GM (11.66 ± 9.54 s) versus WM (21.40 ± 11.17 s) BOOST-delays with respect to the BLOCK-HC, suggesting that the vasoactive effect of CO2 remains constant and that shortening of BOOST delays was be driven by blood arrival reflected through the non-vasodilatory HO contrast. These findings support that differences in temporal and magnitude aspects of CVR between vascular networks reflect a component of CO2 sensitivity, in addition to redistribution and steal blood flow effects. Moreover, these results emphasize that the addition of a BOOST paradigm may provide clinical insights into whether vascular diseases causing changes in CVR do so by way of severe blood flow redistribution effects, alterations in vascular properties associated with CO2 diffusion, or changes in blood arrival time.
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INTRODUCTION

Cerebrovascular tone is constantly being modulated to ensure adequate supply of oxygen and glucose to brain tissues (Paulson et al., 1990; Iadecola and Nedergaard, 2007). Control arterioles that branch from larger feeding arteries respond to local changes in metabolism, pH, or arterial CO2 partial pressure (PaCO2), work to regulate cerebral blood flow (CBF), ensuring proper delivery of nutrients and effective waste removal. This sensitive process, whereby dynamic changes in vascular tone modulate regional CBF in response to vasodilatory stimuli is defined as cerebrovascular reactivity [CVR; (Fisher et al., 2018; Liu et al., 2018)]. In recent years, CVR mapping has emerged as a robust clinical tool to understand the vascular physiology underlying conditions like stroke (Geranmayeh et al., 2015), moyamoya disease (Conklin et al., 2010), arterial stenosis (Mandell et al., 2008a), and traumatic brain injury (Len et al., 2011; Ellis et al., 2016; Champagne et al., 2020), as well as the hemodynamic processes associated with normal aging of cerebral tissues (De Vis et al., 2015; Bhogal et al., 2016).

Moving beyond amplitude-based assessments of vascular properties (i.e., CVR) advanced post-processing analyzes have emerged to characterize temporal markers associated with the CVR response (Duffin et al., 2015; Poublanc et al., 2015; Donahue et al., 2016; van Niftrik et al., 2017; Champagne et al., 2019). These markers can provide quantitative profiles that aid in the explanation of differences between vasodilatory response across cortical and sub-cortical tissues (Donahue et al., 2014; Thomas et al., 2014; Champagne et al., 2019) as well as pathological tissues with impaired or temporally altered hemodynamics due to collateralization (Donahue et al., 2016). The general consensus is that temporal characteristics of the vascular response reflect a combination of factors including arterial transit time, blood redistribution, and vascular response speed, which may be partially separated using a combination of hypercapnic (HC) respiratory challenges to stress the cerebral vasculature and hyperoxic (HO) respiratory challenges that have previously been implemented to act as endogenous contrast agents via O2-mediated changes in deoxyhemoglobin (Blockley et al., 2013; Champagne et al., 2019).

Through examinations of cerebrovascular architecture, it is known that cortical and deep gray-matter (GM) tissues have high arteriolar density (Moody et al., 1990), which are fed by larger vessels branching off major cerebral arteries (i.e., pial, lenticulostriate, and choroidal). During HC, arteriolar smooth-vessel mediated dilation decreases peripheral resistance in cerebral arteries leading to an increase in CBF through capillary beds in accordance with Poiseuille’s law (McDonald, 1974; Edvinsson et al., 2002). The bulk of these arterial resistance changes are in reaction to rising extravascular PaCO2 that, in turn, drives changes in blood pH and local vasodilatory mechanisms (Yoon et al., 2000; Tripp et al., 2001; Chesler et al., 2008). During MR imaging of HC, fractional changes in BOLD signal arise from the relationship between regional increases in blood flow and subsequent decreases in deoxy-hemoglobin concentration ([d-Hb]), which lengthens T2∗ relaxation (Ogawa et al., 1990, 1993). Assuming this coupling between CBF and [d-Hb] remains constant, differences in local CO2 accumulation, sensitivity and cross-membrane diffusion rate (Thomas et al., 2014), as well as the possible redistribution (or “vascular-steal”) effects between vascular networks (Conklin et al., 2010; Fierstra et al., 2010; Bhogal et al., 2015), may all bias CVR measurements derived using standard methods, emphasizing the need to include additional temporal marker for the cerebrovascular response.

While HC modulates the BOLD signal via changes in perfusion, the BOLD contrast can also be manipulated when combined with non-vasoactive HO breathing challenges (Blockley et al., 2013). As the arterial partial pressure of oxygen (PaO2) increases, complete hemoglobin saturation at the lungs drives the dissolution of abundant O2 into the blood plasma. This O2-loaded blood traverses the cardio-vascular network until it reaches the capillary beds where it diffuses toward cerebral tissues to meet metabolic demand. In terms of the BOLD contrast mechanisms, the increase in O2 supply results in a reduced unloading of O2 from arterial hemoglobin and a concomitant decrease in venous de-oxyhemoglobin content; this lengthens the blood T2∗ relaxation time, creating a similar BOLD signal response as what is observed during HC. This O2 based mechanism has been proposed as a means through which arrival time (Champagne et al., 2019) and cerebral blood volume (CBV) (Lu et al., 2003) can be assessed and assumes limited vasoconstriction and minor reduction in venous CBV (Bulte et al., 2007; Mark and Pike, 2012; Xu et al., 2012). Irrespective of potential vaso-constrictive effects, the bolus of highly saturated blood formed during HO breathing can act as a non-invasive endogenous contrast agent for estimation of bolus arrival time (Blockley et al., 2013; Liu et al., 2017; Champagne et al., 2019) since only minor reductions in blood velocity would be expected. Consequently, HO may be used to calibrate HC-derived CVR delays, and untangle physiological factors that contribute to the (patho)physiological mechanisms associated with diseases causing vascular impairments.

In MR-based methods that probe CVR using a gas delivery system (Slessarev et al., 2007; Mark et al., 2010; Fisher, 2016), HC is typically induced via inhalation of CO2 administered using a block or ramp respiratory challenge [see Figure 4 in Liu et al. (2018)]. Block-based HC is a stimulus where the end-tidal CO2 (PETCO2) is rapidly increased from baseline in a boxcar function (typically +5–10 mmHg), which is assumed to evoke a dynamic CVR response (van der Zande et al., 2005). In contrast, the RAMP-HC stimulus involves a gradual increases in the PETCO2 which is assumed to allow for more progressive changes in local PaCO2 (Ringelstein et al., 1988; Claassen et al., 2006; Battisti-Charbonney et al., 2011; Bhogal et al., 2014b). Although the step design is commonly used to characterize temporal CVR delays, no studies to date has yet to explore tissue-based differences in delays from the vascular response induced during a ramp design, and how those may differ from CVR delays derived from block designs. Based on the assumption that local CO2 levels are increased progressively during the ramp, it may be hypothesized that the slower arteriolar reactivity in response to decreasing pH allows for less blood flow redistribution and steal effects between vascular territories and tissues, that in turn, lead to shorter CVR delays. Additionally, given that HO-based BOLD mapping can be leveraged to estimate bolus arrival time, it may be hypothesized that a combined boxcar HC and HO respiratory stimulus can provide additional insight with respect to possible redistribution effects within local vessels, in the event that the region-specific lag times remain relatively increased compared to neighboring vascular territories.

In this study, we integrate HC- and HO-based respiratory challenges to gather insight about factors driving tissues-based differences in temporal delays of the CVR response. High spatial-resolution BOLD datasets were acquired at 7T using both BLOCK- and RAMP-HC paradigms to study the potential differences in CVR delays between dynamic and progressive local changes in CO2. Finally, a novel protocol using a combined HC and HO block, referred as the “BOOST” protocol, was used to study the effect of bolus arrival time on tissue-based CVR delays, in contrast to CO2 sensitivity.



MATERIALS AND METHODS


Subjects

We retrospectively surveyed our seven Tesla subject database to identify subjects in which both RAMP- and BLOCK-HC designs were acquired using the same MR imaging readout. We were able to identify a total of nine subjects. In a subset of seven of these subjects, an additional paradigm was identified in which a HO–HC block (herein termed “BLOCK BOOST HC+HO”) was also administered. Age and gender information for the main (herein termed SAMPLE.1) and sub-group (herein termed SAMPLE.2) are provided in Table 1.

TABLE 1. Subject demographics and end-tidal measures.
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Respiratory Paradigms

Respiratory challenges were delivered using a 3rd generation RespirActTM (Thornhill Research Inc., Toronto, ON, Canada) system in combination with a rebreathing face mask. The mask was taped to ensure an air-tight seal using Tegaderm transparent dressing (3M, St. Paul, MN, United States). For both groups, the BLOCK-HC protocol consisted of a 90s increase in hypercapnia, preceded, and followed by a pre- and post-baseline period, respectively (Figure 1A). In the case of the combined BLOCK BOOST HC+HO experiment, a simultaneous increase in arterial O2 was implemented (Figure 1A). To ensure sharp transitions in arterial O2, the level of the O2 increase was limited such that the gas delivery system could evoke arterial changes within several breaths in line with the transitions possible when increasing arterial CO2 (Figure 1A). The progressive protocol (i.e., RAMP-HC) consisted of a baseline period followed by a 60 s hypocapnic period and a subsequent 5-min period of progressively increasing hypercapnia, ending with a return to baseline (Figure 1A). Ramped CO2 protocols are well suited to determine the precise vascular reserve capacity in a particular region. For example, impaired CVR will manifest as an early plateau in the BOLD-CVR response as vessels exhaust their dilatory reserve capacity. The progressive nature of the ramped stimulus means that the subject only experiences the high arterial CO2 levels required to elucidate mild impairments toward the end of the paradigm. In contrast, protocols based on BLOCK stimuli are suited to reveal dynamic aspects of the BOLD-CVR response and are imprecise in terms of revealing the dose-response profile of the CO2 stimulus. For this reason, CVR information can be obtained using a lower stimulus magnitude that spares the subject from prolonged high-level exposure that can potentially cause discomfort. With the exception of one subject, all three paradigms were acquired on the same day during the same scan session. The baseline and achieved end-tidal CO2 and O2 values across all paradigms used in our study are reported in Table 1. Typical end-tidal CO2 and O2 traces along with corresponding GM and WM ROI responses are shown for examples of each paradigm in Supplementary Figure 1.
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FIGURE 1. Summary schematic of the respiratory paradigms and imaging outputs. Sample data showing the RespirActTM (Toronto, ON, Canada) end-tidal trace (A) for CO2 (PETCO2, mmHg; orange line and purple dot) and O2 (PETO2, mmHg; blue line and red dot) during the hypercapnic (HC) and hyperoxic (HO) gas challenges used in this study: BLOCK HC only (top), BLOCK BOOST HC+HO (middle) and RAMP HC only (bottom). The Blood Oxygen Level Dependent (BOLD) signal acquired simultaneously (B) was denoised using a Bayesian wavelet approach on a voxel-by-voxel basis and then extracted from the gray matter (C) to compute the optimized BOLD regressor using the Rapid Interpolation at Progressive Time Delays (RIPTiDe) method. The final BOLD regressor was then cross correlated against the original denoised BOLD signal (D) at each voxel to compute voxelwise lag maps (seconds) (E). This was repeated for each breathing challenges shown in (A), for each subject.




Magnetic Resonance Imaging

This study was approved by the medical research ethics committee of University Medical Center Utrecht (UMCU) and written informed consent was obtained from all subjects. The experiments were performed according to the guidelines and regulations of the WMO (Wet Medisch Wetenschappelijk Onderzoek). Subjects were scanned on a Philips 7 Tesla MRI system using a dual channel transmit coil in combination with a 32-channel receive coil. Image based (3rd order) shimming was performed. Respiratory challenges were administered throughout a multi-slice single-shot GE-EPI BOLD scan (flip angle: 90°, TR/TE 3000/25 ms, EPI/SENSE factor 47/3, reconstructed resolution: 1.5 mm × 1.5 mm, slice thickness: 1.6 mm, no slice gap, FOV: 217.6 mm × 192 mm, slices: 43, respiratory paradigm dependent scan duration: 507s for RAMP-HC and approx. 330s for BLOCK-HC/BOOST HC+HO).



Computation of Vascular Reactivity and Temporal Lags

Post-processing of the BOLD data consisted of temporal re-alignment [FSL:MCFLIRT; (Jenkinson et al., 2012)], segmentation [FSL:FAST; (Zhang et al., 2001)] and voxel-wise temporal de-noising using a Bayesian wavelet based approach (Figure 1B; symlet four wavelet, two levels, hard co-efficient threshold with level dependent noise estimation). End-tidal CO2 and O2 traces were resampled to the TR of the BOLD acquisition and aligned to the BOLD data based on the maximum correlation between the breathing trace and the individual mean GM signal. BOLD data and respiratory traces were then interpolated to a temporal resolution of 3000/8 ms (i.e., 8× oversampled) to account for temporal delays between slice acquisitions. The interpolated PETCO2 traces were used as the initial probe to generate and optimized BOLD signal regressor for a correlation-based temporal lag analysis [RIPTiDe; (Frederick et al., 2012; Tong and Frederick, 2012); Figure 1C]. Based on voxel-wise lag estimates, individual lag maps were generated for the BLOCK-HC, RAMP-HC, and BLOCK BOOST HC+HO respiratory paradigms (Figure 1D). PETCO2 traces as well as lag-adjusted traces were then used to generate CVR (Δ%BOLD/mmHg) and lag-adjusted CVR maps (seconds; Figure 2). This was accomplished by mapping the slope parameter obtained through linear regression of the lag adjusted PETCO2 trace against the voxel-wise BOLD signal. Finally, BOLD data were spatially normalized to the 1-mm MNI152 atlas via affine and non-linear bspline transforms using elastix [version 5.0, (Klein et al., 2010; Shamonin et al., 2014)]. Transformation matrices were applied to CVR and lag-maps (using transformix) from each design to facilitate group region of interest analysis in segmented GM and WM tissues. Voxels containing less than four data points were thresholded from the MNI averaged CVR and lag maps.
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FIGURE 2. Corrected cerebrovascular reactivity mapping based on RIPTiDe lag times. Sample data showing BOLD EPI axial slices from the BLOCK-HC challenge in a single subject (A) used to compute the RIPTiDe lag maps (B). The slice number is shown in green. In (C), the matching voxelwise correlation coefficient (r) map (axial, 20) shows the fit between the BOLD signal and optimized RIPTiDe regressor. The original and lag-corrected cerebrovascular reactivity (CVR) maps are shown in (D) and (E), respectively, with a specific look at deeper gray- and white-matter structures, to reflect the improvement in CVR following the lag time correction. Note that cerebrospinal fluid was removed from all maps to improve visual representation of the data. BOLD, Blood Oxygen Level Dependent, HC, hypercapnia, RIPTiDE, Rapid Interpolation at Progressive Time Delays.




Comparisons of Vascular Reactivity and Temporal Delays Across Tissues and Paradigms

Segmented tissue-based probability maps were binarized from the 1-mm MNI152 atlas using a voxel-based threshold set to 50 and 90%, for the GM and WM, respectively. The tissue-specific masks were applied to the group-averaged CVR and lag maps to extract the parameter distribution for each respiratory design, along with mean and standard deviation (MATLAB, version 2019a, The Mathworks, MA, United States). This procedure was repeated for both SAMPLE.1 and SAMPLE.2, in order to assess the repeatability of the CVR and delay measurements from the BLOCK- and RAMP-HC. Tissue-based histograms for each average map were also assessed to look at the distribution of the CVR lags, between GM and WM.



RESULTS


End-Tidal Measurements

All end-tidal measurements for each respiratory design are reported in Table 1. On average, participants were exposed to an 8 ± 1 mmHg increase in PETCO2 during the BLOCK-HC, while maintaining changes in PETO2 fluctuations well below physiological threshold. Similar increases in PETCO2 were obtained during the BLOCK-BOOST (SAMPLE.2), with concurrent increases in PETO2 averaged to 159 ± 44 mmHg, across subjects. During the ramp, larger increases in PETCO2 were obtained, ranging between [20.8–22] ± 6 mmHg, with minimal changes in PETO2.



Cerebrovascular Reactivity and Temporal Delays

All parameters described below are summarized in Table 2. Average CVR measurements for both GM and WM tissues were in agreement between the BLOCK- and RAMP-HC paradigms. In comparison, CVR measurements were higher during the BLOCK-BOOST, although relative differences between the GM and WM were maintained. Qualitatively, similar observations can also be made based on whole brain assessment of lag-corrected CVR (Figure 3).


TABLE 2. Gray- and white-matter average parameters for each stimulus.
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FIGURE 3. Average lag-corrected cerebrovascular reactivity maps for each respiratory challenge. (A) The anatomical axial reference slices for the MNI template are shown with the slice number in green. The matching sagittal frame showing the referenced frames is displayed on the left. The group-averaged lag-corrected cerebrovascular reactivity (CVR) maps are displayed for each respiratory challenge in (B–D), representing the BLOCK-HC, BLOCK BOOST HC+HO, and RAMP-HC, respectively. A schematic of each respiratory design is shown on the left with the targeted end-tidal traces for CO2 (yellow) and O2 (cyan blue), as a reference.


While GM delays were similar between the BLOCK- and RAMP-HC (within ±2 s), longer WM lag times were observed during the RAMP-HC, when compared to the BLOCK-HC design (Table 2 and Figure 4). This was repeatable across both samples studied (Figure 4). In comparison to both HC designs, shorter GM and WM delays were observed during the BLOCK-BOOST HC+HO protocol, although the relative ∼10 s offset in the GM versus WM lag times was maintained.
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FIGURE 4. Summary of the tissue-based distribution of lag parameters for each respiratory design. (A) The anatomical axial slices for the MNI template providing a reference for the images presented. (B–F) The group-averaged lag maps (seconds) are displayed for each respiratory challenges, sub-divided based on the sample used to compute the mean image (SAMPLE.1, N = 9, top, B–C; SAMPLE.2, N = 7, bottom, D–F). The cumulative percent frequency (normalized to 100%) for the distribution of lag (seconds) is shown for each tissue which was extracted using the gray- (black) and white- (gray) matter mask displayed in (B), bottom right corner. A dotted red line was added to each histogram (B–F) at 40 s, for reference and comparison.


The r2 fitting coefficient was similar for the BLOCK-HC and -BOOST, within both tissues (Table 2). Greater fitting estimates were observed in the RAMP-HC, compare the block designs, in both the GM and WM masks (Table 2).



DISCUSSION

In this study, we conducted a comprehensive analysis of the response to respiratory gas challenges in GM and WM tissues at 7T, as a way to advance our understanding of the effects that drive temporal delays in the BOLD-CVR response of healthy tissues. Findings from this study were three-fold: (1) In comparison to WM delays during the BLOCK-HC, longer WM delays were observed during the RAMP-HC suggesting that the progressive nature of the ramp stimulus may predispose the WM vasculature to a slower CVR response. We propose that this is a result of the delayed increase in the local intravascular CO2 gradient between blood and tissue compartments. This delayed gradient reduced the driving force facilitating the diffusion of CO2 into the tissues, which in turn, delayed the vasodilatory response. (2) The addition of the HO step within the HC boxcar design for the BLOCK-BOOST HC+HO protocol induced a global decrease in GM and WM delays despite maintaining a ∼10 s offset between the tissues, when compared to BLOCK-HC. We postulate that the vasoactive effect of CO2 within tissues remained constant and that the shortening of the delays during BOOST may have been driven by blood arrival effects (i.e., non-vasoactive) arising from the endogenous O2 contrast agent. (3) Comparable magnitude for lag-corrected CVR measurements were reported between the STEP-HC and RAMP-HC protocol, emphasizing that the step design is an appropriate tool to assess CVR markers, despite previous literature suggesting that a ramp-like stimulus may better model the sigmoidal relationship between changes in PETCO2 and CBF, driving BOLD changes in signal (Bhogal et al., 2014a). Altogether, these findings support the hypothesis that differences in temporal components of CVR between vascular networks reflect the culminative effect of CO2 sensitivity (and/or CO2 diffusion rate) in local vessels, in addition to blood flow redistribution and steal effects, as previously described. Moreover, these results suggest that the addition of a BLOCK-BOOST HC+HO paradigm within clinical settings can provide insights into whether diseases causing changes in CVR do so by way of severe blood flow redistribution (which would increase blood arrival time and inflate BLOCK-BOOST HC+HO delays), or alterations in vascular properties within the vessels that could impair CO2 diffusion across WM tissues (i.e., atherosclerosis, amyloid angiopathy, aging-related fibrosis or stiffening of vessels; this would significantly increase the marginal gap in relative delay estimates between BLOCK-HC and BLOCK-BOOST HC+HO).

The GM and WM CVR values reported in this study are in line with previous studies looking at HC designs (Bhogal et al., 2014b, 2015) at higher spatial resolution. That said, the WM CVR values are higher than ones reported using 3T imaging (Thomas et al., 2014; Sam et al., 2016), likely due to a combination of factors including the higher BOLD CNR from 7T imaging, as well as the incorporation of temporal delay correction within the CVR computation, which has been shown to improve CVR estimates in healthy controls (Duffin et al., 2015; Poublanc et al., 2015; Donahue et al., 2016; van Niftrik et al., 2017; Champagne et al., 2019). In this study, lag-corrected WM CVR was found to be lower in the WM, across all breathing paradigms. This is consistent with existing literature (Brian, 1998; Rostrup et al., 2000; Mandell et al., 2008b; Thomas et al., 2014) suggesting that despite temporal corrections for delays in the vascular response, WM tissue may have a lower vasodilatory capacity, at least in part, due to the longer time for extravascular CO2 levels to build within the local vasculature, in response to global increases in arterial CO2 content. As originally proposed in Thomas et al. (2014) (see Figure 3), the delayed intravascular build-up in CO2 may be a function of the lower CBF within the WM (Duvernoy et al., 1981), such that, changes in arterial content of CO2 brought to the WM tissues per unit of time are comparatively lower than those for GM. This in turn increases the timespan required within which the intravascular-tissue CO2 gradient can drive trans-membrane diffusion of CO2 toward tissues, and modulate the local increases in extravascular CO2 (which mediates the majority of the HC-induced vasodilation).

This theory is further supported by our observation of longer delays in the WM during the RAMP-HC respiratory paradigm, in comparison to the BLOCK-HC. During a step HC paradigm, the large and rapid increase in arterial CO2 sets up a strong CO2 gradient which remains high throughout the duration of the boxcar stimulus. This effect rapidly saturates GM vessels (due to early arrival time of GM blood) and continues to flow through penetrating arteries toward downstream WM vasculature. This large increase in intravascular CO2 drives the concentration gradient along which CO2 will diffuse to induce the vasodilatory response. In other words, a high gradient leads to a faster and stronger dilatory response whereas a low gradient may induce temporal delays irrespective of blood arrival time; particularly in regions having low overall CBV such as the periventricular WM. The rapid and dynamic nature of the step also provides a setting for physiological steal mechanisms and redistribution of blood flow effects (Sobczyk et al., 2014; Bhogal et al., 2014a; Poublanc et al., 2015; Champagne et al., 2019), by which hyper-sensitive areas may respond quicker to rising levels of arterial CO2, and inflate temporal delays in regionally closely bound vascular territories. This may be especially significant for pathological tissues that show impaired or temporally altered hemodynamic properties due to vascular collateralization (Donahue et al., 2016).

In comparison to the BLOCK-HC, however, the RAMP-HC is assumed to be a progressive stimulus during which the vascular response has sufficient time to equilibrate with changing levels of arteriol CO2 content (and the corresponding blood-tissue CO2 gradient). Previously this was thought to lead to a more balanced response across brain regions through minimization of the dynamic redistribution (or steal) effects. This mechanisms may explain why GM delays during the RAMP were slightly higher than during the boxcar design (even though this difference was small; within ±2 s), as the slowly rising ramp stimulus allows for the vasculature to respond progressively in healthy tissues, in contrast to the dynamic STEP design which induces a rapid response in the GM vessels. In other words, healthy GM tissues may cope appropriately to rapid changes in arterial CO2 associated with the BLOCK-HC, resulting in relatively shorter response time (and thus, CVR delays). This warrants further exploration in clinical populations where blood flow redistribution effects are much more likely (i.e., Moyamoya disease (Conklin et al., 2010)).

Contrary to our original hypothesis, our results showed that WM CVR delays were longer during the RAMP-HC, in comparison to the BLOCK-HC. We postulate that this occurred as a result of slowly increasing intravascular CO2 associated with the ramp stimulus, paired with limited blood flow to the WM. Together, these effects organically delayed the build-up of higher CO2 gradients within WM tissues, leading to an increase in the time required to evoke the expected vascular response in the WM. This is further exaggerated by additional steal effect from GM regions that are more sensitive due to higher vascular density (and therefore more CO2 diffusion even considering lower CO2 gradients). The response in WM increases notably toward the end of the stimulus paradigm, once the ramp reaches higher PETCO2 targets (Figure 1A) that setup stronger CO2 driving gradients. These findings support the original hypothesis put forward in Thomas et al. (2014) providing an explanation for the higher CVR delays in WM within healthy brain tissues, which again, may be exacerbated in settings where regional blood flow and/or CO2 sensitivity is disturbed.

Building on the findings from the comparison of the BLOCK- and RAMP-HC, the addition of the HO step during the HC challenge, using the BLOCK-BOOST HC+HO protocol, resulted in an overall decrease in the magnitude of delays for both the GM and WM. Despite those changes, however, the relative relationship between GM and WM was maintained during the BOOST protocol, showing a ∼10 s offset in delays between the two cerebral tissues. This supports the findings described above in that despite correction for arrival time of the stimulus into local tissues (signaled via the non-vasodilatory contrast O2 agent), vasodilatory response delays in the WM were consistently higher than in the GM, suggesting that this phenomenon may result from slower CO2 gradient build-up needed to drive diffusion into tissues. In other words, by using the BOOST protocol to compute CVR delays in clinical settings, in comparison to the BLOCK-HC delays, a more in-depth interpretation temporal response differences is possible, which teases effects related to the arrival time of the stimulus (where the magnitude of delays for BLOCK-HC and BOOST would be similar) versus local impairments in CO2 sensitivity within WM tissues (which would inflate the ∼10 s offset gap between the GM and WM characterized between the two methods). The vasoactive mechanisms of CO2 versus O2 may differ and it is conceivable that their interplay could influence lag estimates. The elevated CVR resulting from the BOOST HC+HO stimulus when compared to the BLOCK-HC suggests that either the vasodilatory effects of the CO2 overwhelmed any constrictive influence of O2, or the effect of increased SvO2 increased the BOLD signal beyond any HO mediated flow reductions. However, considering the relatively small O2 change applied in our experiments, we don’t expect appreciable constriction. Finally, the HO-induced BOLD signal is CBV-weighted, rather than reflecting CVR. This means that taken alone, the BOOST HC+HO paradigm may overestimate CVR since the HO-induced signal contribution is not explicitly accounted for. Therefore, although the BOOST HC+HO paradigm may provide additional temporal information about possible pathophysiological mechanisms, a standard CO2 challenge is still required for accurate CVR magnitude measurements. Disentangling respective components of the BOOST HC+HO response remains interesting for future work.

Beyond the quantitative comparison of delays across the GM and WM, results from this study show that the distribution of CVR values across respiratory paradigm were repeatable, even after adding subjects from SAMPLE.1 to SAMPLE.2. This emphasizes that voxel-based CVR measurements are consistent within the brain of healthy controls, allowing for the clinical use of such biomarker as a tool to provide reference-based voxelwise analysis of vascular impairments in patients (Sobczyk et al., 2015). Similarly, the consistency of the CVR delay distribution across the samples, between respiratory designs and within the GM and WM, supports that temporal analyses of the CVR response may too be used as a clinical tool to understand pathophysiological mechanisms associated with vascular diseases of the brain (Donahue et al., 2016; Juttukonda and Donahue, 2019).

Despite the novelty of the findings presented in this study, some limitations must be acknowledged and recognized as opportunities for future studies. First, the study employed a retroactive method to analyze datasets that were scanned as part of branching research studies. This limited our ability to synchronize and put together complete datasets for all subjects used in the analysis. Moving forward, a greater cross-sectional research design may be employed to further assess the use of the BLOCK-BOOST HC+HO protocol, and its variability across a larger sample size. Furthermore, only healthy subjects participated, limiting the external validity of these findings and preventing our ability to predict whether possible changes in arrival time, or CO2 sensitivity, as a result of vascular impairments, may be significant enough to be detected using the proposed methods. Future work should therefore consider implementing these analyses in clinical population with known vascular diseases, in order to assess the potential utility of such combined approach. Specifically, clinical studies may consider studying the effect of pathological disease mechanisms on the local diffusion rate of CO2 into tissues, which could be tested using a combination of the BLOCK-HC and BLOCK BOOST HC+HO. It may be hypothesized that local damages to the endothelium may manifest as increases in the discrepancy between the GM and WM CVR lag times observed under each respiratory challenge, while blood arrival remains relatively unchanged (and thus delays would still be shorter under BLOCK BOOST HC+HO). Finally, the magnitude of the delivered BLOCK-HC change in PETCO2 was smaller than the maximum peak change in PETCO2 reached during the RAMP-HC, which may impact the values extracted for delays across tissues, given that the greater stress on local vasculature could promote a micro-environment within which blood flow redistribution effects are more apparent across regions with differences in hemodynamic capacity. Thus, future work may also consider examining the effect of changing the magnitude of the step stimulus and exploring whether larger CO2 gradient changes the voxelwise lag maps.



CONCLUSION

As highlighted in this study, tissue-based differences in CVR and temporal markers for the response to hypercapnia are governed by a number of factors that reflects a compounded effect dependent on arterial arrival time, CO2 sensitivity and CO2 diffusion rate, blood flow redistribution, and steal effects, and vascular response speed. Here, we provide evidence showing that differences in the temporal components of CVR may be influenced by intravascular CO2 gradients in local vessels, which, in addition to membrane permeability, and blood flow effects, determines the rate of diffusion within local tissues that then drives the vasodilatory response. The proposed mechanisms presented in this study, in support of Thomas et al. (2014), may provide a partial explanation for the slower WM response to hypercapnia in comparison to GM, in healthy tissues. Finally, the results presented suggest that the implementation of a BLOCK BOOST HC+HO respiratory challenge may provide additional insight about possible pathophysiological mechanisms underlying vascular diseases based on whether they are driven by severe blood flow redistribution, or alterations in vascular properties within the vessels that would affect trans-membrane CO2 diffusion into tissues. Moving forward, the combination of a BLOCK-HC and BLOCK-BOOST respiratory paradigms may be used to untangle these factors driving CVR and the speed of response, as a tool to help to improve the diagnosis, prognosis and management of patients with vascular brain diseases.
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A pseudocontinuous arterial spin labeling (PCASL) sequence combined with background suppression and single-shot accelerated 3D RARE stack-of-spirals was used to evaluate cerebrovascular reactivity (CVR) induced by breath-holding (BH) in ten healthy volunteers. Four different models designed using the measured change in PETCO2 induced by BH were compared, for CVR quantification. The objective of this comparison was to understand which regressor offered a better physiological model to characterize the cerebral blood flow response under BH. The BH task started with free breathing of 42 s, followed by interleaved end-expiration BHs of 21 s, for ten cycles. The total scan time was 12 min and 20 s. The accelerated readout allowed the acquisition of PCASL data with better temporal resolution than previously used, without compromising the post-labeling delay. Elevated CBF was observed in most cerebral regions under hypercapnia, which was delayed with respect to the BH challenge. Significant statistical differences in CVR were obtained between the different models in GM (p < 0.0001), with ramp models yielding higher values than boxcar models and between the two tissues, GM and WM, with higher values in GM, in all the models (p < 0.0001). The adjustment of the ramp amplitude during each BH cycle did not improve the results compared with a ramp model with a constant amplitude equal to the mean PETCO2 change during the experiment.

Keywords: arterial spin labeling, breath-hold, cerebrovascular reactivity, cerebral blood flow, hypercapnia


INTRODUCTION

The increase in cerebral blood flow (CBF) induced by a vasoactive agent or task, known as cerebrovascular reactivity (CVR), is an indicator of cerebrovascular health. Experimentally CVR can be measured using different brain imaging methods, such as PET, SPECT, transcranial Doppler ultrasonography, and MRI, in combination with a vasodilatory challenge. Although nuclear medicine methods have traditionally been the standard for the assessment of CVR, MRI techniques have emerged as an attractive, noninvasive alternative.

In MRI measurements of CVR, the blood oxygen-level dependent (BOLD) technique has been typically used (Kastrup et al., 2001; Murphy et al., 2011; Bright and Murphy, 2013; Zhou et al., 2015), because it is highly available and easy to implement. However, BOLD does not provide a direct measurement of CBF changes, because the BOLD signal is dependent on several factors besides CBF, including cerebral blood volume and the cerebral metabolic rate of oxygen. In contrast, arterial spin labeling (ASL) can provide a quantitative measure of CBF, allowing CBF-based CVR measurements to be realized, as originally demonstrated by Noth et al. (2006), using pulsed ASL (PASL).

In PASL a volume of arterial blood is labeled almost instantaneously by the application of an inversion pulse that is followed after a time delay by QUIPSS II type saturation pulses (Wong et al., 1998) to control the duration of the labeled bolus, thus rendering the technique capable of quantifying CBF from a single inversion time acquisition. However, in situations of increased blood flow and higher blood velocities, the bolus duration could be effectively shorter than the time delay from inversion to saturation, leading to an underestimation of flow, and thus potentially an underestimation of CVR. This has motivated prior work on the use of pseudocontinuous arterial spin labeling (PCASL) for CVR assessment (Tancredi et al., 2012). In PCASL, quantification of CBF is potentially more accurate since the duration of the label is defined by the length of the labeling pulse. Additionally, PCASL can provide higher perfusion SNR, albeit with lower temporal resolution, since with typically used labeling duration and post-labeling delay the acquisition time per image [henceforth termed repetition time (TR)] is on the order of 4 s, thus yielding a label and control pair every 8 s. To shorten the acquisition time Tancredi et al. decreased the PLD to less than 1 s, thus achieving a TR of 3 s. However, shortening the PLD increases the sensitivity of CBF quantification to variations in the arterial transit time (ATT), since quantification is only accurate if the PLD is longer than the longest ATT value. In healthy gray matter ATT can vary between 500–1500 ms, while this value is longer in the deep white matter.

Recently, Vidorreta et al. (2017) introduced an optimized PCASL sequence with background suppression and an accelerated 3D RARE stack-of-spirals readout that can obtain whole-brain, high SNR perfusion maps, with isotropic resolution. The acceleration was achieved by implementing parallel imaging along the Head-Foot (HF) phase-encoding direction (i.e., slice-encoding direction), thus reducing significantly the image readout time.

In this work, we have evaluated the use of this sequence to measure CVR induced by breath-holding (BH) (Kastrup et al., 1999). The high SNR of the sequence allowed us to use a shorter labelling duration, which together with the accelerated readout time, made possible achieving a TR of 3 s while maintaining a long PLD of 1.4 s. The sequence was tested in a group of healthy volunteers, using a BH task to induce hypercapnia. This task was chosen because BH periods are necessarily of short duration (on the order of 20 s maximum), thus the use of a short TR is more important for this task than for other hypercapnic manipulations that tend to use longer block designs.

Also, we have compared CVR maps obtained by regressing the CBF signal with four different models designed using the measured change in the PETCO2 induced by the BH. Two of the models had a boxcar shape regressor and the other two had a ramp shape regressor. The amplitude of these regressors was built from the change in PETCO2 at the exhale before and after the BH, considering either the variation in each individual BH or the mean variation across all BH cycles. The objective of this comparison was to understand which regressor offers a better physiological model to characterize the cerebral hemodynamic response under BH.



MATERIALS AND METHODS


Subjects

This study was approved by the Ethics Research Committee of the University of Navarra and all the subjects signed a written informed consent prior to inclusion. Ten healthy volunteers [seven females, mean age = 25.2 years, standard deviation (SD) = 4.3] were included in the study. Standard MRI exclusion criteria were followed. Other exclusion criteria were history of pulmonary or cardiovascular disease. No participant needed to be excluded from the study. Volunteers were asked not to smoke or drink caffeine (Perthen et al., 2008) in the 3 h previous to the MRI examination, not to drink alcohol 10 h before the scan and to sleep well the previous night (Moreton et al., 2016).



MRI Scanning Protocol

All MRI experiments were conducted on a 3T Siemens MAGNETOM Skyra scanner (Siemens Healthcare GmbH, Erlangen, Germany) with a 32-channel head coil. The imaging protocol included a T1-weighted anatomical 3D MPRAGE sequence (with inversion time (TI) = 950 ms, repetition time (TR) = 1760 ms, echo-time (TE) = 3.1 ms, resolution = 1 mm isotropic, scan time = 5:08 min), a time-of-flight (TOF) angiography sequence and a PCASL sequence. The angiograms acquired with the TOF sequence, depicting the carotid and vertebral arteries were used to position the PCASL labeling plane. The position was selected above the carotid bifurcation and below the V3 segment. The plane was oriented as perpendicular as possible to the carotid and vertebral arteries. The PCASL sequence combined PCASL (labeling time = 1.2 s, post-labeling delay = 1.4 s) with background suppression and single-shot 3D RARE stack-of-spirals readout with through-plane acceleration (1D-GRAPPA), as previously described (Vidorreta et al., 2017). The imaging parameters were as follows: TE = 10.33 ms, TR = 3 s, resolution = 3.75 mm isotropic, in-plane FOV = 240 mm × 240 mm, excitation flip angle (FA) = 90°, refocusing FA = 180°, in-plane reconstructed matrix = 64 × 64, 26 slices acquired with 15% oversampling, slice Partial Fourier = 5/8 and R = 2 acceleration in the HF phase-encoding direction (i.e., slice-encoding direction) to achieve a single-shot acquisition (readout length <300 ms). The in-plane spiral readout consisted of two spiral arms acquired in interleaved fashion along the RARE train, with maximum gradient amplitude = 36 mT/m, slew rate = 120 mT/m/ms, and receiver bandwidth = 400 Hz/px (dwell time = 2.5 us). Background suppression consisted of two adiabatic inversion pulses played during PLD time, with timings optimized to null the static tissue signal to 10% of its equilibrium value at the time of readout. A proton density image was also acquired at the start of the ASL scan without background suppression or labeling pulses, for CBF quantification.



Breath-Hold Task

During the scanning session volunteers were asked to complete a BH task starting with free breathing of 42 s, followed by interleaved end-expiration BHs of 21 s, for ten cycles. The total scan time was 12 min and 20 s. The duration of the BH was adjusted to the TR of the ASL sequence and adapted from previous recommendations by Murphy et al. (2011). The number of cycles of BH and recovery was adapted from recommendations by Tancredi and Hoge (2013) and Lipp et al. (2015). The time after the BH was longer than the BH period in order to allow the volunteer to get to the arterial CO2 baseline (Bright et al., 2011). End-expiration BH was chosen because it has been shown that the duration of the breath-hold can be reduced while still obtaining CBF signal changes, and to avoid variations between participants that are introduced by an inspiration before the BH (Kastrup et al., 1999; Thomason and Glover, 2008; Lipp et al., 2015).

Audible instructions for the task were given. The instructions were recorded in an audio file using the free software Audacity (Audacity® 2.2.1,1) with simple cues generated using a free voice generator in Spanish. A trigger sent by the MRI sequence started the audio file using PsychoPy2 (The University of Nottingham,2) in the MRI sound system, thus synchronizing the data acquisition with the performance of the task.

An MRI-safe intraoperative patient monitoring system (Expression, Invivo. Florida, United States) placed in the MRI room was used to measure the PETCO2 of the exhaled air during the task. The expired gasses were collected through a nasal cannula. Participants were asked to breathe through their nose before and to exhale the remaining air through their nose after the BH to collect the proper breath by breath PETCO2 measure (Urback et al., 2017). No volunteer reported discomfort from using the nasal cannula. The data from the equipment were manually collected for each BH cycle from a video of the monitoring device display, recorded during the acquisition.

Participants were asked to stay awake during the acquisition, silent, with closed eyes, to avoid an increase in CBF due to visual stimulation (Moreton et al., 2016; Li et al., 2018). Also, they were asked to breathe calmly because it has been reported that respiratory challenges that require the patient to make ventilatory effort result in motion artifacts (Moreton et al., 2016). Breathing rate was continuously monitored by means of respiratory bellows and data were saved for subsequent analysis.



Data Pre-processing

Data pre-processing was carried out using custom scripts in Matlab (Mathworks, MA, United States) and SPM (version 12, Welcome Trust Center for Neuroimaging, University College London, United Kingdom). ASL images were realigned, coregistered to the anatomical T1 and sinc-interpolated to double the time resolution, followed by subtraction of label and control (Aguirre et al., 2002) to generate perfusion weighted images with a temporal resolution of 3 s. Subsequently, the perfusion weighted images were converted to CBF maps using a single-compartment quantification model (Buxton et al., 1998). In this model, a single T1 value of arterial blood was used for quantification, although apneas are known to decrease the arterial oxygen saturation (Delahoche et al., 2005), resulting in a slight decrease in T1. This small T1 reduction has an almost negligable effect on CBF quantification (as demonstrated in the analysis presented in Supplementary Material Section 1).

GM and WM masks were generated from the anatomical T1 using the segmentation tool in SPM. The WM mask was eroded using a disk (size 5), to avoid partial volume effects. Both masks were binarized using a 0.35 threshold. The cerebellum was manually removed from the GM mask. These masks were used to compute the mean CBF time course for each tissue type.

A CBF map during normal breathing (NB) was calculated averaging the twelve perfusion weighted images acquired during the first period of the paradigm, while the volunteer was breathing normally. The CBF response to BH was delayed with respect to the measured respiratory trace, as reported for BOLD signal changes (Birn et al., 2008), and most studies time shift the BH regressor to fit the response (Kastrup et al., 1999; Magon et al., 2009). In this work, the time delay was calculated separately for gray and white matter by cross-correlation of the mean perfusion signal time course with the respiratory trace, shifted in steps of 0.1 s.

Mean CBF in GM for each period between apneas (named from here on baseline GM CBF) was calculated by averaging the values of images acquired during these periods, after taking into account the time delay.

The respiratory trace was also analyzed to compute the respiration rate and amplitude during the rest periods between apneas. First, respiratory traces corresponding to these periods were extracted from the total signal. Then the Fourier Transform (FT) was applied to each of these traces to compute the signal frequency and amplitude. The signal frequency is equivalent to the respiratory rate and the FT amplitude is proportional to the respiratory amplitude (related to tidal volume).

The ΔPETCO2 (expired PCO2 after BH – expired PCO2 before BH) was calculated from the data collected from videos of the monitoring device display. Most BH periods generated a change in the PETCO2, from the basal value measured before BH. The change was annotated with the corresponding scan time, and the mean of these ten values was calculated. This mean value was used during modeling to adjust the regressor amplitude to the mean PETCO2 change in each participant. In addition, the PETCO2 change for each BH was also used in a different model to create an adjusted regressor in which the amplitude in each BH cycle was modified according to this individual values.



Statistical Analyses

The following statistical analyses were executed using STATA SE 14 (StataCorp, Texas, United States), after checking for data normality: first, differences between gray and white matter in delay and CBF measured during normal breathing were assessed with related samples Student t-tests. Subsequently, changes over time in the baseline variables (CBF, PETCO2, respiratory rate, and respiratory amplitude) were evaluated using one-way repeated measures ANOVA with “rest period” as the within-subject factor. When the ANOVA yielded a significant effect of this factor (p < 0.05), post-hoc tests of trends were performed using orthogonal polynomial contrasts.

Voxel-wise computations of CVR maps were carried out using SPM12. To that end, CBF images were entered into four different general linear models (GLM), each model containing a BH regressor, the motion parameters and their temporal derivates, and a constant offset, thus fitting the voxel-wise signal to the equation:

[image: image]

where x(t) represented the BH regressor and β1 yielded the voxel CVR.

The BH regressor was different in each model. It was constructed as a boxcar or a ramp of 21 s duration for each BH and adapted to the calculated delay in the GM CBF response. The ratio between the obtained individual delay value and the adjusted TR (3 s) was rounded up to an integer number of images (3 or 4), which corresponded to the correction made to the regressor. The regressor was then scaled by the measured PETCO2 increase (during the BH periods), so that CVR was computed in units of (mL/min/100 g) / mmHg. Four regressors (two boxcar and two ramp models) were obtained by amplitude scaling with a mean ΔPETCO2 change in the whole task, or with the individual ΔPETCO2 in each BH. Representative examples of the four regressors are shown in Figure 1.
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FIGURE 1. Regressors used in the CVR calculation, shown here for the first 100 images of a representative volunteer: two boxcar regressors (in red), one adjusted in amplitude to a mean PETCO2 change through the whole scan (top), and one adjusted to recorded PETCO2 change in each BH task (bottom) and two ramp regressors (in blue), one varying in amplitude from 0 to the mean ΔPETCO2 recorded in the whole scan (top), and the other from 0 to the recorded ΔPETCO2 for each BH task (bottom). The mean GM CBF (in ml/100 g/min) is also shown for the same subject (discontinuous line).


The GLM analyses yielded four CVR maps per subject. First, mean CVR values in GM and WM were obtained using the GM and WM masks. A two by four repeated-measures ANOVA (with factors model and tissue) was performed to test for differences between mean GM and WM CVR in the different models. Both factors were found to be significant and thus, post-hoc tests were done to assess differences between models and tissues. For these statistical tests, a p-value of 0.05, corrected for multiple comparisons using Bonferroni, was considered statistically significant.

Finally, the four CVR maps obtained per subject were normalized to the Montreal Neurological Institute (MNI) template, smoothed (using a 6 mm Gaussian kernel) and compared voxel wise using a second level one-way ANOVA implemented in SPM. Regions of statistically significant differences in CVR, were identified using a significance threshold of 0.05 after correction for multiple comparisons at the cluster level using the family wise error (FEW) correction, with a cluster-generating threshold of p < 0.001 (height threshold T = 3.33).



RESULTS

A total of ten volunteers participated in the study. All subjects completed the BH task satisfactorily. There were no images affected by severe artifacts such that they needed to be excluded from the analysis.


Normal Breathing CBF

The mean value of CBF for GM was 57.2 mL/100 g/min, SD = 14.2, Confidence Interval 95% (CI) = (47, 67.4) and for WM was 36.1 mL/100 g/min, SD = 11, CI = (28.3, 43.9). There were statistically significant differences between the GM and WM mean CBF values (p < 0.0001).



CBF Response to BH

As expected, elevated CBF was observed in most cerebral regions under hypercapnia (see Figure 2 and Supplementary Figure 2).
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FIGURE 2. CBF signal increase due to breath-holding in a single participant. (A) Consecutive CBF (ml/100 g/min) maps (images 61 to 68) overlayed in anatomical T1-weighted images and shown in neurological orientation. (B) Mean CBF (ml/100 g/min) signal in gray matter (red), superimposed on the respiratory trace (blue), where the response delay can be observed. The oscillation in the respiratory trace during the breath-hold period is due to pumping motion of the heart against the chest wall. Gray discontinuous lines represent the period of image acquisition. Maps displayed in (A) are indicated by image numbers on top of (B). (C) Boxplots showing the measured delays for the GM and WM in the group of volunteers.


There was a delay in the CBF response to the BH challenge (time between the start of the BH period and the actual CBF increase). The group mean delay was 10.14 s, SD = 1.74, CI = (8.90, 11.38) for GM, and 10.18 s, SD = 1.69, CI = (8.98, 11.39) for WM. There were no significant statistical differences for the delays between GM and WM (p = 0.4946). Figure 2 shows a graphic representation of the CBF increase induced by BH in one subject, where the delay can be observed.

Baseline GM CBF values experienced a slight continuous decrease during the experiment (see Figure 3A). This decrease was found to be statistically significant (see Table 1) and contained a linear and quadratic component.


TABLE 1. Results of ANOVA and trend analysis for baseline variables.
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FIGURE 3. (A) Group mean baseline GM CBF (in red and primary axis) and mean baseline PETCO2 (in blue and secondary axis) are presented for the rest periods between apneas, with period 1 being the initial period of normal breathing at the start of the experiment. (B) Group mean breathing rate (in green and primary axis) and amplitude (in orange, secondary axis and in arbitrary units) for each rest period. Error bars represent the standard deviation.




End-Tidal CO2 and Respiratory Monitoring

In two volunteers, the ΔPETCO2 data were missing for two BH cycles due to technical problems. In these cases, the mean ΔPETCO2 of the whole challenge was used to build the boxcar and ramp for the adjusted ΔPETCO2 regressors. The mean baseline PETCO2 (PETCO2 measure before each BH for all subjects in all BH cycles) was 36.95 mmHg, SD = 0.78, median = 37, interquartile range (IQR) = (35, 39). The group average ΔPETCO2 (for all BH cycles, all subjects) was 4.3 mmHg, SD = 0.48, median = 4.08, IQR = (3.78, 4.73). Individual values of baseline PETCO2 and ΔPETCO2 are reported in the Supplementary Table 1. Baseline PETCO2 values decreased during the experiment (see Figure 3A). This decline was statistically significant (see Table 1) with linear and quadratic components.

Individual values of respiratory rate and amplitude are reported in Supplementary Table 1. Respiratory rates appeared to be stable across the experiment, however, respiratory amplitudes increased after each apnea for the first five cycles (see Figure 3B). This upward trend was statistically significant, with linear and quadratic components (Table 1).



Breath Holding CVR

Figure 4 shows CVR maps normalized and averaged across the whole group computed with the four different models tested. Similarly, individual CVR maps are presented in Supplementary Figure 3. The maps display the expected contrast between gray and white matter and the values are within the range reported in the literature for healthy brain tissue (Tancredi et al., 2012).
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FIGURE 4. Group mean CVR maps, calculated by averaging normalized individual CVR maps from all ten participants, obtained with the four different tested models. The maps have been overlayed in anatomical T1-weighted template images. The maps display the expected contrast between gray and white matter. Higher values of CVR were obtained using the ramp regressors, with both mean and adjusted ramp amplitudes. Images are shown in neurological orientation.


At the whole tissue level, statistically significant differences in CVR were obtained among the different models (p < 0.0001), with ramp models yielding higher values than boxcar models (see Figure 5) and between the two tissues, GM and WM (p = 0.0020), with higher values in GM, in all the models (see Table 2). There were no statistically significant differences between models for the different ways of adjusting the regressor amplitude (i.e., if the regressor was constructed with a mean ΔPETCO2 or with an adjusted ΔPETCO2).


[image: image]

FIGURE 5. Boxplots of mean GM (A) and WM (B) CVR computed in the four different models used. Significant differences between the models are indicated. P-values have been corrected for multiple comparisons using the Bonferroni method.



TABLE 2. CVR in GM and WM computed with the different models used.

[image: Table 2]At the voxel level, statistically significant differences in CVR were only found when comparing the CVR maps estimated with the ramp mean ΔPETCO2 and the boxcar adjusted ΔPETCO2 regressors. Voxel-wise T maps showing areas of CVR differences between these two models are shown in Figure 6. Greater differences are seen in the occipital cortex and frontal gyrus (predominantly on the right side).
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FIGURE 6. Voxel wise SPM{T} maps obtained in the comparison between the CVR maps estimated with the ramp mean ΔPETCO2 and the boxcar adjusted ΔPETCO2 models (p < 0.05 FEW cluster corrected) overlaid on anatomical T1-weighted images. Clusters shown in color scale represent areas of significant CVR increase for the ramp mean ΔPETCO2 model compared to the boxcar adjusted ΔPETCO2 model. Images are shown in neurological orientation.




DISCUSSION

In this work, a PCASL sequence combined with background suppression and single-shot 3D RARE stack-of-spirals was used to measure CVR in ten healthy volunteers while doing a BH task. All volunteers were able to complete the task satisfactorily. The accelerated sequence readout allowed to achieve a good temporal resolution, without compromising the postlabeling delay. To compute CVR in (mL/min/100 g) / mmHg, four different models were built using either boxcar or ramp regressors, with amplitude scaled by the change in PETCO2 provoked by the BH. This ΔPETCO2 was a mean over all BHs or an adjusted ΔPETCO2, considering the specific change for each BH. All models assumed that all ten BH challenges lasted 21 s, although the actual duration of the BH might not be the same in all cycles, or in all volunteers.

Ramp models provided higher CVR values, better matching the CBF signal, compared to boxcar models. There were no significant differences between using mean ΔPETCO2 or an adjusted ΔPETCO2. The voxel-wise comparison of CVR maps showed areas in the frontal and occipital lobes with significant CVR differences, between the ramp mean ΔPETCO2 and the boxcar adjusted ΔPETCO2 model. This could mean that these areas are more susceptible to vasodilatation.

There was a delay between the BH and the actual increase in the CBF signal. The mean group delay was 10.14 s, for GM. A previous study using ASL reported a delay of 11 s between the PETCO2 and the mean CBF increases using a gas mixture breathing paradigm (Zhou et al., 2015). Other studies using BOLD and ASL for measuring signal changes provoked by respiratory tasks have reported similar values (≅ 11 to 14 s) of time shift for the regressor used to obtain a good model fit (Birn et al., 2008; Blockley et al., 2011; Bright and Murphy, 2013; Pillai and Mikulis, 2015). WM has been reported to have a longer delay (19 s) compared to GM in healthy subjects (Thomas et al., 2014), with one study reporting that the error in the signal delay is greater in WM (Blockley et al., 2011). In our study there were no significant statistical differences for the delays calculated in GM and WM.

Regarding the origin of this delay, in a BOLD study using gas challenges Zhou et al. pointed out several factors related to the time the gas takes to travel from the pulmonary vascular system to the brain (Zhou et al., 2015). In a breath holding paradigm the increase in the arterial CO2 is gradual, thus there might be other factors causing the observed delay as: the time it takes for the arterial CO2 to travel from the local vasculature in the venous blood to the pulmonary and subsequently to the brain vasculature, the time required for the brain vessel response to the provoked hypercapnia (vasodilatation), and others.

During modeling, this measured delay was corrected by time shifting the BH regressor used in the GLM, but this assumed that the delay was the same for every voxel, which might not reflect what is happening in the brain. It has been suggested that a voxel-specific delay time could be computed in ASL with a voxel-wise map of bolus arrival time (Liu et al., 2017).

There was a significant difference between CBF in GM and WM (p < 0.0001) during normal breathing, although the GM – WM contrast was slightly lower than expected. Nonetheless similar CBF values have been reported using ASL in healthy subjects (Fernández-Seara et al., 2005). The lower tissue contrast is likely related to partial volume, which is exacerbated in single-shot 3D readout sequences, especially in the slice encoding direction, due to T2 blurring. Even though the masks were eroded, partial volume is still inevitable, and it likely contributed to the GM CBF underestimation. In addition, the SNR of the CBF measurement during normal breathing was relatively low as it was obtained from the data acquired during the first period of 42 s. A recommendation for obtaining a more accurate measurement of CBF is to do a longer period of rest at the beginning of the scan (Cohen and Wang, 2019).

The pCASL sequence allowed assessing CVR during BH. PCASL was used because it has been reported as the ASL method with the highest reproducibility, precision and SNR (Chen et al., 2011). The implemented sequence had an improved temporal resolution (TR = 3 s) compared to others previously reported (4 to 8 s) (Faraco et al., 2015), due to the shorter readout duration and labeling time, but without compromising the pulse labeling delay, i.e. with a PLD of 1.4 s, which is long enough for the labeled arterial spins to reach the brain tissue in healthy subjects. The reduction in labeling time to 1.2 s from the most commonly used value of 1.5 s was estimated to cause a decrease in perfusion SNR of 14% (see Supplementary Material Section 2). A previous attempt at reducing PCASL TR for CVR measurements used a PLD of 0.9 s (Tancredi et al., 2012). This short PLD value leads to vascular artifacts as the labeled spins do not have enough time to exchange with tissue spins. These bright signal artifacts were not present in our data (see Supplementary Figure 2).

Nonetheless, single time point ASL measurements may be confounded by long arterial transit times (longer than the post-labeling delay). In pathologies where this could be an issue, a multi-delay approach (Teeuwisse et al., 2014) or another labeling strategy such as velocity selective ASL (which is less sensitive to transit time) could be beneficial (Guo and Wong, 2015). However, these strategies suffer from reduced SNR with respect to single time point ASL. Moreover, a multi-delay PCASL acquisition would be difficult to implement in combination with a BH paradigm where minimizing the TR is important to be able to sample the CBF increase generated by the apnea. On the other hand, it could be an interesting alternative to explore when using other types of vasoactive stimuli, that allow for longer block durations.

The end expiration BH task of 21 s period was able to produce PETCO2 changes ranging from 1 to 10 mmHg, with a mean of 4.3 mmHg. This relatively solid change in PETCO2 has been reported to be able to induce a progressive increase in CBF (Kastrup et al., 1999; Bright and Murphy, 2013; Tancredi and Hoge, 2013; Chan et al., 2020). A longer BH could increase the ΔPETCO2, but it might not be suitable for patients or volunteers. The main advantage of this task is that there is no need to use a fixed inspired gas technique, which can generate significant discomfort in the subject. However, the CO2 levels produced during BH are unknown, as there is no CO2 waveform during this period (only values before and after breath holding are available), and it is also unknown the relationship between the time the subject begins breath holding and the subsequent rise in blood CO2 (Pillai and Mikulis, 2015).

An important consideration is that for volunteers to perform end expiration BH they needed to practice outside the MRI room before the scan to be able to complete the task adequately, as it is not normal to hold your breath without air in the lungs. Although volunteers were able to breathe through their nose and do an end expiration BH, this might be a challenge in patients that cannot breathe through their nose or have any other respiratory complications (Liu et al., 2019). Another consideration for future studies is that in order to increase the signal repeatability and robustness it might be better to use paced breathing for rest periods (Scouten and Schwarzbauer, 2008), or to vary the challenge duration during the scan (Bright and Murphy, 2013). These two strategies proposed in BOLD studies, still need to be evaluated in ASL CVR experiments. These considerations are important because variations in the instructions can affect data quality and repeatability (Magon et al., 2009).

As previously mentioned, during this study it was only possible to measure PETCO2 at the beginning and at the end of each BH, to calculate the actual change provoked by the BH task, and this was used to scale the BH regressor. Ideally, a precise continued end tidal CO2 output monitoring system could be used to construct a regressor to better control the PETCO2 baseline (Cohen and Wang, 2019). Importantly, the BH challenge resulted in the expected hypercapnia, but it has been also reported that it can induced mild hypoxia. According to Chan et al., both values, O2 and CO2 should be monitored to assess CVR (Chan et al., 2020), however, Tancredi and Hoge (2013) have demonstrated that there is a minimal vasoactive stimulus provoked by the hypoxia generated in a BH task.

The analysis of the baseline values of PETCO2 and CBF revealed a significant decrease of these two variables across the experiment. This could be caused by rebound hyperventilation post BH, as suggested by the measured increase in breathing amplitude. This finding indicates that an estimation of tidal volume via amplitude analysis with the respiratory rate is a useful tool to determine whether or not the subject is at baseline or steady respiratory status during the rest periods. Conversely, examining respiratory rate alone appears to be inadequate for this purpose, as no significant changes were found through the experiment. Taking these results into consideration, a longer resting period would be necessary to allow PETCO2 and CBF to recover their normal values post BH.

Since the increase of CO2 depends on the metabolic exchange during the BH, we assumed two different models to calculate CVR, with a constant BH duration. The CBF signal seemed to adjust better to the ramp model (yielding higher CVR values), than to a boxcar, suggesting a linear increase in CBF due to BH. However, Murphy et al. (2011) found that a sine regressor adjusted to the BH frequency explained better the PETCO2 variance caused by BH. It would be interesting to consider other nonlinear regressors or models to quantify CVR in ASL in future work.

A limitation of this study is that the temporal resolution of the acquisition was relatively long (3.0 s) compared to BOLD techniques. It would be desirable to use an even shorter TR, but shortening the TR further is difficult to achieve, without compromising the post labeling delay and labeling time. In spite of the lower temporal resolution and lower SNR of ASL with respect to BOLD, there are also several advantages to using ASL for CVR measurements: ASL provides direct measurement of CBF in physiological units, while the BOLD signal has no absolute interpretation and provides only an indirect measurement of CBF changes; ASL can provide measurements of CBF (and therefore CVR) in regions of high static susceptibility gradients, since any pulse sequence can be used as readout, because the signal does not depend on T2∗ contrast; the ASL signal is localized to the arterial capillary sites while the BOLD response is dominated by changes in the venous side of the capillary tree, and finally, the ASL signal is stable over long time periods while the BOLD signal suffers from increased noise power at lower frequencies.

Finally, future studies are needed to address the question of whether BH is useful for studying CVR in patients, since BH performance may be more variable and less repeatable. Thus, it would be necessary to control the BH duration and performance with different approaches.



CONCLUSION

Pseudocontinuous labeling allowed assessing CVR during BH, with a better time resolution than previously used. The ramp model provided higher CVR values, better matching the CBF signal. There were no significant differences between using mean ΔPETCO2 or an adjusted ΔPETCO2.
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Cerebrovascular reactivity can be measured as the cerebrovascular flow response to a hypercapnic challenge. The many faceted responses of cerebral blood flow to combinations of blood gas challenges are mediated by its vasculature’s smooth muscle and can be comprehensively described by a simple mathematical model. The model accounts for the blood flow during hypoxia, anemia, hypocapnia, and hypercapnia. The main hypothetical basis of the model is that these various challenges, singly or in combination, act via a common regulatory pathway: the regulation of intracellular hydrogen ion concentration. This regulation is achieved by membrane transport of strongly dissociated ions to control their intracellular concentrations. The model assumes that smooth muscle vasoconstriction and vasodilation and hence cerebral blood flow, are proportional to the intracellular hydrogen ion concentration. Model predictions of the cerebral blood flow responses to hypoxia, anemia, hypocapnia, and hypercapnia match the form of observed responses, providing some confidence that the theories on which the model is based have some merit.
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INTRODUCTION

The mathematical model proposed here is concerned with the physiological mechanisms regulating cerebral blood flow (CBF) in response to anemia, hypoxia, and hypercapnia and hypocapnia. Cerebral blood flow increases in anemia (Brown et al., 1985; Borzage et al., 2016; Zheng et al., 2016); as well as during acute alterations in arterial blood gases (Willie et al., 2012) such as hypoxia (Cohen et al., 1967; Mardimae et al., 2012), and hypercapnia (Battisti-Charbonney et al., 2011). The model is tested by comparing its predictions to observations.

Cerebral blood flow is largely controlled by changes in the vascular resistance in parenchymal arterioles. The large pial arteries on the surface of the cortex contain multiple layers of vascular smooth muscle cells (Wei et al., 1980). These pial vessels branch into penetrating arterioles containing a single layer of vascular smooth muscle cells (Nishimura et al., 2007), and enter the cortical parenchyma, where micro vessels covered by pericytes but do not control microregional CBF (Hill et al., 2015). Vascular smooth muscle is the final CBF control effector in: (i) Autoregulation which mitigates against variations in brain perfusion pressure (Tan and Taylor, 2014; Tzeng and Ainslie, 2014), and (ii) Neurovascular Coupling which increases local blood flow in response to increased neuronal metabolic demand (Attwell et al., 2011, 2016; Phillips et al., 2016; Hosford and Gourine, 2019; Hoiland et al., 2020).

Acute changes in arterial blood gases also affect CBF, independently of these regulatory mechanisms (Willie et al., 2012). Hypoxia (Cohen et al., 1967; Mardimae et al., 2012) and hypercapnia (Battisti-Charbonney et al., 2011; Hoiland et al., 2019), as well as decreases in hemoglobin (anemia) (Borzage et al., 2016; Duffin et al., 2020) increase CBF, while hypocapnia decreases CBF (Battisti-Charbonney et al., 2011; Hoiland et al., 2019). It is the increase in CBF during hypercapnia that is the basis of cerebrovascular reactivity (CVR) testing.

In the presence of hypoxia and anemia, vascular tone decreases to increase CBF and maintain an adequate O2 supply (Duffin, 2020). Long term changes in CBF occur in chronic anemia (Brown et al., 1985) including sickle cell anemia (Bush et al., 2016), altitude acclimatization (Wolff, 2000) and chronic hypoxia (Powell and Fu, 2008), and are accompanied by a multitude of adaptive changes orchestrated via the HIF 1 alpha pathway (Poellinger and Johnson, 2004). Over the long term the cerebral vasculature remodels to provide larger diameter vessels and accommodate higher CBF (Hulbert et al., 2017).

Vascular smooth muscle tone depends on intracellular [H+]; contracting in alkalosis and relaxing in acidosis (Austin and Wray, 1993; Aalkjaer and Peng, 1997) to consequently alter CBF. Changes in intracellular [H+] alter intracellular [Ca2+] (Swietach et al., 2013) and consequently smooth muscle tone (Boedtkjer, 2018), with the relaxation produced by hypercapnic acidosis, as in CVR testing, mediated by a reduction of [Ca2+] (Peng et al., 1998), although, rapid acute acidification can cause a transient increase in intracellular [Ca2+] that leads to contraction (Jensen et al., 1993).

Intracellular [H+] is the key intracellular regulated ion (Boedtkjer and Aalkjaer, 2012; Boedtkjer, 2018; Rasmussen and Boedtkjer, 2018); with a typical resting intracellular [H+] in vascular smooth muscle cells of about 50–80 nM/L (Boedtkjer et al., 2012). This regulation requires a net acid extrusion to maintain normal intracellular acid–base homeostasis, and it is this regulation that is challenged during CVR hypercapnia, producing a vasodilation and increased CBF (Kontos et al., 1977; Peng et al., 1998).

Stewart (Stewart, 1983; Hughes and Brain, 2013) has suggested an insightful approach to understanding acid-base changes in biological systems. In this system, intracellular [H+] is determined by CO2 tension, the balance of concentrations of the strongly dissociated ions (the strong ion difference [SID]), and the requirement for electroneutrality. Consequently, the regulation of intracellular [H+] depends on cell membrane ion exchangers (Aalkjaer, 1990; Hughes and Brain, 2013; Boedtkjer, 2018; Garneau et al., 2020), to control intracellular [SID]. These membrane ion exchangers are energy dependent (Garneau et al., 2020) so that reductions in O2 availability (Hoiland et al., 2016) (blood O2 content, CaO2) to the cerebral vasculature smooth muscles reduces the ability of these membrane ion exchangers to control intracellular [SID], and hence intracellular [H+], smooth muscle tone and CBF. Thus, changes in arterial CO2 tension (PaCO2) override intracellular [H+] regulation to produce vasodilation and vasoconstriction. Similarly, decreases in CaO2 caused by decreases in arterial O2 tension (PaO2, i.e., hypoxia) or hemoglobin concentration ([Hb] i.e., anemia) degrade the efficiency or capacity of membrane ion exchangers that control [SID] producing an increase in intracellular [H+], which causes vasodilation and results in an increase in CBF. This model is pictured in Figure 1.


[image: image]

FIGURE 1. Regulation of smooth muscle [H+]. Membrane ion exchangers control strongly dissociated ions, and arterial CO2 determines intracellular PCO2. Intracellular [H+] determines [Ca2+] and vascular smooth muscle tone, which controls cerebral blood flow (CBF). O2 is required to fuel the energetic process of controlling [SID].




MATERIALS AND METHODS

The model equations are presented in the following assumptions using these symbols:


[H+] = intracellular hydrogen ion concentration (nM/L).

PCO2 = intracellular CO2 tension = arterial CO2 tension (mmHg).

[SID] = intracellular [strongly dissociated cations] – [strongly dissociated anions] (mM/L).

CBF = cerebral blood flow (ml/min/100 ml).

CaO2 = arterial O2 concentration/content (ml/ml).



The equation parameters were empirically derived from observed responses to the various disturbances.

Assumption 1: Cerebrovascular smooth muscle intracellular [H+] is a function of PCO2 and [SID] (Stewart, 1983) (see Appendix):

[image: image]

Assumption 2: [H+] is regulated by a feedback alteration of [SID] proportional to the deviation of [H+] from its regulated value of [H+]n = 40 nM/L according to the following eq. 2, which assumes that maximum vasoconstriction occurs at PCO2 = 10 mmHg and [SID] = 5.5 mM/L. Figure 2 outlines the operation of this regulator.
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FIGURE 2. Regulation of [H+] by feedback control of [SID] by transmembrane transport of strongly dissociated ions. CO2 acts as a disturbance to the system. CaO2 acts to alter the controller gain.
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Assumption 3: Smooth muscle tone is assumed to be limited to a maximum vasoconstriction and vasodilation so that CBF is a sigmoid function of intracellular [H+] according to the following eq. 3, which is illustrated in Figure 3:
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FIGURE 3. Cerebral blood flow (CBF) is a sigmoidal function of intracellular [H+].
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Assumption 4: The regulation of [H+] by [SID] is oxygen dependent with the Gain of eq. 2 a function of arterial oxygen content, CaO2, according to eq. 4, as illustrated in Figure 4.
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FIGURE 4. [SID] Gain decreases to a progressively greater degree as CaO2 declines in a rectangular hyperbolic function.
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CaO2 is calculated from PaCO2, PaO2, and [Hb] using previously published equations (Duffin, 2005; Balaban et al., 2013).

The system equations are solved using an iterative approach (LabVIEW, National Instruments, Austin, TX, United States) outlined in the block diagram of Figure 5.


[image: image]

FIGURE 5. Implementation block diagram of the feedback control of cerebral blood flow (CBF) by PaCO2, PaO2, and [Hb].




RESULTS

The model performance was assessed by its CBF responses to changes in PCO2, PO2 and [Hb] as shown in the following figures (Figures 6–8), which compare the model responses with examples of observed responses.


[image: image]

FIGURE 6. Cerebral blood flow (CBF) responses to PCO2 at PO2 = 150 mmHg (solid line) and PO2 = 50 (dashed line). (A) Model response. (B) Example transcranial Doppler (TCD) measurements of middle cerebral artery blood flow velocities (Battisti-Charbonney et al., 2011).
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FIGURE 7. Cerebral blood flow (CBF) responses to PO2. (A) Model responses at PCO2 = 35 mmHg (dotted line), PCO2 = 40 mmHg (solid line) and PCO2 = 50 mmHg (dashed line). (B) Example transcranial Doppler (TCD) measurements of middle cerebral artery blood flow velocities at PCO2 = 30 mmHg (squares), PCO2 = 40 mmHg (diamonds) and PCO2 = 50 mmHg (triangles) (Mardimae et al., 2012).
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FIGURE 8. Cerebral blood flow (CBF) responses to anemia ([Hb]). (A) Model responses at PCO2 = 35 mmHg (dotted line), PCO2 = 40 mmHg (solid line) and PCO2 = 50 mmHg (dashed line), and PO2 = 100 mmHg. (B) Data from young end-stage renal disease adults replotted from Figure 1B of Zheng et al. (2016).




DISCUSSION

The model predictions for CBF responses match the form of the observed responses, providing some confidence that the theories on which the model was based are realistic. Of course, such a model does not prove the theories are correct, merely that they are feasible physiological mechanisms, and the interaction of the flow determinants are generally aligned to that of the model.

It must be emphasised that the model does not attempt to accurately predict the experimental examples provided but is a generic prediction of the form of the responses to test the hypotheses. For example, the midpoint of the sigmoidal response to CO2 from a TCD experiment in Figure 6 is lower than that of the model response. However, it is not beyond the bounds of observed midpoints in other experiment using different methods. For example, the midpoints in the TCD experiments (means of 35–36 mmHg) differ from those derived from the vascular resistance which varied over a range of 38–48 mmHg (Duffin et al., 2018). A similar observation may be made for the responses to [Hb] in Figure 8 where the model responses exhibit considerable curvature as [Hb] decreases compared to the experimental observations. We note that there is considerable variability in the experimental observations, and while the authors chose to fit a linear response, the data indicates that curvature is present, as we showed in Duffin et al. (2020). Another confounding factor in the experimental observations is the variability of PCO2 in the experiments where PCO2 was uncontrolled compared to the model where isocapnia was maintained. In summary, there is no doubt that the model can be improved by adjusting the parameters and the relations used, such as the linear one between [SID] and [H+] which is almost certainly a simplification and awaits experimental measurements.

There are several assumptions underlying the model, and, as reviewed in the introduction, some are supported by experimental evidence. That cerebrovascular smooth muscle attempts to maintain a constant intracellular [H+] by some regulatory process appears to be supported (Boedtkjer, 2018). Furthermore, that [H+] acts via alterations in [Ca2+] to control vascular smooth muscle tone and consequently CBF also appears to be substantiated (Aalkjaer and Peng, 1997). The physico-chemical theory of acid-base described by Stewart (Stewart, 1981) and illustrated in Hughes and Brain (2013) dictates that intracellular [H+] and bicarbonate [HCO3–] are dependent variables, with CO2 and [SID] independent variables that determine them. Therefore, the model assumption that [H+] is regulated by controlling [SID] in the face of a CO2 disturbance is an obvious conclusion. That [SID] must be adjusted by membrane transport processes is well known (Garneau et al., 2020).

The simple equation proposed to describe this regulation process is one of many that could be used to describe the relation between [SID] and the error signal, deviation of [H+] from a normal resting value. The equation form assumes that maximum vasoconstriction occurs at the hypocapnic limit of vasoconstriction (PCO2 = 10 mmHg where [SID] = 5.5 mM/L attempting to restore [H+] to 40 nM/L). This assumption has the result that at a normal resting PCO2 of 40 mmHg the regulation of [SID] is active and consequently subject to degradation by a lack of O2.

The assumption that a decrease of CaO2 affects intracellular [H+] by degrading the [SID] regulation is a major hypothesis of the model and is testable. That CBF is related to CaO2, whether changed by anemia or hypoxia is well documented and the subject of a previous model (Duffin, 2020). Furthermore, it was previously demonstrated that brain tissue PO2 was not a viable choice as a sensed variable controlling CBF (Duffin et al., 2020). Consequently, CaO2 was the obvious choice of variable to represent a decreased O2 supply affecting the supply of energy to the membrane transporters of strongly dissociated ions thereby degrading the [SID] regulation of [H+]. However, there does not currently appear to be supportive experimental evidence for this assumption, and it requires investigation.

Other mechanisms by which CaO2 may change CBF involving nitric oxide (NO) have been proposed. Some (Hoiland et al., 2020) are linked to neurovascular coupling control of CBF (Attwell et al., 2011) rather than the control of blood O2 supply. Others involve release of NO from red blood cells (Hoiland et al., 2016) or endothelial cells (Iadecola, 1992; Kisler et al., 2017). However, experiments show that NO does not appear to be involved in responses to changes in blood gases (White et al., 1998; Ide et al., 2007). Furthermore, these mechanisms for CBF control independent of CO2, whether involving NO or not, do not agree with the observations of the interaction of CaO2 and CO2 in the control of CBF. For example, in hypocapnia, where vasoconstriction lowers CBF, a decrease in CaO2 would be expected to increase CBF at least as much as is observed in normocapnia, but does not (Mardimae et al., 2012). The model proposed does so, exhibiting the interaction between CaO2 and CO2 observed (Figure 5).



CONCLUSION

This model can be used to predict the effects of hypoxia, hypercapnia and anemia, alone and in combination, on CBF. It therefore has practical usefulness for intensive care and intra-operative management where these conditions apply, as well as for drugs that affect carbonic acid dissociation and elimination, and shift the oxyhemoglobin dissociation curve.

The hypothetical basis of the model is not only supported in part by the experimental evidence used in its formulation, but also by the success of the model predictions of experimental observations. Thus, the hypothesized mechanisms merit consideration as realistic possibilities, deserving of experimental investigation to determine their correctness. We suggest that the physiological mechanism described in this model for the response to CO2 has widespread application as a general principle. It has already been used to describe the responses of the carotid body glomus cells to CO2 (Duffin, 2020) and may also be applicable to the central chemoreception of CO2 (Guyenet et al., 2019). It is an aspect of a physioc-chemical view of acid-base control pioneered by Stewart (1981) that should enable a better understanding of the processes involved in sensing CO2 and the effects of disturbances in energy supply and external CO2 on the process. We believe that such an increased understanding will impact research in this field to further characterise the mechanisms involved which in turn may inspire intervention opportunities that apply to clinical care.
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APPENDIX

The acid-base control of intracellular [H+] was calculated using an iterative approach that solved eq. 1–4 to enforce electrical neutrality by minimizing R.
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where:


PCO2 (mmHg) is an input.

[SID] = [strongly dissociated cations] – [strongly dissociated anions] (mM/L) is an input.

[HCO3–] (mM/L)

[CO32–] (mM/L)

[OH–] (nM/L)

KC = 2.45 × 10–11

K3 = 1.16 × 10–10

Kw = 2.39 × 10–14
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Cerebrovascular reactivity (CVR) magnetic resonance imaging (MRI) probes cerebral haemodynamic changes in response to a vasodilatory stimulus. CVR closely relates to the health of the vasculature and is therefore a key parameter for studying cerebrovascular diseases such as stroke, small vessel disease and dementias. MRI allows in vivo measurement of CVR but several different methods have been presented in the literature, differing in pulse sequence, hardware requirements, stimulus and image processing technique. We systematically reviewed publications measuring CVR using MRI up to June 2020, identifying 235 relevant papers. We summarised the acquisition methods, experimental parameters, hardware and CVR quantification approaches used, clinical populations investigated, and corresponding summary CVR measures. CVR was investigated in many pathologies such as steno-occlusive diseases, dementia and small vessel disease and is generally lower in patients than in healthy controls. Blood oxygen level dependent (BOLD) acquisitions with fixed inspired CO2 gas or end-tidal CO2 forcing stimulus are the most commonly used methods. General linear modelling of the MRI signal with end-tidal CO2 as the regressor is the most frequently used method to compute CVR. Our survey of CVR measurement approaches and applications will help researchers to identify good practice and provide objective information to inform the development of future consensus recommendations.

Keywords: cerebrovascular reactivity, magnetic resonance imaging, blood oxygen-level dependent, arterial spin labelling MRI, Hypercapnia (CO(2)) inhalation, systematic review


INTRODUCTION

Cerebrovascular reactivity (CVR) reflects the ability of the blood vessels to dilate in order to match tissue blood supply to increased demand and can be investigated by measuring the change in cerebral blood flow (CBF) or cerebral blood volume (CBV) that vasodilation induces. It is a valuable tool for assessing vascular health in pathologies, including steno-occlusive diseases (Mandell et al., 2008b), while more subtle CVR impairments have been found in Alzheimer's disease (Chen, 2018) and cerebral small vessel disease (Wardlaw et al., 2019). The measurement of CVR relies on three key elements: the vasodilatory stimulus, the signal acquisition and the processing method.


Vasodilatory Stimulus

Vasodilation occurs naturally as a mechanism of CBF auto-regulation, but can also be triggered by exogenous stimuli inducing extracellular and intracellular acidosis. The resulting decrease in pH relaxes smooth muscle cells lining the arteries and arterioles, thereby increasing their diameter. Common stimuli include changes in arterial CO2 partial pressure (PaCO2) induced by voluntary modulations of the breathing pattern, including breath-holding, hyperventilation and paced breathing (Petersson and Glenny, 2014; Urback et al., 2017; Liu et al., 2019) or by inhalation of CO2-enriched gas (Fierstra et al., 2013; Liu et al., 2019). As PaCO2 cannot easily be measured in vivo, end-tidal CO2 (EtCO2), the most recent maximal exhaled CO2 partial pressure, is often used as a surrogate and can be measured by recording the CO2 level in the exhaled gas using a gas monitor. Several approaches exist to manipulate PaCO2: inhalation of gas with fixed CO2 concentration (e.g., CO2-enriched air or carbogen), rebreathing the exhaled gas, EtCO2 targeting manually or using a computer-controlled device (Fierstra et al., 2013). Vasodilation can be induced without modulating the composition of the inhaled gas or breathing pattern by injection of acetazolamide (ACZ), a carbonic anhydrase inhibitor that causes acidosis (Vagal et al., 2009).



Signal Acquisition

Several imaging methods can assess haemodynamic changes induced by the vasodilatory stimulus. Positron emission tomography (PET), single-photon emission computed tomography (SPECT) (Ogasawara et al., 2003) and computed tomography (CT) (Marion and Gerrit, 1991) have all been used to measure CVR, but involve ionising radiation and have low temporal resolution. Transcranial Doppler ultrasound is a practical alternative, but has a limited field of view that allows blood velocity measurements only in parts of single large vessels, which do not necessarily reflect local changes in tissue blood supply (Purkayastha and Farzaneh, 2012; McDonnell et al., 2013). Magnetic resonance imaging (MRI) is a non-invasive, non-ionising technique which allows CVR mapping using contrasts related to CBF and/or CBV. Arterial spin-labelling (ASL) and phase-contrast (PC) MRI measure CBF in tissue and large vessels, respectively (Valdueza et al., 1997; Noth et al., 2008), while vascular space occupancy (VASO) MRI measures CBV (Donahue et al., 2009). Dynamic susceptibility contrast (DSC)-MRI measures both CBF and CBV (Taneja et al., 2019) by monitoring the T2 or T2*-weighted signal following intravenous injection of a gadolinium-based contrast agent. Blood Oxygen Level Dependent (BOLD) imaging, using a T2 or T2*-weighted sequence, can also measure CVR due to its sensitivity to a combination of CBF and CBV.



Processing Method

The signal change due to the vasodilatory stimulus must be converted into a quantitative or semi-quantitative measurement of CVR using one of several methods. Pre-vs.-post-stimulus subtraction of the MRI signal relies on the computation of the absolute or relative signal difference before and after the stimulus has been applied (Donahue et al., 2013; Wu et al., 2017). Often, the pre- and post-values are calculated by taking the average of the MRI volumes acquired during each period respectively, discarding volumes that are acquired during the transition period. Linear regression is a method that investigates the linear relationship between the dependent variable (in this case the MRI signal or derived CBF) and independent variables (e.g., EtCO2, to reflect the vasodilatory stimulus; time, to model a linear signal drift) (Thrippleton et al., 2018; Liu et al., 2019), allowing the MRI time course to be modelled using multiple predictors simultaneously. Cross-correlation quantifies the similarity between two signals (e.g., the MRI signal and EtCO2) as a function of their relative time delay (Donahue et al., 2016) and has been used as a measure of CVR. Non-linear fitting involves modelling the MRI signal as a non-linear function (Ziyeh et al., 2005; Germuska et al., 2019). It requires some initial estimate of the CVR and other parameters such as CVR delay, and can be more challenging to implement than linear regression, but has the advantage that any models can be used to fit the MRI signal. Some models (e.g., calibrated fMRI models) also allow quantitative estimation of CVR and other parameters that can be of interest such as cerebral metabolic rate of oxygen (CMRO2). Frequency-based analysis includes transfer function (Duffin et al., 2015) and Fourier (Blockley et al., 2011) analyses. In both methods, the signals of interest (e.g., the MRI signal and EtCO2) are transformed into the frequency domain. The magnitude of the signal at the stimulus frequency is then defined as the CVR. Finally, the standard deviation of the MRI signal (Kannurpatti et al., 2014; Jahanian et al., 2017) can be computed as a metric of CBF change due to natural vasodilation and vasoconstriction.



Aims of the Review

Since many combinations of the above stimuli, imaging methods and analysis techniques are possible, there are potentially many different ways to measure CVR in-vivo, resulting in a high degree of methodological diversity in the literature. Previous reviews described common CVR-MRI experiments (Fierstra et al., 2013; Pillai and Mikulis, 2015; Moreton et al., 2016; Urback et al., 2017; Liu et al., 2019) or CVR data analysis (Fisher et al., 2018). However, as far as we are aware, there are no systematic reviews detailing the breadth of CVR-MRI acquisition techniques, processing methods and applications that have been presented and used in the literature.

We conducted a systematic literature review of papers reporting the use of CVR-MRI techniques. We present an overview of the different aspects of the CVR-MRI experiment reported and applied in the literature, describing the most common methods and clinical research applications. We classified and systematically analysed reports of the MRI techniques, vasodilatory stimuli, data processing methods and study populations. Based on these findings we identified recent practises, trends, technical findings and evidence from clinical studies to inform future application and standardisation of CVR-MRI protocols.




MATERIALS AND METHODS


Search Strategy

We systematically reviewed the EMBASE and MEDLINE databases from 1980, until June 2020 using Ovid. The search strategy combined terms relating to: “Cerebrovascular reactivity,” “MRI,” “BOLD,” “ASL,” “PC,” “hypercapnia,” “acetazolamide,” and “CO2.” We manually added relevant articles from the authors' libraries. The search was not constrained to English-language literature. Full details of the search strategy are provided as Supplementary Information.



Eligibility Criteria

We included all studies that investigated changes in cerebral blood flow or cerebral blood volume using MRI due to vasodilation or vasoconstriction in humans. We excluded reviews, conference abstracts, editors' notes, and case reports (single-subject studies focussed on methodological aspects of CVR were included). We removed studies that did not investigate induced vasodilation in the brain or used another imaging modality (e.g., CT, PET) to measure CVR. Studies that measured the change in the BOLD signal in response to a functional task and hypercapnia but did not compute a CVR metric were also excluded.



Data Extraction

One author (E.S.) screened the titles and abstracts of all potentially eligible publications to exclude duplicates and assess eligibility against the inclusion criteria before reading the full text of the remaining articles to determine eligibility. Eligibility and data extraction were discussed with other authors where queries around inclusion or exclusion, or data extraction arose.

We extracted population characteristics, including pathology, sample size, age, and gender. We recorded MRI acquisition parameters including magnetic field strength, type of pulse sequence and sequence parameters (e.g., TR, TE, spatial resolution, field-of-view). We recorded the type of vasodilatory stimulus, measurement of EtCO2 and/or end-tidal O2 (EtO2), stimulus paradigm and, where available, information on tolerability, number and reason for any excluded or failed scans. Finally, we extracted information on the pre-processing steps, delay correction/computation methods and CVR processing methods applied, reported grey and white matter CVR values in healthy volunteers and relevant findings.




RESULTS


Search Results

We identified 732 articles, 176 of which were removed as duplicates (Figure 1). Of the remaining 556 papers, 317 were excluded on review of the title and abstract due to a lack of analysable data or insufficient detail [n = 192: conference abstracts (n = 131), reviews (n = 34), and case reports and notes to the editor (n = 27)], inaccessibility (n = 1), only reporting rodent studies (n = 2), using other modalities (e.g., PET, TCD, CT, SPECT) (n = 71) and not measuring CVR (n = 51). After full text review an additional 14 papers were removed because they used other imaging modalities to measure CVR (n = 6) or did not measure CVR (n = 8). Additionally, 24 articles were added from the authors' libraries. We included 235 papers in the review. Summary data extracted from each study is included in the Supplementary Material.
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FIGURE 1. Flow diagram of the literature search.




Population Characteristics

The studies included 5,369 unique participants. 36 subjects were excluded before CVR due to contraindication to MRI (n = 6) or ACZ (n = 3), claustrophobia in the MRI scanner (n = 5), too large to fit in the MRI scanner (n = 1), anxiety during pre-testing of the stimulus (n = 1) and intolerance of the stimulus (n = 20). The remaining 5,333 unique participants who had a CVR scan comprised 2,394 patients and 2,939 healthy participants. All studies reported a sample size, with a mean sample size of 35 (median: 19, range: 1–536). Forty-five studies had fewer than 10 subjects whereas 9 included more than 100 subjects. Twelve papers did not report any age information, a further 18 papers reported only the age range. The mean age, computed as the mean of the mean or median ages, was 44.3 (1.4–92) years. The median gender distribution was 43% females and 57% males, excluding the 18 studies not reporting gender distribution.

The total number of scans including longitudinal scans was 7,437. The number of scans excluded from analyses was 518/7,437 (7%), not including scans that were selected from a database for being of good quality. Per study, the mean percentage of datasets excluded from analysis was 6% (range: 0–38%). Scans were excluded for one or more reasons: incomplete dataset (28/518, 5%), subject's discomfort (79/518, 15%), irregular breathing (3/518, 1%), non-compliance (38/518, 7%), technical issues (67/518, 13%), pre-processing issues (5/518, 1%), poor data quality (40/518, 8%), motion artefacts (183/518, 35%), outlier CVR values (13/518, 3%), non-CVR related (75/518, 14%, e.g., post-operative stroke, resolution of stenosis, hematoma, issue with therapeutic intervention) and no reasons reported (2/518, 0.3%).

Information on tolerability of the CVR experiment ranged from information regarding subject withdrawal to subjective rating of tolerability and was reported in 51/235 (22%) studies (1,162/5,333 unique subjects). Overall, the CVR experiment in these 51 studies was mostly described as well-tolerated. One article studied the tolerability of 434 CVR (294 subjects) scans acquired with EtCO2 targeting BOLD MRI and concluded that it was well-tolerated (Spano et al., 2013). Six studies reported subjective tolerability: the experiment was rated as tolerable to very tolerable with minimal discomfort on average in each study. Twenty-three studies detailed complaints of discomfort: 11 studies reported no complaints or adverse effects whereas 12 did. These 12 studies (618 subjects) reported 120 complaints transient to the CVR scan: respiratory symptoms due to gas inhalation such as breathing resistance and shortness of breath (n = 77), anxiety and/or claustrophobia (n = 16), dizziness and/or headache (n = 10), narrowness of head coil with gas apparatus (n = 4), tachycardia (n = 3), paraesthesia (n = 3), chest tightness (n = 1), conjunctive erythema (n = 1), tremor (n = 1), hand weakness (n = 1), nausea, confusion, and blurred vision (n = 1) and no details of the complaints (n = 2). No long-lasting symptoms were reported and no studies using acetazolamide injection detailed complaints or adverse effects. In 17 studies, 79 scans were defined as untolerable by the subject due to: anxiety (n = 21), claustrophobia (n = 16), discomfort related to gas apparatus in the scanner (n = 9), position in the head coil (n = 2) and no details (n = 31).



Pathologies

Cerebral steno-occlusive diseases (e.g,. Moyamoya disease, carotid stenosis/occlusion) were the most commonly investigated diseases (72/235 studies, 31%), followed by dementia and cognitive impairments (9/235, 4%), normal ageing (8/235, 3%), small vessel disease (7/235, 3%), sport-related concussions (7/235, 3%), obstructive sleep apnoea (5/235, 2%), stroke (5/235, 2%; one of which also investigated CVR in steno-occlusive disease), traumatic brain injury (4/235, 2%), tumours (4/235, 2%), diabetes with or without hypertension (3/235, 1%), and miscellaneous (18/235, 8%). Of the 142 articles reporting CVR measurements in pathology (referred to in Table 1), 70 studies assessed CVR to investigate pathophysiology, 48 studies explored the technical feasibility of a methodology to detect CVR impairment, 13 studies investigated the effect of a therapeutic intervention on CVR (surgical intervention for steno-occlusive diseases such as revascularisation, candesartan therapy for diabetes, bariatric surgery for obese subjects, haemodialysis for end-stage renal disease, therapeutic continuous positive airway pressure for obstructive sleep apnoea), six studies investigated the progression of pathologies, and five studies looked at the effect of CVR on fMRI BOLD activation. Relative to healthy controls, CVR was lower in patients in most of the pathologies (Krainik et al., 2005; Donahue et al., 2009; da Costa et al., 2016; Hartkamp et al., 2018; Thrippleton et al., 2018; McKetton et al., 2019) and CVR delays were longer in steno-occlusive diseases, small vessel disease and dementia (Hartkamp et al., 2012; Duffin et al., 2015; Thrippleton et al., 2018; Atwi et al., 2019; Holmes et al., 2020).


Table 1. Pathologies in which CVR was investigated.
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MRI Technique

The number of CVR-MRI studies that were conducted at 3 T is 178/235 (74%), with the remainder acquired at: 1.5 T (47/235, 20%), 7 T (9/235, 4 %), 2 T (2/235, 1%) and a combination of 1.5 and 3 T (3/235, 1%). Studies used one or more MRI techniques to acquire CVR data (Figure 2): BOLD (155/235, 66%), ASL (41/235, 17%), dual-echo providing simultaneous ASL and BOLD data (27/235, 11%), PC (12/235, 5%), DSC (11/235, 5%), and VASO (3/235, 1%). In recent publications, BOLD, ASL and dual-echo ASL/BOLD are the most common MRI techniques. Summary MRI parameters for the BOLD gradient-echo echo-planar imaging (GE-EPI), pulsed continuous ASL (pCASL) and dual-echo ASL/BOLD GE-EPI techniques at 3 T are given in Table 2.


[image: Figure 2]
FIGURE 2. Distribution of the MRI sequences used in studies with the associated year of publication of the paper. BOLD, blood-oxygen-level-dependent; ASL, arterial spin-labelling; DE, dual-echo; PC, phase-contrast; DSC, dynamic susceptibility contrast; VASO, vascular space occupancy.



Table 2. Median values and ranges of MRI parameters at 3 T found in the literature.
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Three studies (n = 18) found BOLD-derived CVR values were lower at lower magnetic field strengths (Driver et al., 2010; Triantafyllou et al., 2011; Peng et al., 2020), two of which (n = 9) reported a linear relationship between BOLD-derived CVR and the field strength (Driver et al., 2010; Triantafyllou et al., 2011). In one study (n = 16), ASL-derived CVR did not differ at different field strengths (Noth et al., 2006). One study (n = 8) reported longer post-labelling delay results in lower baseline CBF and ASL-CVR measurements (Inoue et al., 2014). Use of EPI with parallel imaging compared to spiral imaging, reduced signal loss due to susceptibility-induced magnetic field gradients in BOLD-CVR measurements without affecting sensitivity, which was defined as the CVR t-statistic (n = 5) (Winter et al., 2009). Furthermore, one study (n = 5) showed that using simultaneous multi-slice acceleration of factor 2 and 3, can reduce scan duration by at least a half compared to conventional EPI while maintaining the CVR sensitivity (Ravi et al., 2016a). Compared to single-echo ASL or BOLD EPI, a multi-echo (four echoes) EPI acquisition followed by T2* fitting of the signal decay had higher inter-scan repeatability of breath-hold CVR analysed across voxels, CVR sensitivity and test-retest reliability analysed using the intra-class correlation coefficient (n = 14) (Cohen and Wang, 2019).



Vasodilatory Stimulus

To induce vasodilation, several stimuli were employed in the literature (Figure 3A): EtCO2 targeting manually or using a computer-controlled device such as RespirAct (Thornhill Research, Toronto, Canada) (81/235 studies, 34%), fixed inspired gas administration (69/235, 29%), breathing modulations (52/235, 22%), ACZ injection with median dose of 1 g (29/235, 12%), rebreathing (10/235, 4%), resting-state haemodynamic fluctuations (8/235, 3%) and not reported (1/235, 0.4%). Three different fixed inspired gases were identified: CO2-enriched (67%), O2-enriched (i.e. hyperoxia, 10%), and CO2- and O2-enriched air (i.e. carbogen, 23%). In some studies, these gas compositions were alternated during the same paradigm with or without intermittent normal air periods using the fixed inspired gas, EtCO2 targeting methods: alternating hypercapnia and hyperoxia (15/235, 6%), alternating CO2-enriched air and carbogen (1/235, 0.4%). For fixed inspired CO2 paradigms, the median percentage of inhaled CO2 was 5% (range: 2–10%). While the combination of MRI sequence and stimulus generally varied across studies DSC-MRI was used only with ACZ injection. Block design paradigms were most common (212/235 studies, 90%) with a median stimulus plateau duration of 1 min. The median total experiment duration was 9 min (Figure 3B). One study did not specify the type of paradigm, and 12 further studies did not report the duration of the CVR experiment.
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FIGURE 3. Distribution of the (A) stimuli with the associated MRI sequence and (B) paradigm types with associated total duration of the CVR experiment. In (A), the “breath modulation” stimulus includes breath-holding, paced breathing, and hyperventilation stimuli. ACZ, acetazolamide injection; RS, resting-state; BOLD, blood oxygen-level dependent; ASL, arterial spin-labelling; PC, phase contrast; DSC, dynamic susceptibility contrast; VASO, vascular space occupancy.


Removing studies that used ACZ stimulus, 160/207 studies measured EtCO2 (77%) of which 21 did not report the targeted or achieved EtCO2 variation (14%), 80 studies also measured EtO2 (39%). The median EtCO2 change induced by the stimulus was 9 mmHg (range: 2.2–28 mmHg). Seventy-five studies reported mean baseline EtCO2 at rest (47%), with a median value of 39 mmHg (range: 31.2–43.4 mmHg). 21% of the studies that used EtCO2 targeting controlled the baseline EtCO2 (40 mmHg for all studies) instead of using the individual EtCO2 value when breathing normal air.

One study (n = 4) found BOLD response to EtCO2 is 60 times higher than to EtO2, but demonstrated that during hypercapnic CVR-BOLD experiments, EtO2 should be controlled if the change in EtCO2 is small compared to the change in EtO2 (Prisman et al., 2008). One study (n = 9) demonstrated that carbogen should not be used with BOLD or ASL to measure CVR due to a lack of correlation between both MRI techniques as opposed to CVR measurements using CO2-enriched air with BOLD or ASL (Hare et al., 2013). Another study (n = 20) found that, for a gas challenge, an effect of at least 2 mmHg EtCO2 change is required to detect haemodynamic impairment using BOLD at 3 T (De Vis et al., 2018). RS-BOLD was found to give CVR results that were associated with fixed-inspired CO2 BOLD (n = 48, Liu et al., 2017a) and RespirAct BOLD (n = 13, Golestani et al., 2016) measurements. One study (n = 8) reported differences in response amplitude and onset time depending on whether BH was performed before and after expiration (Leoni et al., 2008). For BOLD-BH, one study (n = 6) demonstrated that the fraction activation volume saturated for breath-hold durations of 20 s and above; thus recommended using breath-hold durations of 20 s to give sufficient sensitivity to BOLD signal changes to detect impaired CVR (Liu et al., 2002).



CVR Data Processing Methods

Common pre-processing steps that were reported (Figure 4) were sequence-dependent and included motion correction (167/235 studies, 71%), spatial smoothing (107/235, 46%), registration of functional volumes to MNI or subject space (96/235, 41%), region-of-interest or whole brain delay correction (93/235, 40%), drift removal/modelling (79/235, 34%), voxel-wise delay correction (62/235, 26%), and discarding transient MRI volumes to consider only those where steady-state signal was reached (42/235, 18%). Only 3% of papers corrected for sampling line delay. Slice-time correction was used in 51 of 180 BOLD/DE-BOLD studies. Eroding the edges of the regions of interest can reduce vascular contamination of CVR due to larger responses to CO2 in blood vessels than in tissues (Thrippleton et al., 2018). T1 correction was recommended for CVR-ASL data involving the use of carbogen or other hyperoxic gas because of changes in the longitudinal relaxation time during hyperoxia (n = 24, Siero et al., 2015b). The most common software packages used for pre-processing and/or CVR analysis were Statistical Parametric Mapping (SPM, 89/235 studies, 38%), in-house Matlab (The Mathworks, Natick, MA, United States) software (90/235, 38%), FMRIB Software Library (FSL, 65/235, 28%), and Analysis of Functional NeuroImages (AFNI, 54, 23%) (some studies used more than one package in combination). Only one in-house Matlab script (for pre-processing BOLD and EtCO2 data) reported to be publicly available (Lu et al., 2014).
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FIGURE 4. Bar chart showing the number of studies that apply different pre-processing steps. ROI, region of interest; WB, whole brain; HRF, haemodynamic response function.


Of the six classes of CVR calculation methods identified, linear regression is the most common method overall (149/235 studies, 63%) and in recent publications. However, several newer methods are under development including frequency-based analysis (Duffin et al., 2015). The main reference signal used to compute linear regression or cross-correlation is the EtCO2 (89/235 studies, 38%). An HRF was incorporated in the MRI signal model in 14% of the studies (32/235), with the single or double gamma function being the most common choice (22/235 studies, 9%). A relatively new method to find an appropriate regressor is RIPTiDe (Regressor Interpolation at Progressive Time Delays), which derives the reference signal from the MRI data by iteratively applying principal component analysis on aligned MRI time courses until convergence of the regressor (Tong et al., 2011; Donahue et al., 2016). Twenty one studies did not clearly describe the CVR processing method, of which two included no information, these were excluded from the summary of CVR processing method (Figure 5A).
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FIGURE 5. Distribution of the (A) CVR processing and (B) delay computation methods with the associated year of publication of the paper. The category “Others” in (B) includes deconvolution to find the HRF between the EtCO2 and the MRI signal, and GLM with two (“fast” and “slow”) regressors. STD, standard deviation of MRI signal; HRF, haemodynamic response function; GLM, general linear model.


Dynamic aspects of CVR (e.g., lung-to-brain delay, response time) were computed in 128/235 studies (54%) using different methods (Figure 5B), however some studies used different MRI techniques and multiple associated delay processing methods. Fourteen of the delay computation methods were not clearly described and 8 of which could not be included in Figure 5B. Cross-correlation- and linear regression-based methods can be used to compute CVR delay by determining the time shift that gives the best correlation between the BOLD signal and a reference signal (e.g., EtCO2). The most common delay computation methods are cross-correlation- or, equivalently, linear regression-based approaches (84/128 studies, 66%) and pre-defined delay, e.g., from literature, voxel examination, (29/128, 23%). The delay between two signals can be found using linear regression or cross-correlation by determining the time shift giving the best correlation between these two signals. As with CVR computation, delay computation is an evolving area and new methods are arising including obtaining the delay directly from the HRF between the BOLD signal and EtCO2 (Atwi et al., 2019). One study corrected the hypercapnic delay for delay due to the vasculature (i.e., the delay it takes for the blood and CO2 to travel from the lungs to the brain tissues) by using the BOLD delay from a hyperoxia challenge as a surrogate of vasculature delay and assuming no vasodilation due to hyperoxia (Champagne et al., 2019a). This correction can distinguish between delay due to vasculature and delay due to vasodilation.

CVR values in whole brain, grey and white matter of healthy volunteers are summarised in Table 3. The associated processing methods were linear regression (72/104, 69%), pre-vs.-post stimulus value comparison (17/104 values, 16%), non-linear signal modelling (13/104, 13%) and frequency-based analysis (2/104, 2%). CVR in grey matter was higher than CVR in white matter. Moreover, measuring white matter CVR using ASL is not common, probably due to the fact that ASL suffers from low contrast-to-noise ratio (CNR) (Liu et al., 2019).


Table 3. Mean/median CVR values at 3 T in healthy volunteers as a function of the age range (in the square brackets are the minimum and maximum values and in the round brackets is the number of values and number of subjects used to compute the mean).
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Repeatability, Reproducibility, and Accuracy of CVR Measurements

CVR values determined using MRI were generally found to be similar or well-correlated with those obtained using other imaging modalities such as PET, SPECT or TCD (Table 4: 10 studies, 193 subjects). Within- and between-day repeatability of MRI was studied mostly in healthy participants and in some stroke and steno-occlusive patients (Table 5: 14 studies, 191 subjects). The reported coefficients of variation show that CVR measurements are less repeatable between- than within-days (Kassner et al., 2010; Dengel et al., 2017) and less repeatable in white matter than in grey matter due to lower CNR in white matter (Kassner et al., 2010; Thrippleton et al., 2018).


Table 4. Comparison of CVR values measured using MRI vs. alternative imaging modalities.
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Table 5. Findings of repeatability of CVR estimates.
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CVR-MRI measurements were also compared between MRI techniques. CVR-BOLD and CVR-ASL were well-correlated using fixed CO2 concentration (n = 127) (Hare et al., 2013; Donahue et al., 2014; Zhou Y. et al., 2015) and computer-controlled EtCO2 using RespirAct (n = 13) (Zande et al., 2005). One study found no correlation between CVR-BOLD and CVR-ASL using carbogen (n = 9) (Hare et al., 2013). Using acetazolamide CVR-DSC correlated well with CVR-BOLD (n = 16) (Wu et al., 2017), but there was a lack of agreement between CVR-DSC and PC-MRI (n = 8) (Spilt et al., 2002).



The Relationship Between BOLD Response and PaCO2

The healthy BOLD signal response to CO2 was found to be sigmoidal in two studies (n = 18) (Tancredi and Hoge, 2013; Bhogal et al., 2014). The sigmoid model of the BOLD response to CO2 was used in a further three studies (n = 65) (Bhogal et al., 2015, 2016; De Vis et al., 2018). In four studies, vasodilatory resistance to CO2 was modelled using the BOLD response (Sobczyk et al., 2014; Duffin et al., 2017, 2018; McKetton et al., 2019). The relationship between resistance and CO2 was assumed sigmoidal due to the limited ability of the blood vessels to constrict and dilate (n = 141). One study (n = 32) suggested that steal phenomenon associated with some pathologies could alter the sigmoid relationship between CO2 and vasodilatory resistance (Sobczyk et al., 2014).



Potential Confounders of CVR Analysis

When analysing CVR measurements, baseline MRI signal or EtCO2 values (Bhogal et al., 2016) can lead to misinterpretation of CVR data (Mandell et al., 2008a; Blockley et al., 2011). Higher baseline EtCO2 was associated with lower CVR (n = 291) (Halani et al., 2015; van Niftrik et al., 2018; Hou et al., 2019). Baseline CBF and CBV were lower with age (n = 81) (Petrella et al., 1998; Leung et al., 2016a; Leoni et al., 2017), by contrast one study suggested age-related differences in baseline CBF may result from differences in baseline EtCO2 (n = 46) (De Vis et al., 2015a).

Negative CVR clusters correspond to MRI responses anti-correlated to the stimulus. In some cases this might simply reflect long CVR delays if they are not appropriately modelled. Negative CVR could also reflect the steal phenomenon, where tissues with high CVR “steal” blood flow from other regions due to flow redistribution (Shiino et al., 2003; Mandell et al., 2008a; Han et al., 2011a,b; Sobczyk et al., 2014; Poublanc et al., 2015; Fisher et al., 2017; Para et al., 2017; McKetton et al., 2018; Venkatraghavan et al., 2018; Hartkamp et al., 2019). However, they usually appear in the deep white matter (Mandell et al., 2008a), near and in the ventricles (Blockley et al., 2011). Therefore, others have suggested that they may result from low CNR in the white matter tissues leading to spurious CVR values (Blockley et al., 2011), or from reduction in cerebrospinal fluid (CSF) partial volume due to vasodilation (Thomas B. P. et al., 2013; Bright et al., 2014; Ravi et al., 2016b). The latter effect can be diminished by shortening TE (Ravi et al., 2016b).



CVR Definition and Units

CVR was defined differently across studies and was reported in several units: relative change in BOLD signal divided by absolute change in EtCO2 with %/mmHg units (110/235, 47%), relative change in CBF divided by absolute change in EtCO2 with %/mmHg units (36/235, 15%), relative change in BOLD signal with % units (50/235, 21%), relative change in BOLD signal divided by relative change in total haemoglobin concentration ([Hb]) with %/[Hb] units (1/235, 0.4%), relative change in BOLD signal divided by breath-by-breath O2-CO2 exchange ratio with % units (1/235, 0.4%), relative change in BOLD signal divided by relative change in EtCO2 with % units (1/235, 0.4%), relative change in BOLD signal during one period of breath-hold with %/s units (1/235, 0.4%), relative change in CBF with units % (27/235, 11%), relative change in CBF during one period of breath-hold with %/s units (1/235, 0.4%), absolute change in CBF with ml.100 g−1.min−1 units (5/235, 2%), absolute change in CBF divided by the change in EtCO2 with ml.100 g−1.min−1mmHg−1 units (2/235, 1%), absolute change in CBF divided by mean arterial pressure divided by change in EtCO2 with ml/min/mmHg2 (1/235, 0.4%), mean arterial pressure divided by change in CBF with mmHg.ml−1.min.100 g units (1/235, 0.4%), relative change in CBV with % units (n = 13), absolute change in CBV with ml.100 g−1 units (1/235, 0.4%), absolute change in BOLD signal divided by change in EtCO2 a.u./mmHg (2/235, 1%), relative change in T2* with % units (1/235, 0.4%), absolute change in T2* divided by change in EtCO2 with ms/mmHg units (1/235, 0.4%), absolute change in R2* divided by change in EtCO2 with s−1/mmHg (1/235, 0.4%). A further nine CVR definitions had no units because CVR was defined as the correlation coefficient between two time courses (7/235, 3%) and two were defined as the absolute change in BOLD signal divided by the standard deviation of the baseline BOLD signal (1/235, 0.4%) or by the absolute change in mean cerebellum BOLD signal (1/235, 0.4%). One article described different resistance sigmoid parameters associated with CVR such as resting reserve or amplitude, i.e., extend of vascular resistance from resting EtCO2 state to maximum vasodilation and extend of vascular resistance from maximum vasoconstriction to maximum vasodilation, respectively. Both resting reserve and amplitude are resistance parameters in mmHg/nL/s.




DISCUSSION

We identified 235 papers using MRI to measure CVR including 5,333 subjects, which covered several different acquisition and analysis methods. Stimuli, paradigm and duration, sequences used for acquisition and processing methods varied considerably. We found several papers, which investigated specific aspects of the CVR-MRI experiment such as processing methods or reproducibility of CVR measurement, but sample sizes were often low, and validation studies remain limited. Reporting was also inconsistent.


Reporting Standards

Most papers included sufficient detail on the acquisition of CVR data (222/235, 94%). Only 22% of studies (51/235) reported CVR tolerability, less than half of which (23/235, 10%) reported presence or absence of discomfort complaints which may affect suitability for some patient populations. Processing (214/235, 91%) including delay computation methods (114/128, 89%) were well-reported, though only 54% (128/235) accounted for delay.



Clinical Populations

CVR was measured in several pathologies including steno-occlusive diseases, stroke, small vessel disease, brain injuries, and dementia. Patients generally had lower CVR compared to healthy participants (Krainik et al., 2005; Donahue et al., 2009; da Costa et al., 2016; Hartkamp et al., 2018; Thrippleton et al., 2018; McKetton et al., 2019), though in obstructive sleep apnoea findings were mixed. Delays were longer in steno-occlusive, small vessel disease and dementia patients than in healthy controls, but were not reported in other pathologies. CVR metrics have been associated with cerebrovascular dysfunction, disease severity, and response to interventions (including revascularisation surgery for steno-occlusive diseases). CVR is therefore a promising biomarker of haemodynamic impairment and changes with broad applicability.



Acquisition

Most CVR studies used a 3 T scanner (178/235, 74%) and 2D GE-EPI BOLD sequence (118/235, 50%) for acquisition. While several different sequences can measure CVR, all have limitations. BOLD signal results from a complex interaction between CBF, CBV, haemoglobin concentration, oxygen extraction fraction, cerebral metabolic rate of oxygen consumption and arterial O2 partial pressure (Liu et al., 2019). Changes in any of these parameters can alter the BOLD signal; however, there is evidence that CBV and CBF change together during hypercapnia (Chen and Pike, 2010; Hoge, 2012) and that CVR-BOLD is well-correlated with CVR-ASL (Mandell et al., 2008b; Hare et al., 2013; Zhou Y. et al., 2015). Cerebral metabolic rate of oxygen consumption might change during hypercapnia; however it is thought that these changes are small for low levels of CO2 stimulus (Hoge, 2012). ASL allows direct measurement of CBF and is also widely used (41/235, 17%), but suffers from low CNR (Liu et al., 2019); differences in labelling duration and efficiency, and bolus arrival time can also potentially affect CVR estimation. Calibrated fMRI (9/235, 4%) using dual-echo BOLD/ASL allows simultaneous quantification of CVR and cerebral metabolism parameters (e.g., rate of oxygen consumption and oxygen extraction fraction) (Germuska et al., 2016, 2019; Merola et al., 2017, 2018). However, calibrated fMRI models depend on the initialisation values of model parameters, model assumptions such as the oxygen metabolism not being altered during hypercapnia and hyperoxia stimuli (Germuska and Wise, 2019), and are more complex to implement. PC-MRI (12/235, 5%) measures CVR at the large-vessel level and generally provides limited spatial coverage; although 4D phase-contrast flow imaging (Miller et al., 2019; Morgan et al., 2020) is developing rapidly, the long scan duration currently limits applicability for measuring CVR in patients. Several different paradigms were used, which varied in duration and number of repetitions. EtCO2 targeting (81/235, 34%) and fixed CO2-inhalation (69/235, 29%) are the most widely used vasodilatory stimuli with a block paradigm (212/235, 90%) with a median paradigm duration of 9 min. Fixed CO2-inhalation is easier to set up than EtCO2 targeting but the change in EtCO2 associated with a specific inspired CO2 concentration may vary between subjects. EtCO2 targeting allows precise control over the EtCO2 and paradigm but requires expensive, specialist equipment. 75% of respiratory challenge studies (160/207) measured ETCO2. However, in patients with lung diseases, using EtCO2 is not a direct surrogate for PaCO2 (Petersson and Glenny, 2014).



Processing Methods

CVR was mainly computed using linear regression (149/235, 63%). Few studies described why a particular processing method or regressor was used, and comparisons between different methods are lacking (Bright et al., 2017). 40% of the studies (93/235) calculated a whole brain or single region-of-interest delay that was applied to all voxels. While this method may be relatively robust against noise, delay is known to vary between and within tissue types (Thrippleton et al., 2018; Atwi et al., 2019). However, only 26% of studies (62/235) accounted for voxel-wise delays. An HRF between the stimulus and MRI signal was used in only 14% of the studies (32/235). This might be because the CVR HRF is unknown and may vary between stimuli, paradigms and pathologies (Poublanc et al., 2015; Sam et al., 2016a). Assuming a non-delta-function HRF allowed delay and steady-state CVR to be investigated in parallel (Poublanc et al., 2015; Donahue et al., 2016), but can be more complex to implement and computationally demanding.



Validation

CVR measurements and detection of CVR impairment using MRI and other imaging modalities [e.g., BOLD-CVR to TCD-CVR (Ziyeh et al., 2005), BOLD-CVR to SPECT-CVR (Shiino et al., 2003), DSC-CVR to PET-CVR (Grandin et al., 2005)] were well-correlated, validating the CVR-MRI experiment. Furthermore, biological validation such as results from studies comparing CVR in patients with steno-occlusive diseases and healthy controls, also supports use of CVR as a biomarker (Ziyeh et al., 2005; Bokkers et al., 2011; Uchihashi et al., 2011; Thomas B. et al., 2013; De Vis et al., 2015b). Preclinical CVR imaging is also a fast-growing field which has been applied in preclinical models of stroke, cancer and Alzheimer's disease (Wells et al., 2015; Lake et al., 2016; Gonçalves et al., 2017). Preclinical CVR studies predominantly follow similar approaches to human studies but involve additional considerations such as the effect of anaesthetic agents on resting CBF (Stringer et al., 2021). Isolated vessel preparations (Seitz et al., 2004; Joutel et al., 2010), laser speckle imaging (Lynch et al., 2020), and multiphoton microscopy (Joo et al., 2017; Kisler et al., 2017) can also assess CVR preclinically and may help improve understanding of how impaired vasoreactivity develops and further direct validation of CVR-MRI as a clinical biomarker of cerebrovascular health (Stringer et al., 2021). CVR measurements using MRI techniques showed lower repeatability between-days than within-days (Dengel et al., 2017; Merola et al., 2018). CVR measurements were also less repeatable in white matter than in grey matter due to a lower CNR (Kassner et al., 2010; Thrippleton et al., 2018). Studies with higher sample sizes and investigating reproducibility in different pathologies would be helpful to further validate the CVR-MRI experiment.



Definition and Interpretation of CVR

The definition and units of CVR vary across studies depending on choice of sequence, stimulus, paradigm and analysis methods. However, CVR is most commonly reported as the relative change in BOLD signal (110/235, 47%) or CBF (36/235, 15%) per unit change in EtCO2 as %/mmHg.

Several aspects influence CVR values beyond the vasodilatory capacity of vessels, which must be considered in interpreting the results. The CVR steal phenomenon has been proposed as a systemic mechanism governing the cerebrovascular system by prioritising blood supply to specific regions and potentially leading to local deficits elsewhere. Low or negative CVR values may also result from low CNR or blood vessel dilation near the ventricles shrinking the CSF space and artificially decreasing the BOLD signal due to differences in CSF and blood signal intensities (Thomas B. P. et al., 2013; Bright et al., 2014; Ravi et al., 2016b). Excluding voxels that contain CSF or using a shorter TE (e.g., 21 ms for a TR of 1,500 ms at 3T) can reduce negative artefacts in CVR data (Ravi et al., 2016b). Other physiological factors can affect the MR signal, including resting CBF and oxygen extraction fraction. Finally, as blood vessels have a limited vasodilation capacity, the linearity of the MRI response to the vasodilatory stimulus has a restricted range. Indeed, the shape of the MRI response to the stimulus and baseline parameters including resting CBF and EtCO2 can influence CVR values (Bhogal et al., 2014, 2016; van Niftrik et al., 2018; Hou et al., 2019). Despite some gaps in current knowledge, CVR has a proven validity and utility in several diseases as described above.



Definition and Interpretation of CVR Delay

Delay in the MRI response to a stimulus can lead to inaccurate CVR values if it is not accounted for, and could give further information on vascular health. Voxel-wise or ROI delay should be favoured as opposed to whole brain delay to better account for differences in tissue response and distance from blood vessels. Artificially high or low delay values can be obtained when the noise level is high, i.e., low CNR. Definitions of delay were inconsistent in distinguishing between lung-to-brain delay and duration of the vasodilation process (Thomas et al., 2014). For example, one study computed the lung-to-brain delay, assuming instantaneous MRI response, as the shift in the EtCO2 that gives the lowest residual when regressed against the MRI time course: the delay in grey and white matter were approximately 15 and 35 s, respectively (Thomas et al., 2014). Another study computed the response time using a mono-exponential fit of the MRI signal: they found response time constants between a few seconds in grey matter up to 100 s in white matter (Poublanc et al., 2015).



Implications for Future Research


Harmonisation of the CVR-MRI Experiment

Variability in the implementation of CVR experiments, including the choice of sequence and MRI parameters, such as TR and TE for BOLD MRI and post-labelling delay for ASL MRI (Inoue et al., 2014), causes heterogeneity in the CVR values, making it challenging to interpret findings across studies and conduct meta-analyses. CVR measurements are highly dependent on MRI sequence (e.g., BOLD, ASL, PC, and DSC), since each measures a different quantity as an estimate or surrogate of CBF, which are not directly comparable (Zhou Y. et al., 2015).

Harmonisation of acquisition and processing methods would allow more uniform definitions of CVR, delay and HRF, enhancing inter-study comparability, although specific techniques may be better suited to some pathologies and patient groups. Such efforts may also find consensus on the optimal paradigm duration to ensure that CO2 reaches the region of interest and the MRI response reaches the steady state. As many groups have developed in-house software to process CVR data, making these publicly available, as a step towards development of validated, community-driven open-source software, would also promote reproducibility and harmonisation.

While little consensus currently exists, our review reveals evidence of convergence in some aspects of the CVR-MRI experiment: the use of BOLD at 3T with a block paradigm for the acquisition and definition of CVR as the relative change in BOLD signal per unit change in mmHg (%/mmHg). Early attempts to establish a framework for reaching consensus have recently been initiated (Bright et al., 2017). Further work is needed to reach consensus regarding signal processing and CO2 delivery methods. CVR is also highly dependent on the image analysis methods used, including the erosion of regions of interest to avoid signal contamination from neighbouring tissues, or region of interest vs. voxel-wise analysis.



Considerations for Future Studies

Detailed reporting of methods and results is essential for interpretation and inter-study comparison of CVR data. Future publications should give sufficient detail to allow processing to be reproduced and, where possible, authors should release their software in version controlled open-source repositories. Results should preferably be reported in relative signal units to allow inter-study comparisons. Accurate recording and reporting of tolerability and reasons for excluding CVR scans is also important to facilitate clinical translation.

Non-linearity due to the limited vasodilation capacity of the blood vessels, is a consideration when interpreting CVR values. In this case, CVR reflects both the maximum response as well as the sensitivity to CO2. Research is needed to identify the aspects of the CVR response (e.g., maximum response, MRI response vs. EtCO2 slope) that are most sensitive and specific in key pathologies. Accounting for voxel-wise lung-to-brain delay would allow direct comparison of the BOLD signal and EtCO2 and should improve the accuracy of CVR values. Drift in the MRI signal can be significant and should be controlled for during signal processing (Liu et al., 2019).

Finally, there are age-related changes in CVR values: CVR is lower with increasing age in grey and white matter (Thomas et al., 2014; Leung et al., 2016c; Leoni et al., 2017). Statistical analyses should account for such key covariates, which requires larger sample sizes or matched study design. CVR is also associated with vascular risk factors including hypertension, diabetes, hypercholesterolemia and smoking (Haight et al., 2015; Tchistiakova et al., 2015; Sam et al., 2016b; Blair et al., 2020).




Strengths and Weaknesses

This review included foreign language papers (5/236), though one such paper was inaccessible. Most but not all of the required information was obtained during the data extraction. This might have added a bias to the results of this review: for example, description of the CVR processing and delay computation methods were not clear in 9% and 11% of the studies, respectively. Furthermore, the sample size of many studies was low (mean sample size: 35, 45/235 studies ≤ 10 participants), particularly in studies investigating repeatability and reproducibility of CVR values (mean: 16). This review was also restricted to human studies; therefore it does not provide a detailed description of preclinical CVR methods, although the main processing techniques are similar.




CONCLUSION

To our knowledge, this is the first systematic review to summarise and describe the diverse acquisition and analysis techniques used to measure CVR using MRI, and their applications in health and disease. While CVR-MRI is a relatively new and evolving technique we identified applications in several clinical populations including steno-occlusive and small vessel disease, highlighting the value of CVR measurements in medical research. However, acquisition techniques, analysis methods and definitions of CVR all varied substantially. Future work should target consensus recommendations to facilitate more reliable and harmonised CVR measurement for use in clinical research and trials of new therapies.
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Blood oxygen level-dependent (BOLD) functional MRI (fMRI) is commonly used to measure cerebrovascular reactivity (CVR), which can convey insightful information about neurovascular health. Breath-holding (BH) has been shown to be a practical vasodilatory stimulus for measuring CVR in clinical settings. The conventional BOLD fMRI approach has some limitations, however, such as susceptibility-induced signal dropout at air tissue interfaces and low BOLD sensitivity especially in areas of low [image: image]. These drawbacks can potentially be mitigated with multi-echo sequences, which acquire several images at different echo times in one shot. When combined with multiband techniques, high temporal resolution images can be acquired. This study compared an advanced multiband multi-echo (MBME) echo planar imaging (EPI) sequence with an existing multiband single-echo (MB) sequence to evaluate the repeatability and sensitivity of BH activation and CVR mapping. Images were acquired from 28 healthy volunteers, of which 18 returned for repeat imaging. Both MBME and MB data were pre-processed using both standard and advanced denoising techniques. The MBME data was further processed by combining echoes using a [image: image]-weighted approach and denoising using multi-echo independent component analysis. BH activation was calculated using a general linear model and the respiration response function. CVR was computed as the percent change related to the activation. To account for differences in CVR related to TE, relative CVR (rCVR) was computed and normalized to the mean gray matter CVR. Test–retest metrics were assessed with the Dice coefficient, rCVR difference, within subject coefficient of variation, and the intraclass correlation coefficient. Our findings demonstrate that rCVR for MBME scans were significantly higher than for MB scans across most of the gray matter. In areas of high susceptibility-induced signal dropout, however, MBME rCVR was significantly less than MB rCVR due to artifactually high rCVR for MB scans in these regions. MBME rCVR showed improved test–retest metrics compared with MB. Overall, the MBME sequence displayed superior BOLD sensitivity, improved specificity in areas of signal dropout on MBME scans, enhanced reliability, and reduced variability across subjects compared with MB acquisitions. Our results suggest that the MBME EPI sequence is a promising tool for imaging CVR.
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INTRODUCTION

Blood oxygen level-dependent (BOLD) functional MRI (fMRI) is commonly used to derive cerebrovascular reactivity (CVR), an assessment of the responsiveness of blood vessels in the brain to vasoactive stimuli. CVR is an emerging marker for vascular health that can be affected by normal aging as well as neurogenerative and cognitive pathologies (Kalaria, 1996; Gorelick et al., 2011; Sweeney et al., 2019). Frequently, hypercapnic gas inhalation challenges have been performed to change the arterial carbon dioxide levels for the measurement of CVR (Tancredi and Hoge, 2013). However, the breath-holding (BH) approach also has been shown to be reliable and produces comparable CVR values (Kastrup et al., 2001; Kannurpatti and Biswal, 2008; Urback et al., 2017). Importantly, it does not require the extra equipment needed for gas inhalation, which is not available in clinical settings at all institutions (Liu et al., 2019).

Blood oxygen level-dependent fMRI is a non-invasive technique that can indirectly measure neuronal activity in the brain. BH BOLD fMRI can detect regional CVR, which is used for diagnosing and monitoring vascular changes over time. Previous studies have demonstrated regional differences in CVR that tend to vary on an individual basis (Yezhuvath et al., 2009; Catchlove et al., 2018). This intrasubject variation can be due to age or disease-related physiological changes such as vascular stiffness or metabolic responses (Ances et al., 2009). Therefore, it is important to understand the normal inter- and intra-subject variability to determine what constitutes a significant change between subjects or in the same subject over time.

It is important to note that some inherent limitations come with the BH BOLD fMRI method that need to be considered for optimizing the imaging and analysis process. For example, echo planar imaging (EPI) fMRI techniques are affected by spatial distortion and signal dropout especially in regions such as the orbitofrontal cortex (OFC), lateral parietal cortex, and inferior temporal cortex (Cho and Ro, 1992; Glover, 2011). The BH technique itself is particularly prone to lowered fMRI sensitivity due to subject motion, cardiac and respiratory cycles, and lack of compliance (Murphy et al., 2013). Intra-group variation or small effect sizes can also limit the statistical power for group analysis, particularly for patient populations (Button et al., 2013; Cremers et al., 2017).

Some of these limitations can be mitigated using advanced imaging techniques. Recent studies have shown promising outcomes using multiband EPI. By simultaneously exciting multiple slices, slice thickness can be decreased and/or temporal resolution can be increased (Posse, 2012; Kundu et al., 2013; Xu et al., 2013; Ravi et al., 2016a). In-plane spatial resolution can be further increased while maintaining reasonable TEs with in-plane acceleration techniques. Furthermore, if slice thickness is decreased, signal dropout due to susceptibility artifacts can be reduced (Schmiedeskamp et al., 2010). Multi-echo (ME) techniques, which acquire several echoes in a single excitation, have been shown to increase the sensitivity of BOLD (Posse et al., 1999; Weiskopf et al., 2005). Poser and Norris (2009) demonstrated that the signal dropout and image distortion are diminished in ME data with shorter-TE images. Multi-echo acquisitions including short TEs can optimize the BOLD contrast especially for regions known for magnetic field inhomogeneity and varying [image: image] values (Posse et al., 1998; Bright and Murphy, 2013b; Ravi et al., 2016b; Fernandez et al., 2017). Boyacioglu et al. (2015) have examined the effect of adding multiband to a conventional sequence ME EPI at 7 Tesla. Their findings highlighted an increase in specificity and sensitivity as well as better resting-state network detection. This is despite the fact that decreasing [image: image] with increasing field strength reduces the benefits of multi-echo acquisitions at high field strengths. Merging multiband EPI with the ME sequence can potentially harness the distinct benefits of each technique and improve some common obstacles with BOLD fMRI.

Additionally, recent studies have shown that multiband multi-echo (MBME) sequences can improve the calculation of BH metrics. In particular, the combined echo data from a simultaneous arterial spin labeling (ASL)/BOLD sequence was compared with a single echo (SE) from the same scan (Cohen and Wang, 2019). The combined echo approach produced higher BH activation and repeatability of activation and CVR compared with the single echo approach (Cohen and Wang, 2019). This sequence has also shown increased resting-state connectivity strength and volume as well as finger tapping task activation strength and volume for the combined echo approach compared with a single echo approach (Cohen et al., 2017, 2018).

These prior studies have some drawbacks. First, the study by Cohen et al. included an ASL module in Cohen and Wang (2019). This led to the repetition time (TR) being very long (4 s). Second, the “single echo” case was simply the second echo from the same multi-echo scan. Each additional echo adds to the readout time and, as a result, the TR. Because the single echo approach used the second echo from the same scan, it did not take advantage of the potential for a reduced TR. Therefore, the overall temporal resolution was reduced, which resulted in limited statistical power and inhibited a true comparison to the ME sequence.

To address these drawbacks, in this study, BOLD CVR measurements were compared between a MBME sequence and a separate multiband single-echo (MB) sequence. With a shorter TR for MB scans, the effects of multiple echoes were more directly assessed using a pure BOLD fMRI acquisition. Recent studies have also shown that relative CVR (rCVR) is a more sensitive biomarker than absolute CVR for clinical applications for both control and patient population studies (Yezhuvath et al., 2009; Pillai and Zaca, 2012; Coverdale et al., 2016). This approach also mitigates the differences in percent signal change (PSC) caused by different effective TEs for MBME and MB sequences. Thus, in this study, rCVR was compared between MBME and MB sequences. Repeatability was analyzed in a subset of subjects who returned for repeat scans. The rCVR difference between repeated scans, within subject coefficient of variation (wCV), Dice coefficient (DC) of activation, and intraclass correlation coefficient (ICC) were analyzed.



MATERIALS AND METHODS

All subjects provided written informed consent prior to participation in this study. This study was approved by the local Institutional Review Board and was conducted in accordance with the Declaration of Helsinki. In total, 28 healthy volunteer subjects (mean age = 28.0 years, range = 20–46 years, including 9 male and 19 female) participated in this study. Of them, 18 returned within 2 weeks to repeat the study for a total of 46 imaging sessions. Subjects were instructed to refrain from caffeine and tobacco for 6 h prior to imaging.


Imaging

Imaging was performed on a 3T scanner (Signa Premier, GE Healthcare, Waukesha, WI, United States) with a body transmit coil and a 32-channel NOVA (Nova Medical, Wilmington, MA, United States) receive head coil. A 3D T1-weighted magnetization-prepared rapid acquisition with gradient echo (MPRAGE) anatomical image was acquired with TR/echo time (TE) = 2200/2.8 ms, field of view (FOV) = 24 cm, matrix size = 512 × 512 × 256, slice thickness = 0.5 mm, voxel size = 0.47 × 0.47 × 0.5 mm, and flip angle (FA) = 8°. Each subject then underwent two task fMRI scans, one MB scan, and one MBME scan. The MB scan had the following parameters: TR/TE = 650/30 ms, FOV = 24 cm, matrix size = 80 × 80, slice thickness = 3 mm (3 × 3 × 3 mm voxel size), 11 slices with multiband factor = 4 (44 total slices), FA = 60°, BW = 250 kHz, echo spacing = 0.51 ms and readout duration per excitation = 17.4 ms. Overall, 70% of total sampling time was ramp sampling. The MBME scan had the following parameters: TR = 900 ms, TE = 11,30,49 ms (three echoes), FOV = 24 cm, matrix size = 80 × 80, slice thickness = 3 mm (3 × 3 × 3 mm voxel size), 11 slices with multiband factor = 4 (44 total slices), FA = 60°, BW = 250 kHz, echo spacing = 0.51 ms, readout duration per excitation = 52.2 ms. Overall, 70% of total sampling time was ramp sampling. Both scans had partial Fourier factor = 0.85 and in-plane acceleration with R = 2. The functional scans lasted 320 s each for a total of 492 volumes for the MB scans and 355 volumes for the MBME scans. The TEs for the MBME scan were set to the minimum possible. The TE for the MB scan was chosen to match the second TE from the MBME acquisition.

During the functional scans, a BH task was employed. Scans began with 66 s of paced breathing, followed by four cycles of 24 s of paced breathing, 16 s of BH on expiration, and 16 s of self-paced recovery breathing. Scans ended with an additional 30 s of paced breathing. The paced breathing portions consisted of alternating 3 s inspiration and expiration blocks and were controlled using a red bar that filled up during inspiration and emptied during expiration. Participants’ breathing was monitored with a respiratory bellow to ensure task compliance. Due to time constraints, three of the repeat subjects only underwent the MBME acquisition. Two participants were excluded because they failed to complete the task for both the MBME and MB scans. An additional two subjects’ MB scans and one subject’s MBME scan were excluded due to failure to complete the task. Overall, there were 39 usable MB imaging sessions (13 repeat) and 43 usable MBME imaging sessions (17 repeat).



SNR and CNR Calculations

All parameters for the MB and MBME data were identical except for the number of echoes and TR. Thus, the signal intensity was estimated for the MB and MBME data to evaluate the effects of FA and TR on SNR using Eq. 1. Here, T1 is the T1 of gray matter at 3T, estimated to be 1.3 s. The ratio of S between the MBME and MB sequences was then computed.
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For the single echo case the contrast to noise ratio (CNR) was estimated using Eq. 2 (Posse et al., 1999; Poser et al., 2006; Miletic et al., 2020) where S0 is the signal at TE = 0 ms and σ0 is the noise.
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For the multi-echo case, the CNR was estimated using Eq. 3 (Poser et al., 2006; Miletic et al., 2020) for the [image: image]-weighted echo combination approach used below.
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Here, n is the echo number, N is the total number of echoes, Sn is the signal intensity at each echo estimated by:
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and Wn are the weighting factors given by:
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The ratio of CNRMBME to CNRMB was then evaluated at [image: image] = 50 ms, a typical value of [image: image] in gray matter at 3T (Wansapura et al., 1999).



Pre-processing

Data was analyzed using a combination of AFNI (Cox, 1996), FSL (Jenkinson et al., 2012), and MATLAB (The Mathworks, R2018a). Image pre-processing utilized the Human Connectome Project (HCP) minimal pre-processing pipeline (Glasser et al., 2013), modified to account for the multiple echo data (Cohen and Wang, 2019).

Anatomical processing was completed using the PreFreeSurferPipeline.sh scripts from the HCP pipeline. First, the anatomical MPRAGE image was anterior commissure–posterior commissure (ACPC) aligned using aff2rigid in FSL, and a brain mask was created using FNIRT-based brain extraction as follows. First, the MPRAGE images was linearly registered to MNI space using flirt in FSL with 12 degrees of freedom (Jenkinson and Smith, 2001; Jenkinson, 2002). Then, fnirt in FSL was used to non-linearly refine the registration (Andersson et al., 2007). A brain-only reference image in MNI space was then inverse warped to native space using the transformations determined by the flirt and fnirt steps and used to extract the brain. The brain-only MPRAGE image was then registered to Montreal Neurological Institute (MNI) space using flirt with 12 degrees of freedom (Jenkinson, 2002) to linearly register the MPRAGE image to MNI space followed by fnirt to non-linearly refine the registration.

For both the MB and MBME datasets, the first 10 volumes were discarded to allow the signal to reach equilibrium. Each dataset was then volume registered to the first volume using mcflirt in FSL. For the MBME data, only the first-echo dataset was registered. Subsequent echoes were registered using the transformation matrices from the first echo. Then, the three echoes were combined using the [image: image]-weighted approach (Posse et al., 1999).

The analysis pipeline then split into two separate analyses. First the MB and MBME data were processed identically using “standard” denoising procedures. Then, the MB and MBME data were reprocessed using “advanced” denoising procedures: an independent component analysis-based strategy for Automatic Removal of Motion Artifacts (ICA-AROMA) (Pruim et al., 2015; Dipasquale et al., 2017) and multi-echo independent component analysis (ME-ICA), respectively.

The standard denoising pipeline consisted of first, registering the MB and MBME datasets to the ACPC-aligned MPRAGE image using epi_reg in FSL and then registering both datasets to MNI space using the anatomical transformations computed above. The data was smoothed using a 4 mm full width at half maximum (FWHM) Gaussian kernel and detrended with a third-order polynomial. The six rigid-body motion parameters were regressed from the data.

The advanced denoising pipeline for the MB data consisted of first, registration to the ACPC-aligned MPRAGE image using epi_reg in FSL and then to MNI space using the anatomical transformations computed above. The data was smoothed using a 4 mm full width at half maximum (FWHM) Gaussian kernel and then denoised using an ICA-AROMA (Pruim et al., 2015; Dipasquale et al., 2017). ICA-AROMA is a data-driven technique which removes components related to motion from the data. The six rigid-body motion parameters were regressed from the data.

The advanced denoising pipeline for the MBME data utilized ME-ICA and the open source python script tedana.py version 0.0.91 (Kundu et al., 2012, 2013; DuPre et al., 2019). This technique, described in detail elsewhere, classifies independent components as BOLD or non-BOLD based on whether or not their amplitudes are linearly dependent on TE, respectively (Kundu et al., 2012, 2013; Olafsson et al., 2015). Non-BOLD components were regressed out of the combined ME data resulting in a denoised dataset. The denoised MBME dataset was then registered to the ACPC-aligned MPRAGE image using epi_reg in FSL, and subsequently registered to MNI space using the anatomical transformations computed above. Finally, the data was smoothed using a 4 mm FWHM Gaussian kernel. No additional nuisance regressors were removed from the MBME data.

A significant problem arose using both ICA-AROMA and ME-ICA to process the BH data. For most of the datasets, the BH response was erroneously classified as non-BOLD and regressed from the data. For the ME-ICA technique this was due to the high variance of the BH response, which caused the signal to be classified as noise despite a strong dependence on TE. Removing the variance criteria from the algorithm caused true high-variance noise components to be falsely classified as BOLD. Therefore, an additional pre-processing step was added for the MBME data wherein the task frequency (f = 1/56 s) was bandpass filtered out of the data. ICA-AROMA and ME-ICA were then run on the filtered data, and the noise components were regressed out of the original, unfiltered dataset. This eliminated the problem of the task response being regressed from the data.

The temporal signal-to-noise ratio (tSNR) was computed after the smoothing step by dividing the voxelwise mean signal across time by the standard deviation of the time series. Mean voxelwise tSNR across subjects for each scan was calculated. To account for differing numbers of time points between the MBME and MB scans, the normalized tSNR, tSNRnorm, was computed by multiplying tSNR by [image: image] where NTP is the number of time points (Smith et al., 2013).



fMRI Processing and BH Response Analysis

The BH response was evaluated in an identical fashion for the standard and advanced denoising techniques by using a general linear model with 3dDeconvolve in AFNI. After 3dDeconvolve, a restricted maximum likelihood model (3dREMLfit) was used to model temporal autocorrelations in the data. This program uses an ARMA(1,1) to model the time series noise correlation in each voxel. BH regressors were generated by convolving a square wave, with ones during BH periods and zeros otherwise, with the respiration response function (Eq. 6) (Birn et al., 2008). The BH hemodynamic response is slow, with the peak oftentimes occurring after the BH period. Thus, most studies time shift the BH regressor by several seconds to better model the response (Kastrup et al., 1999b; Birn et al., 2008; Magon et al., 2009). While the respiration response function implicitly takes this delay into account, the BH response delay also varies across the brain by as much as ±8 s (Birn et al., 2008; Bright et al., 2009; Bright and Murphy, 2013a; van Niftrik et al., 2016). To account for this, the BH regressor was shifted from -8 to 16 s in steps of 2 s, and for each voxel, the regressor that resulted in the highest positive t-score was chosen.

[image: image]

Both the ICA-AROMA and ME-ICA techniques involve regressing noise components from the data that differ across technique and subject. Therefore, the number of degrees of freedom was adjusted based on the number of components regressed from the data by the ICA-AROMA or ME-ICA steps for the MB and MBME data, respectively. The t-scores were then converted to z-scores, which were corrected for the reduced degrees of freedom.



CVR Calculation

Cerebrovascular reactivity was calculated for the MB and MBME data as the PSC of the BH task response. This was computed by dividing the beta coefficient of the BH response by the mean signal. The PSC increases with TE (Fujita, 2001; Yacoub et al., 2003; Triantafyllou et al., 2011). Because the combined MBME data is a weighted average with shorter TEs, the PSC tended to be lower than for the MB data. Thus, to account for differences in CVR related to the TE, rCVR was computed as the CVR divided by the mean CVR in gray matter (Yezhuvath et al., 2009; Pillai and Zaca, 2012; Coverdale et al., 2016).



Test–Retest Analysis

The similarity of BH activation across time was assessed using the Dice Coefficient (DC) (Eq. 7). The DC measures the degree of overlap of active voxels between scans acquired at different times. In this equation, OVT1–T2 is the number of overlapping active voxels between time point 1 (TP1) and time point 2 (TP2), VT1 is the number of active voxels at TP1 and VT2 is the number of active voxels at TP2. For DC calculations, activation maps were thresholded at an uncorrected p < 0.01.
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The voxelwise repeatability of rCVR was evaluated using the difference between rCVR at TP1 and TP2 and the within subject coefficient of variation (wCV), defined as the standard deviation divided by the mean across the two TPs. The rCVR difference and wCV were then averaged across gray matter (GM).

Lastly, voxelwise ICC(3,1) was calculated to analyze the test–retest reliability. ICC(3,1) ranges from 0 to 1, where a value of 1 expresses perfect reliability. Voxelwise ICC was calculated using 3dICC in AFNI (Chen et al., 2018). Although there are no standard ranges indicating what is “good” reliability, a general recommendation categorizes ICC less than 0.4 as poor, between 0.4 and 0.6 as fair, between 0.6 and 0.8 as good, and greater than 0.8 as excellent (Cicchetti, 1994). In accordance with these parameters, the ICC maps were thresholded at 0.4, 0.6, and 0.8, and the percentage of voxels above those thresholds were calculated.



Group Comparisons

For all paired t-tests a p-value < 0.05 was considered significant. Mean whole-brain normalized tSNR was extracted, and compared between MB and MBME datasets using a paired t-test.

The DC, rCVR difference, and wCV were compared between MB and MBME scans using a paired t-test.

Both voxelwise rCVR and z-score were compared between MB and MBME datasets using 3dLME in AFNI (Chen et al., 2013). 3dLME performs a voxelwise linear mixed-effects (LME) analysis in cases where subjects have more than one measurement. It can also handle missing data. General linear tests (GLTs) were included to compute group rCVR and activation z-score measurements for MB, MBME, and the difference between MBME and MB datasets. Mean rCVR and z-score maps were also output for MBME and MB data. The residuals from the model were used as input into 3dFWHMx in AFNI to estimate the autocorrelation function (acf) parameters. The acf parameters were then used as input into 3dClustSim in AFNI to estimate the minimum cluster size required for a cluster to be considered significant (Cox et al., 2017). Group data were thresholded at p < 0.05 (cluster size corrected with minimum cluster size = 870 voxels, α < 0.05). Voxelwise group comparisons were repeated for the standard and advanced denoising pipelines.

For additional quantitative comparisons, individual mean z-scores were extracted both from GM (unthresholded) and from all active voxels (thresholded at p < 0.01). Also, the total number of active voxels were extracted for each scan. These metrics were compared between the MB and MBME datasets for both the standard and advanced denoising pipelines using paired t-tests.

A region-of-interest (ROI) analysis was performed where the mean rCVR value was extracted from each of 17 ROIs from the Yeo-17 network template (Yeo et al., 2011). A Bonferroni-corrected paired t-test compared rCVR between MB and MBME data for each ROI for both the standard and advanced denoising pipelines.

In addition, the mean time series was extracted from all GM voxels, voxels with 2 < z < 2.5, and voxels with z > 4.0 for MB and MBME datasets averaged across all subjects. To examine potential improvements with the combined-echo data in active voxels, a mask was created using the thresholded voxels in the MB data. That same mask was applied to the MBME data. Thus, the same voxels were analyzed for the MB and MBME datasets.



RESULTS


SNR and CNR Calculations

The estimated signal intensity ratio between the MBME and MB scans based on TR and FA and calculated using Eq. 1 was 1.18 for T1 = 1.3 s. Thus, the higher TR and optimized FA for the MBME scans resulted in an expected 1.18× SNR advantage over the MB scans assuming noise was equivalent. Plots showing estimated signal intensity as a function of FA for the MB and MBME scans are shown in Figure 1A.
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FIGURE 1. SNR and CNR Simulations. (A) Signal intensity vs. flip angle for MBME and MB sequences with T1 = 1300 ms. Signal for MBME data is higher owing to the longer TR (900 ms vs. 650 ms). The flip angle for both sequences was 60°. (B) CNR vs. [image: image] for MBME and MB sequences. CNR increased with [image: image] and was higher for the MBME sequences. (C) The CNR ratio of MBME to MB sequences vs. [image: image].


The estimated CNR ratio between MBME and MB scans, calculated using Eqs 2–5 was 1.88 for [image: image] = 50 ms. Plots showing the estimated CNR as a function of [image: image] and estimated CNR ratio as a function of [image: image] are shown in Figures 1B,C, respectively. For [image: image] values greater than approximately 25 ms the CNR ratio increased with increasing [image: image].



tSNR

For the standard denoising pipeline tSNRnorm was significantly higher for the MBME datasets compared with the MB datasets (2327 ± 358 vs. 2089 ± 292, respectively, p < 0.001). Similarly, for the advanced denoising pipeline normalized tSNR was significantly higher for the MBME datasets compared with the MB datasets (2784 ± 329 vs. 2500 ± 295, respectively, p < 0.001). Mean tSNR maps are shown in Figure 2.
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FIGURE 2. tSNR maps for the standard (top) and advanced (bottom) denoising pipelines. tSNR was higher for the advanced denoising pipeline compared to the standard denoising pipeline and for the MBME data (right) compared to the MB data (left).




BH Activation and rCVR Comparisons

Maps of average z-score and results of a GLT comparing MBME and MB z-scores are shown in Figure 3 for the standard and advanced denoising pipelines. Qualitatively, for both the standard and advanced denoising pipelines, mean activation was higher in GM for MBME vs. MB scans. This was confirmed by the GLT results that showed increased activation for MBME compared with MB scans. The largest clusters were in the prefrontal cortex, OFC, subcortical regions, medial temporal area, and posterior cingulate cortex. For the advanced denoising pipeline, there was one cluster with higher activation for the MB vs. MBME data located in the cerebellum and visual cortex.
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FIGURE 3. Average breath-holding activation z-score maps for MB (left) and MBME (middle) scans for the standard (top) and advanced (bottom) denoising pipelines. BH activation was generated from a general linear model using the respiration response function as a regressor. The right column shows a comparison of the BH activation z-score between MBME and MB scans using a general linear test in the frame of the mixed linear model. Maps were thresholded at a cluster-corrected p < 0.05 (corresponding to α < 0.05 at the cluster level). For both processing pipelines BH activation was higher for the MBME data vs. MB data. There was one cluster where MB activation was higher the MBME activation for the advanced pipeline. Orange clusters indicate significant regions where MBME > MB. Blue clusters indicate significant regions where MBME < MB.


Maps of mean rCVR and results of a GLT comparing MBME and MB rCVR are shown in Figure 4 for the standard and advanced denoising pipelines. Qualitatively, for both the standard and advanced denoising pipelines, mean rCVR was higher for MBME vs. MB scans throughout much of the GM with the exception of the OFC and inferior temporal lobes. This was confirmed by the GLT results that showed higher rCVR for MBME scans compared with MB scans throughout much of the GM. MBME rCVR was lower than MB rCVR, however, in the OFC and inferior temporal lobes, areas associated with susceptibility-induced signal dropout. tSNR was lower in these regions compared to the rest of the brain for both sequences and analyses, however less so for the MBME sequence (Figure 2). The qualitative rCVR measurements were very similar between the two sequences with the exception of the OFC and inferior temporal cortex, areas of high signal dropout. There were also global increases in tSNR for the MBME sequence compared to the MB sequence, but the GLT results showed higher rCVR in most of the gray matter and lower rCVR in high susceptibility areas.
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FIGURE 4. Mean rCVR for MB (left) and MBME (middle) scans for the standard (top) and advanced (bottom) denoising pipelines. The right column shows a comparison of rCVR between MBME and MB scans using a general linear test in the frame of the mixed linear model. Maps were thresholded at a cluster-corrected p < 0.05 (corresponding to α < 0.05 at the cluster level). For most gray matter regions, MBME scans produced significantly higher rCVR than MB scans. In the regions associated with high susceptibility induced signal dropout including the orbitofrontal cortex and inferior temporal lobe, rCVR was higher for MB scans compared to MBME scans. Results were very similar for the standard and advanced denoising pipelines. Orange clusters indicate MBME > MB. Blue clusters indicate MBME < MB.


Quantitative BH activation results are shown in Tables 1, 2 for the standard and advanced denoising pipelines, respectively. No significant difference in mean z-score were seen for MBME vs. MB scans for both the standard and advanced denoising pipelines; however, the total number of active voxels was higher for MBME vs. MB scans for the standard and advanced denoising pipelines.


TABLE 1. Comparison of breath-holding activation for MB and MBME scans using the standard processing pipeline.
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TABLE 2. Test–retest analysis for the MB and MBME datasets using the standard processing pipeline.
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Comparisons of ROI-averaged rCVR between MB vs. MBME scans is shown in Figure 5A for the advanced denoising pipeline and mirrored the voxelwise analysis. Mean rCVR was significantly higher for MBME vs. MB data in 12 of 17 Yeo ROIs, while mean rCVR was higher for MB vs. MBME data in two Yeo ROIs (9 and 10). These two ROIs encompass large areas of susceptibility-induced signal dropout (orbitofrontal gyrus and inferior temporal lobe). In fact, the largest mean rCVR difference was observed for Yeo 10, where rCVR for MB data was significantly greater than MBME data (2.02 ± 0.55 vs. 1.11 ± 0.35, respectively; p < 0.0001). Corresponding Yeo ROIs are shown in Figure 5B. Yeo ROIs 9 and 10 encompass the inferior frontal and orbitofrontal cortices, areas that suffer from susceptibility induced signal dropout.
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FIGURE 5. (A) Comparison of mean rCVR between MB and MBME scans in 17 different Yeo ROIs for the advanced denoising pipeline. Significant differences between seque01nces were found in for 14 out of 17 ROIs. There were 12 ROIs that showed MBME > MB and two ROIs where MB > MBME. The Yeo ROI 10 (the Control A network) displayed the largest difference. (B) The corresponding Yeo ROIs to the data in panel (A). (Note: * p < 0.05, ** p < 0.01, *** p < 0.001, Bonferroni-corrected).




Test–Retest Analyses

Results from the repeatability analysis are shown in Tables 3, 4 for the standard and advanced denoising pipelines, respectively. The MBME scans produced a higher DC than MB, but it only trended toward significance for the standard denoising pipeline (p = 0.057). The mean difference in rCVR between TP1 and TP2 and wCV were significantly lower (i.e., more repeatable) for MBME compared with MB scans for both pipelines. Both MB and MBME scans had “good” reliability, estimated via ICC with values ranging from 0.65 to 0.70. ICC for MBME data was higher compared with MB for both denoising pipelines as was the percentage of voxels with ICC > 0.4, 0.6, and 0.8. For example, for the advanced denoising pipeline 34.8% of voxels had ICC > 0.8 for MBME compared with 28.8% for MB data. Surface maps of voxelwise ICC are shown in Figure 6.


TABLE 3. Comparison of breath-holding activation for MB and MBME scans using the advanced processing pipeline.
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TABLE 4. Test–retest analysis for the MB and MBME datasets using the advanced processing pipeline.
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FIGURE 6. Surface maps of the intraclass correlation coefficient for MB (left) and MBME (right) scans for the standard (top) and advanced (bottom) denoising pipelines. The MBME data had higher ICC than the MB data throughout most of the brain, as indicated by more orange and yellow areas.




Signal Quality

The average time series for MB and MBME datasets are shown in Figure 7 for the advanced denoising pipeline. For the active voxels thresholded at 2.0 < z < 2.5, there was a marked increase in signal quality for the MBME data vs. MB data. For active voxels with a higher threshold of z > 4.0 and averaging across the whole GM (unthresholded), there was no clear difference in signal quality between the two acquisitions. Oscillations of approximately 0.17 Hz corresponding to the paced breathing were seen for all data in Figure 7. They were similar for the GM and z > 4 timeseries but the oscillation amplitude was higher for the MB sequence for 2 < z < 2.5 case.
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FIGURE 7. Mean time series for MB and MBME scans for gray matter (top), active voxels with z-scores between 2 and 2.5 (middle), and active voxels with z-score greater than 4 (bottom) for the advanced denoising pipeline. There was a notable improvement in signal quality for MBME vs. MB of active voxels with the threshold ranged from 2 to 2.5, while the signals for the other categories appeared similar.




DISCUSSION

In the present study, rCVR was compared between MB and MBME sequences using standard and advanced denoising techniques. The MBME sequence resulted in higher voxelwise BH activation z-scores and volume and improved repeatability compared with the MB sequence. Notably, the MBME approach had higher specificity in regions with high signal dropout and reduced variability across subjects. These results suggest that the MBME sequence with appropriate processing is a robust technique for reliable BH CVR measurements.

One major advantage of acquiring three echoes using the MBME sequence is that [image: image] can be estimated and used as a weighting factor when combining echoes. In this technique, echoes more closely matching the estimated [image: image] value are weighted higher. In this way, sensitivity can be increased as BOLD sensitivity has been shown to be higher when TE = [image: image]. Furthermore, acquiring more than two echoes allows for denoising with ME-ICA, where the TE dependence of BOLD signals can be measured and then separated from spurious noise signals (Kundu et al., 2012, 2013; Olafsson et al., 2015). Physiological fluctuations, including heartbeat, respiratory, and motion artifacts, in the signal can be automatically removed. This underlying benefit was reinforced with the rCVR repeatability analysis where the rCVR difference, wCV, and ICC were improved for MBME vs. MB data (Table 3).

It is also important to note that parameters were identical between the MB and MBME acquisitions with the exception of TR (900 ms for MBME and 650 ms for MB). This was deliberate as the goal was to evaluate each sequence as researchers were likely to use them. Therefore, TR was minimized for each sequence. SNR calculations showed that the higher TR for the MBME data resulted in an SNR 1.18 times higher than the MB data. This fact could potentially lead to biased results and an unfair comparison between the sequences. However, since the scan time was the same for each sequence, the MB data contained 1.39 times the number of time points compared to the MBME data (492 vs. 355, respectively). Murphy et al. (2007) have shown that the tSNR required to detect a given effect size is proportional to [image: image] where N is the number of timepoints. Thus, as N increases the required tSNR decreases. So, while the higher TR for MBME scans resulted in a 1.18 times SNR increase, it also increased the tSNR necessary to detect a given effect size. To detect the same effect size, the MBME data requires a tSNR of 1.18 times the tSNR of the MB data effectively canceling out the SNR gains related to the TR. Importantly, the fact that these values, the SNR gain caused by the longer TR and the tSNR increase required to detect the same effect size, are virtually identical is a coincidence and only effectively cancel for this specific set of parameters with T1 = 1.3 s.

Compared with the BH CVR report by Cohen and Wang (2019), this study produced markedly higher voxelwise ICCs (ICC > 0.65 vs. ICC < 0.5). Part of this may be due to the significantly increased temporal resolution in the current study compared with that in Cohen et al. (TR = 0.65–0.9 s vs. TR = 4.0 s, respectively), resulting in more than six times the number of timepoints for the MB scans compared to Cohen and Wang (2019). In addition, the study by Cohen and Wang (2019) included pCASL labeling, which may have added additional noise sources to the data.

Multiband multi-echo scans resulted in higher activation volume compared with MB scans. These results indicate a better response is obtained from MBME than MB. Furthermore, the mean time series was extracted from MB and MBME data in several regimes: unthresholded whole GM, active voxels at the threshold of 2.0 < z < 2.5, and active voxels at the threshold z > 4.0 (Figure 7). The biggest differences in the two signals occurred in the low threshold regime (2.0 < z < 2.5) where the MBME signal was cleaner than the MB signal. This is in accord with the results from Cohen and Wang (2019), who found significant improvements for multi-echo data compared with single echo data for voxels with 0.01 < p < 0.05.

Independent component analysis-based strategy for Automatic Removal of Motion Artifact was used to denoise the MB data. Studies have shown ICA-AROMA outperforms other ICA-based denoising techniques such as FMRIB’s ICA-based X-noiseifier (FIX) (Griffanti et al., 2014; Salimi-Khorshidi et al., 2014). Dipasquale et al. (2017) evaluated ICA-AROMA in comparison to standard denoising, FIX, and ME-ICA for resting state fMRI[44]. They found ME-ICA performed best for multi-echo data while ICA-AROMA performed best for single echo data. Another advantage of ICA-AROMA is, unlike FIX, no training data is required (Dipasquale et al., 2017)[44]. While not the main goal of our study, we were able to show advanced denoising techniques, ICA-AROMA and ME-ICA outperformed standard denoising techniques. For example, mean z-scores and activation volumes were higher for the advanced denoising techniques (see Figure 3 and Tables 1, 3).

The voxelwise LME results showed MBME scans also had higher rCVR throughout much of the GM. This was confirmed via the ROI approach where rCVR was higher for MBME vs. MB for 12 of 17 GM ROIs. However, two ROIs showed decreased rCVR for MBME vs. MB. These ROIs corresponded to areas of the brain, including the orbital frontal gyrus and inferior temporal lobe, known for a high susceptibility-related signal dropout. In fact, the MB had artifactually high rCVR in these regions because low signal and high noise resulted in high PSC (Figure 4). Mean z-scores in these regions were lower for the MB data than for the MBME data (Figure 3), indicating poor signal quality and that the rCVR was artifactually high in these regions. The mean rCVRs for the MBME scans in these regions were more similar to the rest of the brain.

Heightened CVR was also seen in the cerebellum and visual cortex compared to the rest of the brain. One study has shown higher CVR in the cerebellum and occipital regions compared with the rest of the brain due to increased BOLD signal changes in those regions (Kastrup et al., 1999a). This area also corresponds to the vascular territory of the posterior inferior cerebral artery.

It is important to note higher rCVR does not necessarily indicate higher accuracy. In fact, rCVR depends on the region used for normalization. Here, mean GM CVR was used to normalize the CVR data. That region included the OFC and inferior temporal cortex, areas of significantly heightened CVR for the MB data. Therefore, the mean GM CVR may have been artifactually higher leading to lower CVR values. The goal of the rCVR analysis was to show the differences between the sequences in areas of high susceptibility. Therefore, these results indicate that the properties of the combined-echo data provide a more sensitive approach to detect rCVR values within difficult imaging domains such as the frontal orbital and inferior temporal areas (Figures 3, 4). This enhanced performance by the MBME sequence is also shown in Fernandez et al. (2017), where an ME EPI sequence outperformed the standard EPI sequence for both control and high-susceptibility-prone regions (such as the ventromedial prefrontal cortex, bilateral insula, and anterior cingulate cortex) for a fear conditioning task while using the same [image: image]-weighted echo combination approach (Fernandez et al., 2017). In future research, the MBME sequence could be applied to different tasks on those regions with high signal dropout, to test their cognitive or emotional regulatory roles in neurological and psychiatry conditions.

Very limited research has been done directly evaluating MBME sequences compared with MB sequences. In particular, no study has reported such a comparison by assessing the rCVR measurements. Different from the Cohen and Wang (2019) study, this study used a pure MB acquisition with a shorter TR of <1 s, in order to directly compare it with an MBME sequence. These findings align with other reports using ME and simultaneous multi-slice approaches that displayed better identification of BOLD components, a better ability to filter out artifacts, and gains in sensitivity (Boyacioglu et al., 2015; Olafsson et al., 2015).

Whole-brain normalized rCVR was used instead of absolute CVR for two main reasons. First, another BOLD fMRI CVR study recommended utilizing rCVR to understand regional distributions because it reduces intra-group variations by normalizing to the whole brain CVR (Yezhuvath et al., 2009). Second, since MBME uses a weighted combination of three echoes with TE ranging from 11 to 49 ms, the MB and MBME scans had different effective TEs. The BOLD PSC is known to increase with increasing TE (Fujita, 2001; Yacoub et al., 2003; Triantafyllou et al., 2011). Therefore, the CVR was normalized to provide a fair comparison between the scans.

One limitation of this study is that the effect of age and gender was not fully assessed; also, disease-related factors were not evaluated as only healthy subjects participated. It is important to note that in cases of physiological changes that have CVR effects involving the entire brain, absolute CVR would be reported. However, as this study emphasizes, rCVR data are useful in cases where the expected CVR changes are regional and can better reveal between-group differences over time. In addition, in order to complete a consistent evaluation, spatial resolution was matched for MB and MBME. It is important to understand that adjustments between TR and voxel size can be done for MB but that such adjustments for MBME are more limited due to the long echo-train length. However, future directions could take advantage of emerging gradient technology that involves increasing strength and slew rate to allow MBME to be more compatible with higher spatial resolutions (Foo et al., 2018). Finally, the FA was the same (60°) for the MBME and MB data despite differing TRs. The FA was set to the Ernst angle for the MBME, but should have been adjusted to the Ernst angle for the MB acquisition (52.7°) as well. This error only resulted in a signal intensity difference of approximately 1% (see Figure 1A).

Previous works have already revealed BH BOLD fMRI as a practical strategy for absolute CVR measurements that can provide group differences for healthy individuals (Urback et al., 2017). Further research is necessary to assess the applicability of BH MBME BOLD fMRI in patients with neurological diseases, especially in those with known vascular effects such as Alzheimer’s, epilepsy, Moyamoya, and traumatic brain injury.



CONCLUSION

In conclusion, MBME and MB sequences were compared in terms of rCVR. The MBME approach enhanced the BH activation strength and volume as well as the rCVR repeatability and reliability, especially in the regions with high signal dropout observed in single echo imaging. This suggests that MBME EPI with appropriate processing is a useful option for obtaining reliable CVR measurements.
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Cerebrovascular control and its integration with other physiological systems play a key role in the effective maintenance of homeostasis in brain functioning. Maintenance, restoration, and promotion of such a balance are one of the paramount goals of brain rehabilitation and intervention programs. Cerebrovascular reactivity (CVR), an index of cerebrovascular reserve, plays an important role in chemo-regulation of cerebral blood flow. Improved vascular reactivity and cerebral blood flow are important factors in brain rehabilitation to facilitate desired cognitive and functional outcomes. It is widely accepted that CVR is impaired in aging, hypertension, and cerebrovascular diseases and possibly in neurodegenerative syndromes. However, a multitude of physiological factors influence CVR, and thus a comprehensive understanding of underlying mechanisms are needed. We are currently underinformed on which rehabilitation method will improve CVR, and how this information can inform on a patient’s prognosis and diagnosis. Implementation of targeted rehabilitation regimes would be the first step to elucidate whether such regimes can modulate CVR and in the process may assist in improving our understanding for the underlying vascular pathophysiology. As such, the high spatial resolution along with whole brain coverage offered by MRI has opened the door to exciting recent developments in CVR MRI. Yet, several challenges currently preclude its potential as an effective diagnostic and prognostic tool in treatment planning and guidance. Understanding these knowledge gaps will ultimately facilitate a deeper understanding for cerebrovascular physiology and its role in brain function and rehabilitation. Based on the lessons learned from our group’s past and ongoing neurorehabilitation studies, we present a systematic review of physiological mechanisms that lead to impaired CVR in aging and disease, and how CVR imaging and its further development in the context of brain rehabilitation can add value to the clinical settings.

Keywords: integrative physiology, cerebrovascular reactivity, MRI, mechanism, rehabilitation, aging, cerebrovascular disease


INTRODUCTION

The human brain requires a continuous supply of glucose and oxygen to meet continual neural metabolic demands and, therefore, relies on an intricate vascular network to maintain function. Fortuitously, several cerebrovascular mechanisms ensure sufficient delivery of glucose and oxygen to the active neural tissue, prompt removal of neural metabolic by-products, and constant global blood supply despite variations in perfusion pressure (Ozturk and Tan, 2018). This underscores the importance of vascular health and its maintenance in order to support higher order cognitive functioning and quality of life. Cerebrovascular reactivity (CVR), which reflects the ability of cerebral vessels to dilate or constrict in response to physiologic demands (Liu et al., 2019) is an important marker that plays a vital role in indexing vascular health.

Brain rehabilitation broadly has two primary components: (i) relearning lost or forgotten skills and (ii) compensating for more enduring impairments. After an injury or degeneration, the brain spontaneously begins to heal via plastic changes, which may include the repair of neural and vascular residual tissue and rewiring or remodeling for healthy tissue to assume the function of lost/degenerating tissue (by generating new neural and axonal pathways and blood vessels). While spontaneous recovery is extremely important, evidence-based clinical outcomes suggest that most patients will need specialized rehabilitation programs to achieve successful long term cognitive and functional outcomes. Thus, from the brain rehabilitation standpoint, one can imagine the paramount significance of characterizing and quantifying vascular health, which highlights the clinical importance of CVR measurement.

Neuroimaging is a rising, prominent, and clinically attractive technique that can play a significant role in neurorehabilitation – particularly, to measure and predict brain plasticity and reorganization in response to therapy (Crosson et al., 2017, 2019). CVR acquired using MRI is a relatively nascent and promising technique that has not yet made sufficient inroads into neurorehabilitation. The goal of this review is to critically present some of the challenges that currently preclude CVR MRI’s potential as an effective diagnostic and prognostic tool in treatment planning and guidance. Further, some widely used rehabilitation approaches such as aerobic exercise naturally invoke cardiovascular responses that dynamically interplay with cerebrovascular function. Thus, cerebrovascular control and its integration with other physiological systems (such as cardiovascular and pulmonary) play a key role in effectively describing CVR’s role in brain rehabilitation. To our best knowledge, we believe that the existing CVR imaging literature describing underlying mechanisms is incomplete as the scope is perhaps limited to just the brain. First, we describe the mechanisms underlying CVR in the context of rehabilitation science. Second, we discuss CVR impairment in aging, aging-related neurodegenerative, and cerebrovascular diseases as well as multi system level pathology (e.g., renal disease) employing an integrative physiology approach to promote a holistic understanding of cerebrovascular physiology and its role in brain function. Finally, based on the lessons learned from our group’s past and ongoing neurorehabilitation studies, we formulate cutting-edge ideas for how CVR imaging can add value to clinical brain rehabilitation settings.



MECHANISTIC OUTLOOK


Cerebrovascular Response to a Bolus of CO2

Cerebrovascular reactivity refers to the ability of cerebral vessels to constrict, and (more commonly) to dilate in response to changes in arterial pressure of CO2 (PaCO2). The site of regulation has historically been attributed to the arterioles (Lennox and Gibbs, 1932) because the greatest pressure drop along the vascular tree occurs there. Although arterioles do play a major role in regulation of cerebral blood flow, larger vessels also contribute to resting cerebrovascular tone (Faraci and Heistad, 1990) and mediate CVR. Specifically, extracranial vessels in the neck [e.g., internal carotid artery (ICA); Willie et al., 2012; Hoiland et al., 2016] and larger intracranial vessels [e.g., middle cerebral artery (MCA); Coverdale et al., 2014, 2017; Verbree et al., 2014] also respond to changes in PaCO2 and contribute to the CVR response. The role of large arteries in mediating CVR is important from a clinical and rehabilitative standpoint because it suggests that disease processes that affect large arteries such as atherosclerosis may in turn negatively affect CVR. Additionally, regional differences within the cerebral circulation are also present, with the anterior circulation exhibiting a greater CVR relative to the posterior circulation (Willie et al., 2012; Hoiland et al., 2019).



Molecular Signaling Mechanisms of CVR

An important relationship that should be clarified is that while carbon dioxide (CO2) is the delivered stimulus during the majority of CVR assessments, CO2 is tightly coupled to pH, and increases in CO2 are accompanied by reductions in perivascular pH (Figure 1C). As comprehensively discussed by Hoiland et al. (2019), it is this reduction in perivascular pH that mediates changes in cerebrovascular tone and serves as the basis for CVR assessment, and hence reflecting chemo-regulation of the cerebral perfusion. The mechanisms underlying CVR can further be organized into two components: (1) signal transduction: the ability of cerebral vessels to detect changes in PaCO2/perivascular pH (Figures 1A–C) and (2) vasomotor response: the ability of cerebral vessels to dilate or constrict in response to these changes (Figures 1D–F). Signal transduction of CVR is accomplished via changes in resting membrane potential and is regulated by membrane-bound ion channels on vascular smooth muscle cells. Numerous channels have been implicated in the signal transduction of CVR, including calcium-activated potassium channels (KCa channels), voltage-gated potassium channels (Kv channels), and ATP-sensitive potassium channels (KATP channels), and the reader is referred to a comprehensive review for an in-depth discussion on this topic elsewhere (Kitazono et al., 1995). CVR thus represents a complex phenomenon that involves multiple steps of regulation, including sensing changes in perivascular pH, modification of intracellular free calcium, and activation of the contractile machinery (Figure 1).

[image: Figure 1]

FIGURE 1. A schematic describing the integrative physiologic mechanisms governing cerebrovascular reactivity (CVR) in response to elevated carbon dioxide (CO2) stimuli. (A) The CO2 is delivered to the participant via mouth or nose. (B) The uptake of CO2 is in the alveoli of the lungs, where the gas is exchanged into the blood, and then transported to the brain. (C) The CO2 exchanges from the blood into the perivascular space and causes a decrease in perivascular pH. (D) The decreased perivascular pH causes the calcium channels to be blocked in arteriolar smooth muscle cells. (E) Decreased local calcium concentration results in relaxation of arteriolar smooth muscle cells. (F) The relaxation of arteriolar smooth muscle cells leads to local vasodilation and subsequent CVR contrast. H+, proton; Ca2+, calcium; Na+, sodium; and K+, potassium.




Interaction of CVR With Other Cerebrovascular Control Mechanisms

While CVR is undoubtedly a useful biomarker for cerebrovascular responsiveness, it represents only one of several key mechanisms underlying cerebral blood flow regulation. Other factors known to influence cerebrovascular tone include the chemoreflex mediated changes in sympathetic nerve activity which subsequently drive increases in arterial pressure, cerebral autoregulation (the mechanism through with the cerebral vasculature buffers these changes in arterial pressure), and neurovascular coupling (Willie et al., 2014). Since all of these factors can independently modulate CVR, their interaction must be considered when evaluating CVR and/or assessing change brought on by rehabilitation.

Chemoreflex activation promotes increases in sympathetic nerve activity in response to a bolus of CO2 (Jouett et al., 2015), and this in turn increases mean arterial pressure (MAP; Coverdale et al., 2017). Since increases in MAP drive increases in cerebral perfusion, it is important to account for this response when interpreting CVR data (Regan et al., 2014; Hoiland et al., 2019). Coverdale et al. (2017) compared CVR and MAP during a 6% CO2 challenge in young (age = 24 ± 4 y.o.) and older (age = 66 ± 7 y.o.) adults and normalized cerebrovascular conductance (the quotient of cerebral blood flow and MAP) to gray matter volume in the M1 segment of the MCA territory. Overall, CVR was similar between groups; however, the older adults exhibited a greater increase in MAP and an attenuated cerebrovascular conductance compared to their younger counterparts. Thus, the role of cerebral hemodynamics may play a greater role in mediating CVR in older adults due to increased MAP in response to CO2. When considering how CVR is altered in aging and aging-related disease, or improved following rehabilitation, it is essential that the effects of chemo-reflex mediated increases in blood pressure, and subsequent changes in cerebral hemodynamics (including CVR) at whole brain level ought to be considered.

Cerebrovascular reactivity is influenced by arterial pressure through its interaction with cerebral autoregulation. Cerebral autoregulation is the mechanism through which cerebral vessels regulate blood flow over a wide range of arterial pressures. Severe hypotension dampens CVR (Harper and Glass, 1965), while autoregulation is attenuated during hypercapnia (Aaslid et al., 1989; Maggio et al., 2013; Perry et al., 2014). This interaction stems from the fact that both of these mechanisms rely on the same vascular reserve and simultaneously work to maintain cerebral perfusion. In other words, there is a physical limit to maximal vessel diameter, and whether increases in vessel diameter are mediated through reductions in MAP, autoregulation, or through increases in PaCO2 (CVR) will depend on the sensitivity of these two mechanisms individually, as well as their interaction. It was recently shown that impairments in CVR correlate with impairments in cerebral autoregulation (Klein et al., 2020), suggesting that dysregulation of both mechanisms stems from a common signaling pathway. It is currently unknown if this commonality is due to a dysregulation of signal transduction (e.g., sensing changes in PaCO2 or MAP) or if structural abnormalities in the vascular wall (e.g., atherosclerosis or calcification) are responsible. It is conceivable that a calcified vessel may be less responsive to all vasoactive stimuli in general and may, therefore, influence both cerebral autoregulation and CVR.

Interactions between CVR, arterial pressure/cerebral autoregulation, and neurovascular coupling are important from a rehabilitative standpoint because these mechanisms may exhibit different responses to a given rehabilitation platform. Maggio et al. (2013) explored the interaction between neurovascular coupling and CVR by measuring changes in cerebral blood flow in response to passive arm movement during normo- and hypocapnia and found that neurovascular coupling was impaired during the hypercapnia trial. Similarly, Szabo et al. (2011) also observed impairments in neurovascular coupling, as measured through visual stimulation, during hypocapnia induced via hyperventilation. Although speculative, it is possible that assessing multiple cerebrovascular control mechanisms together may provide additional mechanistic insight that cannot be captured by a single measurement alone. For example, improvements in more than a single mechanism following rehabilitation may reflect improvements in overall vascular compliance since the mechanisms depend on the ability of cerebral vessels to dilate in response to a given stimulus. Conversely, improvements in a single regulatory mechanism (i.e., CVR, cerebral autoregulation, MAP, or neurovascular coupling) may provide diagnostic capability of which regulatory component is improving due to rehabilitation while the remainder continues to be impaired. Taken together, it is clear that measuring multiple indices of cerebrovascular function in addition to CVR, may provide a more granulated understanding of the benefits and limitations of a given rehabilitation platform, and potentially how to tailor such rehabilitation platforms to improve specific cerebrovascular impairments.



Mechanisms Leading to CVR Impairment


Arterial Stiffness

Arterial stiffness refers to the gradual stiffening of the arterial wall and is indicative of reduced vascular compliance. While some degree of stiffening is to be expected in aging, research over the last two decades has highlighted the role of arterial stiffness in the pathogenesis of cardiovascular and neurovascular disease. Importantly, increase in arterial stiffness is associated with future risk of cardio and neurovascular disease (Mitchell et al., 2010; Tsao et al., 2016). The mechanisms underlying the pathogenesis of arterial stiffening are complex and related to a multitude of inflammatory, dietary and lifestyle choices, and hemodynamic changes (Zieman et al., 2005). The gold-standard approach to assess arterial stiffness is to measure the carotid-femoral pulse wave velocity (Laurent et al., 2006), now commonly used in many research settings to investigate the link between arterial stiffness and cerebrovascular health.

Arterial stiffness may be associated with cerebrovascular dysfunction due to loss of vessel elasticity in compliant vessels. For example, vessel elasticity promotes the Windkessel effect, where some blood to be stored within the vessel during diastole (Belz, 1995), resulting in a buffering of pulsatile flow and maintenance of blood pressure during the cardiac cycle. When this buffering capacity is reduced due to arterial stiffening, transmission of increased pressure swings to the microcirculation is impacted. Cerebral vessels are particularly vulnerable to this increased pulsatile stress because the cerebrovascular tree contains relatively short arterioles (Ito et al., 2009). Thus, long term increases in pulsatile flow with arterial stiffness are thought to contribute to microvascular damage within the brain (O’Rourke and Safar, 2005).



Endothelial Dysfunction

Endothelial dysfunction is a hallmark of vascular disease (Rajendran et al., 2013) and is associated with reduced nitric oxide (NO) bioavailability (Hadi et al., 2005). This decreased bioavailability may also affect CVR since NO plays a key role in modifying CVR. Dietary and pharmacologic strategies that improve NO bioavailability have been shown to improve CVR. Seven days of dietary nitrate supplementation (an NO donor) improves CVR in young adults in a sex-specific manner (Fan et al., 2019). In a similar vein, statins have also improved CVR (Sander et al., 2005), likely through a NO-dependent mechanism (Yamada et al., 2000). These studies suggest that the vascular endothelium may be one viable target for rehabilitation platforms. Indeed, improvements in peripheral endothelial function are commonly assessed following rehabilitation (Cornelissen et al., 2014; Gelinas et al., 2017; Khorvash et al., 2020). The most common of which is perhaps flow-mediated dilation (FMD). This biomarker has powerful prognostic value, since a 1% improvement in FMD is associated with a 13% risk-reduction of future cardiovascular disease (Inaba et al., 2010). Interestingly, however, peripheral measures of endothelial function do not always correlate with CVR (Palazzo et al., 2013; Carr et al., 2020; Junejo et al., 2020). This suggests that brain specific methodologies to assess endothelial function (i.e., CVR) may be a more appropriate outcome for brain rehabilitation platforms.





CVR MRI AND ITS UTILITY IN BRAIN REHABILITATION


CVR as Dignaotic and Prognostic Biomarkers

With the mechanistic outlook described above, we now turn our attention to the utility of CVR in rehabilitation. Rehabilitation can be thought of in the realm of “biomarkers” wherein broadly, clinicians are interested to detect degeneration, disease processes, and assess treatment success in rehabilitation. Such an approach with vascular imaging techniques has been relatively less undertaken due to technological limitations and/or difficulty with clinically translatability. However, the importance of evaluating cerebral vascular health and response to rehabilitation cannot be overstated. Longitudinal studies show a positively correlated relationship between midlife hypertension (around 50 years old) and cognitive decline (20–25 years later) or dementia (Alzheimer’s or vascular) at more advanced ages (Duron and Hanon, 2008). Similarly, aging and hypertension are major risk factors for ischemic stroke (Shekhar et al., 2017). Together, these age-related pathologies are associated with degradation of vascular smooth muscle, endothelial cells, disruption of chemoreceptor sensitivity as well as MAP, autoregulation, and neurovascular coupling. Given the integration of these markers on CVR and the implications for rehabilitation, there is an immense need to continue to develop non-invasive vascular biomarkers such as CVR. This will assist rehabilitationists and clinicians with more accurate diagnoses and treatment planning. Further, an improved understanding of mechanistic underpinnings demonstrated in the successes of rehabilitation will allow for improved individualized outcomes (see Figure 2). With the highlighted importance of CVR as a tool in rehabilitation, we now describe CVR as biomarkers that can aide to identify/detect vascular dysfunction and as prognostic biomarkers that are helpful in evaluating prediction of treatment efficacy.
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FIGURE 2. A graphical flowchart depicting the utility of CVR imaging in rehabilitation.


With cutting edge technology, CVR is well poised to generate clinically relevant, innovative biomarkers that are sensitive and can determine the vascular territory that is deficient, providing essential information to guide rehabilitation planning. In the adaptive stage (prior to disease onset), decline in some physical properties (such as aging-related increase arterial stiffness) do not yet create a pathological change but elicit an adaptive shift in some physiologic properties (such as an increase in MAP). Detection of cerebrovascular changes at this stage is beneficial to engage in disease prevention measures (e.g., a prescribed exercise regimen to limit risk factors associated with stroke and vascular dementia, for example). Next, in the early pathology stage (at disease onset), the body has spontaneous or natural adaptive mechanisms that can repair damage to restore function. In this stage, measurement of CVR may be helpful to identify patients who will respond to a particular form of rehabilitation. For example, in a stroke model, CVR can be beneficial at this stage to identify brain areas that are undergoing spontaneous vascular repair, and brain areas that need further treatment to promote such repair (Gabriel-Salazar et al., 2018). This is the stage in which prognostic biomarkers can be most powerful because they can provide a treatment window to repair damage and restore function. Subacute phase of stroke, early stages of dementia (Holmes et al., 2020), and mild cognitive impairment (MCI) are a few sample scenarios that fit the need for diagnostic CVR-based biomarkers that can be helpful in evaluating the effectiveness of a specific treatment. In the late pathology stage (i.e., chronic conditions), the disease may result in irreversible damage [for example, later stages of Alzheimer’s disease (AD)]. CVR based biomarkers at this stage are still useful for detection and characterizing the extent of the disease to help design treatments to slow or halt progression of the disease. To summarize, in order to assess the effectiveness of rehabilitation, CVR-based biomarkers are vital to help identify brain areas that are responsive and/or non-responsive to initial repair, and to quantify the response over the course of disease progression and its treatment.

During the chronologic phases of disease evolution and treatment-induced recovery, prediction of such processes can be immensely helpful to clinical care. By understanding the biological processes involved in cerebrovascular rehabilitation, CVR-based predictive biomarkers promises to catapult rehabilitation forward to provide personalized and patient centric care via more accurate patient stratification (i.e., identify and evaluate components of Figure 2) and resulting in increased effective outcomes during recovery. An example of how CVR can improve existing imaging technologies to have better prognostic value, CVR can be combined with task- or resting state-functional MRI (fMRI) to enhance the neuro-sensitivity. The blood oxygen level dependent (BOLD) fMRI is a widely used approach to index neural plasticity in rehabilitation neuroimaging (Crosson et al., 2017). However, it is known that BOLD fMRI signals can be reduced without the presence of a functional deficit (Krainik et al., 2005), potentially leading to misinterpretations of fMRI activations maps in disease and limiting the applicability of this imaging in rehabilitation. This is because BOLD fMRI is a complex neurovascular signal, wherein baseline vascular variability could mislead the interpretation of longitudinal rehabilitation-induced neural plasticity. From this standpoint, some studies (Bandettini and Wong, 1997; Liu et al., 2013) have shown that CVR maps can be retrospectively combined with BOLD fMRI data to sensitize BOLD to more accurately index neural activity. Thus, in the context of diagnostic and prognostic biomarkers for neurocognitive rehabilitation, CVR maps might be extremely helpful to enhance the accuracy of widely employed BOLD maps and its interpretation.



Standardization of CVR Measures

Given that rehabilitation involves longitudinal measures to either monitor brain plasticity and remodeling or predict brain changes over a period of time, it is important to standardize desired rehabilitation biomarkers (i.e., CVR in our case). Without a standard approach, different CVR methods with non-reproducible stimuli can result in reduced test re-test reliability of CVR outcomes (Fierstra et al., 2013; Fisher, 2016), thereby reducing the sensitivity to rehabilitation-related changes. In fact, a detailed comparison of practical concerns such as complexity/simplicity, effectiveness and cost between the fixed inspired concentration methods and computer-controlled prospective targeting is well-described in (Fisher, 2016), wherein the author makes a strong case for how standardized and repeatable stimuli are more reliably delivered via the computer-controlled systems.

In addition to standardization of stimulus delivery, objective transformation of voxel-wise CVR maps is necessary for more accurate clinical interpretation of CVR because the range of CVR can vary due to factors such as age, gender, and regional variability in both healthy and even more pronounced in diseased populations. In fact, (Sobczyk et al., 2015) have put forth an elegant approach that demonstrates that z-map scoring and analysis of CVR studies have the potential to reduce confounding effects of test-to-test, subject-to-subject, and platform-to-platform variability for comparison of CVR, and thereby enhancing objective evaluation of abnormality, and to characterize the extent and distribution of pathophysiology in patients with cerebral vasculopathy. Further, given that individualized treatment planning is highly preferred in areas such as stroke rehabilitation, there is an immense need for standardized approaches to evaluate the within subject change in measured CVR relative to the expected reproducibility of the test. Recent methodological development in this line of thought (Sobczyk et al., 2016) facilitates conceptualizing experiments to test if variations in CVR outside the range of these normal test-to-test changes are attributable to pathophysiologic changes.




CVR WITH AN EXEMPLAR REHAB PLATFORM IN AGING AND AGING RELATED DISEASES


Aging and Exercise

Aging-related pathology and physiological changes in cerebrovascular function are well-documented (Lu et al., 2011) and recent epidemiological data indicate considerable overlap between cerebrovascular dysfunction and neurologic pathology (Toledo et al., 2013; Attems and Jellinger, 2014). Importantly time spent in a “sub-clinical” (adaptive) stage appears to be years or even decades before crossing a diagnostic threshold of overt neurocognitive and behavioral pathology (Sperling et al., 2014) and spans a significant amount of time to initiate targeted interventions for limiting cerebrovascular dysfunction. It is increasingly documented that rehabilitation, and specifically exercise, can slow the progression of cerebrovascular pathology in older adults. In fact, it has been demonstrated that of all modifiable risk factors for vascular related pathology, decreasing sedentary behavior is the most statistically significant and effective measure to counter cerebrovascular dysfunction and associated cognitive decline in adults.

Exercise can improve overall brain health and function (see the seminal review of the effects of fitness on cognition by Colcombe and Kramer (2003). Exercise has repeatedly improved performance for psychomotor and processing speed, working memory, inhibition, verbal fluency, and spatial memory (Erickson and Kramer, 2009; Wasylyshyn et al., 2011; Holzschneider et al., 2012; McGregor et al., 2013; Nocera et al., 2015). However, the mechanistic underpinnings of these improvements have been elusive. Additional research has documented that older adults with high aerobic capacity produced activity patterns in dorsolateral prefrontal areas similar to those of young adults during an executive function task (Colcombe and Kramer, 2003), motor control (McGregor et al., 2011), category member generation (Nocera et al., 2017), semantic memory (Smith et al., 2011), and inhibition tasks (Prakash et al., 2011). These studies strongly implicate physical activity as a rehabilitative platform to alter, maintain, and improve the health of the central nervous system; however, what is less known, is the role of how the cerebral vasculature changes in response to exercise.

Much of the groundwork laid for the impetus of exercise beneficially impacting cerebrovascular function has been based on findings in the peripheral vasculature. Aerobic exercise is associated with a multitude of cardiovascular benefits, including improvements in arterial compliance and endothelial function (Santos-Parker et al., 2014). Arterial compliance is related to vascular smooth muscle tone and the structure within the arterial wall and extracellular matrix (Seals et al., 2014). Thus, aerobic exercise prevents arterial stiffness and reverses any stiffening that may occur with age or pathology. Similarly, repeated studies demonstrate that aerobic exercise protects against the development of endothelial dysfunction (Walker et al., 2009, 2014). These studies, in both young and older aerobically-trained adults demonstrate greater NO bioavailability as the primary driver of a healthier endothelial profile. The mechanistic basis for this is thought to be an attenuation of age-related reduction in endothelial NO synthase (Tanabe et al., 2003), and an improved redox balance resulting in less NO scavenging.

While it is appealing to suppose that improvements in peripheral vascular function extend to the cerebral circulation, peripheral and cerebrovascular indices of vascular function do not always track. This discrepancy necessitates the need for cerebral-specific markers of vascular function, one of which is CVR. Nonetheless, these highlighted studies of peripheral vasculature and early studies examining the cortical flow provide evidence that cerebrovascular targets may also be adaptable to rehabilitation, but this has been generally less explored in humans. A cross-sectional study by Ainslie et al. (2008) demonstrated that middle cerebral artery blood velocity (MCAv) across the adult lifespan increased 10–25% with greater aerobic fitness. This finding was substantiated in a longitudinally study wherein an 8-week aerobic exercise intervention improved regional CBF in sedentary older men aged 60–70 (Kleinloog et al., 2019).

Although exercise training may attenuate age-related reductions in cerebral blood flow, the role of exercise training in CVR is more complex. Murrell et al. (2013) reported elevated CVR at rest and during exercise following a 12-week exercise intervention, irrespective of age, while Miller et al. (2018) observed no differences in CVR between habitually active young and older adults. Thomas et al. (2013) observed an attenuated CVR in 10 masters athletes (74.5 ± 5.8 y.o.) in comparison to 10 sedentary elderly individuals (75.4 ± 5.6 y.o.) suggesting that CVR may be affected by lifelong exercise. One explanation for this rather counterintuitive finding may be that frequent bouts of hypercapnia via regular exercise over a lifetime desensitize cerebral arteries, in which case the reduced CVR may not actually reflect a lower vascular compliance per se, but rather attenuation in the signal.

One recent study by Intzandt et al. (2020) did use a cross-sectional approach to relate aerobic capacity (VO2max) to CVR in a cohort of elderly adults (55–72 years). Interestingly, these investigators observed a negative association between aerobic fitness and CVR in which individuals with reduced levels of fitness actually exhibited higher CVR. This finding, although surprising, is consistent with the study by Thomas et al. (2013). Clearly, the relationship between exercise training and CVR is complex, and the use of MRI-based CVR mapping will allow for further understanding of the interplay between exercise training, aerobic fitness, cerebrovascular dynamics, and cognitive function, but may require a multimodal approach.

To date, there are few longitudinal training studies using MRI to measure CVR following exercise training. However, research is supportive of the role of rehabilitation and exercise to promote overall cerebrovascular health. Regular exercise promotes angiogenesis, neurogenesis, and synaptic plasticity (Isaacs et al., 1992; Churchill et al., 2002; Vaynman and Gomez-Pinilla, 2006) which are markers of improved cerebral vascular function. Additionally, exercise and higher cardiorespiratory fitness have been positively linked with improved flow via improved resistance and compliance (Bailey et al., 2013; Zimmerman et al., 2014). Future works aimed to aid our understanding of how the cerebrovasculature responds to exercise and improved cardiovascular fitness in older adults susceptible to cerebrovascular dysfunction needs further exploration. Further, various exercise approaches [strength training, steady state aerobic, and high intensity interval training (HIIT), for example] should continue to be investigated. In addition, dosage and intensity questions remain. Lastly, biomarkers that can identify those who might differentially benefit from the various rehabilitation approaches need to be explored.



Stroke and Non-invasive Brain Stimulation

Each year, there is approximately 795,000 stroke cases recorded in the United States (Shekhar et al., 2017), and the annual cost to treat stroke survivors is approximately 40 billion dollars in the United States and is projected to rise (Skolarus et al., 2016). Given that stroke has vascular etiology, there is an immense need to add sensitive and reliable vascular biomarkers such as CVR to improve patient care and reduce unnecessary treatment costs.

The established outlook of stroke-related neurovascular repair has changed in the last decades in favor of a more global understanding of the brain as a whole and now includes other cell types (e.g., glia and inflammatory and progenitor cells), the extracellular matrix, and the communication between these components. Several of these endogenous mechanisms such as angio-vasculogenesis (the formation of new blood vessels) are activated in the minutes following the ischemic trigger in the peri-cavitational and peri-lesional brain areas (Esquiva et al., 2018). Further, angiogenesis and vascular remodeling are found to remain elevated for days to several weeks as a response to increased collateral blood supply that is tightly coupled to neurogenesis and oligodendrogenesis as part of the endogenous neural repair (Gabriel-Salazar et al., 2018). Thus, acquiring CVR maps during the acute and early subacute stages of stroke recovery will help clinicians in identifying the rehabilitation potential of vascular repair to design effective personalized treatments. Vascular compromise of major arteries results in reduced CVR in downstream vessels, and reports show that CVR does not change from sub-acute to chronic stages (Geranmayeh et al., 2015), but remains lower compared to healthy controls during the chronic stage (Zhao et al., 2009). Specifically, the trajectory of change in CVR from acute to chronic stages, and how it predicts functional and cognitive recovery particularly during the critical sub-acute time window is an understudied research area that is currently ongoing in our studies.

In terms of rehabilitation platforms tailored to stroke, non-invasive brain stimulation techniques such as transcranial direct current stimulation (tDCS) is widely used to induce neural plasticity and brain reorganization (Crosson et al., 2017, 2019). Although tDCS is known to induce and promote neural plasticity to improve functional and behavioral gains (Crosson et al., 2019), recent reports also indicate that tDCS is associated with stimulation of endothelial cells, thereby increasing the vascular endothelial growth factor (VEGF) production that may modulate angiogenesis (Zhao et al., 2012). Further, tDCS-induced changes in pericyte membrane potential may hyperpolarize the cell and induce vasodilatory signals via increased prostaglandin E2 which in turn will induce capillaries vasodilatation by activating K+ currents in pericytes (Hall et al., 2014). Given the utility of neuroimaging (particularly CVR in this case) to measure and predict regional vascular reserve, from a rehabilitation perspective, developing and optimizing sensitive vascular measures to accurately predict behavioral recovery is necessary to improve treatment planning in stroke patients.



MCI, Vascular Dementia, and Pharmacological Intervention

Cerebrovascular dysfunction can contribute to the manifestation of MCI and increase the risk of dementia [i.e., AD or vascular dementia (VaD)]. MCI is a state of cognitive decline, but people are still able to perform activities of daily living. VaD is the second most common form of dementia after AD and results from cerebrovascular abnormalities including lacunar infarcts, small vessel disease, and chronic cardiovascular disease (Grinberg and Heinsen, 2010). The two key components of cerebral hemodynamic control, autoregulation, and chemoregulation, may be altered in AD (Iadecola, 2004; Hajjar et al., 2014; Marmarelis et al., 2014b). It is unclear if this is an early vs. late manifestation of cerebrovascular dysfunction. Recent focus is on studying the prodromal state of MCI. The major limitation of prior research has been related to technical and methodological constraints. Nearly all our knowledge about changes in autoregulation and CVR in AD are derived from TCD studies, which can only assess blood flow velocity in the middle cerebral artery (Marmarelis et al., 2014a,b, 2017). Such an approach typically requires specialized laboratory with abilities to measure CA and CVR using beat-to-beat observations of mean arterial blood pressure (MABP), cerebral blood flow (CBFv), and end-tidal CO2 (ETCO2). The result is a description of the dynamic (time/frequency dependent) CA and CVR. Prior evidence also suggests that there is variable pattern of increased/decreased perfusion in AD brains (Dai et al., 2009).

While the underlying mechanisms for how the changes in vascular function may lead to poor cognition are debated, one possible mechanism is hypoperfusion (Moretti et al., 2008; Qiu et al., 2009; Rose et al., 2010). Aging and hypertension are associated with cerebral-microvascular disease which can lead to regional hypoperfusion and cognitive decline, including MCI and VaD (de Groot et al., 2001; Vermeer et al., 2003; Waldstein et al., 2005, 2008; Ikram et al., 2006; Manschot et al., 2006). Meta-analysis studies have highlighted the importance of vascular risk factors, including hypertension, stroke, and obesity, at the onset and progression of dementia (Savva et al., 2010; Anstey et al., 2011; Sharp et al., 2011). Due to the high prevalence (65–75%) of hypertension in older adults, many studies have addressed the relationship between blood pressure (BP) and cognitive dysfunction (Qiu et al., 2005; Novak and Hajjar, 2010). Hypertension significantly increases the risk of MCI by 1.4 times (Sierra et al., 2012), and vascular dementia by 1.5 times (Sharp et al., 2011). While aging is a significant risk factor, longitudinal studies have found that hypertension in middle age increases the risk of developing cognitive impairments and dementia later in life (Kilander et al., 2000; Kivipelto et al., 2001; Whitmer et al., 2005) highlighting the importance of regulating BP at middle age to hopefully prevent cognitive decline later in life.

Cerebrovascular reactivity is a potential biomarker for monitoring the relationship between perfusion and cognition. Previous research has established a slower CVR response to CO2 in individuals with MCI and AD compared to healthy older adults (Glodzik et al., 2013; Richiardi et al., 2015). Further, CVR correlates with poorer cognitive function. These changes in CVR can alter neurovascular coupling, identifying a possible underlying mechanism by which vascular function alters cognition (Novak and Hajjar, 2010). Additionally, because hemodynamic disturbance in CBF is common in both AD and VaD, studies have investigated the different patterns of regional cerebral blood flow (rCBF) and CVR in these two types of dementia. Results showed that, rCBF was significantly lower in both bilateral frontal and temporal lobes in the AD group and lower in left frontal and temporal white matter in patients with VaD. CVR calculated by rCBF was impaired more severely in bilateral frontal cortices in AD. Conversely, transcranial Doppler (TCD) tests failed to demonstrate significant difference in mean flow velocity and CVR between the two groups (Gao et al., 2013). It is concluded that the different patterns detected by ASL in resting rCBF differences and CVR in response to carbogen inhalation may serve as a potential marker to distinguish AD and VaD. Low CVR seems to be detectable even in the absence of cognitive symptoms but in those at high risk for AD, e.g., those with APOe4 carriers. In 625 adults (mean age = 78, 65% women, 22% Black) enrolled in the MOBILIZE Boston study (Leveille et al., 2008), the APOE4 genotype was associated with lower CVR (p = 0.04) and only APOE4 carriers with low CO2-reactivity had slower performance on trail making test, a measure of executive function (p = 0.036) and Hopkins verbal Learning test, a measure of episodic memory (p = 0.04; Hajjar et al., 2015).

Clinical trials and meta-analyses summarizing the longitudinal use of antihypertensives to alter progression of dementia have demonstrated conflicting results. While some studies have reported no relationship between high blood pressure and dementia (Morris et al., 2001; Lindsay et al., 2002), more studies indicate that antihypertensives can protect against cognitive impairment (Cacciatore et al., 1997; Murray et al., 2002; Hajjar et al., 2005) and reduce the risk of developing dementia, specifically VaD (In’t Veld et al., 2001; Qiu et al., 2003; Yasar et al., 2005). Further, the class of antihypertensive medication may enhance the beneficial effects on cognition. A previous study demonstrated that individuals with MCI that took a renin-angiotensin system (RAS)-acting antihypertensive medicine for at least 3 years were less likely to develop AD (Wharton et al., 2015). Specifically, RAS-acting antihypertensives that cross the blood brain barrier (BBB) conferred greater cognitive benefits. Very few studies have addressed the relationship between antihypertensives, dementia, and CVR. One study reports that angiotensin receptor blockers may preserve cerebral hemodynamics (i.e., cerebral blood flow and CVR) and executive function (Hajjar et al., 2013). However, this study was not performed in individuals with dementia. Therefore, studies are needed to address if antihypertensives reduce the risk of MCI and dementia by improving cerebrovascular function.



Renal Disease and Exercise

Additional populations that may benefit from CVR assessments are patients with end-stage kidney disease (ESKD). These patients experience reductions in cerebral blood flow during hemodialysis, and this is associated with cognitive dysfunction (Findlay et al., 2019). Given the high frequency of hemodialysis administration (typically three to four times a week), there is a growing need for therapeutic strategies to attenuate or prevent intradialytic reductions in cerebral oxygen delivery. Intradialytic declines in cerebral perfusion may be partially opposed by increases in PaCO2 resulting from bicarbonate shifts during the dialysis treatment (Sprick et al., 2020). Thus, improving CVR with rehabilitation may be one strategy to attenuate the incidence and severity of brain injury secondary to hemodialysis. One rehabilitation platform that could potentially be utilized for this purpose is intradialytic cycling exercise. A recent pilot study demonstrated that 3 months of intradialytic cycling was able to preserve cognition in ESKD patients; however, the mechanism underlying this improvement remains to be clarified (McAdams-DeMarco et al., 2018). Although speculative, one possibility is that acute increases in PaCO2 that occur with exercise (Moraine et al., 1993) promote cerebrovascular dilation via CVR. Future work should clarify the role of CVR in opposing intradialytic reductions in cerebral blood flow, and how other rehabilitation platforms may be adapted to the dialysis setting to target CVR.




REHABILITATION RELEVANT ADVANCED IMAGING APPROACHES INVOLVING CVR

In light of the theme for this special topic which is CO2-based CVR measures, we have consistently focused on CO2-induced vasodilation mechanisms and its utilities in rehabilitation. Indeed, CO2-based CVR approach inherently has a high sensitivity and robustness in indexing CVR. However, its utility in various rehabilitation settings is currently limited due the need for CO2 gas inhalation, time consuming setup of the apparatus, and burden on patient’s comfort. To overcome some of these clinically translatable issues, resting-state functional MRI (rsfMRI) scans to derive CVR maps have been explored (Golestani et al., 2016; Liu et al., 2017). Such an approach is practically clever as it is not only compatible with clinical use due to limited patient burden, but also the versatility of rsfMRI allows a “one-stop shop” platform wherein multiple clinically relevant functional and physiological metrics can be derived from a single rsfMRI scan. Specific to CVR, cued breathing during the rsfMRI scan actively engages the participant to enhance fluctuations in their ETCO2 level to modulate their breathing (Liu et al., 2020). However, while rsfMRI based CVR is quite attractive, subjects who have small fluctuations in their natural breathing pattern may not be ideal candidates because the derived CVR metrics may be noisy and unreliable for longitudinal rehabilitation assessments. One caveat with the intermittent modulation approach is that cued breathing can invoke meditative brain states (Park and Park, 2012) and/or mimic respiratory vagal nerve stimulation relegating autonomic responses as the driver of cued breath modulations (Gerritsen and Band, 2018). Thus, the intermittent modulation approach can interfere or dilute the effects of cognitive rehabilitation and adjuvant therapy-based strategies. In sum, these proof of principle advanced imaging approaches to derive clinically-friendly CVR maps are promising, but will need to be tailored and extensively developed for the rehabilitation setting.

Cerebrovascular reactivity can be retrospectively combined with task fMRI data to sensitize the BOLD signals to index neural activity (Bandettini and Wong, 1997; Liu et al., 2013). Given that profiling and characterizing behavioral changes is important for cognitive neurorehabilitation, it is important to improve the relationship between neuro-sensitized BOLD maps and relevant behavior (Krishnamurthy et al., 2020). Thus the methodological approach of combining CVR maps with BOLD data is extremely important, and from that perspective, systematic experimental and theoretic work from Liau and Liu (2009) have shown that normalization based on division (i.e., voxel-wise BOLD activity divided by corresponding CVR) approach resulted in increased inter-subject variability. On the other hand, group-level normalization by co-variate approach (i.e., voxel-wise covarying out CVR from BOLD activity at group level; Liau and Liu, 2009) retained task sensitivity and improved the predictability of behavior (Krishnamurthy et al., 2020). Thus, the take home message is that mindful selection of BOLD sensitization methodologies is important to accurately interpret treatment-induced changes in rehabilitation.

Delayed and slowed vascular dynamics may have significant implications for the assessment of CVR in the rehabilitation setting. To investigate the temporal characteristics of BOLD CVR measures, conventional CVR analysis methods that are sensitive to magnitude differences in the BOLD response assume that its temporal dynamic properties are consistent across the entire brain, but might not account for delayed responses and slowed dynamics in different tissues or brain areas. Hence, a frequency domain-based transfer function analysis approach might aide in improved identification of regions that present with significantly delayed or slowed responses and provide additional insights into the function of cerebral vessels that are not evident in conventional CVR measures. Such an approach has been proven to enhance the temporal group differences between patients with sickle cell disease and healthy controls (Leung et al., 2016). Also, the dynamic response to a given CO2 stimulus may involve transient period of vasodilation or constriction before the blood flow can reach a steady state. Thus advanced analytic approaches (Poublanc et al., 2015) to carefully characterize (A) the dynamic component of CVR that reflects the speed of the cerebrovascular response to hypercapnia, and (B) the static component of CVR that reflects the steady-state reactivity of the vasculature has been shown to be valuable in localizing cerebrovascular compromise in patients with steno-occlusive vasculopathy (Poublanc et al., 2015) and AD (Holmes et al., 2020). In sum, here, we focused on some exciting gasless and analytic approaches of obtaining practical and meaningful CVR maps that are attractive to rehab setting. For more technical aspects of CVR acquisition, types of CO2 delivery, etc., such a review can be found elsewhere (Liu et al., 2019).



CONCLUSION

The increasing prevalence of cerebrovascular diseases highlights the importance of monitoring cerebrovascular health, as well as a patient’s cognitive and functional changes. Rehabilitation requires an inter-disciplinary care team that relies on biomarkers such as CVR to assist in clinical care decisions, monitor vascular repair, and predict long term recovery in the context of neural plasticity and vascular remodeling (Gabriel-Salazar et al., 2018). Given the inter-subject variability in underlying cerebrovascular physiology and disease profile, there is a strong surge in rehabilitation field to personalize a given treatment (Crosson et al., 2017). From that viewpoint, we have discussed the mechanistic importance of CVR, the diagnostic and prognostic value of CVR, and how it may inform response to specific rehabilitation strategies (exercise and non-invasive brain stimulation, for example). To this end, an accurate measure of treatment-induced change (or no change) using CVR will help uncover the efficacy of a given rehabilitation approach and inform how mechanistic aspects of the rehabilitation implementation (such as dosing, dosing frequency, etc.) can further be optimized to expected outcomes (Crosson et al., 2019).

Importantly, a more comprehensive and holistic understanding of CVR mechanisms and its impairment are extremely important to advance our knowledge in clinical and rehabilitation sciences. From this viewpoint, we have attempted to undertake an integrative physiology approach (that is cerebrovascular control and its integration with other physiological systems such as cardiovascular and pulmonary) to describe the role of CVR, and how understanding the impairment of such mechanisms in various disease models can advance brain rehabilitation programs. Given the versatility of neuroimaging techniques, and that the cerebrovascular control is a complex interplay of various physiological components, it is important to underscore that future work should combine CVR imaging with other neuroimaging approaches that can measure blood flow along with BOLD activity (Krishnamurthy et al., 2020), autoregulation (Whittaker et al., 2019), and brain pH (Ellingson et al., 2019). The future of rehabilitation lies in the search for biomarkers of disease status, progression, and treatment response. It should be noted that although CVR can be used for both diagnostic and prognostic biomarkers, it is likely that the CVR is not sensitive to the same function or underlying mechanism and may have very distinct features and measurement criteria. That is, the CVR maps can be sensitized specifically to underlying mechanisms that are distinct to diagnosis and prediction. Therefore, continued development and testing of CVR-based biomarkers, including accuracy of detection and sensitivity to change, are important factors that could provide continued improvements in rehabilitation strategies.

To conclude, CVR imaging is a valuable tool that has the potential to add significant value to both inpatient acute care and outpatient rehabilitation programs. We also discussed the case for how both CO2-based and gasless CVR can find utility in rehabilitation program settings. Finally, multimodal imaging approaches including combining CVR MRI with other modalities to measure pulsatility index, flow mediated dilation, and pulse wave velocity will add further value to provide more accurate and mechanistically driven information for clinical decisions and treatment planning.
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Task and resting-state functional MRI (fMRI) is primarily based on the same blood-oxygenation level-dependent (BOLD) phenomenon that MRI-based cerebrovascular reactivity (CVR) mapping has most commonly relied upon. This technique is finding an ever-increasing role in neuroscience and clinical research as well as treatment planning. The estimation of CVR has unique applications in and associations with fMRI. In particular, CVR estimation is part of a family of techniques called calibrated BOLD fMRI, the purpose of which is to allow the mapping of cerebral oxidative metabolism (CMRO2) using a combination of BOLD and cerebral-blood flow (CBF) measurements. Moreover, CVR has recently been shown to be a major source of vascular bias in computing resting-state functional connectivity, in much the same way that it is used to neutralize the vascular contribution in calibrated fMRI. Furthermore, due to the obvious challenges in estimating CVR using gas challenges, a rapidly growing field of study is the estimation of CVR without any form of challenge, including the use of resting-state fMRI for that purpose. This review addresses all of these aspects in which CVR interacts with fMRI and the role of CVR in calibrated fMRI, provides an overview of the physiological biases and assumptions underlying hypercapnia-based CVR and calibrated fMRI, and provides a view into the future of non-invasive CVR measurement.
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BOLD SIGNAL PHYSIOLOGY

Functional MRI (fMRI) is predominantly performed using the blood-oxygenation level-dependent (BOLD) signal. This signal is based on the paramagnetic properties of deoxyhemoglobin, providing a sensitive, but un-specific marker of neuronal activity. This lack of specificity stems from the fact that most deoxyhemoglobin (dHb) locally arises from baseline metabolism, with a more modest contribution from task-evoked neuronal activity. The signal measured during a task is due to the dilution of these two sources of dHb from a feedforward cascade of events leading to vasodilation in arterioles, bringing fully oxygenated, and therefore diamagnetic, blood to the area of activity (Girouard and Iadecola, 2006; Iadecola, 2017). Therefore, rather than being a direct marker of neuronal activity, the BOLD signal reflects the relative interplay between baseline oxidative metabolism, task-evoked metabolism, neurovascular coupling mechanisms, and the extent to which local vessels dilate in response to these neurovascular coupling chemical signals (Gauthier and Fan, 2019). It is this last aspect that underlies the amplitude of the cerebrovascular reactivity (CVR) response measured by BOLD fMRI.

While BOLD-based fMRI is widely used and has several applications in clinical fields (Chen, 2018, 2019; Gauthier and Fan, 2019; Specht, 2019), its physiologically unspecific nature makes it vulnerable to a variety of biases, especially in clinical populations (Ances et al., 2011; De Vis et al., 2015; Lajoie et al., 2017; Mazerolle et al., 2018; Chen, 2019). These biases can be vascular in nature, such as differences in baseline blood flow or reactivity, which are known to be prevalent in aging and clinical populations, or maybe due to decline in the availability of neuronal resources. It has been estimated that in healthy brains, the vascular response component is about twice the amplitude of the metabolic response (Hoge et al., 1999a; Uludağ et al., 2004). The vascular response consists of both a blood flow and a blood volume response, but because blood flow has a supralinear dependence on vessel diameter (modeled using Poiseuille’s law), it is the blood flow response that dominates the BOLD response. In less healthy populations, changes in vascular elasticity or neurovascular coupling mechanisms can lead to reduced vasodilation (Girouard and Iadecola, 2006; Iadecola, 2017). Because of this supralinear dependence on diameter, even small differences in diameter changes with aging or disease can have a large impact on blood flow as compared to young healthy populations. Therefore, the different physiological sub-components that make up the BOLD signal may not contribute identically to the measured signal in populations of different ages or presenting with different health conditions. This can lead to systematic biases in many BOLD signal comparisons across groups (Gauthier et al., 2012).


BOLD Sensitivity to CO2

In the past decades, the CO2-driven BOLD response has been the preeminent method for mapping CVR. CO2 is a potent vasodilator used that has been shown to rely mainly on the nitric oxide (NO) pathway to increase arterial diameter (Pelligrino et al., 1999; Najarian et al., 2000; Peebles et al., 2008; Iadecola, 2017). While the exact source of NO (endothelial, neuronal or astrocytic) is still debated, NO production has been shown to mirror changes in CO2 partial pressure, with for example a 40% increases in CO2 partial pressure resulting in a 36% increase in NO production through endothelial cells in Fathi et al. (2011). Vessel diameter is highly sensitive to the surrounding CO2 concentration, with increasing CO2 partial pressures leading to linear increases in both vessel diameter and flow (Hülsmann and Dubelaar, 1988; Komori et al., 2007). In Komori et al. (2007) for example, this increase was shown to be of 21.6% for arteriolar diameter and 34.5% flow velocity for a 50% change in CO2 partial pressure in rabbit arterioles. This sensitivity can be captured using MRI, within our own data, a 12.0% change in inhaled CO2 concentration resulting in a 24.9% change in gray matter CBF measured using arterial spin labeling (ASL) and a 1.5% change in the gray matter BOLD signal (Gauthier and Hoge, 2013). Since the BOLD signal has both a static and temporal signal-to-noise ratio (SNR) that is typically above 100 (Triantafyllou et al., 2005; Gauthier and Hoge, 2013), it is a sensitive measure of CO2-induced vasodilation at the whole-brain level.

To induce a BOLD response to CO2, either hypercapnia and hypocapnia could be used. Hypercapnia is easier to achieve with more robust BOLD responses, while hypocapnia can be achieved with prospective targeting (Halani et al., 2015), hyperventilation (Cohen et al., 2002), or cued deep breathing (Bright et al., 2009). The various methods for producing CO2 variations are summarized in a number of recent reviews (Fierstra et al., 2013; Chen, 2018; Pinto et al., 2020).




THE ROLE OF CVR IN CALIBRATED FMRI

There exists a variety of methods to extract or correct the BOLD signal and make it a more quantitative marker of neuronal activity (Hoge, 2012; Gauthier and Fan, 2019). Notably, CVR is a key component of a family of techniques called calibrated fMRI, which is the predominant approach to quantify and extract the neuronal and vascular components of the BOLD response (Davis et al., 1998; Hoge et al., 1999a, b; Chiarelli et al., 2007; Gauthier and Hoge, 2012). In its fuller implementations, calibrated fMRI allows the separation of the BOLD signal into its baseline and task-induced vascular and metabolic components (Bulte et al., 2012; Gauthier and Hoge, 2012; Wise et al., 2013). In this review, the role of CVR in calibrated fMRI will be discussed.


What Is Calibrated fMRI?

In its most common form, calibrated fMRI uses breathing manipulations to estimate the blood flow and blood volume component of the BOLD response to a task, in order to separate it from the non-vascular component of the BOLD signal (Davis et al., 1998; Hoge et al., 1999a, b; Chiarelli et al., 2007; Gauthier and Hoge, 2012). The most common calibration procedure for this type of technique uses hypercapnia or increased CO2 concentration in inhaled air, to cause a putatively purely vascular response (Davis et al., 1998; Hoge et al., 1999a). This calibration procedure is based on the underlying assumption that CO2, known to be a potent vasodilator, does not cause any change in oxidative metabolism. This vascular CO2 response is essentially CVR.
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The original calibrated fMRI model was presented by Davis et al. (1998), followed in 1999 by a more complete description of the dHb dilution model that underlies it by Hoge et al. (1999a). In this model, the BOLD signal measured during hypercapnia is related to the CBF signal measured using ASL during hypercapnia, the calibration M parameter, and two other parameters typically assumed from the literature: α, which represents flow-volume coupling, and β, which represents the field strength-dependent magnetic properties of dHb. The M parameter is given by Eq. 1. The BOLD and CBF components can be measured, while alpha and beta are assumed, and M is the output of this calibration procedure. Conceptually, M represents the maximum possible BOLD signal. Since hypercapnia is assumed to be metabolically neutral, then M corresponds to the BOLD signal one would obtain if all dHb present in the brain from baseline metabolism were suddenly removed. At 3T, this value has been found to be between 4 and 12% when using a hypercapnia model see review in Hoge (2012), Blockley et al. (2015), Mark et al. (2015), and Gauthier and Fan (2019). To perform a calibrated fMRI experiment, therefore, one measures the BOLD and CBF percent signal change in response to mild hypercapnia, then uses the calibration equation from the model to extrapolate to the asymptote of the curve, corresponding to this maximal dilution of dHb. CVR is an intermediate measurement of this technique since it is measured as the BOLD or CBF percent change per mmHg change in CO2 concentration during hypercapnia.

The next step of the calibrated fMRI framework per the Davis model is then to estimate the oxidative metabolism component of the BOLD signal measured in response to a task, by combining the M parameter already measured, the BOLD signal measured in response to the task, the CBF signal measured in response to the same task, and the same alpha and beta parameters mentioned in the calibration procedure. These alpha values are assumed to be the same for the task and calibration (essentially CVR) procedures in most cases, though some work has shown that these may in fact be different (Chen and Pike, 2009, 2010b). It is also noteworthy that some work has suggested that the model should be treated as a heuristic model, rather than a biophysical model and that the value of alpha and beta can in fact be determined through data fitting, resulting in a different set of values than what has typically been used in the literature (Griffeth and Buxton, 2011).

Other versions of calibrated fMRI have been developed following this initial formulation. The simplest version consists in normalizing the BOLD signal from a task by the measured CVR (Bandettini and Wong, 1997; Biswal et al., 2007; Liu et al., 2013). These other models are based on other breathing manipulations such as hyperoxia (Chiarelli et al., 2007) or a combination of hypercapnia and hyperoxia (Gauthier and Hoge, 2012). While hyperoxia-based calibration improves comfort and has been shown to lead to reliable estimates of M and CMRO2, there is evidence that this model underestimates the true M and CMRO2 (Gauthier and Hoge, 2012). Furthermore, this implementation does not allow estimation of CVR as an intermediate byproduct, which may be valuable in several clinical populations. Finally, extensions of these calibrated fMRI models have also been developed to measure metabolism at rest (Bulte et al., 2012; Gauthier and Hoge, 2012; Wise et al., 2013). These other techniques have been reviewed elsewhere (Gauthier and Fan, 2019).



The Role of CVR in Calibrated fMRI

The most common calibrated fMRI technique is based on the important assumption that CO2 inhalation is metabolically neutral. At high doses, CO2 is likely to cause changes in metabolism, but it is typically assumed that the smaller concentrations used in calibrated fMRI (on the order of 5% CO2 in most cases) cause negligible changes in metabolism. This is a debated assumption, however, with some studies showing decreased metabolism during CO2 inhalation (Xu et al., 2011; Driver et al., 2017) and some showing no change (Chen and Pike, 2010a; Jain et al., 2011). Aside from the difficulty in proving the null hypothesis that CO2 is metabolically neutral, whether metabolic activity is detected in response to CO2 may be dependent on the technique and the hypercapnia level used to measure it. If hypercapnia does impact oxidative metabolism, and thus biases the CVR estimate used in the calibration step, an accurate measurement of this bias is crucial, as it has been shown to have a large impact on the output of the calibrated fMRI model (Blockley et al., 2015). However, correction of the model to account for the change in CMRO2 would be straightforward should an accurate measurement of this effect arise as a CMRO2 change parameter could be added to the M equation rather than assuming a value of one (Blockley et al., 2015; Driver et al., 2017).

Another important consideration is the presence of non-linearities and spatial heterogeneities in the BOLD and underlying CBF response to hypercapnia. It has been shown that the dose-response curve for the CBF and BOLD responses to graded hypercapnia follows a sigmoidal shape, with lower CBF and BOLD responses in the hypocapnic range, as well as saturation effects in the very high inhaled CO2 concentration range (Tancredi et al., 2012; Duffin et al., 2017). Therefore, correction by CVR or calibrated fMRI must be interpreted with caution when operating outside the more linear range around 35–50 mmHg (Tancredi et al., 2012). Furthermore, the BOLD, and perhaps even more so, the CBF response to hypercapnia has been shown to be spatially heterogeneous (Gauthier et al., 2012; Tancredi et al., 2012; De Vis et al., 2015). Because of this, it is crucial that regional or voxel-wise measurements of CVR or M be used to validly inform the BOLD signal or performing calibrated fMRI.



Assumptions in Calibrated fMRI

The Davis model also assumes that arterial blood is fully oxygenated. This is generally a reasonable assumption, as normal oxygen saturation for arterial blood is typically in the range of 97–100% in young subjects (Barratt-Boyes and Wood, 1957). However, this assumption may be problematic in older (Hardie et al., 2004) and diseased populations (Cukic, 2014; Slowik and Collen, 2020), which could suffer from lower saturations. However, modeling of the effects of anemia has shown that anemia has a very limited impact on the results of the model (Blockley et al., 2015).

Another underlying assumption of this technique is that the chemical signaling that underlies the neurovascular response is comparable to the signaling that underlies CO2-mediated vasodilation. This is because unless these two types of signaling are comparable, then using hypercapnia to assess the vascular response corresponding to a functional task may be misleading and be associated with the very systematic biases between populations that calibrated fMRI was designed to address. Neurovascular coupling is a complex orchestration of signals with many cell types and pathways involved. Detailed studies have shown that when they are active, neurons and interneurons release NO, and that this leads to vasodilation at the arteriolar level (Faraci and Brian, 1994; Rancillac et al., 2006; Attwell et al., 2010; Iadecola, 2017). Capillary dilation is, however, dependent on astrocytic activation of other pathways, especially the arachidonic acid pathway (Mishra et al., 2016). Nevertheless, it has been shown that inhibition of nNOS leads to an almost complete diminution of the BOLD and CBF response to neuronal stimulation in rat (Stefanovic et al., 2007), establishing nNOS as one of the main mediators of the neurovascular coupling that underlies the fMRI signals.

The vasodilatory response to hypercapnia on the other hand has been shown to be predominantly due to activation of the NOS pathway, leading to the release of NO from neurons (Pelligrino et al., 1999) and endothelial cells (Najarian et al., 2000; Peebles et al., 2008). When the NO pathway is blocked, the vasodilatory response is reduced by 36–94% depending on the inhibitor used, hypercapnia levels and species (Iadecola and Zhang, 1994). While some studies have shown that inhibiting the endothelial NO pathway or destroying endothelial cells does not abolish the CBF response to hypercapnia (Wang et al., 1994), other studies have shown that neuronal sources cannot in isolation explain the CBF response to hypercapnia (Iadecola et al., 1987, 1993; Iadecola and Zhang, 1996). This likely reflects a combined contribution of endothelial and neuronal sources or redundancy that allows one system to come online when the other fails. It is important to note, however, that there may be some important species-related differences in pathways (Najarian et al., 2000), making animal results only partly relevant to human data. Therefore, while it is currently unclear whether these two responses are truly equivalent, there are clear similarities between them, lending validity to the use of hypercapnia-based CVR as a model for the vascular component of neurovascular coupling.




THE ROLE OF CVR IN RESTING-STATE FMRI


What Is Resting-State fMRI?

Functional MRI in the resting state (rs-fMRI), particularly based on the BOLD signal, has been extensively used to measure functional connectivity in the brain. The use of the BOLD signal for resting-state imaging largely began with the seminal discovery of resting-state BOLD signal-based (rs-BOLD) synchronization across brain networks (namely “resting-state functional connectivity”) by Biswal et al. (Biswal et al., 1995; Fox, 2010). Despite the undefined cognitive state of the brain in the “resting-state” and the ambiguous involvement of vascular and metabolic mechanisms underlying the BOLD signal (discussed later in this section), resting-state BOLD signal-based brain networks have been consistently revealed in numerous studies. Notably, the well-documented default-mode network (DMN), key in generating cognition, has been implicated in a wide array of neurological diseases. In recent years, resting-state BOLD-fMRI has gained considerable attention in basic and clinical neuroscience (Biswal et al., 1995; Fox, 2010) and the number of publications using the resting-state BOLD contrast has seen exponential growth. This remarkable growth is attributable to the ability of rs-BOLD studies to bypass the hurdles of task performance and behavioral evaluations in assessing brain function, opening a new attractive avenue for neuroimaging research in pediatrics, aging, and a variety of neurologic and psychiatric diseases. A comprehensive description of the applications of rs-BOLD signals can be found in recent reviews (Fox, 2010).

Functional connectivity is the main reason for the popularity of resting-state fMRI. First-level resting-state functional connectivity is generally computed using seed-based correlation or data-driven approaches. In the model-based seed-correlation analysis (Biswal et al., 1995; Van Dijk et al., 2010), connectivity is defined as the correlation between the seed rs-fMRI signal time series and those of other brain voxels or regions. Data-driven methods typically use principal- or independent component analysis (PCA and ICA, respectively) to identify brain networks. While the seed-based approach is constrained by model assumptions and a priori hypotheses, model-free data-driven methods are more challenging to use in group-analyses due to higher variability in the network components identified. Seed- and data-driven approaches yield largely similar spatial patterns (although with differing spatial extents), and both methods can be used to determine connectivity magnitude. However, due to the linear assumptions related to the model-based connectivity methods, it is easier to intuite the influence of physiological metrics on resting-state functional connectivity. After all, there is a well-defined relationship between the correlation coefficient and the rs-fMRI signal amplitude, which is, in turn, describable by the steady-state fMRI signal model as introduced earlier. With the adoption of higher-level functional connectivity measures (those derived from the first-level metrics, such as centrality and hubness, to name a few), the effect of physiological biases may not seem obvious, but it is all the more important to understand them at more abstract levels of analysis.



The Role of CVR in Resting-State fMRI

The rs-fMRI technique, while immensely popular, has been limited by a lack of a fundamental physiological understanding of the underlying rs-fMRI BOLD signal (Leopold and Maier, 2012). The BOLD signal is only an indirect measure of neuronal activity and is inherently modulated by both neuronal activity and vascular physiology (Biswal et al., 2007; Kannurpatti et al., 2008; Biswal and Kannurpatti, 2009; Tong and Frederick, 2010). Currently, the respective contributions of these factors to resting-state BOLD are still unknown. This knowledge gap leads to great challenges for data interpretation in clinical scenarios, whereby these contributions are often altered. The literature suggests that BOLD-based fMRI signal is fundamentally modulated by local vascular physiology (Carusone et al., 2002; Kannurpatti et al., 2010; Liu, 2013).

Previous work on the biophysical origins of the rs-fMRI signal suggests that the steady-state BOLD model (Davis et al., 1998; Hoge et al., 1999a), as outlined in the previous section, is a reasonable framework for understanding the neurovascular underpinnings of the resting BOLD effect. CVR is known to covary with the BOLD response to neuronal activation (Stefanovic et al., 2006). Specifically, reduced vascular responsiveness has been associated with reduced BOLD activation amplitude as well as a slowing down in the BOLD response dynamics (Behzadi and Liu, 2005; Rack-Gomer and Liu, 2012), setting the stage for our study of the effect of CVR on the rs-fMRI signal. Indeed, CVR is a major factor determining the hemodynamic response to neuronal activity, which in turn modulates rs-fcMRI signal amplitude [see review (Liu, 2013) and Figure 1]. As a result, CVR is expected to drive the amplitude of resting BOLD signal fluctuations (RSFA). Indeed, hypercapnia, which elevates basal CBF and oxygenation while reducing CVR (Cohen et al., 2002), has been shown to reduce the amplitude of resting-state BOLD signals (Biswal et al., 1997; Xu et al., 2011), consistent with predictions based on the BOLD signal model. Although hypercapnia has also been shown to reduce the power of the alpha-rhythm (Xu et al., 2011), CVR is likely to also play a key role in modulating the RSFA in this context. As an extension, in a study of 335 healthy older adults (Tsvetanov et al., 2015), it was found that the effects of aging on the RSFA were mediated by cardiovascular factors such as heart rate.
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FIGURE 1. Theoretical relationship between rs-fMRI signal amplitude and physiological variables. The BOLD fMRI fluctuation amplitude (%BOLDRMS) is plotted against baseline (A) cerebral blood flow (CBF0), (B) cerebrovascular reactivity (CVR), and (C) venous blood oxygenation (Yv). Figure reproduced from Chu et al. (2018) with permission from Elsevier.



Interestingly, another representation of the rs-fMRI signal fluctuation, the amplitude of low-frequency fluctuations (ALFF), is typically interpreted as a neuronal measure (Zou et al., 2008; Jia et al., 2020). It is important to realize that the RSFA and ALFF are directly proportional to each other and that it is illogical to interpret the same quantity in two different ways. Furthermore, the fractional ALFF (fALFF) amounts to the RSFA normalized by the per-voxel signal variance instead of the mean (Zou et al., 2008; Jia et al., 2020). This measure would be influenced by both the neuronal signal content at the SNR at each voxel, making the physiological interpretation more tortuous.

However, the relationship between the RSFA and functional connectivity is more subtle than linear. The hemodynamic response determines the BOLD signal amplitude and subsequently the rs-fMRI BOLD SNR; different signal SNRs will in turn lead to different connectivity measurements (Liu, 2013). Such biases may obscure the meaning of rs-fMRI functional connectivity measurements (Golestani et al., 2016; Chu et al., 2018), which are modulated by the RSFA (Rack-Gomer and Liu, 2012; Tak et al., 2015).

In our previous work (Golestani et al., 2016), we demonstrated the extent of this modulation, as well as uncovered the effect of CVR modulation on rs-fMRI functional connectivity. Across the group, rs-fMRI functional connectivity of the motor network also depends significantly on the baseline capnic state, with the hypocapnic baseline associated with the highest connectivity values, and hypercapnic baseline associated with the lowest connectivity. The latter finding is in agreement with early data from Biswal et al. (1997) and from more recent data from Xu et al. (2011). This association, however, is not consistent across the brain. The recent work by Lewis et al. (2020) extends this work to dynamic functional-connectivity analyses and over 42 functional networks. It was found that network connectivity is generally weaker during vasodilation, which is supported by previous research (Biswal et al., 1997; Golestani et al., 2016).

As follow-up work (Chu et al., 2018), instead of modulating CVR within individuals, we compared fcMRI and CVR across different individuals. There was observable inter-subject CVR variation even amongst healthy young adults, as well as a distribution of functional connectivity values. In this work, we used the steady-state BOLD model to make predictions about functional connectivity given CVR (as well as CBF and SO2) (Figure 2). We further used these predictions to help interpret the empirical data, with the objective of improving our understanding of the possible origins of inter-subject variations in rs-fMRI functional connectivity. However, the characterization of vascular biases on rs-fMRI metrics remains scarce in current literature.
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FIGURE 2. Theoretical relationship between rs-fMRI functional connectivity and physiological variables. The dependence of function connectivity (FC) on all three physiological variables (CBF0, CVR, and Yv) is driven by the signal-to-noise ratio (SNR) and by the balance between signal-driven (rs) (A–C) and noise-driven correlations (rn) (D–F). A lower SNR leads to more emphasized dependence of FC on baseline physiology. Figure reproduced from Chu et al. (2018) with permission from Elsevier.



Given the above, the open question is how to normalize or calibrate the vascular effects from rs-fMRI measures, which is especially used to study neuronal markers (Champagne et al., 2020; Coverdale et al., 2020; Tsvetanov et al., 2020). As an example of the application of a normalization approach, Xu et al. (2011) normalized the resting-state BOLD amplitudes in the default-mode network by the task-related BOLD responses in the visual cortex, as CO2 challenges were observed not to alter the RSFA in the visual cortex. More recently, following the findings in Chu et al. (2018) and Champagne et al. (2020) normalized functional connectivity by local CBF and observed a reduction in connectivity differences between healthy and patient groups. This is in line with observations by Garrett et al. (2017), who also observed age-related differences in RSFA to be reduced when normalized by vascular physiology. However, it is likely that the fcMRI-CVR association is mechanical (driven by local CVR and the local vessel composition) and coincidental (driven by the relationship of both to neuronal health). Hence, adequate correction of vascular bias remains an open challenge.



Quantifying CVR Using Resting-State fMRI

Resting-state fMRI offers a unique opportunity to glean CVR information without the need for respiratory challenges. This type of “unconstrained” or “task-free” CVR protocol does not require cooperation from participants, and is thus a promising direction of research that will likely broaden the accessibility of CVR mapping to clinical researchers (Chen, 2018).

The RSFA was initially introduced as a vascular scaling factor for task-based BOLD responses by Kannurpatti et al. (2011), as it was used to scale fMRI task responses in the study of aging. Since then, resting-state methods that do not require CO2 perturbation have flourished (Golestani et al., 2016; Jahanian et al., 2017; Liu et al., 2017). Notably, Kannurpatti et al. (2014) reported a comparison of the resting-state fMRI fluctuation amplitude (voxel-wise temporal standard deviation) as a CVR surrogate. Liu et al. (2017) introduced a method that uses the low-frequency range of the rs-fMRI signal, regressed against the global-signal, to generate a qualitative CVR estimate. In the same year, Jahanian et al. (2017) introduced the concept of using either the voxel-wise regression coefficients with cerebrospinal fluid signal (measured using rs-fMRI) or using the voxel-wise coefficient of variation to approximate CVR. The former is more akin to the approach of Liu et al. (2017) while the latter follows the logic of the method by Kannurpatti et al. (2014) In the meantime, the Liu method has also been demonstrated in delineating global and local CVR deficits (in Moyamoya disease and acute stroke, respectively) (Taneja et al., 2019).

While all of these methods have demonstrated correlations with CO2-based CVR measures, they provide qualitative measures of CVR, which complicates inter-subject comparisons, quantitative CVR mapping techniques using rs-fMRI remain scarce. The only such technique takes advantage of spontaneous fluctuations in end-tidal CO2 while eliminating the effects of heart-rate and respiratory-volume variability on the fMRI signal (Golestani et al., 2016). Once the CO2-related BOLD signal is isolated, a deconvolution is performed between the resting-state fMRI and CO2 time courses, and the area under the response function is by definition the quantitative CVR. This approach echoes the derivation of the CO2 response function using a series of breathing maneuvers, including deep breathing, rapid breathing and free breathing (Vogt et al., 2011). The derivation of the whole response function instead of a simple CVR amplitude provides the opportunity to extract temporal CVR features.

As in the case of calibrated fMRI, one should be aware of spatial heterogeneities and non-linearities in the flow and BOLD response to CO2. For instance, the use of CVR to normalize rs-fMRI metrics is only a valid approach if one can assume that the CVR response obtained in different individuals and brain regions are taken from the same linear regime.



Other Vascular Sources of Resting-State fMRI

rBeyond the magnitude of CVR, the dynamic features of the fMRI response function that are available through this method can also provide useful information. A slowing of the CVR response has been shown to characterize vascular lesions (Poublanc et al., 2015), adding a dimension to the utility of CVR mapping. Indeed, differences between young and older adults have been demonstrated using simply the temporal features of the resting CO2 response function (Esmaelbeigi and Chen, 2019). It is further shown that by accounting for the temporal shifts in the BOLD CO2 response, improved CVR estimates can be obtained (Yao et al., 2021). Furthermore, this CO2-related shift structure can be associated with the lag structure that naturally occurs in the rs-fMRI signal (Tong and Frederick, 2014; Aso et al., 2019), and can be capitalized to extract additional vascular information without CO2 challenges.

Respiratory-volume variability (RVT) also modulates the rs-fMRI signal (Birn et al., 2006), and a potential relationship between CO2 and RVT has previously been identified (Vogt et al., 2011). This was extended to the convolution of the RVT with its fMRI response function (Chang and Glover, 2009). Thus, RVT can also be considered as a potential physiological marker to yield a CVR measure, a possible future research direction.

The CO2 response has also been reported to exhibit network structure that coincide with that of conventional rs-fMRI functional networks (Bright et al., 2020). Cardiac pulsatility, which entrains the autonomic nervous system, is also known to contribute to the rs-fMRI signal in a spatially specific manner (Shmueli et al., 2007; Chang et al., 2009; Shokri-Kojori et al., 2018; Attarpour et al., 2021). In fact, a substantial portion of the rs-fMRI signal may stem from cardiogenic vascular oscillations, and such signals can interact with respiration and CO2 in a biofeedback loop (Attarpour et al., 2021). Respiratory and cardiac-related physiological networks have recently been documented in detail (Chen et al., 2020).




CURRENT CHALLENGES AND FUTURE DIRECTIONS

Cerebrovascular reactivity has been found to associate with cerebral autoregulation, which is assessed as the phase shift between arterial blood pressure and venous blood flow changes (Carrera et al., 2009). This association is observed in vascular pathologies (Chen et al., 2014), and can influence the degree to which the vasculature responds to CO2. Thus, the use of CVR in calibrated BOLD and resting BOLD can lead to biased results in certain patient populations.

Novel accelerated imaging acquisitions can enhance the power of calibrated and resting-state fMRI. Specifically, the use of multi-echo BOLD in conjunction with simultaneous multi-slice acceleration has led to improved isolation of BOLD from noise contributions in the task and resting fMRI alike (Olafsson et al., 2015) as well as to more robust CVR estimates (Cohen and Wang, 2019). The ability to accelerate acquisitions using slice acceleration has also led to improved efficiency in terms of sensitivity per unit time for capturing the BOLD response (Todd et al., 2017). Moreover, a slice acceleration factor of up to four can be achieved without sacrificing rs-fMRI data quality (Preibisch et al., 2015), with the time savings opening up possibilities for CVR scans to be included in a typical scan session.

Despite the wide use of calibrated fMRI, the fundamental accuracy of the CO2-calibrated BOLD model remains to be validated under different conditions (Hoge, 2012; Blockley et al., 2015; Chen, 2019). While the basic principle of CVR involvement in the BOLD response remains valid, the extent to which different vascular compartments are involved, and the resultant BOLD signal evolution, continue to be refined using electrophysiological recordings (Shmuel et al., 2006; Liu et al., 2010; Sanganahalli et al., 2016), near-infrared spectroscopy (Boas et al., 2003; Gagnon et al., 2012), and two-photon microscopy (Gagnon et al., 2016). In the latter work, the interpretation of the Davis model and the calibration process is revised using microscopy-informed Monte Carlo simulations of the BOLD signal. In rs-fMRI, the desire to isolate the neuronal from the vascular fluctuations has led to the involvement of electroencephalography (EEG) (Chang et al., 2013; Liu et al., 2014) and glucose positron emission tomography (PET) (Thompson et al., 2016). While the approach of normalizing rs-fMRI metrics by CVR may be an oversimplification, it is a viable first step in extracting the neuronal information from fMRI alone.



CONCLUSION

Cerebrovascular reactivity is important for the interpretation of both task-based and resting-state fMRI results. The need to incorporate CVR into fMRI data interpretation is increasingly recognized, but more accessible ways of mapping CVR are necessary for wide adoption.
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Background: It is well-established that what is good for the heart is good for the brain. Vascular factors such as hypertension, diabetes, and high cholesterol, and genetic factors such as the apolipoprotein E4 allele increase the risk of developing both cardiovascular disease and dementia. However, the mechanisms underlying the heart–brain association remain unclear. Recent evidence suggests that impairments in vascular phenotypes and cerebrovascular reactivity (CVR) may play an important role in cognitive decline. The Heart and Brain Study combines state-of-the-art vascular ultrasound, cerebrovascular magnetic resonance imaging (MRI) and cognitive testing in participants of the long-running Whitehall II Imaging cohort to examine these processes together. This paper describes the study protocol, data pre-processing and overarching objectives.

Methods and Design: The 775 participants of the Whitehall II Imaging cohort, aged 65 years or older in 2019, have received clinical and vascular risk assessments at 5-year-intervals since 1985, as well as a 3T brain MRI scan and neuropsychological tests between 2012 and 2016 (Whitehall II Wave MRI-1). Approximately 25% of this cohort are selected for the Heart and Brain Study, which involves a single testing session at the University of Oxford (Wave MRI-2). Between 2019 and 2023, participants will undergo ultrasound scans of the ascending aorta and common carotid arteries, measures of central and peripheral blood pressure, and 3T MRI scans to measure CVR in response to 5% carbon dioxide in air, vessel-selective cerebral blood flow (CBF), and cerebrovascular lesions. The structural and diffusion MRI scans and neuropsychological battery conducted at Wave MRI-1 will also be repeated. Using this extensive life-course data, the Heart and Brain Study will examine how 30-year trajectories of vascular risk throughout midlife (40–70 years) affect vascular phenotypes, cerebrovascular health, longitudinal brain atrophy and cognitive decline at older ages.

Discussion: The study will generate one of the most comprehensive datasets to examine the longitudinal determinants of the heart–brain association. It will evaluate novel physiological processes in order to describe the optimal window for managing vascular risk in order to delay cognitive decline. Ultimately, the Heart and Brain Study will inform strategies to identify at-risk individuals for targeted interventions to prevent or delay dementia.

Keywords: ageing, MRI, cerebrovascular reactivity, cognition, dementia prevention, longitudinal cohort, ultrasound, heart-brain


INTRODUCTION

The majority of dementia patients have cardiovascular co-morbidities, and dementia and cardiovascular diseases share many risk factors (Poblador-Plou et al., 2014). These include vascular factors such as high blood pressure, high cholesterol, smoking, diabetes, and physical inactivity, as well as genetic factors, such as carrying the APOE4 allele (Qiu and Fratiglioni, 2015). Vascular risk is potentially treatable, and managing it alongside other modifiable lifestyle factors could prevent an estimated 40% of dementia cases (Livingston et al., 2020). Prevention on this scale would substantially improve quality of life for a society which in the next 50 years is predicted to see a near tripling in the prevalence of dementia (Patterson, 2018). However, maximizing such dementia prevention efforts requires an understanding of (1) how and (2) when in the lifespan vascular risk factors affect brain and cognitive health, and (3) who is most likely to benefit from preventative interventions. The Heart and Brain Study combines detailed vascular phenotyping and state-of-the-art magnetic resonance imaging (MRI) of the brain in a longitudinal prospective ageing cohort to investigate these questions with three overarching objectives.

The first objective is to examine the emerging role of cerebrovascular regulation in the pathway from vascular risk to cognitive decline. Impairments in cerebrovascular reactivity (CVR) have a well-established role in vascular dementia but growing evidence suggests that CVR can contribute to cognitive decline and Alzheimer’s disease (Cantin et al., 2011; Yezhuvath et al., 2012). CVR is the ability of the cerebral blood vessels to modulate their vasomotor tone to optimize cerebral perfusion in response to a physiological challenge. This process is essential for maintaining stable brain oxygenation and is a marker of the brain’s vascular reserve; higher CVR reflects better cerebrovascular health (Glodzik et al., 2013). Impairments in CVR can, over time, result in cerebral hyper- or hypoperfusion, with the latter being a well-established mechanism in the dementia pathway, occurring years before the appearance of clinical symptoms (Iturria-Medina et al., 2016). Studies have reported reduced CVR in mouse models of Alzheimer’s disease (Nicolakakis et al., 2008), in Alzheimer’s and vascular dementia (Coleman and Flood, 1987; Cantin et al., 2011; Yezhuvath et al., 2012; Gao et al., 2013; Alwatban et al., 2019), and individuals with established dementia co-morbidities such as stroke, hypertension, and diabetes (Troisi et al., 1998; Petrica et al., 2007; Thrippleton et al., 2017). CVR therefore stands to be a powerful early biomarker of dementia, even preceding established MRI biomarkers such as hippocampal atrophy. However, there are still substantial limitations in our understanding of this process. Most CVR imaging studies have utilized either positron emission tomography, which is expensive and exposes participants to ionizing radiation, or transcranial doppler which lacks spatial resolution and limits an understanding of regional variations in CVR (Silvestrini et al., 2006; Vicenzini et al., 2007; Gao et al., 2013; Catchlove et al., 2018). In addition, studies vary in the choice of vasodilators used to elicit the CVR response; with recent reviews suggesting that stimuli such as acetazolamide, breath-holding, and re-breathing may not be as robust or reproducible as the use of carbon dioxide (CO2)-enriched air (Fierstra et al., 2013). There have also been calls to assess the tolerability of and compliance with hypercapnia fMRI challenges in elderly and at-risk populations (Moreton et al., 2016). Further, while there is promising evidence supporting a role for CVR in cognitive impairment, we currently lack an understanding of the relationship between CVR and (a) circulatory disturbances in the blood vessels supplying the brain such as the aorta and carotid arteries, (b) other cerebrovascular anomalies such as changes in cerebral blood flow (CBF) and vascular lesions, and (c) longitudinal brain morphology and microstructure. Examining these processes together would provide insights into how alterations in system haemodynamics can affect the brain’s delicate microvasculature. The Heart and Brain Study uses the latest advances in non-invasive and spatially sensitive blood oxygen level dependent (BOLD) fMRI to measure CVR in response to a 5% CO2 stimulus in order to overcome these methodological limitations and address the gaps in our current understanding.

The second objective of this study is to further understand the temporal dynamics of dementia risk factors. Risk factors have been shown to have different effects across the life course. For instance, while mid-life cholesterol, blood pressure and obesity are associated with higher dementia incidence, later-life measures of these risk factors are associated with a lower incidence of dementia (Martín-Ponce et al., 2010). This is interesting as it suggests that risk factors may also have age-specific effects on the underlying cerebrovascular anomalies, possibly depending on whether the factors have been assessed before or during the preclinical stage of dementia. Indeed, we have previously shown age effects of vascular risk factors on grey matter (GM) volume, white matter (WM) microstructure (Zsoldos et al., 2020), cerebral perfusion (Suri et al., 2019) and clinical dementia (Singh-Manoux et al., 2017). However, there is an evident lack of longitudinal neuroimaging studies which assess the age-specific effects of dementia risk on CVR and other measures of cerebrovascular ageing. The Heart and Brain Study will investigate these age-specific effects by recruiting participants from the longitudinal Whitehall II Imaging Study, who have already received detailed clinical follow-ups every 5 years starting from mean age 47.8 years (at Wave 3), as well as a multi-modal brain MRI scan and neuropsychological tests at mean age 70 years (2012–2016) (Marmot and Brunner, 2005; Filippini et al., 2014). By capitalizing on this uniquely comprehensive dataset, the study will examine the association of 30-year antecedent trajectories of vascular risk with cerebrovascular regulation and cognitive decline in older age.

Third, on the question of personalised interventions, it has been shown that lifestyle modifications may be more beneficial for APOE4-carriers than non-carriers, however, the reasons for this remain unclear (Brown et al., 2012; Gardener et al., 2015). Interestingly, both younger (Suri et al., 2014a) and older (Hajjar et al., 2015; Wolters et al., 2016). APOE4 carriers have been shown to have lower CVR than non-carriers. This is important because impairments in CVR are likely reversible through exercise interventions (Ivey et al., 2011; Murrell et al., 2013), statins (Forteza et al., 2012), and acetylcholinesterase inhibitors such as galantamine and donepezil (Rosengarten et al., 2006; Bar et al., 2007), the latter being established treatments for Alzheimer’s disease. This evidence (albeit preliminary) positions CVR as a promising early marker for identifying at-risk individuals eligible for targeted interventions, and as a relevant surrogate endpoint in clinical trials. This study will therefore examine whether associations between CVR, vascular risk and cognitive impairment are moderated by the presence of the APOE4 risk allele.

In this paper, we describe the design, organisation, and participant inclusion criteria for the Heart and Brain Study. We present the protocols for acquisition and pre-processing of vascular measurements, MRI scans, and cognitive and mental health assessments. We discuss preliminary findings on the feasibility of hypercapnia fMRI and describe the key hypotheses for the study.



METHODS AND ANALYSIS


Study Design

Participants of the Heart and Brain Study are selected from the Whitehall II Imaging Sub-study cohort (Filippini et al., 2014). This cohort comprises 775 retired British civil servants who received multi-modal brain structural and functional MRI scans as well as a detailed battery of cognitive tests and mental health assessments between April 2012 and December 2016 at the Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB), now part of the Wellcome Centre for Integrative Neuroimaging (WIN), University of Oxford. Cohort participants have also undergone repeated longitudinal clinical and cognitive testing since 1985, across 13 Waves of the parent Whitehall II Study at University College London (Marmot and Brunner, 2005). A description of the longitudinal study design and measures collected at the Waves which included clinical follow-ups are provided in Figure 1. The Heart and Brain Study will recruit 200 participants from the Wave MRI-1 cohort for a follow-up visit at the Oxford Centre for Human Brain Activity (OHBA) within the WIN. For consistency, the Whitehall II Imaging Sub-study and the Heart and Brain Study waves will be referred to as “Wave MRI-1 (2012–2016)” and “Wave MRI-2 (2019–2023),” respectively.
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FIGURE 1. Study and cohort design. Clinical and vascular risk information was collected at the seven out of 13 waves of the Whitehall II Study, marked in black. APOE genotyping was performed at Wave 7. Brain MRI and cognitive assessments were collected at Wave MRI-1 (Whitehall II Imaging Sub-study), marked in green. A sub-set of the MRI and cognitive protocol are repeated at Wave MRI-2 (Heart and Brain Study), with novel cerebrovascular MRI and vascular ultrasound scans, marked in orange. *Indicates waves that are in progress at the time of publication.


The testing protocol for the Heart and Brain Study consists of a single 3-h session comprising a 45-min MRI scan, 1 h of physiological and vascular measurements, 1 h of cognitive tests, and a self-administered health questionnaire that is completed at home in the week prior to the testing appointment (Table 1).


TABLE 1. Assessments for the Whitehall II Imaging Sub-study (Wave MRI-1) and Heart and Brain Study (Wave MRI-2).
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Due to an MRI scanner upgrade two-thirds of the way through Wave MRI-1, two scanners were used for the baseline scans: a 3T Siemens Magnetom Verio scanner with a 32-channel head coil (n = 552, April 2012–December 2014) and a 3T Siemens Prisma Scanner with a 64-channel head-neck coil, both at the FMRIB Centre, Oxford (n = 223, July 2015–December 2016) (Filippini et al., 2014). Wave MRI-2 is conducted on a 3T Prisma scanner at the OHBA Centre, Oxford. All core imaging sequences have been matched as closely as possible between scanners and are described in Table 2.


TABLE 2. Acquisition parameters of the core MRI sequences at Waves MRI-1 and MRI-2.
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The study design was informed by Patient and Public Involvement (PPI), with a focus group of 5 participants including dementia support workers, patients, and carers. The study was piloted between July to September 2018, with 6 participants aged >65 years old, recruited through the Oxford Dementia and Ageing Research (OxDARE)1 database and mailing lists (CUREC Ethics Reference for pilot study: R58145). The PPI focus group and pilot were used to determine testing duration, feasibility and the protocols for the hypercapnic stimulus challenge.



Selection of Participants

Postal invitations were sent to all 775 participants between July and October 2019. All participants undergo a telephone screening before their visit, during which exclusion criteria are evaluated, including contraindications to MRI (e.g., pacemaker, claustrophobia), respiratory contraindications which may affect their ability to perform a hypercapnic challenge (e.g., severe asthma, chronic obstructive pulmonary disease), and a clinical diagnosis of dementia.

Of the selection pool of 775, participants are excluded for Wave MRI-2 if they died or withdrew from the Whitehall II Study at Wave 13 or if they have gross incidental findings such as large strokes, tumours or cysts on their MRI-1 scan. Participants are prioritised for recruitment to Wave MRI-2 if they have complete information for key variables of interest in this study (APOE genotype, midlife vascular risk information at Waves 3 or 5, and complete T1-weighted, diffusion tensor imaging (DTI) and FLAIR scans at Wave MRI-1). Participants are also prioritised for recruitment if they were scanned on the Verio scanner at Wave MRI-1, as the Verio pool (a) received their baseline scans earlier on, allowing greater time to follow up, and (b) is larger, allowing us to reach the study’s initial target of N = 200.

Due to the COVID-19 pandemic, the Heart and Brain Study was temporarily paused in March 2020 after recruiting 22 participants. Analysis protocols developed with this data are presented in the following sections. The study will resume when risk assessments in line with national pandemic guidelines in the United Kingdom indicate it is safe to do so.



Midlife Vascular and Genetic Risk for Dementia

Midlife vascular risk is assessed using composite risk scores calculated at Waves 3–11. Scores such as the Framingham Cardiovascular Disease Risk Score (FRS, comprising age, sex, body mass index (BMI), systolic blood pressure, total and HDL cholesterol, diabetes, smoking, antihypertensive treatment) (D’Agostino et al., 2008) and the CAIDE Dementia Risk Score (comprising age, sex, education, total cholesterol, BMI, systolic blood pressure, and physical activity) are used (Kivipelto et al., 2006). Both risk scores combine known risk factors for dementia and have been shown to predict cognitive decline and dementia within the Whitehall II cohort (Kaffashian et al., 2011) and other cohorts (Exalto et al., 2014). At Wave 3, approximately 29% and 34% of the MRI-1 cohort are classed as having moderate-to-high cardiovascular risk (FRS ≥ 10) and modifiable dementia risk (CAIDE ≥ 6), respectively.

Genetic risk is assessed as presence of the APOE4 allele, the best-established genetic risk variant for late-onset Alzheimer’s disease. APOE genotyping was performed at Wave 7 of the Whitehall II Study and the procedure has been described in detail elsewhere (Filippini et al., 2014). Of in the Wave MRI-1 cohort, 663 out of 775 participants have available APOE genotype information, 24.8% (157/633) are APOE4-carriers (defined as ε3ε4 or ε4ε4), 73.3 % are non-carriers (defined as ε3ε3, ε2ε3, and ε2ε2), and 1.8% are ε2ε4 carriers.



3T Brain MRI

Magnetic resonance imaging scans for the Heart and Brain Study are acquired using a 3T Siemens Prisma scanner at the OHBA. Scans are processed using FMRIB Software Library (FSL) (Jenkinson et al., 2012) and FreeSurfer (Fischl et al., 2002; Reuter et al., 2012), and visually inspected in FSLeyes (McCarthy, 2020), with reference to pipelines adapted from the Whitehall II Imaging Sub-study and the UK Biobank Study (Alfaro-Almagro et al., 2018)2. To reduce spatial distortions, a gradient distortion correction (GDC) is applied to scans3 using a proprietary Siemens data file that describes gradient non-linearities. To protect participant anonymity, all high-resolution scans are “defaced” to remove the eyes, nose, mouth and ears using the “fsl_deface” tool. Image acquisition parameters at Waves MRI-1 and MRI-2 are presented in Table 2.


Structural Imaging


T1-weighted imaging

T1 scans provide information about tissue morphology and volumes and are an essential step in the processing of almost all other MRI modalities. A 1 mm isotropic 3D MPRAGE scan is acquired using the “pre-scan normalise” option to perform partial bias field correction during acquisition (van der Kouwe et al., 2008). At both the MRI-1 and MRI-2 waves, GDC-corrected and defaced images are re-oriented to MNI152 space, cropped to reduce the amount of non-brain tissue, bias-field corrected, registered to the 1 mm standard MNI152 space using non-linear registration, and brain-extracted using the inverse of the MNI152 alignment warp to generate a brain-extracted T1. All of the above is performed using the automated FSL-ANAT tool. The pre-processed images are then segmented to produce partial volumes for total GM, WM, cerebrospinal fluid (CSF), and sub-cortical regions. Subsequently, volumes can be extracted in mm3 and normalised as percentages of total brain (GM+WM) volume and total intracranial volume (GM + WM + CSF). As the T1 acquisitions at Wave MRI-2 have brighter carotid arteries than those at MRI-1, we perform an additional “intensity clipping” step for harmonization. Briefly, we create a custom brain mask that excludes these arteries before estimating regional and local volumes.

To investigate longitudinal atrophy between Waves MRI-1 and MRI-2, established pipelines which incorporate additional temporal information will be used. These include the FreeSurfer Longitudinal Pipeline (Reuter et al., 2012), which estimates reliable changes in volume and thickness for cortical and subcortical regions; the FSL-SIENA tool which estimates percentage brain volume change between two time points (Smith et al., 2002), and the modified voxel-based morphometry pipeline to assess voxel-wise microstructural changes (Chételat et al., 2005).



Diffusion tensor imaging

Diffusion tensor imaging is sensitive to the anisotropic diffusion of water within the axon, i.e., the diffusion is unrestricted along the axon, but hindered perpendicularly due to the myelin sheath. The directionality and magnitude of water diffusion is quantified by DTI-derived metrics such as fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD). Decreases in FA alongside increases in diffusivity are well-established measures of WM impairments in dementia (Suri et al., 2014b).

Diffusion tensor imaging scans are processed as described for Wave MRI-1 and the UK Biobank Study. Briefly, scans are analysed using the FMRIB diffusion toolbox (Smith et al., 2006), which performs susceptibility-induced distortion correction using FSL-TOPUP, brain extraction on the distortion-corrected B0 image using FSL-BET, and motion and eddy current correction using FSL-EDDY (Behrens et al., 2003). A single reverse (posterior-to-anterior) phase-encoding non-diffusion weighted (b-value = 0 s/mm2) volume is acquired, to generate appropriate fieldmaps for the “topup” tool. The resulting aligned and distortion corrected diffusion images are fed into “dtifit”, which fits a diffusion tensor model at each voxel and produces FA and diffusivity maps. These maps are then entered into the TBSS pipeline to perform microstructural analysis across subjects. FA maps are aligned to standard FMRIB58_FA space using FNIRT and thinned to create a mean FA skeleton representing the centres of all WM tracts common to the group. This is then repeated for MD, RD and AD. Measures of global FA, MD, RD and AD can then be extracted from the mean skeleton, and the respective subject-specific spatial maps can be concatenated and entered into voxel-wise statistics using the FSL-randomise tool.



Cerebrovascular Imaging


Cerebrovascular reactivity

In this study, CO2-CVR is measured as the compensatory change in the BOLD signal in response to a 5% CO2 challenge. The respiratory paradigm consists of 60 s of air followed by two 75 s blocks of hypercapnia interleaved with two 75 s blocks of air. Multi-band BOLD fMRI scans are acquired every 800 ms during the respiratory challenge (see Table 2 for acquisition parameters). Participants are asked to lie still with their eyes open, and to breathe normally during the scan as both posture (Favre et al., 2020) and eye opening (Peng et al., 2013) have been shown to affect the BOLD response.

Inspired gases are delivered to a face mask at a rate of 15 L/min via a unidirectional breathing circuit designed in-house at the University of Oxford using parts from Intersurgical Ltd., Wokingham, United Kingdom (Figure 2). A gas analyser (ML206, ADInstruments, New Zealand) and data acquisition system (PowerLab 4/35, ADInstruments, New Zealand) are connected to the face mask via a sampling line and used to obtain continuous recordings of inspired and expired oxygen and CO2 concentration throughout the scan. This produces a full respiratory trace from which end-tidal values are subsequently obtained.
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FIGURE 2. Breathing circuit for the CO2-CVR respiratory paradigm, and the corresponding product identification numbers from Intersurgical Ltd., Wokingham, United Kingdom.


The gas delivery system consists of a cylinder of synthetic medical air (191-J, BOC Limited, United Kingdom) and one of 5% CO2 in medical air (299034-L-PC, BOC Limited, United Kingdom), each fitted with a pressure regulator (Gasarc Tech-Master, ESAB, United Kingdom) and connected to a variable area flow meter (99-0377, The Gas Safety Co, United Kingdom) via a solenoid valve (Type 6013, Bürkert, Germany). The valves are operated by an automated valve controller designed in-house, programmed with the respiratory paradigm, and triggered directly by the MRI scanner. From the flow meters, the gases are piped into the breathing circuit shown in Figure 2.

The breathing circuit consists of a disposable anaesthetic face mask placed over the participant’s mouth and nose and fastened with a harness. The mask is connected to a disposable elbow piece with a sampling port linked to the data acquisition system, allowing gas concentrations to be measured continuously. The elbow piece also connects to a disposable T-piece, with a one-way outlet valve on one leg (providing an unimpeded path for expired air) and a one-way inlet valve on the other leg (supplying the inspired gas). A medical grade breathing filter is placed at the junction of the disposable circuitry and the fixtures, to prevent cross-contamination of the fixtures. The circuit is open to room air via an additional length of tubing that serves as a gas reservoir. This guarantees that participants are safely able to continue breathing if the gas flow is unexpectedly interrupted or insufficient.

In order to familiarize participants with the hypercapnia challenge and check for leaks in the breathing circuit, we briefly deliver the gases to participants for a test period before they enter the MRI scanner. Leaks at the mask-face interface identified via the capnometry trace are plugged with additional rubber fittings if needed. During the scan, heart rate, and respiratory effort are monitored non-invasively using a pulse plethysmograph and chest belt. The participant’s respiratory trace is observed for indications of stress, and they are provided with a buzzer to request immediate removal from the scanner at any point.

Figure 3 describes the data analysis for a single participant. Each participant’s respiratory trace is processed using an in-house MATLAB script (Bulte et al., 2012; Suri et al., 2014a) which extracts the end-tidal CO2 (EtCO2) values, then interpolates, trims, shifts and resamples the data to align with the BOLD time course and TR. This produces one EtCO2 value per fMRI volume. These data are then normalised to use as a regressor. The raw fMRI data is processed with FSL-FEAT, which performs motion correction, brain extraction, spatial smoothing (here, using a kernel of 4 mm), high-pass temporal filtering (here, using a cut-off 210 Hz, representing one 60s baseline block + one 75s hypercapnia block + one 75s normocapnia block), and distortion correction using fieldmaps processed with the “fsl_prepare_fieldmap” tool. The normalised EtCO2 values are entered as explanatory variables in FEAT, which uses general linear modelling to fit the experimental design to the associated BOLD time-course. This ultimately highlights the brain regions which show a response to the hypercapnic stimulus. For each subject, mean CVR is then extracted from regions of interest using Featquery, and expressed as the percentage change in BOLD signal per mmHg change in EtCO2 (%BOLD/ΔEtCO2 mmHg), where the total change in EtCO2 is the difference between the mean baseline value and the mean of the maximum change in the two hypercapnic periods. The processed fMRI images can also be registered to standard MNI152 space and submitted for cross-subject voxel-wise statistics using higher-level FEAT analyses.
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FIGURE 3. Analysis of CVR scans. (A) The 6-min end-tidal CO2 (EtCO2) capnometry trace for a Heart and Brain Study participant. Each blue peak represents one breath and the red line follows the EtCO2 at expiration, resampled at the TR. Participants inhaled either normocapnic air (0.04% CO2) or air mixed with 5% CO2 through a face mask. For the first 60 s participants inhaled air, followed by two alternating 75 s blocks of 5% CO2 in air, and air. MRI data was collected from 0s. (B) Normalised and averaged EtCO2 at each TR, used as an explanatory variable in fMRI analysis. (C) Thresholded activation images, showing a BOLD signal change during the hypercapnia blocks relative to air. Red to yellow colours represent 3.1 < z-statistic < 26.8.




Feasibility and tolerability of CO2-CVR scan

Immediately after their MRI scan, participants complete a questionnaire to rate their experience of breathlessness, anxiety, claustrophobia and discomfort during the respiratory paradigm on a scale of 0–10 (0–3 low discomfort, 4–7: moderate discomfort, 8–10: severe discomfort). The full questionnaire is presented in the Supplementary Materials and was developed together with the Imaging Cerebral Physiology Network4. Of the 22 participants scanned thus far, one participant did not complete the questionnaire due to time constraints, and responses from the remaining 21 participants are presented in Figure 4. Overall, 24% (5/21) of participants noticed when they were breathing different gases, but only 5% (1/21) noticed a change in smell or taste. In an open-ended question about the least comfortable part of the CVR scan, 43% (9/21) participants mentioned general scanner-related sources of discomfort such as scanner noise and difficulty lying still or staying awake, 43% (9/21) participants mentioned feeling restricted or breathless due to the mask and gases, and 14% (3/21) stated that they experienced no discomfort. Importantly, when asked whether they would be willing to participate in a similar study again, 90% (19/21) said “Yes”, 1 participant said “Maybe” and only 1 answered “No”, due to mask-related claustrophobia. Taken together these responses suggest that a 6-min respiratory paradigm with a 5% CO2 challenge is generally well-tolerated and feasible in adults aged > 65 years old, who have a range of risk factors for dementia.
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FIGURE 4. Tolerability of the CO2-CVR scan. Plots show responses from 21 participants of the Heart and Brain Study stating (A) the level of discomfort (rated from 0 to 10) related to the different symptoms during a 5% CO2 challenge and (B) the willingness to participate in a similar respiratory-calibrated MRI study again. Responses suggest that a 6-minute respiratory paradigm with a 5% CO2 challenge is generally well-tolerated and feasible in older adults.




Vessel-encoded cerebral perfusion (pseudocontinuous arterial spin labelling)

Cerebral blood flow is typically measured non-invasively using pseudocontinuous arterial spin labelling (pCASL), which quantifies total perfusion as the rate of delivery of arterial blood to brain tissue (millilitres of blood per 100 g of tissue per minute) (Alsop et al., 2015). Recent advances in pCASL imaging offer additional vessel-specificity, so that in addition to obtaining measures of total CBF, we can also image and quantify perfusion from each of the four major arteries supplying the brain, viz. the right and left internal carotid arteries and vertebral arteries. Vessel-encoded pCASL has the added advantage of assessing (a) variations in vascular territories in individuals with differing dementia risk (b) compensatory collateral flow as a result of underlying vascular disease, which is not otherwise possible with pCASL scans of total cerebral perfusion (Okell et al., 2013; Jezzard et al., 2017). Vessel-encoded scans also provide more accurate perfusion estimates in cases where there is mixed blood supply, and the arterial arrival time from each artery differs.

We acquire a multi post-labelling delay (PLD) vessel-encoded pCASL scan with a labelling duration of 1.4 s, and 7 PLDs (0.25, 0.50, 0.75, 1.0, 1.25, 1.5, and 1.75 s) with two averages of 8 vessel-encoding cycles at each PLD (i.e., 7 PLDs × 8 encoding cycles × 2 averages for each PLD/encoding pair = 112 volumes). A 3D multi-slab time-of-flight sequence is acquired immediately prior to the pCASL scan to enable localisation of the labelling plane and vessels. The four arteries are labelled in different combinations during acquisition, as described previously (Okell et al., 2013), and the contribution of each artery to the resulting signal is decoded in post-processing using the VEASL tool within the BASIL (Bayesian Inference for Arterial Spin Labelling) toolkit (Chappell et al., 2009, 2010, 2012). BASIL uses a variational Bayes approach to perform a nonlinear fit of the general kinetic model to the pCASL data for all voxels in the brain. One M0 calibration scan is acquired to calibrate the pCASL perfusion-weighted signal by estimating the equilibrium magnetization of blood, and a single reverse phase-encoded (P >> A) calibration scan with the same parameters is acquired for distortion correction using the FSL “topup” tool (Andersson et al., 2003). The analysis of vessel-encoded pCASL data is similar to that of pCASL scans (Suri et al., 2019) with an additional step to decode the vessel contributions after pre-processing, and fitting the kinetic model to each vessel component separately. The vessel decoding process has been described in detail previously (Chappell et al., 2010; Okell et al., 2013).

Figure 5 displays the vessel-encoded pCASL output from a single participant at Wave MRI-2. A file containing the X and Y coordinates of the initial locations of the four encoded vessels is generated from the DICOM perfusion data. Raw scans are acquired using the “Pre-scan normalise” option and pre-processed using the “oxasl” tool, with which the images are averaged, decoded, and used to generate artery-specific perfusion maps. Recommended fixed values for T1 of tissue (1.3s) and blood (1.65s) are used (Alsop et al., 2015). The arterial transit time for each feeding artery is estimated voxel-wise from the data assuming a prior mean of 1.3 s, as per previous studies (Okell et al., 2013; Harston et al., 2017). A weighted whole-brain arterial transit time map is calculated can then be calculated as described previously and used for cross-subject voxel-wise statistics (Okell et al., 2013). Slice timing correction (an increase in PLD of 0.0452s per slice) is applied (Groves et al., 2009). The T1 scans are used to automatically define the CSF in the ventricles and the calibration image is used to calculate the equilibrium magnetization of ventricle CSF in the ventricles. This is converted to the equivalent value in arterial blood (accounting for differences in proton density) and used to give perfusion values in absolute units of ml/100 g/min for each vessel. The output of the individual vessels is summed to give total cerebral perfusion in each voxel in native ASL space.
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FIGURE 5. Vessel-encoded pCASL data from a Heart and Brain Study participant. The top panel displays total cerebral perfusion in ml/100 g tissue/min across six horizontal slices in native ASL space. Warmer colours representing regions of higher perfusion. The middle panel displays perfusion from each of the four encoded vessels for a single slice (RVA, LVA: right and left vertebral arteries, RICA, LICA: right and left internal carotid arteries). The bottom panel displays combined vascular territory maps where signals from each of the four feeding arteries are summed (green: LICA, red: RICA, blue: RVA, and magenta: LVA).


To run cross-subject voxel-wise statistics, ASL scans are registered to standard MNI152 space. Partial volume effects can arise from the typically low spatial resolution of pCASL data and are a potential confounding factor given the tissue-specific kinetics (WM tends to have lower CBF and longer arrival times than GM). This can be particularly complicated in populations with age-related atrophy, thus an automatic partial volume correction will be applied (Chappell et al., 2011). This uses high-resolution partial volume estimates from the structural image to produce separate GM and WM perfusion maps in native and standard space. Results with and without partial volume correction will be analysed.



White matter hyperintensities

FLAIR scans provide information on white matter hyperintensities (WMHs), a key pathology of vascular and Alzheimer’s dementia (Wardlaw et al., 2015). Here, WMHs are quantified using the FSL-BIANCA tool, a fully automated, supervised tool for WMH segmentation, based on the k-nearest neighbour algorithm (Griffanti et al., 2016). BIANCA has been optimised on two clinical datasets, applied in healthy older adults (Griffanti et al., 2018), and trained using an openly available training dataset (“Mixed_WH-UKB_FLAIR_T1”, available at5, Bordin et al., 2020). The training dataset was generated using FLAIR, T1 and manually segmented WMH images from a sub-sample of 24 participants each from the Whitehall II Imaging Sub-study Siemens Verio 3T scanner, the Prisma 3T scanner, and 12 participants from the UK Biobank Study (Siemens Skyra 3T). Training BIANCA with this dataset reduces the variability in BIANCA performance and generates more consistent WMH measures across images acquired in different cohorts and scanners (Bordin et al., 2020).

To quantify the WMH load, we first create a WM mask in T1 space, which excludes cortical and subcortical GM (details in Griffanti et al. (2016)). This mask, together with bias-corrected and brain-extracted T1 images and T1 brain masks, is then linearly registered to FLAIR space using FLIRT. The GDC-corrected and defaced FLAIR scans are brain-extracted (by applying the registered T1 brain mask) and bias-corrected. They are then masked using the WM mask generated in the first step in order to reduce the detection of false positive hyperintensities from cortical and subcortical GM. For each subject, BIANCA is run using the masked FLAIR image, the brain-extracted T1 image and a FLAIR-to-MNI transformation matrix. This pipeline classifies voxels by their intensity and spatial features, producing a map with the probability of each voxel being a WMH. The probability maps are subsequently thresholded at 0.8 or 0.9 based on a visual assessment of WMH load (higher WMH load requires lower thresholds) and then binarized. WMH volumes are then extracted in mm3 and expressed as % of total brain volume (WM + GM) and total intracranial volume (WM + GM + CSF).



Evaluation of BIANCA performance across scanners

Although the same FLAIR sequence was used at both the MRI waves and a harmonised training dataset was used, we performed further evaluations of BIANCA to ensure that it was performing equally well on images from the scanners at MRI-1 (3T Verio) and MRI-2 (3T Prisma) (Griffanti et al., 2016). We created manually segmented WMH masks for 12 participants of the Heart and Brain Study, who had a range of WMH loads at Waves MRI-1 and MRI-2. We then measured the volumetric agreement between the total WMH volume obtained from BIANCA and manual segmentations using the intra class correlation coefficient (ICC; two-way mixed model with absolute agreement definition). BIANCA performance was also evaluated by testing the interaction between manually segmented WMH volumes (independent variable) and MRI wave on the Dice Similarity Index, DSI (dependent variable; a summary measure of overlap between manual and BIANCA segmentations). Similar regression slopes (i.e., no interaction between MRI wave and WMH volumes) and regression intercepts (i.e., no main effect of MRI wave) would indicate successful between-scanner harmonisation.

[image: image]

Overall, there was an excellent agreement between manual and BIANCA segmentations at Wave MRI-1 (ICC [95% CI] = 0.97 [0.87, 0.99]) and Wave MRI-2 (ICC [95% CI] = 0.98 [0.66, 0.99]). The volume in mm3 of WMHs was significantly higher at MRI-2 than in MRI-1, for both the manual segmentations (paired t(11) = 4.7, difference of the means [95% CI] = 2,024.1 [1,065.1–2,983.0], p < 0.001) and automatic BIANCA segmentations (t(11) = 5.1, difference of the means [95% CI] = 2,447.9 [1,396.6–3,499.2], p < 0.001). Despite the increase in the WMH load, BIANCA performed similarly across both the timepoints and scanners, as evidenced by (a) the overlapping linear regression lines at the MRI-1 and MRI-2 waves (Figure 6), (b) no main effect of MRI wave on the DSI [B(SE) = 0.012 (0.07), p = 0.85], and (c) no significant interaction between MRI Wave and WMH volumes [B(SE) = −2.5e-06 (8.9e-06), p = 0.78].
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FIGURE 6. White matter hyperintensity (WMH) lesion load. (A) Data from Heart and Brain Study participant showing automatically segmented WMH at Wave MRI-1 (2012-16, blue) and Wave MRI-2 (2019-23, red), using BIANCA. Yellow arrows indicate regions with noticeable increases in WMH between the two waves. (B) Scatter plot of BIANCA performance for 12 subjects, demonstrating that BIANCA performs similarly across the two timepoints. The Dice Similarity Index and manually segmented WMH load (mm3) are plotted on the Y and X axes, respectively.




Cerebral venous oxygenation

Venous oxygenation is the fraction of oxygenated haemoglobin in the venous blood. Measurements of venous oxygenation will be used to estimate the global oxygen extraction fraction (OEF) and global cerebral metabolic rate of oxygen consumption (CMRO2) which are key determinants of the BOLD signal. Here, we use T2-Relaxation-Under-Spin-Tagging (TRUST) MRI scans to non-invasively quantify blood oxygenation in the brain, and the theoretical frameword for this sequence has been described in detail elsewhere (Lu and Ge, 2008; Xu et al., 2012; Jiang et al., 2018). The pulse sequence of this scan is based on the pulsed ASL technique. The labelling slab is placed above the imaging slice to label venous blood. The PLD is optimised to allow sufficient blood to be delivered to a slice placed perpendicular to the sagittal sinus.

Scans are processed using in-house MATLAB scripts, which perform motion correction and pair-wise subtraction of the control and label images. A region of interest is drawn around the superior sagittal sinus, within which four voxels with the highest blood signals (according to the difference signals) are selected. The spatial average signal from these voxels is then fitted to an exponential function of the effective echo time to calculate blood R2 (transverse relaxation rate) assuming the T1 of blood as 1,624 ms. Venous oxygenation is then estimated from the blood R2 using a calibration curve and assuming haematocrit = 0.42, as described previously (Xu et al., 2012). OEF is expressed as a percentage (%) of the oxygen in arterial blood extracted to serve oxidative metabolism.



Cardiometabolic Measurements

Following a brief period of rest, participants receive measurements of body mass index (BMI) and blood pressure.


Body Mass Index

Height (cm) and weight (kg) are measured to derive BMI as weight/height2.



Peripheral Pressure

Peripheral blood pressure is measured using an automated sphygmomanometer, while the participant is seated (OMRON HEM-907; OMRON Healthcare UK Ltd., Milton Keynes). Two measurements each of pulse rate, systolic pressure (SBP) and diastolic pressure (DBP) are made from the right arm and averaged. Pulse pressure is derived as SBP – DBP and mean arterial pressure as ([SBP] + 2[DBP])/3.



Central Blood Pressure

Pulse wave analysis (PWA) is used to estimate central blood pressure at the level of the aorta. For this technique, a tonometer (SphygmoCor MM3, AtCor Medical, Australia) is used to record a peripheral pressure waveform from the right radial artery, while the participant is seated. The peripheral pressure waveform is used with a generalised transfer function to derive aortic SBP, pulse pressure and other PWA parameters (Pauca et al., 2001). Consistency of the waveform is assessed during acquisition, and recordings are repeated if quality control criteria (i.e., operator index ≥ 80) are not met.



Vascular Sonography

Long-term exposure to vascular risk can progressively stiffen the aorta and other elastic arteries. The aorta branches into the common carotid artery, which in turn bifurcates in the neck to form the internal and external carotid arteries (which supply the brain and rest of head, respectively). Here, ultrasound scans are performed of the ascending aorta and left and right common carotid arteries to qualify and quantify large artery phenotypes such as vessel stiffness, thickness and wave transmission. Scans are performed on a GE VIVID 7 system, in a room with dimmed lighting. Participants are allowed 10 min of rest prior to the scan and ECG traces are recorded concomitantly with the ultrasound acquisitions.


Left and Right Common Carotid Arteries

Measurements are performed using an M12L linear array transducer (centre frequency 14.0 MHz) while participants are rested in the supine position. First, longitudinal B-mode images of the common carotid artery are taken in the ear-to-ear plane at a location 1–2 cm proximal to the carotid bifurcation. Carotid wall motion is tracked for ∼20–30 heart beats and saved as a DICOM file in order to allow offline calculation of vessel diameter, compliance, distensibility, and β stiffness index using specialist software (CaroLab 5.0, Zahnd et al., 2019). Next, duplex Doppler images are taken in the same location for a further 20–30 heartbeats, with the beam insonation angle maintained ≤60° in order to allow the estimation of the blood velocity waveform (Figure 7), from which the volumetric blood flow can be estimated using the measured diameter.
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FIGURE 7. Vascular duplex sonography scan of the left carotid artery showing the longitudinal image of the artery (top) and the corresponding Doppler pulse wave velocity trace (bottom).


Using custom-designed algorithms (Negoita et al., 2018a) using MATLAB, R2019B, The MathWorks, MA), local carotid artery wave speed (c) and wave intensity (WI) are then determined in order to provide further insights into vessel stiffness and to characterise differences in wave transmission to-and-from the cerebral circulation. Full details of these techniques and their clinical applicability have been published elsewhere (Sugawara et al., 2009; Borlotti et al., 2012). In brief, WI analysis provides a non-invasive measure of the net energy density flux carried by forward- and backward-travelling waves within the arterial system. During each cardiac cycle, left ventricular contraction results in the generation of a large forward-travelling compression wave (FCW) during early systole which causes blood velocity and pressure to increase in tandem. Shortly afterwards, a reflected backwards-travelling compression wave (BCW) is commonly apparent during mid-systole, resulting in a slowing of velocity while continuing to increase pressure. Finally, a forward-travelling expansion wave (FEW) generated by the onset of left ventricular relaxation is observed at the end of systole. Here, the FCW and BCW will be our primary WI outcomes of interest, as these have been shown to provide information on risk of cognitive decline and cerebrovascular vasomotor tone, respectively (Bleasdale et al., 2003; Chiesa et al., 2019).

The non-invasive determination of the local wave speed (c) can be expressed as previously described (Feng and Khir, 2010):
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where dlnD and dU represent simultaneous logarithmic changes in vessel diameter and change in blood flow velocity, respectively. The local wave speed (c) which – assuming that reflected waves are absent during the earliest part of systole – can be calculated from the slope of the initial linear part of a lnDU loop.

The net WI waveform (dI) waveform can be calculated as,
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The net WI can be further separated into its forward (+) and backward (−) travelling components using the equation:

[image: image]

where +/− indicate forward and backward travelling direction of the wave.



Ascending Aortic Artery

In addition to common carotid arteries, similar measurements are also recorded from the ascending aorta using a 7S array transducer (frequency 6.0 MHz), while the participant is in the left lateral decubitus position. First, ∼20–30 heartbeats of continuous M-mode data are measured in the parasternal long axis view in order to visualise changes in vessel diameter over time, from which vessel distensibility can be calculated. Subsequently, blood velocity is measured over a similar timeframe in the apical five-chamber view using pulse-wave Doppler, and custom-built MATLAB algorithms are once again employed to trace the velocity waveform. The velocity and diameter waveforms are then used to calculate local wave speed and WI, as previously shown in the ascending aorta (Negoita et al., 2018b).



Cognitive Battery

In order to evaluate longitudinal change in cognitive performance between the two MRI waves, a subset of the same tests used at Wave MRI-1 are administered in the same order at Wave MRI-2. The tests have been extensively validated and shown to be sensitive to cognitive impairment.


Montreal Cognitive Assessment

A 30-point cognitive screening test assessing visuo-spatial abilities (4 points), short-term memory (5 points), executive function (3 points), attention and working memory (6 points), language and phonemic fluency (6 points), and orientation (6 points). Participants receive an additional point if they have fewer than 12 years of full-time education (Nasreddine et al., 2005).



Trail Making Test Versions A and B

An executive function and processing speed task where participants connect a series of 25 circles first in ascending numerical order (TMT-A) and then in alternating alphabetical and numerical order (TMT-B) (Lezak et al., 2004).



The Hopkins Verbal Learning Test-Revised

A verbal learning and episodic memory task where participants learn twelve words over three trials and recall and recognise them immediately and after a delay of 30–45 min (Brandt, 1991).



Digit Span Test, From Wechsler’s Adult Intelligence Scale

A working memory task where participants immediately recall a list of numbers read to them in the forwards, backwards and ascending order. The number of digits in each sequence gradually increases until the participant fails or reaches a maximum score (Wechsler et al., 2008).



Category Fluency Test, From Addenbrooke’s Cognitive Examination Revised

A semantic memory task where participants list as many animals as possible within 60 s (Mioshi et al., 2006).



Rey Complex Figure Test and Recognition Trial

A visuo-spatial memory, working memory, planning and attention task, where participants copy and then recall a complex geometric diagram immediately and after a delay of 30–45 min (Meyers and Meyers, 1995).



Boston Naming Test

A semantic memory task, where participants name a series of 60 images of increasing difficulty (Kaplan et al., 1983).



Digit Coding Test, From the Wechsler Adult Intelligence Scale – Fourth Edition

A working memory and executive function task where participants have to write the appropriate novel symbol for each number within a given time (2 min) (Wechsler et al., 2008).



Test of Premorbid Functioning

A premorbid IQ test where participants read aloud a list of 70 written words. It is marked according to pronunciation and used to estimate intellectual functioning before disease onset (Wechsler, 2011).



Self-Administered Clinical Questionnaire

The following self-report questionnaires which were completed at Wave MRI-1 (and described in detail in Filippini et al. (2014)) are completed by participants in the week prior to their testing appointment for Wave MRI-2.


Psychiatric and Psychological Questionnaires

The General Health Questionnaire-30 for detection of psychiatric illness in community settings (Goldberg, 1988), Mood Disorder Questionnaire for assessment of bipolar disorders (Hirschfeld, 2002), the Centre for Epidemiological Studies Depression (CESD) Scale for the assessment of major depressive symptomatology (Radloff, 1977), the State and Trait Anxiety Inventory to assess current and general anxiety (Spielberger, 1989), Penn State Worry Questionnaire (ultra-brief version) to assess pathological worry (Berle et al., 2011), MacArthur Stress Reactivity Questionnaire to assess reactions to stressful situations (Taylor and Seeman, 1999), the 5-Dimensional Curiosity Scale to gauge the desire to seek novel experiences (Kashdan et al., 2018).



Lifestyle and Life Experience Questionnaires

CHAMPS Physical Activity Questionnaire for Older Adults to assess weekly frequency and duration of exercise (Stewart et al., 2001), the Locus for Causality Exercise Questionnaire to assess motivation to exercise (Miller et al., 1988), Pittsburgh Sleep Quality Index (Buysse et al., 1989) and Jenkins Sleep Questionnaire (Jenkins et al., 1988) to assess sleep quality in the month prior to their visit, Life-Orientation Revised Questionnaire to gauge optimism for future events (Scheier et al., 1994), Life Events questionnaire to report past stressful experiences (Brugha and Cragg, 1990), and a Handedness questionnaire to assess preferences for right or left-handedness (Briggs and Nebes, 1975). Participants also provide information on the frequency of smoking and alcohol intake.



Demographics and Medical History

Participants provide information on age, years of education, longstanding illnesses, hospitalizations, current or past medications, and diagnoses or self-report of diseases.



DISCUSSION

The Heart and Brain Study will integrate trajectories of risk over 30 years, with longitudinal brain ageing and neuropsychiatric measures, and novel cerebrovascular and cardiovascular imaging markers. The overarching goal of this study is to identify and understand key modifiable and genetic determinants of risk and resilience for brain and cognitive ageing, with a primary focus on the heart–brain axis. The following analyses were proposed when applying for funding and will be investigated in this study (Figure 8):
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FIGURE 8. Mechanistic framework for the Heart and Brain Study. The study will examine how 30-year trajectories of vascular risk throughout midlife (40–65 years) affect cardiovascular and large artery phenotypes, cerebrovascular health, longitudinal brain atrophy and cognitive decline at older ages (>65 years). The moderating role of genetic risk (APOE4) will also be examined.


a) Disturbances in haemodynamics and biomechanical properties of the aorta and systemic large elastic arteries will be associated with cerebral and cognitive health. Several studies have linked aortic stiffness with dementia and cognitive decline (for review see Iulita et al. (2018)), and we recently noted that faster aortic stiffening is also related to poor brain microstructural, perfusion and cognitive outcomes (Suri et al., 2020). Here we will additionally examine whether this association may result from haemodynamic changes in the carotid arteries. For example, investigating the association between circulation in the common carotid arteries with cerebral perfusion from the internal carotid arteries would enable direct inferences of how large artery circulation affects the cerebral microvasculature.

b) Potentially modifiable vascular risk factors for dementia will be associated cardio- and cerebrovascular outcomes (viz. aortic and carotid phenotypes, CVR, cerebral perfusion, WMHs, and cerebrovascular lesions) in older age. Importantly, 30-year trajectories of vascular risk will be assessed to determine the stage of life when their effects on brain health may be most pronounced. The moderating role of APOE4 in these associations will also be examined.

c) Cross-sectional MRI studies have reported associations between CVR and cognitive impairments (for review see Catchlove et al., 2018), and there is a well-established link between reduced total CBF and dementia (Iadecola, 2004). However, to date, their relationship with longitudinal brain atrophy and cognitive decline remain poorly understood. Here, the associations of CVR and vessel-specific CBF with two time-point changes in vascular lesions (e.g., WMHs), cerebral morphology (e.g., atrophy of key areas such as the hippocampus), microstructure (e.g., changes in FA and diffusivity) and cognitive decline (e.g., verbal memory, executive function, spatial memory) will be examined.

The Heart and Brain Study will generate one of the most comprehensive datasets to study the longitudinal determinants of the heart–brain axis in ageing. The study will investigate novel physiological mechanisms in this pathway, with a view to describing the optimal window for managing vascular risk in order to delay cognitive decline. We will evaluate imaging markers for potential use in clinical trials and inform strategies to identify at-risk individuals for targeted interventions to prevent or delay dementia. In addition, our efforts will contribute to the advancement and validation of MRI analysis and harmonisation methods for longitudinal neuroimaging cohorts. Thus, information gained from this extensively characterised and long-running cohort will supplement ongoing larger-scale projects such as the UK Biobank Study. Based in the Department of Psychiatry and Wellcome Centre for Integrative Neuroimaging at the University of Oxford, the proposed work will involve close collaboration with neuroimaging, vascular imaging, MRI physics and analysis, dementia research, and epidemiology experts at University College London, Brunel University London, and the University of Nottingham.
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The brain is a neurovascular organ. A stimulus-response approach is effective in interrogating the physiology of its vasculature. Ideally, the stimulus is standardized across patients, and in a single patient over time. We developed a standard stimulus and attempted to measure, classify, and interpret the many forms of responses. Over the past 20 years, our work has delivered nuanced insights into normal cerebral vascular physiology, as well as adaptive physiological responses in the presence of disease. The trajectory of our understanding did not follow a logical linear progression; rather, it emerged as a coalescence of new, old, and previously dismissed, ideas that had accumulated over time. In this essay, we review what we believe were our most valuable – and sometimes controversial insights during our two decades-long journey.
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OVERVIEW

Brain vascular health relates to a fundamental ability of the cerebrovascular system to match blood flow to tissue demand. This includes providing oxygen and nutrients as well as eliminating metabolic waste. Cerebrovascular physiology has evolved to maintain this supply in the face of reduced perfusion pressure through autoregulation or, when needed, to provide a surge in supply through neurovascular coupling (Willie et al., 2014). The vascular mechanisms affecting these functions are highly coordinated and very effective in health. However, the mechanisms can be compromised under a variety of conditions that harm vessels or reroute blood flow, including steno-occlusive processes, emboli, thrombosis, vascular malformations, tumors, and vasculitis. Under such conditions, adequate perfusion can be restored only when blood flow bypasses the impediment via an alternate route, referred to as collateral blood supply (Moody et al., 1990; Sobczyk et al., 2020; reviewed in Sheth and Liebeskind, 2015; Figure 1). In the case of upstream obstructions, there is the potential for trophic forces to stimulate the development of new vessels especially in the setting of slowly progressive occlusions as in moyamoya (Scott and Smith, 2009).

[image: Figure 1]

FIGURE 1. Organization of cerebral blood flow (CBF) and collateral blood flow. CBF is supplied by four extracranial arteries originating from the aortic arch and subclavian arteries, the internal carotid arteries (ICA), and the vertebral arteries (VA). The latter joining to form the basilar artery (BA). Intracranially, these arteries anastomose around the circle of Willis, and separate into the major intracranial vessels perfusing each hemisphere: the anterior cerebral artery (ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA). Although there are multiple anastomoses between the major cerebral vascular territories, the blood supply to each territory, in baseline states, comes predominantly from its overlying artery (illustrated by color coding). In the case of partial or complete blockage of one of the cerebral arteries, the availability of blood flow depends on the ability to recruit collateral pathways. Figure modified from Fisher et al. (2018).


The status of collateral blood flow is of particular interest in the presence of known large artery steno-occlusive lesions, especially if accompanied by transient neurological symptoms. Such collateral flow may not be reliably detected by angiography (Ben Hassen et al., 2019). Collateral vessels may not contribute to perfusion if downstream tissue requirements are met via the native pathways. Furthermore, the collateral flow passing through tissue arterioles, and capillaries (Moody et al., 1990) is below the resolution of clinical imaging modalities, visible only as a contrast blush on angiography, and exceptionally difficult to quantify. One can, however, follow changes in tissue perfusion through its effect on tissue oxygenation as reflected by the capillary deoxyhemoglobin concentration and its effect on the MRI blood oxygen-level dependent (BOLD) signal.

To test for the presence of effective collateral blood flow distal to a steno-occlusive lesion, a vasodilatory challenge must be applied to the system while observing changes in surrogates of blood flow, like the BOLD signal, in the vascular territory of the compromised supply vessel(s). We typically apply an increase in the arterial partial pressure of carbon dioxide (PaCO2) to induce global dilation in the cerebral vasculature and observe the patterns of changes in cerebral blood flow (CBF). Assuming tissue metabolic activity remains unchanged (Chen and Pike, 2010a), any changes in BOLD signal reflect predominantly changes in blood flow. The change in BOLD (Δ BOLD), normalized for the change in the stimulus (Δ PaCO2), is termed cerebrovascular reactivity (CVR).

Hypercapnia can more than double the resting brain blood flow (Lassen, 1959). Interestingly, the limiting factor in the increase in CBF is the inflow capacity of the extracranial carotid and vertebral arteries (Faraci and Heistad, 1990), in effect setting dilating downstream intracranial vessels in competition for the inflow. In health, hypercapnia-induced regional reductions in resistance are balanced among vessels and vascular territories, resulting in an orderly distribution of blood flow throughout the brain (Bhogal et al., 2014). But in the presence of localized hemodynamic disturbance, such as with a steno-occlusive lesion, localized vasculitis, and other structural or metabolic disorders, global cerebral vasostimulation exposes and amplifies the imbalances in flow distribution. The patterns of flow distribution reflect the summed effects of (i) the strength of the stimulus, (ii) the upstream hemodynamic impediment, (iii) the residual local (downstream) vasodilatory reserves, and (iv) the downstream vasculature’s access to collateral flow pathways. When we began these studies at the turn of the millennium, we could not sort out these effectors, and we were left to observe a variety disrupted flow patterns in patients with cerebrovascular impairment. We nevertheless remained determined to assemble such observations and over time, conceptually order them, and reorder them, into a chain of adaptive processes that reveal new insights into neurovascular physiology, and explain the pathophysiology of disease. In the following section, we will review some of the highlights of this journey.



CEREBROVASCULAR REACTIVITIES


Basic Cerebrovascular Reactivity

On the most basic level, CVR performed with MRI follows a voxel-wise Δ BOLD normalized to the vasoactive stimulus, Δ PaCO2. The limitations of Δ BOLD, as a surrogate of Δ flow have been discussed at length elsewhere (Hoge et al., 1999; Chiarelli et al., 2007; Fierstra et al., 2018). We, like many others, initially made the simplifying assumption that Δ BOLD reflects the change in flow in vessels within each voxel and, therefore, the underlying change in their vascular diameter. We ignored changes in perfusion pressure which, in any event, we could not measure. In the work of other contemporary laboratories, CVR was reported as only the amplitude of response to a stimulus, Δ BOLD, while the magnitude of the stimulus, Δ PaCO2, was unknown, e.g., with breath-holding, and carbogen administration (Mark et al., 2010; Fisher, 2016), or resulting from intravenously administered acetazolamide (reviewed in Fierstra et al., 2013).

We began our studies around 1997 by studying patients with cerebrovascular steno-occlusive disease. The sought-after stimulus at that time was square wave “boxcar” changes in end-tidal PCO2 (PETCO2) to minimize the effect of the known drift of baseline BOLD signal (Vesely et al., 2001), a solution used in functional MRI. Our focus then was to use the reductions in BOLD signal in the territory distal to the vascular occlusion as a biomarker of the severity of hemodynamic compromise. The reduction in flow was referred to as “vascular steal” (Brawley, 1968; Symon, 1968) analogous to “subclavian steal” (Reivich et al., 1961). Over the next decades, steal was considered a sign of increased vulnerability to ischemic stroke (Markus and Cullinane, 2001; Reinhard et al., 2008; Gupta et al., 2012) with the potential to inform decisions about patient management. During this time, we sorted through a number of confounders. The puzzling “steal” seen over the ventricles was eventually explained by Thomas et al. (2013). We also found that various aspects of the stimulus influenced the flow pattern: size of the stimulus (Δ PETCO2), baseline PETCO2, direction of PETCO2 change, rate of change of PETCO2, and others (Sobczyk et al., 2014).

From the time of our earliest investigations, we were troubled that the extent and severity of steal did not always match the degree of stenosis in large vessels. Indeed, we were puzzled by patients with totally occlusive vascular lesions on angiography, but little or no steal, and few or no symptoms. Our working hypothesis was that, in these patients, the blood was bypassing the stenosis and arriving at the parenchyma via another route, i.e., collateral flow (McVerry et al., 2012; Alves et al., 2016; Fisher et al., 2018; Figure 2). This hypothesis was investigated in our laboratory by Sobczyk in a series of studies that were part of her doctoral dissertation.2 She has recently published additional supportive data that challenges the traditional role of the measurement of residual lumen diameter as the primary determinant of stroke risk (Sobczyk et al., 2020). The main implication of this collective work is that the presence of effective collateral flow, rather than the degree of carotid artery narrowing, explains why CVR more accurately predicts the risk of stroke than degree of stenosis alone (Gupta et al., 2012; Reinhard et al., 2014).
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FIGURE 2. Pathophysiology of steal, and steal as a marker of availability of collateral flow. Left panel shows angiograms from two patients with nearly occluded carotid arteries (red arrows). Next to each are axial slice cerebrovascular reactivity (CVR) maps from the hypercapnic test. The CVR for each voxel is color coded according to the color scheme shown and mapped onto the corresponding voxel of the anatomical scan. The upper panel shows steal physiology (blue voxels on axial scan), and the lower panel shows near normal CVR. The suggested mechanism of each map is shown in the schematic to the right. Upper right panel: (1) Flow capacity of intracranial vessels greater than can be supplied by extracranial vessels depicted as “inflow limitation”; (2) occlusion of a branch; (3) hypercapnia and stimulation of vasodilation; (4) vasodilatory reserve (gray area) is exhausted downstream from the occlusive lesion (indicated by the red lines on the outside of the gray zone), but intact on the contralateral side (indicated by black lines inside gray zone); and (5) with hypercapnia, flow is directed predominantly to the contralateral side, dropping the perfusion pressure at the bifurcation. The reduced perfusion pressure reduces the flow downstream from the lesion. In the lower right panel: (1) Collateral flow bypasses the stenotic lesion. Both sides retain flow reserve. A hypercapnic stimulus results in bilateral positive CVR. Modified from Hoiland et al. (2019).




Advanced Cerebrovascular Reactivity: The Clues to Underlying Physiology

The “box car” stimulus approach was initially very helpful in the analysis of the data, using a “steal/no steal” paradigm to reduce system complexity into a binary assessment with implications for severity of underlying pathology, risk of stroke, and advisability of surgical revascularization. Throughout this period, we also tried to address other aspects of the complexity of CVR by re-examining our initial assumption that Δ BOLD was sufficiently normalized and standardized if simply divided by Δ PETCO2. For further discussion on optimizing the stimulus for interpretation of physiology.


Speed of Response

The ability to generate, literally, square wave changes in PETCO2 gave us many opportunities to observe the delays between the change in PETCO2 and that of raw BOLD signal. We were soon able to predict the processed CVR maps from these data noting that the BOLD signal of healthy vasculature follows PETCO2 very closely in time and amplitude, but the BOLD response of compromised vasculature is delayed and dampened. The standing model to explain lags in vascular flow response to changes in PaCO2 is that of Thomas et al. (2014). In this model, smooth muscle tone responds to the tissue PCO2 which is a function of the rate of buildup and elimination of carbon dioxide (CO2) in the interstitial and intracellular fluid surrounding the vessel. These extravascular tissues are considered to be a CO2 reservoir which has a CO2 capacitance that buffers the amplitude and rates of change of vascular CO2 concentrations and thereby, blood flow. With the publication of Poublanc et al. (2015), we introduced a model whereby vascular smooth muscle responds directly to intra-arterial hydrogen ion concentrations ([H+]). The model holds that with hypercapnia, intra-arterial H+ diffuses into the vascular smooth muscle cells, reduces intra-cellular [Ca++] (Swietach et al., 2013) and relaxes smooth muscle tone (Peng et al., 1998; Boedtkjer, 2018), thereby increasing blood flow. We modeled the flow response to CO2 as a first order exponential where following an abrupt change in arterial [H+], the τ of the BOLD response as it approaches a new equilibrium level represents the fitness of the smooth muscle tone control, with longer τ representing greater dysfunction (see Duffin et al., 2021).

The simplifying assumption of the vascular response being of a first order exponential led to our convolving the actual PETCO2 changes over the duration of the stimulus with (τ) ranging from 2 to 100 s. The speed of response was designated by the exponential that provided the best fit when regressed against the actual BOLD signal. Tau provided a complementary metric to the steady state CVR which is just a measure of the magnitude of response. Duffin from our laboratory showed the phase response from transfer function analysis (TFA) provided a similar measure (Duffin et al., 2015). Indeed, TFA, in addition to τ, has become a standard feature of our post-processing. Dynamic responsiveness has proven to be informative in the assessment of steno-occlusive disease (Poublanc et al., 2015), amnestic mild cognitive impairment and Alzheimer’s disease (Holmes et al., 2020), concussion (Shafi et al., 2020), and sickle cell disease (Forte et al., 2020). We currently believe that the speed of vascular response indicated by tau is a critical element of healthy vascular performance. Tau will also emerge as a highly sensitive biomarker for the severity of diseases that disrupt vessel structure and degrade vascular performance such as diabetes, hypertension, hyperlipidemia, smoking, i.e., those that are associated with hyalin sclerosis in arterioles.

Dynamic responsiveness (i.e., τ) cannot be assessed using such vasoactive stimuli as acetazolamide injection, breath hold, or fixed inspired CO2 (e.g., carbogen). The time courses of change in stimulation for acetazolamide, and the rise of CO2 with these methods, are considerably longer than those of the vascular responses, substantially obscuring them. Moreover, with these methods, PETCO2 is not equal to the PaCO2 (Jones and Jurkowski, 1979; Robbins et al., 1990), the actual independent variable, so the stimulus is not precisely known.



Voxel Flow Measurement and Voxel Vessel Diameters


What Flow Surrogate Measure to Use?

A suitable flow measure for CVR would require high temporal and spatial resolution. Ultrasound Doppler has the former, but not the latter. Furthermore, the velocity measure does not reliably reflect flow because of large changes in diameter of extracranial and intracranial arteries with changes in PaCO2 (Al-Khazraji et al., 2019).

MRI arterial spin labeling (ASL) using a flow-sensitive alternating inversion recovery (FAIR) sequence has 4 s temporal resolution and has been well correlated with positron emission tomography (Chen et al., 2008). It also works well in patients with vascular disease (Mandell et al., 2008). However, FAIR’s truncated spatial resolution to a few slices makes it problematic when whole brain resolution is required. ASL is also confounded by tagged blood arrival delays in patients with dyssynchronous intracranial blood arrival times that occur with cerebrovascular disease. Synchronously tagged blood delayed in collateral paths may arrive in the microcirculation after considerable loss of the spin tag due to T1 relaxation effects, significantly reducing signal to noise ratio. Active research in this area is expected to provide solutions and when they become available, ASL will be a preferred option for measuring CVR.

The BOLD signal is an acknowledged imperfect surrogate for flow. First, the relationship of BOLD to flow is not linear but exponential, rising with increasing flow only at the rate of progressive dilution of a constant amount of deoxyhemoglobin formation (Chiarelli et al., 2007). In addition, BOLD is affected by changes in cerebral blood volume (controlled for by Grubb’s constant; Grubb et al., 1974; Chen and Pike, 2010b) and any changes in oxygen consumption (Chen and Pike, 2010a). Nevertheless, we settled on BOLD MRI for measuring flow changes. It has the advantage of high temporal resolution (1 s), whole brain coverage, and a reasonably linear response in the range of CO2 stimuli applied for measuring CVR metrics (Hoge et al., 1999).



Should All Voxels Exhibit Sigmoid Flow Responses?

In time, we had to reconsider our first, seemingly necessary, simplifying assumption that measured changes in voxel flow reflect changes in the diameters of the vessels of the corresponding voxel. This assumption at first blush seems fundamentally reasonable. But, we nevertheless had doubts, even as we adopted it. We put these doubts aside, but not out of mind. We reconsidered the issue repeatedly over the years. First, we laid out fundamental concepts concerning blood flow: changes in blood vessel diameter have a limited range. At the extremes of the range, the change in diameter per unit change in stimulus is reduced, resulting in a sigmoidal relationship between flow and PaCO2 for a given perfusion pressure. Indeed, the flow response to PaCO2 is sigmoidal in healthy humans (Bhogal et al., 2014, 2015, 2016; Duffin et al., 2019).

Based on the literature, we expected the same response in the presence of vascular disease. Earlier animal studies by Harper and Glass (1965) and later human studies by Ringelstein et al. (1988) used the flow in the whole brain as a model of blood flow response to PaCO2 (Figure 3 and also Sobczyk et al., 2014) at various degrees of reduced perfusion pressure. In those studies, reductions in perfusion pressure flattened the sigmoidal flow-response curves. We generalized these observations in considering that the variations in amplitude and other characteristics of a sigmoidal curve (Figure 4) reflect the integrity of a vessel’s anatomy and physiology. As the vessel’s ability to respond to the PaCO2 wanes, the sigmoid response curve flattens: both the amplitude and slope of the sigmoid decrease. We hypothesized that this would also apply at the level of a local group of vessels represented in an imaging voxel.
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FIGURE 3. The effect of partial pressure of carbon dioxide (PaCO2) on blood flow at different perfusion pressures. Data taken from Harper and Glass (1965). In this experiment, the authors anesthetized dogs and measured CBF by washout of radioactive counts. Graphs in the top row were taken from the paper and adjusted to the same scale. (A) Normotensive; (B) mild hypotension; (C) severe hypotension. (D) The three graphs are plotted on the same axes. (A) The relationship between PaCO2 and CBF is sigmoidal. (B) The encroachment on the vasodilatory reserve by perfusion pressure autoregulatory-induced vasodilation reduces the reactivity to carbon dioxide (CO2), as indicated by the slopes of the linear part of the sigmoid curves. Perfusion pressure autoregulation and CO2 reactivity compete to alter vessel diameter. (C) When autoregulation is exhausted, there is no further response to hypercapnia and little or no constriction to hypocapnia. (D) The midpoints of the sigmoidal curves are approximately at the resting PCO2. (E) Percent of maximal dilation. At high PCO2, or low blood pressure, vessels are maximally dilated. Healthy vessels in normotensive subjects maintain vascular tone with considerable vasodilatory reserve. Vessels maximizing their autoregulation have minimal vasodilatory reserve. Thus a hypercapnic stimulus of sufficient magnitude will continue to dilate healthy vessels while those that have exhausted their vasodilatory reserve will increase their flow to a lesser extent, or even reduce their flow and suffer steal.


[image: Figure 4]

FIGURE 4. Analysis of ramp hypercapnia data. Stimulus paradigms in an 18-year-old male subject with a history of moyamoya disease affecting the right middle cerebral artery and both anterior cerebral artery territories. The end-tidal PCO2 (PETCO2) was initiated at baseline PETCO2, reduced to 30 mmHg by asking the subject to hyperventilate, and then raised at a constant rate, regardless of minute ventilation or breathing pattern, resulting in a linear rise of PETCO2 vs. time, to 55 mmHg over 4 min. We examined the blood oxygen-level dependent (BOLD) signal as a function of PCO2. The interrogated voxel locations are indicated by the circles on the CVR maps. Types of response: A, positive response with a sigmoidal shape; B, initial positive response which then declines; C, response which progressively declines; and D, response that initially declines but then increases. In healthy people, A Type voxels overwhelmingly predominate, and the map is substantially red. In this patient, voxels are color coded according to the color of the graph corresponding to the Type. Note the projection of CVR as would have been calculated for a 2-point PETCO2 stimulus of 45 and 50 mmHg for the voxels of Type B and D (see 1 and 2). In the upper figure, a PETCO2 stimulus of 45 mmHg results in a positive CVR but at a PETCO2 of 50 mmHg, CVR of the same voxel is negative, indicating “steal.” In the lower figure, PETCO2 of 45 mmHg results in a negative CVR and at 50 mmHg, it is positive. Modified from Duffin et al. (2017).




Seems That Some Voxels Do Not Exhibit Sigmoid Flow Profiles

We tested this intuitively satisfying hypothesis by applying a ramp increase in PaCO2 in patients with cerebrovascular pathology, where the ramping of PaCO2 is intended to capture most of the full sigmoidal range of response. Some of the patients with steno-occlusive disease indeed showed regional steal. When we checked the shape of the responses at the level of the voxel, many voxels in the non-steal territories had sigmoidal responses, but many others had responses that were clearly not sigmoidal – rather they were bimodal, particularly in areas with poor CVR and steal. In these regions, voxels could be classified into one of four general patterns (Figure 4). This surprising finding challenged our previous assumptions that the slope of a straight line fit to two points of the PaCO2-BOLD relationship was a suitable interpretation of the vascular response (Figure 4, dotted lines in Type B and Type D). The abundance of these four types of patterns initially challenged what we ultimately came to accept as axiomatic: the vascular resistance response of all vessels to progressive hypercapnia is indeed sigmoidal, but the flow, or BOLD signal, changes may not be!



A Change in Concept From Sigmoidal Flow, to Sigmoidal Resistance

To reconcile the observations of types of responses with the understanding of the foundation of vascular physiology, we had to jettison the belief that the measured changes in flow reflected only changes in vascular diameter in the underlying voxels. The transformative insight for us was that in patients with cerebrovascular disease, the observed pattern of the changes in flow to a progressively increasing stimulus resulted from the combination of (i) local changes in vascular diameter, as determined by its vasodilatory reserve which is sigmoidal in shape (Sobczyk et al., 2014), and (ii) the uneven distribution of perfusion pressure.

Had the cerebral inflow potential from the extracranial vessels not been limited (as in the aforementioned studies of Harper and Glass, 1965; Ringelstein et al., 1988), possibly all observed flows would indeed reflect the changing vascular diameters and consequent flow resistance of the voxel’s underlying capillaries (Figure 2). But in the presence of restricted inflow and stable systemic blood pressure, local perfusion pressures and thus brain flow distributions become dependent on the pattern of regional flow resistances in the way an electrical current would be by wiring together multiple electrical resistances in parallel, with CVR and steal being a hydraulic analogy of Ohm’s law for electrical resistances (Figure 5). As the vasodilatory stimulus increases, the blood flow will shift to the vessels that can continue to lower their resistance.
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FIGURE 5. Calculation of voxel resistance sigmoidal profile over range of PETCO2. (A) Theoretical illustration of two brain vascular territories both supplied in parallel by a major artery with resistance (flow limitation). Their vasodilatory responses are shown as shading. (B) Simple resistance circuit model. Reference and examined vascular beds with resistances R1 and R2 are perfused via an arterial flow resistance (Rart) from mean arterial blood pressure (MAP). The pressure perfusing the two branches (Pbranch) and their respective resistances establishes flows through each branch (F1 and F2) that sum to Ftotal. Given F1 and F2 as BOLD measures for the reference and examined voxels, R1 and R2 can be calculated by considering the Model as an analog of an electrical circuit. The Model assumes that this unit may be expanded and contracted in a fractal pattern to contain the blood supply of both hemispheres, from extracranial vessels to capillaries. Every vessel or vascular bed is considered in fluid continuity with every other vessel. As such, we use the examined bed for each unit on a voxel scale, as if it is perfused in parallel with an ideal voxel of full vasodilatory responsiveness. Pbranch values result from the assumption of MAP = 100 mmHg and the pressure loss in Rart assumed to be 30 mmHg (Faraci and Heistad, 1990). Regardless of flow pattern Type (Figure 4), the calculation invariably results in a sigmoidal resistance response to PETCO2. (C) Model branch pressure change with PETCO2. (D) Measured flow responses to PETCO2 (purple open circles and blue Type line fits) and the reference voxel (black open circles). (E) Model resistance-CO2 responses calculated from the Model flow responses and the reference voxel flow. Sigmoid curves (lines) are fitted to the resistance-CO2 responses for each voxel.


We followed up on this insight by modeling regional CBF as a fractal assembly of simple units of two flow resistances in parallel (Figure 5B). The Model, meticulously assembled by Duffin, uses the data of BOLD vs. PETCO2 that includes the two biphasic flows to back-calculate the pattern of vascular resistance in the underlying voxel over the range of the ramp stimulus (Duffin et al., 2017, 2018; Fisher et al., 2017). We found that the PETCO2 vs. resistance curve is indeed sigmoidal in shape, regardless of the net flow pattern, or more specifically flow Type, and vice versa! The sigmoidal shape of the resistance, and not the blood flow changes themselves, is, therefore, a fundamental property of the vasculature. As such, the descriptions of the vascular physiology lend themselves to be summarized by terms describing the mathematical properties of the sigmoid curves (Figure 6).
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FIGURE 6. Resistance sigmoid measures (top) and their corresponding anatomical maps (bottom). The vascular model is that described in Figure 5. Various aspects of the resistance-PETCO2 relationship are expressed in the sigmoidal shape of the relationship. The graph shows some of these parameters diagrammatically, and the maps show their anatomical distribution. The amplitude shows the full extent of the vasodilation and vasoconstriction. The midpoint of the sigmoid is the PETCO2 at its steepest slope, and the range is the span of PETCO2 over which the response can be considered linear. The reserve and sensitivity show the vasodilatory reserve available from the subject’s resting baseline PETCO2 and the response sensitivity (sigmoid slope) at resting PETCO2. The quality map shows the r2 fit of the examined voxel resistance sigmoid.


To summarize this section, we had progressed from assuming that the BOLD change reflects the underlying voxel’s linear change in resistance to calculating its actual resistance profile by accounting for the net inflow and the net resistance changes of the vessel’s connected network. In doing so, we find all resistance profile calculations yield sigmoidal relationships, regardless of the observed pattern of flow response to progressive PETCO2. This provides confidence that our calculated correction reflects the underlying vascular physiology.






REQUIREMENTS FOR THE CLINICAL APPLICATION OF CVR

Many forms of CVR have been described using a variety of stimuli and flow assays. All such studies published to date have used these CVR measures to compare cohorts of subjects. Broad questions can be addressed by examining well-matched groups to cancel the “noise” of randomly distributed variables and shortcomings of the test. Despite its merits, this approach has low sensitivity in discerning an abnormality in an individual patient.

To be suitable for “clinical assessment” implies that a CVR test in a single individual could be interpreted as “normal” or “abnormal.” For this, one needs criteria and thresholds for normality and abnormality as in, for example, blood clotting tests. One needs to be able to address questions such as: (1) “Is the CVR test of Mr. Jones within the normal range?,” (2) “Does his CVR suggest that he would benefit from cerebral bypass surgery?,” (3) “How certain can we be that his surgery improved his vascular status as measured by CVR?” These questions have not yet been addressed due to the inherent imprecision of the stimuli used in most studies of CVR: breath holding, fixed inspired PCO2, or acetazolamide.

A requirement for any clinical assessment is a standardized repeatable test that includes the same baseline, the same level of change in PaCO2 from baseline, the same pattern of change over time, and the same duration applied to repeated patient examinations. This standardized test can then be applied to a representative population and examined in standard anatomical space to define the “normal” population, its mean value (m) and its variance, the SD. A patient’s CVR can then be scored using the z-score as the difference between their result and the population m, divided by the SD, giving the probability that the test value falls in the normal range (Sobczyk et al., 2015). This process, also developed by Sobczyk during her doctoral thesis work, is summarized in Figure 7. The analogous process can be applied to follow CVR in a single patient over time, to monitor either the natural history of the disease or the effects of treatment (Sobczyk et al., 2016).
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FIGURE 7. Normalizing the CVR score in terms of the normal range. An identical, repeatable stimulus is applied to a healthy cohort. CVR is calculated and mapped to standard space. Mean (M) and SD are calculated for each voxel. A patient is administered the same test. The patient CVR is assessed as z-scores. Z-scores can be color coded and mapped over the anatomical scan to show the distribution of abnormality (reprinted from Fisher et al., 2018 with permission of the publisher).



Reproducibility in CVR Testing


Reproducible Stimulus

Administering a reproducible stimulus is easy. Obtaining a reproducible physiological effect is very difficult.


Acetazolamide

Acetazolamide (ACZ) infused intravenously, blocks the conversion of carbonic acid (H2CO3) to CO2 and H2O leaving brain tissue somewhat acidified and resulting in vasodilation. ACZ has been administered in supramaximal doses (1.5 mg/kg) with the expectation of a uniform maximal hyperemic response across subjects. Unfortunately, there is uncontrolled individual variation in the magnitude of response, its timing, and ability to maintain isocapnia as the CBF continues to respond to changes in PaCO2. The slow onset time also precludes assessment of the speed of the vascular response to a stimulus. At best, it can be characterized as a binary “on/off” stimulus (albeit without certainty as to timing and maximal effect) so that, as defined, it has significant limitations for single subject clinical application.



Carbon Dioxide

Carbon dioxide is readily available in gaseous form, is safe, inexpensive, and in the absence of hypoxia, has no life-threatening side effects at up to more than triple the baseline PaCO2 (Feihl and Perret, 1994).


Fixed Inspired CO2 Concentration.

PaCO2 is determined by both the fraction of CO2 in inspired gas (FICO2) and the subject’s ventilatory response, termed minute ventilation (⩒E). The former is under the control of the investigator; the latter, however, is uncontrolled, unpredictable, and mostly unmeasured, resulting in an uncontrolled and unpredictable PaCO2 (Baddeley et al., 2000; Peebles et al., 2007; Fisher, 2016).



Precise Targeting of PaCO2.

Clinical, individual testing requires the ability to accurately implement a target PaCO2, the true independent variable, and to do so independently of the major confounder, ⩒E.

i. Dynamic end tidal forcing

In 1982, Robbins (Robbins et al., 1982) described a breath-by-breath feedback method to target PETCO2 by controlling the inspired concentration of CO2 according to the previous PETCO2. An MRI-compatible system was later described (Wise et al., 2007). However, this system is cumbersome, complex, wasteful of source gases, expensive, and not available in assembled form and so must be custom built to be adopted. The relation between the PETCO2 and the PaCO2 remains unverified (Jones et al., 1979; Robbins et al., 1990).

ii. Sequential Gas Delivery (1997+)

At the end of the last century, one of us (JF) was developing a technique of sequential gas delivery (SGD) which enables the delivery of a precise volume of gas to the gas exchange part of the lung regardless of breath size or breathing pattern (Sommer et al., 1998), and was searching for clinical applications. At the same time, DM, a new staff neuroradiologist at the same university (Figure 8), was performing BOLD fMRI studies that used square-wave changes in neuronal activation for augmenting blood flow detectable with BOLD MRI for assessing neurovascular coupling to detect neural networks. He realized that the ability to generate a quantitative repeatable square-wave vasodilatory stimulus using CO2 would have considerable potential for interrogating the entire cerebrovascular system in individual patients with cerebrovascular disease. He was seeking an MRI compatible method of precise gas control for the development of MRI based CVR as a clinical tool and was referred to JF by a colleague.

[image: Figure 8]

FIGURE 8. The authors and the generations of gas control devices. Left: DM with hand on Generation 1 end-tidal gas control device used in 1998. JF with hand on Generation 3 gas control device, by then called, RespirAct™. Top right: Generation 4 RespirAct™. Bottom right: Step-ramp paradigm implemented with Generation 4 RespirAct™.


Prospectively targeting PaCO2 is straight forward in theory. The approximate lung volume [functional residual capacity (FRC)] is known from nomograms that take as inputs age, height, weight, and sex. PCO2 in the FRC can be measured as it is equal to PCO2 in exhaled gas. CO2 production from metabolic activity can also be measured (the sum of exhaled PCO2 integrated for flow/time). It is then straightforward to calculate the volume and concentration of CO2 needed to be inhaled in order to attain any target PCO2 in the lung at the end of inspiration (Slessarev et al., 2007).

However, it is not straightforward to restrict inspiration to a discreet volume of CO2-containing gas such that this discrete volume, and only this volume, is distributed to the alveoli, and only to the alveoli (excluding the airways). The early evolution and proof of concept of these methods from basic principles over a decade was amply abetted by a large host of colleagues and graduate students, all co-authors of the early publications on the topic (e.g., Sommer et al., 1998; Vesely et al., 2001; Somogyi et al., 2005; Slessarev et al., 2007). A method of administering such a volume has an additional interesting property: It is the only method in which the PETCO2 is equal to PaCO2, within measurement error, over a large range of PETCO2 in healthy spontaneously breathing humans (Ito et al., 2008) and in newborn and adult ventilated animals with severe lung disease (Fierstra et al., 2011, 2012). This unprecedented precision and accuracy of targeting blood gases enabled the reproducibility, and hence the standardization of the testing, which led to the establishment of normal ranges for CVR voxel by voxel (Sobczyk et al., 2015, 2016), normal test-test variability (Sobczyk et al., 2016), and increased sensitivity enabling, in addition to steno-occlusive disease, the study of the microvascular disease in white matter (Sam et al., 2016a,b,c), dementia (Holmes et al., 2020), and vascular dysfunction of traumatic brain injury (Mutch et al., 2015; Ellis et al., 2016; Shafi et al., 2020).

Surprisingly, despite the hard work, insights, and calculations, the crucial components for successful prospective targeting of PaCO2 with SGD are very simple, inexpensive, and mundane, and, in retrospect, could have been easily accomplished more than 75 years earlier (Fisher et al., 2016). The bigger wonder is that considering their well-described limitations with respect to data acquisition, results, and interpretation, some investigators prefer using breath holding, carbogen, and ACZ as provocative stimuli.







SUMMARY

The patterns of blood flow distribution in the brain in response to a vasoactive stimulus can be complex in the presence of cerebrovascular disease, but they are nevertheless the only comprehensive output data we can access. Any measures we make, interpretations we proffer, and conclusions we come to, can emanate only from analyzing these data. At the most fundamental level, we seek to distinguish “abnormal” from “normal” patterns of flow. To accomplish this aim, we identified a single repeatable vasoactive stimulus and a surrogate measure of CBF. We then performed CVR tests on a healthy cohort to establish normal values. This enables the identification and scoring of pathology in individual patients. Ultimately, we applied these data to understand how the observed patterns of flow revealed vascular pathophysiology in terms of perfusion pressures and vascular diameter summarized as vascular resistance. This essay is an overview of our progress in that regard, over the past two decades.
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Elucidating the brain regions and networks associated with cognitive processes has been the mainstay of task-based fMRI, under the assumption that BOLD signals are uncompromised by vascular function. This is despite the plethora of research highlighting BOLD modulations due to vascular changes induced by disease, drugs, and aging. On the other hand, BOLD fMRI-based assessment of cerebrovascular reactivity (CVR) is often used as an indicator of the brain's vascular health and has been shown to be strongly associated with cognitive function. This review paper considers the relationship between BOLD-based assessments of CVR, cognition and task-based fMRI. How the BOLD response reflects both CVR and neural activity, and how findings of altered CVR in disease and in normal physiology are associated with cognition and BOLD signal changes are discussed. These are pertinent considerations for fMRI applications aiming to understand the biological basis of cognition. Therefore, a discussion of how the acquisition of BOLD-based CVR can enhance our ability to map human brain function, with limitations and potential future directions, is presented.

Keywords: functional magnetic resonance imaging, cerebrovascular reactivity, cognition, aging, caffeine, multiple sclerois, Moyamoya, small vessel disease


INTRODUCTION

Cerebrovascular reactivity (CVR) reflects the ability of the cerebral blood vessels to respond to a vasoactive stimulus and is primarily sensitive to arterial compliance [1, 2]. Blood oxygenation level-dependent (BOLD) functional MRI is an effective technique for measuring CVR. The BOLD signal originates from changes in the local concentration of deoxyhemoglobin (dHb), which primarily occurs in the post-arteriolar component of the cerebral vasculature. The change in the local concentration of dHb is predominantly driven by increases in cerebral blood flow (CBF), which reduces venous dHb via a dilution effect and thus increases the BOLD signal [3, 4]. In conventional task-based or resting-state BOLD fMRI, increases in the cerebral metabolic rate of oxygen (CMRO2) and cerebral blood volume (CBV) associated with increased neuronal activity both act to increase dHb and hence attenuate the CBF dominated BOLD signal increase. With a direct vasodilator stimulus used for CVR mapping, such as carbon dioxide (CO2), CMRO2 changes are assumed to be negligible and a robust positive BOLD signal is measurable that primarily reflects the increase in CBF [5, 6]. CVR can also be measured using other MRI techniques including those sensitized exclusively to CBF (e.g., arterial spin labeling), macrovascular blood flow (e.g., phase contrast flow imaging), or CBV [1, 7–9]. In addition, there are non-MRI techniques available for measuring CVR, such as transcranial doppler, which measures blood flow velocity within the middle cerebral artery [10], and [15O] positron emission tomography [11, 12]. Yet BOLD fMRI is the more broadly used modality for CVR mapping in clinical and research settings owing to its sensitivity to vascular properties, combined with its safety, availability, higher spatial resolution, and reproducibility [13]. The sensitivity and spatial resolution of BOLD fMRI also explain its popularity as a cognitive neuroscience tool for mapping neural activity. Neural activity increases oxygen metabolism; however, BOLD signal increases occur in the context of increased CMRO2 due to coupled, but proportionally larger, CBF increases [14–16].

While CVR primarily assesses vascular compliance, it is also evident that CVR is linked to cognitive functioning. Much of this evidence has emerged from research investigating pathological conditions such as vascular disease and dementia, where both regulation of cerebral vasculature and cognitive function are affected [17–19]. There are differences in the underlying mechanisms leading to the resultant hyperemia in CVR and task-based BOLD activation, however both rely on vessel contraction and dilation. Furthermore, the BOLD response to hypercapnia has shown to account for a large amount of the task-induced BOLD variability [20]. Therefore, the aim of this paper is to review the link between CVR and cognitive processes, and to highlight the importance of acquiring CVR data to accompany task-based fMRI data when investigating the biological underpinnings of cognition.

The first two sections of this review outline how CVR and neural activity are mapped using BOLD fMRI. Initially, an overview of how changes in arterial CO2 are coupled to modulations in CBF are presented. The following section is focussed on task-based fMRI and discusses the mechanisms underpinning neurovascular coupling. Both of these sections emphasize recent findings. In sections Neurological Conditions and Normal Physiology, focus is shifted to example situations where both CVR and cognitive functioning are altered in the study population. We demonstrate that modulations to task-based BOLD activation are also often found in such cases, and provide the motives for collection of CVR data to aid the interpretation of fMRI activation maps. Neurological diseases hallmarked by vascular and microstructural variations are discussed in detail. However, vascular and cognitive alterations are also observed in normal physiology, such with caffeine consumption and aging, and this is discussed in section Normal Physiology. Finally, it has become increasingly clear that the integration of multiple imaging modalities improves our ability to map the human brain. Techniques for correcting BOLD-based assessments of brain activity using CVR (i.e., hypercapnic normalization) and the advantages and pitfalls of this analytical approach, are discussed in section Integration of BOLD-Based Assessments of CVR and Neural Activity: Hypercapnic Normalization.



CVR AND BOLD SIGNAL

Cerebral blood flow (CBF) is normally controlled by regulatory mechanisms including cerebral autoregulation, the partial pressure of arterial blood gases, and neurovascular coupling (NVC) [21]. NVC is discussed in detail in section Neural Activity and BOLD Signal. Cerebral autoregulation keeps blood flow consistent with changing cerebral pressure. The Hagen-Poiseuille equation describes the changes in cerebrovascular resistance as:

[image: image]

Where blood flow (F) is proportional to cerebral pressure (P) and vessel radius (r) and inversely proportional to fluid viscosity (η) and vessel length (l). The purpose of cerebral autoregulation is to ensure continued blood supply to the brain across broad variations in blood pressure, which is achieved by manipulating vascular resistance. Changes in cerebrovascular resistance are also observed with changes in partial pressure of arterial CO2 (PaCO2) [22]. The relationship between PaCO2 and CBF is sigmoidal; when PaCO2 is between ~20 and 60 mm Hg, there is an increase in CBF of ~3–4% for every 1 mm Hg increase in PaCO2. The CBF response is diminished above this PaCO2 range [21, 23, 24]. The increased CBF in response to PaCO2 decreases the concentration of dHb via dilution and robustly increases the BOLD signal, allowing for significant signal detection; there is a relatively large BOLD signal difference (~1–2%) between isocapnic and hypercapnic states, when a moderate level of hypercapnia is induced (~5–8 mm Hg above baseline levels).

There are numerous mechanisms leading to vasodilation. Increased CO2 results in increased carbonic acid in the blood, that leads to hyperpolarization of the smooth muscle cells and vasodilation [2]. CO2 in the blood lowers the pH and changes the muscle tonus of the vessel wall [25]. An increase in CBF is observed following this reduction in pH, which functions to washout the excess CO2 and regulate pH levels. The increased CO2 in the cerebral spinal fluid (CSF) from hypercapnia is known to result in vascular relaxation [26]. Central chemoreceptors located in regions throughout the brainstem, cerebellum, and hypothalamus, which are sensitive to CSF pH, modulate respiratory rate to regulate CO2 levels [27]. Indeed, increasing the fraction of inspired CO2 stimulates the breathing rate to increase, in order to achieve CO2 elimination [28].

End-tidal partial pressure of CO2 (PETCO2) is a close proxy measure of PaCO2 and is therefore used in CVR studies. The total volume of exhaled air is comprised of CO2 within the alveoli and the physiological dead space. Physiological dead space is inhaled air that does not participate in gas exchange and includes non-perfused air within the alveolar and anatomical dead space. Anatomical dead space is the air within the nose, trachea and bronchi that make up the conducting airways. The function of the conducting airways is to channel inhaled air to the respiratory zone where gas exchange occurs; that is, the alveolar surface [29, 30]. In healthy adults, the alveoli dead space is negligible and anatomical dead space comprises all of the non-perfused air. However, excessive air within the alveoli that is not perfused increases the alveoli component of dead space [30]. This excess air within the alveoli typically indicates less efficient CO2 removal and is associated with pulmonary diseases. It will result in a slightly lower (~ ≤ 5 mm Hg) PETCO2 relative to PaCO2 [31], however, this does not preclude PETCO2 from being a robust indicator of PaCO2, and is used in the determination of CVR, calculated as Δ%BOLD/ΔPETCO2 (mm Hg) [2].

Elevated PaCO2 results in a robust vasodilatory response and CBF increase, and therefore, experimental manipulations that increase PETCO2 are used to measure CVR. Breath-holding is one such approach that is low-cost and low-risk. A benefit to the breath-hold approach is that it is more accessible than gas inhalation because it requires less equipment. The monitoring of PETCO2 is highly desirable however, because of variability in the participant breath-hold performance that can be accounted for if measured PETCO2 is included as a statistical regressor in CVR quantification [32]. Comparisons of breath-hold paradigms to CO2 inhalation methods have shown consistent CVR results [33, 34], supporting this method as a reliable technique for calculating CVR. Inhaling gas mixtures containing increased concentrations of CO2 is controllable and more precise than breath holding, and therefore a desirable approach to increasing PaCO2. This is achieved using MRI-compatible breathing circuits that allow for the administration of gas mixtures and the precise recording of PETCO2 [35]. There are different types of breathing circuits available; further information on these can be found in references [2] and [36].



NEURAL ACTIVITY AND BOLD SIGNAL

Task-based BOLD fMRI reflects neural activity indirectly through NVC [15, 37–40]. NVC is the tightly linked relationship between regional neural activity and changes in blood flow [39]. It is independent of perfusion pressure, and results from the close communications between neurons, glia, and arterioles. The functional hyperemia coupled to neural activity changes ensures that activated neural cells have a constant supply of oxygen and glucose [41]. Arteries commence dilation within hundreds of milliseconds of neuronal activity, and return to baseline within seconds of stimulus termination [14]. The venous side is slower to dilate, taking tens of seconds, and appears to have smaller blood volume changes than the arterial side [42]. There has been a recent wealth of research focussed on describing the roles of specific cell types and their signaling resulting in arteriole dilation [43]. For instance, there is strong evidence for the role of glutamatergic cells in signaling the commencement of arterial dilation. Blood flow increases in conjunction with excitatory pyramidal cell activity have been demonstrated in rodent models [44, 45]. CBF, and to a lesser extent CBV, have been shown to correlate with post-synaptic local field potentials but presynaptic activity does not appear to trigger hemodynamic changes [46]. Astrocytes are important in maintaining basal blood flow [47] and have been implicated in NVC due to their close proximity to both the microvasculature and neurons [48], but how they contribute to NVC remains the topic of debate [47, 49]. An intriguing hypothesis is that endothelial cells in blood vessels can directly detect changes in neural activity, and therefore may be more involved in NVC than previously thought [50–52].

Neural functioning requires a balance of excitation and inhibition, hence recent work has also focused on understanding how inhibitory neurons generate vascular changes. There is evidence from electrophysiology studies demonstrating that gamma power local field potentials, driven by γ-aminobutyric acid (GABA) interneurons, are correlated with hemodynamic changes [53]. GABAergic interneurons are diverse in morphology and physiology, with subtypes characterized by their gene expression and cell innervation [54]. They play an essential role in cortical function by inhibiting excitatory or inhibitory post-synaptic neurons, and while connections remain mostly focal, some GABAergic interneurons extend to the vasculature [55].

Significant progress has been made in understanding the unique role of GABAergic cells in NVC using optogenetic stimulation [56, 57]. Selective photo-stimulation of inhibitory cells can be achieved using a mouse model expressing channelrhodopsin-2 (ChR2) in GABAergic neurons. ChR2 is a light-sensitive cation channel that can induce neuronal depolarization [58]. A study by Vazquez et al. [59] used a ChR2 mouse model and targeted photo-stimulation to selectively activate GABAergic interneurons. Blood flow, volume, and oxygenation increases were observed following photo-stimulation of GABAergic interneurons. Stimulation of certain GABAergic neurons has also resulted in decreases in blood volume in adjacent cortical tissue [60]. This decrease in blood volume is consistent with suggestions that negative BOLD fMRI may reflect neural inhibition [61–63]. Indeed, there is increasing evidence supporting the role of inhibitory neurons in driving NVC and shaping the BOLD response [64]. Some of the work investigating the negative BOLD response is discussed in greater detail the next section.


Hemodynamic Responses to Neural Activity and CO2

The traditional positive BOLD response (PBR) to neural activation is modeled in task-based fMRI using a hemodynamic response function (HRF). The HRF in its canonical form is typically described using the sum of two gamma functions. In gray matter, the time-to-peak is ~6 s from the onset of neural activity, however significant spatial heterogeneity in the shape and timing parameters of HRF has been observed in healthy brains [65, 66] and in different clinical populations [67, 68]. Characterizing temporal HRF parameters may reveal important physiological information not evident from the amplitude of the response alone, which is the main parameter of interest when calculating fMRI activation maps [68, 69]. HRF parameters such as time-to-peak and full-width at half-maximum are influenced by blood flow and NVC, may be important for probing information regarding neuronal duration [70].

Focus has also been placed on understanding negative BOLD responses (NBRs) in task-based fMRI. These responses are identified as stimulus-induced decreases in BOLD signal intensity relative to baseline, or inverted PBRs. Different hypotheses have been suggested to explain the underlying mechanisms of the NBR. One such suggestion is centered on it having purely vascular origins, emerged from research indicating that negative BOLD changes may result from a redistribution (steal) of CBF to adjacent, active cortical regions [71, 72]. Other research has provided conflicting evidence; for instance, NBRs have been identified in brain regions distant from simultaneously occurring PBRs, with these NBR regions having distinct arterial territories [61, 73]. Decreases in neuronal activity accompanying NBRs have suggested a neural origin, with much of the literature supporting this [62, 63, 74–77]. Influential findings from Shmuel et al. [63] demonstrated significant correlations between NBRs and decreases in local field potentials and multiunit activity, measured directly from the primary visual cortex of monkeys. This has been verified in human work using combined electroencephalography (EEG) fMRI, where negative CBF and BOLD changes in NBR regions demonstrate concomitant EEG changes [75, 78]. Although there has been progress made in the attempt to understand the response properties of the NBR [78, 79], further work elucidating how and when NBRs occur and the associated biophysical changes is essential for the accurate interpretation of this signal.

Analyses of BOLD responses to vasoactive stimuli have shown that temporal parameters may reflect important aspects of vascular function in CVR. Typically, CVR mapping considers only the amplitude of the BOLD response to the vasoactive stimulus; however, accounting for temporal variations across the brain may improve CVR estimation accuracy. Identifying temporal variation may also provide novel physiological information. For instance, a slower response may reflect slower vessel dilation due to vascular pathology. The speed of the BOLD response to changes in PETCO2 has shown to reflect pathophysiology in patients with steno-occlusive disease [80]. Slower BOLD responses to CO2 have also been demonstrated in patients with mild cognitive impairment and Alzheimer's Disease (AD) [17]. Analytic approaches to account for temporal delays have been put forth [81–83] and shown to improve CVR mapping in patients with blood flow abnormalities [84].




NEUROLOGICAL CONDITIONS

Abnormal NVC, or even complete uncoupling, can occur when the cascade of events from neuronal activity to functional hyperemia is disrupted. This is known to occur in clinical conditions such as in brain tumors and cerebrovascular disease, and CVR mapping may be effective in improving task-based fMRI interpretation in these instances [85]. The utility of CVR may extend beyond mapping vascular changes to also inform our understanding of cognition. In this section, this argument is made by placing focus on example neurological conditions where CVR, cognitive and task-based fMRI alterations occur. The first two diseases discussed, cerebral small vessel disease and Moyamoya Disease, are characterized by vascular abnormalities. Such vascular-driven diseases are obvious candidates to benefit from CVR mapping. However, the utility of CVR may extend beyond diseases with vascular etiologies, to those that are microstructurally-driven. Therefore, Multiple Sclerosis is discussed in section Multiple Sclerosis.


Cerebral Small Vessel Disease

Cerebral small vessel disease (SVD) refers to a collection of abnormalities affecting the small blood vessels, including the capillaries, arterioles and venules, in the gray and white matter [86]. SVD is strongly associated with advanced age, and has been recognized as a common cause of stroke [87, 88] and dementia [89]. Indeed, SVD is tightly interwoven with AD. Due to the contribution of SVD to AD pathogenesis, the distinction between the two is increasingly blurred [90]. Imaging features of SVD are heterogenous and can present as white matter hyperintensities (WMH), lacunar infarcts, microbleeds, perivascular spaces, and atrophy [88, 91]. SVD types can demonstrate regional preference, for instance, cerebral amyloid angiopathy (CAA) pathology disproportionately affects the occipital cortex. CAA is characterized by the accumulation of amyloid-β predominantly in the arterial walls of the leptomeningeal space and cerebral cortex [92, 93]. SVD types can also be distinguished based on etiology, with sporadic appearances being distinct from those with known genetic etiologies, such as Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL).

Endothelial dysfunction has been suggested as contributing to the pathogenesis of SVD, resulting in stiff vessels with low reactivity [94, 95]. Concordant results have been reported in studies implementing CO2 challenges to measure CVR in SVD patients. Lower gray matter CVR has been demonstrated in SVD patients [96], and in patients with AD and mild cognitive impairment [97], compared to healthy controls. CVR reductions may show spatial heterogeneity, with AD patients showing reduced anterior (prefrontal, insular, anterior cingulate) CVR [98]. This study also found that the brain regions with reduced CVR did not overlap with regions showing reduced baseline CBF in AD patients, owing to vasoreactivity being sensitive to different pathology than CBF. Lower CVR in both gray and white matter in SVD is positively associated with WMH volume [99], and increases in WMH over time in patients with CADASIL [100]. A systematic literature review was performed by Blair et al. [95], who suggested that the relationship between CVR and WMH is unclear due to inconsistent findings [95]. The authors of this review further suggest that differences in imaging protocols might contribute to these inconsistencies. Another limitation is the lack of research incorporating temporal information into CVR analyses, which has shown to improve CVR estimation and provide important physiological information in patients with SVD [101]. Furthermore, more longitudinal research is warranted, as regions with reduced CVR have shown to precede the appearance of WMH [102].

Cognitive impairment is a common occurrence in patients with SVD. The severity and type of cognitive impairment is highly variable across patients, which may reflect the differences in pathology load and location [103–106]. Cognitive domains frequently impaired in SVD include processing speed and executive function [107], however patients tend to show impaired cognitive abilities across a broad range of domains [108]. This is demonstrated by Table 1, which highlights the range of cognitive impairment observed in SVD. This table summarizes findings from example research studies implementing behavioral assessments to test different cognitive domains in these patients. The studies reported in Table 1 were found using a PubMed search, and search terms included medical subject headings (MeSH) “cerebral small vessel disease,” and each of the assessable cognitive domains [115]. The searched domains were “perception,” “motor skills,” “attention,” “memory,” “executive functioning,” “processing speed,” “language,” and “verbal skills.” When selecting articles for Table 1, preference was given to recently published literature with an age and gender-matched control group.


Table 1. Summary of research studies highlighting the cognitive domains impaired in cerebral small vessel disease.
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Investigating potential imaging markers of SVD, including its pathogenesis and ongoing physiological changes, is an essential research endeavor [18]. Task-based BOLD fMRI changes in SVD have shown to reflect CVR and cognitive findings, and may potentially provide imaging markers of disease processes. Sensory tasks targeting activity in the visual and motor cortices report reduced BOLD signal amplitude in the visual cortex in patients with CAA [116]. Analysis of the temporal characteristics of these BOLD signal reveals wider and delayed responses in CAA patients compared to aged-matched healthy controls [68]. Longitudinal research has shown that BOLD responses in the occipital cortex of CAA patients decrease over time [117]. These BOLD signal changes may be specific to CAA due to pathology largely affecting the occipital cortex; no such BOLD activation reductions to visual and motor tasks were observed in CADASIL patients [118]. SVD patients have also demonstrated alterations in BOLD activation to cognitive fMRI tasks. Reductions in BOLD signal amplitudes and spatial extent of activation to an attention task have been reported in patients with SVD [119]. This is supported by resting-state fMRI showing reduced frontoparietal connectivity in these patients [120]. Disease processes disrupting neural networks may cause changes in neural activity, reflected by the cognitive and BOLD data. However, vascular abnormalities, as reflected by CVR findings, will also affect task-based BOLD signal in these patients and present a challenge when interpreting BOLD activation maps. When implementing fMRI to investigate SVD imaging markers, CVR may be an important addition to the imaging protocol by providing insight into vascular changes and guide interpretation of fMRI activation.



Moyamoya Disease

Moyamoya disease (MMD) is an idiopathic vasculopathy, characterized by reduced regional cerebral perfusion due to arterial occlusion or stenosis. From the branches of these narrowed arteries, collateral vascular networks form which radiologically appear as a “puff of smoke” (which gave the Japanese name Moyamoya) [121]. Patients with MMD often present with headaches, transient ischemic attacks, and intracranial hemorrhage. Intervention typically involves revascularization surgery. This improves cerebral perfusion to the cerebral vascular territories afflicted, and has shown to have good outcome regarding mortality and quality of life [122].

Comparisons of BOLD CVR to gold-standard CBF mapping using [15O] positron emission tomography [11] and angiography [123] show promising results for CVR in patients with MMD. These findings demonstrate the utility of CVR for assessing which brain regions are afflicted by changes in cerebral perfusion in MMD, and for tracking post-intervention reorganization. Vascular steal is commonly observed in CVR maps in patients with MMD. This phenomenon is observed as negative CVR within brain regions affected by arterial narrowing when a vasoactive stimulus such as CO2 is applied [124]. Negative CVR can be observed in an example patient in Figure 1A below. NBRs in the context of CVR are attributed to the permanently vasodilated state of the affected vessels, which is necessary to ensure sufficient perfusion in the resting baseline state. When PaCO2 increases, these vessels cannot decrease vascular resistance any further to meet this change in demand. Therefore, blood flow is diverted from these regions to brain regions with intact vasodilatory response [126]. Vascular steal in MMD has been associated with increased risk of stroke [127, 128], cortical thinning [129], and increased diffusion in white matter [130]. However, pre-operative appearance of negative CVR has been associated with improved surgical outcome [131]. Negative CVR has shown to resolve following revascularization surgery, representing normalized cerebral perfusion [126, 132].
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FIGURE 1. (A) BOLD-CVR maps for a healthy control participant (left) and a pre-surgical patient with MMD (right). Negative CVR in the MMD patient can be observed anteriorly, while the posterior brain is well-preserved. (B) fMRI activation maps from a concurrent visual-motor task, showing robust visual activation for the healthy control (left) and MMD patient (right). (C) Activation maps showing the motor cortex during the same task as (B). The healthy control on the left shows preserved activation, while the motor cortex of the MMD patient (right) shows NBRs due to vascular steal in blue. Further information about the study and experimental protocol used to calculate these maps can be found in Mazerolle et al. [125]. Color bar indicates Z-values.


Cognitive deficits have been described as a common symptom in patients with MMD, with ~30% of patients demonstrating cognitive impairment [133]. Cognitive studies in pre-surgical MMD are summarized in Table 2, where the same search strategy outlined for SVD and Table 1 in section Cerebral Small Vessel Disease above was applied. Cognitive impairment in patients with MMD may be attributed to hypoperfusion [138], as chronic ischemia may cause reduced axon density [139] and decrease cognitive network communication efficiency. While task-based fMRI can be used to clarify neural networks associated with certain cognitive tasks, regional ischemia and perfusion alterations in MMD complicate the ability to identify neural activity through a BOLD response. Mazerolle et al. [140] showed this in pre-operative MMD patients when visual-motor tasks were performed. When patients performed a simultaneous visual-motor task, BOLD activation in the motor cortex of the afflicted hemisphere was not detectable, although prominent activation of the visual cortex was observed. However, when the motor task was performed in isolation (i.e., without concurrent visual stimulation), robust BOLD activation was detected in the afflicted hemisphere. Therefore, the activation of the visual cortex, which had intact CVR, resulted in vascular steal from the MMD-afflicted motor cortex with impaired reactivity. Figures 1B,C highlights altered task-based fMRI activation maps during a concurrent visual-motor task. These results support the necessity of CVR when fMRI is performed in patients with MMD.


Table 2. Summary of research studies highlighting the cognitive domains impaired in Moyamoya disease.
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Multiple Sclerosis

Multiple sclerosis (MS) affects the central nervous system and is characterized by focal regions of demyelination, gliosis, and axonal degeneration. The majority of patients demonstrate a relapsing-remitting (RRMS) form at onset, hallmarked by discrete episodes of neurological impairment followed by periods of remission [141]. Gradual neurodegeneration leads to secondary progressive MS (SPMS), where remission periods subside and continuous progression of the disease occurs. A minority of patients (<10%) have primary progressive MS (PPMS) where the progressive form is evident from onset [142]. MRI indications of MS include multiple lesions dispersed through the white matter, in particular lesions adjacent to the ventricles and cerebral cortex, as assessed with T2-weighted sequences. Lesions may also demonstrate gadolinium enhancement as evidenced on post-contrast T1-weighted images, indicating acute localized breakdown of the blood brain barrier [143]. Even normal-appearing white matter (NAWM) on MRI may be affected by mild inflammation and gliosis in MS, despite these regions largely retaining myelin [144, 145]. While the pathogenesis of MS remains to be fully elucidated, the most widely accepted proposition is that it is an autoimmune disease, with inflammation and neurodegeneration playing a critical role in lesion development and disease progression [146].

Vascular dysfunction has been reported in patients with MS [147]. Studies evaluating CBF have shown hypoperfusion in MS patients relative to healthy controls [148], including regions with NAWM [149]. However, the literature on CVR in MS has provided conflicting results. Findings of decreased CVR in MS patients compared to controls using transcranial Doppler ultrasonography (TCD) [150] has been supported by reported global decreases in gray matter CVR using CBF-sensitized arterial spin labeling (ASL) [151]. However, other studies also using TCD and ASL report no CVR differences between MS patients and controls [152, 153], leading to an inconclusive picture regarding CVR impairment in MS. However, variations in disease severity and cognitive impairment amongst MS patients might underlie these conflicting CVR results. One study reported no significant differences in CVR between MS patients and healthy control groups, but when looking within the patient group only, CVR was significantly reduced in those with cognitive impairment compared to those with intact cognition [154]. Studies pooling subjects in terms of disease course (e.g., RRMS and SPMS) and cognitive impairment may be a contributing factor to the inconsistent CVR findings.

Cognitive decline in MS can be found across all stages of disease progression. As demonstrated by Table 3 (which followed the search criteria outlined in section Cerebral Small Vessel Disease), MS patients have demonstrated impairment across a broad range of cognitive domains. Cognitive decline is not ubiquitous; approximately half of all patients with MS do not exhibit any impairment in cognition [163]. However, the presence of cognitive decline in MS has been associated with reduced BOLD activation during cognitive tasks. Patients with poorer cognitive performance have shown decreased extent of BOLD activation to memory and attention tasks [164, 165]. MS patients with intact task performance have shown additional regions of brain activation compared to healthy controls [166–168]. This association between cognitive performance and BOLD activation in MS has been explained as functional reorganization. In a study comparing MS progression sub-types, Loitfelder et al. showed that the extent of BOLD activation to a processing speed task increased from patients with clinically isolated syndrome, to RRMS, and was most extensive in patients with SPMS [169]. It was reasoned that this was evidence for neuroplasticity changes to increasing tissue damage; more neural networks were required to compensate for those that were damaged by lesions and atrophy. As neural networks become increasingly damaged, communication between network nodes is less efficient. However, communication affecting neuronal activity is not the only breakdown, as the cells governing neurovascular coupling are also damaged. Damage to the neurovascular unit results in insufficient communication between neurons and the vasculature, and unmet nutrient and oxygen requirements [147]. Reduced BOLD response magnitude to cognitive tasks in MS patients may reflect decreased neural activity and/or disrupted NVC, but disentangling these requires more information, such as CVR mapping.


Table 3. Summary of research studies highlighting the cognitive domains impaired in multiple sclerosis.
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NORMAL PHYSIOLOGY


Caffeine

Caffeine is a commonly used ergogenic aid due to it being a psychostimulant of the central nervous system. The most prominent mechanism of action is as an adenosine receptor A1 and A2A antagonist. By blocking the action of inhibitory neurotransmitter adenosine on these receptors, caffeine produces a stimulation effect through disinhibition [170]. It has been long known that adenosine is a regulator of cerebral vasodilation [171]. As an antagonist, caffeine causes a vasoconstrictive effect and reduces CBF [172, 173]. Most studies investigating the neurovascular effects of caffeine consumption administer a dose of 200 mg, which decreases baseline CBF by 30–35% and increases oxygen extraction fraction (OEF) by 15–27% [174–177]. This inverse relationship between CBF and OEF is intuitive, as a reduction in flow would require an increase in OEF to maintain oxygen metabolism rates. But does baseline CMRO2 change after caffeine consumption? The literature is inconsistent. For instance, baseline CMRO2 has been reported as unchanged [177], increased [178] and decreased [176] following caffeine consumption.

The effects of caffeine on CVR appears somewhat more consistent. When characterizing the influence of caffeine on CVR in the motor and visual cortices, one study showed that caffeine increased BOLD-CVR in these regions while having no effect on CBF-CVR [179]. Similarly, Merola et al. [176] reported an increase in BOLD-CVR across the gray matter after caffeine, relative to caffeine-free baseline. Some example CVR maps from individuals who participated in caffeine and caffeine-free placebo conditions are shown in Figure 2. This figure highlights some increased CVR with caffeine, although inter-subject variability is also evident. One interpretation that has been previously linked to increased task-induced BOLD signal changes following caffeine is that a decreased CBF baseline may result in a larger relative BOLD amplitude change [181]. However, further work found that caffeine-induced reductions in resting CBF were not a strong predictor of stimulus-induced BOLD activation [182]. Further research investigating how caffeine influences CVR, and whether this in dependent on factors such as baseline physiology, is therefore warranted.
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FIGURE 2. Example BOLD-CVR maps from 4 participants (P1, P2, P3, and P4) who ingested placebo (upper rows) and caffeine (lower rows) pills across two separate scan sessions, 48 h apart. The caffeine condition shows some increased CVR, such as in P1, although there is individual variation and increased CVR is not immediately apparent in every individual. Negative CVR is also evident (in cool colors) in regions close proximity to the ventricles. CVR maps are overlaid on participant's own T1-weighted structural image. Further information about the experimental protocol used to obtain these maps can be found in Specht et al. [180]. Color bar indicates CVR (%ΔBOLD/ΔmmHg).


The cognitive effects of caffeine are well-known and appreciated by frequent consumers. The ingestion of up to 300 mg has shown to enhance alertness, attention, and reaction time performance [183, 184]. How caffeine affects task-induced BOLD signals appears to be dependent on the specific task performed. There is some evidence showing no change to passive visual stimulation-induced BOLD activation following caffeine consumption, despite significantly fewer activated CBF voxels acquired simultaneously [185]. In a different study [186] where a visuo-motor task that required continual alertness to visual cues was implemented, significant BOLD increases with caffeine ingestion were found. These increases corresponded to regions that have been implicated in attention networks, including the basal ganglia, thalamus, putamen and insula. This finding is consistent with other work showing that caffeine increases BOLD activation during a working memory task [187]. This discrepant effect of caffeine on BOLD activation to low-level sensory tasks vs. high-level cognitive tasks was investigated in a single study [188]. This work showed that caffeine reduced BOLD activation in the visual and motor regions to sensory tasks, and consistent with the prior findings outlined above, increased activation in the superior frontal gyrus, paracingulate cortex, and frontal pole to an attention task. An important feature of these research findings is that BOLD modulations to cognitive tasks induced by caffeine may not be replicated in populations with cognitive decline. For instance, a longitudinal study evaluating the effects of caffeine in older adults [189] reported that those who exhibited cognitive decline across time were less sensitive to caffeine-induced BOLD modulations than those showing cognitive stability.

The research discussed here highlights that caffeine modulates both vascular and neural activity, and underscores how the BOLD signal is a complex interplay between these components. As such, task-induced BOLD signal changes following caffeine consumption are highly dependent on the neural networks engaged by the task, and the level of alertness it requires. BOLD-CVR appears to increase following caffeine ingestion; this suggests that changes in task-induced BOLD activation with caffeine may be partly explained by vascular contributions. Further work exploring the link between caffeine-induced changes to CVR and task-based BOLD activation maps is required.



Aging

Healthy aging of the brain includes structural and vascular changes [190]. Evidence for structural changes in healthy older adults includes cortical thinning, with frontal regions appearing to show accelerated rates of thinning with increasing age relative to temporal and occipital regions [191, 192]. Vascular alterations include changes in cerebral microvascular organization and capillary function [193] and indicate a functional decline of the neurovascular unit with age [194, 195]. These alterations at the microvascular level may lead to the changes observed at the macrovascular level. Macrovascular aging is characterized by increased arterial stiffness, corresponding to increased pulse pressure and impaired vascular endothelium function [196], and increased prevalence of hypertension [197]. MRI demonstrates CBF decreases with age [190, 198]. CVR is a useful method for tracking age-related changes to vascular health. Most studies utilizing CVR to investigate aging have focused on age-related diseases; however, important research findings have elucidated CVR changes with disease-free aging to understand how the healthy brain progresses throughout the adult lifespan. In this section, it will be argued that obtaining complementary physiological information such as CVR should be considered a priority for all fMRI investigations in aging populations, especially when comparing to younger adults.

CVR decreases in gray matter have been consistently reported with healthy aging [198–200]. CVR changes with age have also shown spatial heterogeneity. In cross-sectional studies, decreases in CVR within frontal [201] and temporal lobes [202] with increasing age have been reported. To assess CVR changes over time, a longitudinal study by Peng et al. [203] characterized changes over 4 years in participants aged 20–88 years. It was reported that CVR decreased linearly with increasing age across the whole brain, but the temporal lobes showed the fastest rate of decline. The occipital lobes were the most resistant to age-related decline in CVR. However, inter-subject variation was evident in this longitudinal study. Lifestyle factors are likely contributors to variation in CVR. Indeed, exercise and fitness level is positively associated with CVR in healthy older adults [204]. CVR can also reflect cognitive changes with aging. Catchlove et al. [202] showed that CVR in the temporal lobes was associated with memory and attention performance in older adults. Further investigations of healthy brain aging and CVR are required. In particular, it would be important to investigate how the temporal characteristics of the CVR response relate to cognitive changes with aging.

Task-based fMRI studies have shown BOLD activation decreases with increasing age during tasks of visual attention [205, 206], working memory [207, 208] and memory encoding [209, 210], as would be expected if such cognitive functioning decreases with age. However, neural activity-mediated BOLD changes with age also show significant heterogeneity. One meta-analysis reported decreased prefrontal cortex activation in older adults during working memory tasks, while other task-engaged regions including the cingulate and parietal cortex remained unaffected throughout adulthood [207]. Other studies reveal conflicting findings by showing increased frontal lobe activation in older adults compared to younger cohorts during working memory tasks [211–213]. These inconsistent findings reflect increased variability in fMRI activation patterns in the older groups.

Two example patterns of age-related changes to BOLD activation that have been reported in the literature are hemispheric asymmetry reduction, and posterior-to-anterior shift. The first describes a shift in BOLD activation to cognitive tasks from unilateral to bilateral with increasing age [214–216]. That is, older adults more often recruit both cerebral hemispheres for tasks that show unilateral engagement in younger adults. The recruitment of both hemispheres in older adults has been associated with better task performance, and has been suggested to be a compensatory mechanism [217]. The second pattern, the posterior-to-anterior shift, describes findings of decreased activation in the occipital and temporal regions, and increase frontal activation during a variety of cognitive tasks, and this is also hypothesized to reflect compensatory mechanisms [218]. As outlined above, CVR also decreases with age, thus complicating the interpretation of task-based BOLD activation shifts. This is illustrated in Figure 3. Gauthier et al. exemplified these interpretation challenges by demonstrating that groups of older and younger adults showed similar BOLD activations to the Stroop task (i.e., executive functioning), however, CVR was reduced in the older group [219]. This demonstrates that BOLD activations to cognitive tasks cannot be directly compared between groups of different ages, as underling metabolic activity cannot be inferred from BOLD activation maps alone. Similar BOLD activation profiles between the older and younger adults in the context of reduced CVR means that metabolic activity was likely different between the groups [220]. Overall, the complex neurobiological and heterogenous changes that occur with age are reflected in the highly variable and inconsistent task-based BOLD findings in the literature.
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FIGURE 3. Compared to younger adults, older subjects have shown decreased BOLD responses posteriorly, and increased responses anteriorly. This has been hypothesized to reflect a neural compensation mechanism; however, the underlying neural activity is difficult to interpret from BOLD fMRI alone. Insets (A,B) depict two possible scenarios that would cause task-induced BOLD reductions and are not due to decreased neural activity. Reduced BOLD activation can occur in the context of intact neurovascular coupling but reduced CVR, as shown in (A). In this circumstance, the decline in activation may be due to reduced CVR only, with neural activity spared. An alternative situation is presented in (B), where reduced posterior BOLD activation is due to altered neurovascular coupling (illustrated as less connection between the neuron and astrocyte). Here, neural activity may still be intact but there is a communication breakdown between neurons and the vasculature, including glial cells governing the vascular response. This inset highlights that reduced task-induced BOLD activation may be accompanied by CVR maps showing intact CVR in this situation. Inset (C) illustrates robust BOLD responses and CVR to neural activity, as would be expected in healthy brain tissue. While this healthy activation may appear as increased neural activity compared to the posterior brain, this figure highlights how care needs to be taken in this interpretation.





INTEGRATION OF BOLD-BASED ASSESSMENTS OF CVR AND NEURAL ACTIVITY: HYPERCAPNIC NORMALIZATION

This review paper has emphasized that adding CVR to task-based fMRI protocols may improve interpretation of BOLD activation maps. One analytical approach that integrates CVR is using it to correct activation maps through hypercapnic normalization. This was initially suggested by Bandettini and Wong [221] as a way to minimize signal contributions from large blood vessels. The premise of this work was that BOLD signal magnitude is highly weighted by baseline cerebral blood volume (CBV). They noted that a very large BOLD signal change of 15% would be observed in a voxel with 20% CBV, compared to a moderate 2.5% signal change in a voxel with 5% CBV, assuming all other parameters are identical. Removing this activation bias from voxels with higher CBV might be achieved using hypercapnia-induced BOLD signal changes. The authors suggested that hypercapnia induces consistent venous oxygenation changes across the brain, and any spatial variation in BOLD intensity would presumably be due to resting CBV and vessel size. The division of activation-induced signal change by hypercapnia BOLD signal change would return a normalized task-induced activation map void of influences from large vessels. This was investigated using a hypercapnia stimulus where subjects inhaled a 5% CO2 gas mixture, and performed a motor task. The peak activation observed in the motor task prior to normalization was in the sagittal sinus; after normalization the peak signal shifted to the brain parenchyma and therefore improved spatial specificity toward neuronal function.

This work was followed up by Cohen et al. [222] who investigated the effects of magnetic field strength on hypercapnic normalization. Similar to Bandettini and Wong [221], a motor task and 5% CO2 hypercapnia stimulation was implemented. At a magnetic field strength of 4 T, the findings were consistent with Bandettini and Wong [221], where voxels containing large vessels were highly activated by the motor task but showed low normalized BOLD signal. Furthermore, these voxels were located in regions distant to the site of neural activity. At 7 T, the effect of hypercapnic normalization was less apparent due to the expected increased sensitivity to smaller blood vessels at this higher field strength. Research studies following Cohen et al. [222] capitalized on hypercapnic normalization to improve signal specificity. The breath-hold hypercapnia approach for increasing CBF was implemented to normalize BOLD-activation to a motor task [223] and a working memory task [224]. These studies found that hypercapnic normalization reduced the influence of vascular variability between subjects. A study by Handwerker et al. [20] implemented hypercapnic normalization to reduce vascular variability in task-induced BOLD signal in order to improve group comparisons between older and younger adults. Normalization removed age-related differences in some of the regions of interest, in particular those in frontal brain regions. A strong linear relationship between task-induced and hypercapnia BOLD signal was found and the authors suggested that hypercapnia response variability accounts for a large amount of the BOLD signal variability observed during the task. However, inter-subject variation increased in the older group after hypercapnic normalization, in contrast to the findings of Thomason et al. [224] and Biswal et al. [223].

These conflicting findings were examined in detail by Liau et al. [225]. To address inter-subject variability, their study investigated different approaches to hypercapnic normalization. The first method utilized a voxel-wise approach where the task-induced BOLD response for each voxel is divided by the hypercapnic BOLD response from the corresponding voxel. The second method was also a division tactic but used each subject's averaged hypercapnia BOLD responses within ROIs, rather than a voxel-wise implementation. The selection of ROIs was based on voxels demonstrating significant task and hypercapnic BOLD activation. A third method shifted from the division tactic and modeled hypercapnic BOLD responses as covariates. The covariate-normalized approach fit the task-induced BOLD response amplitudes to linear regression models where the hypercapnic BOLD responses were regressors. The amplitudes of the task-induced signals were then normalized by the slope of the regression lines. The authors found that the covariate-normalized approach demonstrated reduced inter-subject variability compared to the division methods.

The inclusion of CVR information into task-based fMRI has shown to improve comparisons between older and younger adults in a memory encoding task [226]. This study showed that the two age groups had more comparable activation maps after hypercapnic normalization. Similar findings were reported in a study comparing adults with different fitness levels [227]. These comparisons would have been otherwise confounded by vascular changes without the information given by CVR. Overall, hypercapnic normalization has strong potential for addressing intrinsic limitations of BOLD fMRI.



CONCLUSION

Few studies exist that use CVR to inform interpretation of task-based BOLD activation. However, it is becoming increasingly clear that changes in CVR, cognition, and task-induced BOLD activation are highly interrelated. This is evident in patients with neurological conditions, both vascular and microstructurally-driven; and in normal physiology following caffeine consumption, and in healthy brain aging. These are just a few examples discussed here and not a comprehensive list. Correction procedures such as hypercapnic normalization can be performed to correct task-based BOLD activation by CVR, although further research into this and other image integration approaches is warranted.
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Cerebrovascular reactivity (CVR) is used as an outcome measure of brain health. Traditionally, lower CVR is associated with ageing, poor fitness and brain-related conditions (e.g. stroke, dementia). Indeed, CVR is suggested as a biomarker for disease risk. However, recent findings report conflicting associations between ageing or fitness and CVR measures. Inconsistent findings may relate to different neuroimaging modalities used, which include transcranial Doppler (TCD) and blood-oxygen-level-dependant (BOLD) contrast magnetic resonance imaging (MRI). We assessed the relationship between CVR metrics derived from two common imaging modalities, TCD and BOLD MRI, within the same individuals and with expected significant differences (i.e., younger vs. older) to maximise the expected spread in measures. We conducted two serial studies using TCD- and MRI-derived measures of CVR (via inspired 5% CO2 in air). Study 1 compared 20 younger (24 ± 7 years) with 15 older (66 ± 7 years) participants, Study 2 compared 10 younger (22 ± 2 years) with 10 older (72 ± 4 years) participants. Combining the main measures across studies, no significant correlation (r = 0.15, p = 0.36) was observed between individual participant TCD- and BOLD-CVR measures. Further, these measures showed differential effects between age groups; with TCD-CVR higher in the older compared to younger group (4 ± 1 vs. 3 ± 1 %MCAv/mmHg PETCO2; p < 0.05, Hedges’ g = 0.75), whereas BOLD-CVR showed no difference (p = 0.104, Hedges’ g = 0.38). In Study 2 additional measures were obtained to understand the origin of the discrepancy: phase contrast angiography (PCA) MRI of the middle cerebral artery, showed a significantly lower blood flow (but not velocity) CVR response in older compared with younger participants (p > 0.05, Hedges’ g = 1.08). The PCA CVR metrics did not significantly correlate with the BOLD- or TCD-CVR measures. The differing CVR observations between imaging modalities were despite expected, correlated (r = 0.62–0.82), age-related differences in resting CBF measures across modalities. Taken together, findings across both studies show no clear relationship between TCD- and BOLD-CVR measures. We hypothesize that CVR differences between imaging modalities are in part due to the aspects of the vascular tree that are assessed (TCD:arteries; BOLD:venules/veins). Further work is needed to understand the between-modality CVR response differences, but caution is needed when comparing CVR metrics derived from different imaging modalities.
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INTRODUCTION

The methods chosen through which to assess brain health and individual vascular disease risk (e.g., stroke), as well as the efficacy of approaches to improve brain health are important areas of research to improve the healthspan of individuals (i.e., the period of one’s life that is healthy). One method which is becoming established for the assessment of brain health and a potential biomarker for disease risk is cerebrovascular reactivity (CVR) (e.g., Kleiser and Widder, 1992; Silvestrini et al., 2000; Portegies et al., 2014; Smeeing et al., 2016; Juttukonda and Donahue, 2019; Sur et al., 2020). CVR is the reactivity of blood vessels in the brain to an external isometabolic (i.e., no change in brain metabolism) stimulus. The idea is to assess how cerebral blood flow (CBF) changes when a stimulus is presented. To disassociate the vascular response to changes in neuronal activity between cohorts or time points of interest, the stimulus of choice is often carbon dioxide (CO2), a potent vasodilator of the cerebrovasculature (Willie et al., 2014). Furthermore, it is thought to cause only a small change in the cerebral metabolic rate of oxygen consumption (CMRO2) (Peng et al., 2017), and is readily available and easy to administer. Following a period of resting (baseline) CBF measures, CBF is then assessed whilst the partial pressure of CO2 in the arteries (PaCO2) is altered either via increases in the inspired CO2 concentration (i.e., hypercapnia) to elevate CBF, or from hyperventilation to lower PaCO2 (i.e., hypocapnia) and reduce CBF. The changes in PaCO2 are quantified via measures of CO2 in the expired breath (i.e., end-tidal CO2 (PETCO2)). By taking the ratio of the relative change in CBF to the change in PETCO2, the relative CVR is found. This CVR measure therefore gives a metric of the regulatory function of the brain’s vasculature (Fierstra et al., 2013).

There are a range of methods to measure CBF, and hence CVR, either directly or indirectly. Positron emission tomography (PET) and single photon emission computer tomography (SPECT) (Juttukonda and Donahue, 2019) both can provide measures of CBF, but require the use of radioactive isotopes and therefore are undesirable to use unless clinically beneficial. Non-ionising methods of measuring CVR are primarily through the use of Doppler ultrasound or Magnetic Resonance Imaging (MRI) (Juttukonda and Donahue, 2019). Transcranial Doppler (TCD) measures blood velocity within an artery [often the middle cerebral artery (MCA)] as a proxy for CBF. For the use of velocity as a proxy for flow to be valid, it assumes that there is no change in the cross-sectional area of the artery on stimulus administration, and that this effect is consistent between the compared cohorts. However, it has recently been shown that there are likely to be changes in blood vessel diameter with gas challenge (Verbree et al., 2014; Coverdale et al., 2017), as well as an increase in blood velocity. Doppler ultrasound of the extracranial arteries (internal carotid and vertebral arteries) is being used increasingly commonly to overcome this limitation as both diameter and velocity can be measured simultaneously for the calculation of flow (Thomas et al., 2015); however, this method is not yet as widely used as TCD for CVR due to it being somewhat more technically demanding to perform. Nevertheless, despite its velocity-based limitation, TCD is still frequently used to assess CVR due to its low cost, portability and the fact that any cohort can be imaged with this technique (i.e., there are no safety implications unlike MRI).

MRI-based CVR measures have most commonly been performed by utilising the blood oxygen level dependant (BOLD) signal due to its high signal-to-noise ratio (SNR) and easy accessibility to MRI sequences that can measure this signal. The BOLD signal is increased in the presence of reduced concentration of deoxyhaemoglobin (Ogawa et al., 1990) and reflects the complex balance of CBF, CMRO2 and blood volume that together alter the concentration of deoxyhaemoglobin. Since the BOLD signal is sensitive to changes in the concentration of deoxyhaemoglobin, the signal measured is from the venous side of the vascular tree and is primarily thought to originate in the venules (Ogawa et al., 1990; Gagnon et al., 2015). The BOLD signal therefore provides an indirect measure of changes in CBF in the venules. The BOLD signal is used extensively to examine brain vascular response to an external stimulus, including to induced changes in PaCO2 as described above, with an assumption that such a hypercapnic challenge results in no change in neuronal activity and therefore CMRO2 (Febo, 2011; Buxton, 2013; Peng et al., 2017). In addition to the BOLD approach, other MRI techniques are also used to assess CVR. These include arterial spin labelling (ASL), which measures CBF in the grey matter tissue (Alsop et al., 2015), and phase contrast angiography (PCA), which measures blood velocity and flow in large vessels such as the MCA. However, ASL has poor SNR relative to BOLD, and PCA has a very poor time resolution (in the order of a minute per measure). Therefore, BOLD CVR measures are the most commonly used MRI method, although the least direct of the MRI options for measuring the signal of interest, CBF.

Traditionally, higher CVR is associated with higher aerobic fitness (Bailey et al., 2013; Barnes et al., 2013), while a lower CVR is associated with natural ageing (Bakker et al., 2004; Lu et al., 2011; Gauthier et al., 2013, 2015; Bhogal et al., 2016; Peng et al., 2018; Miller et al., 2019) and brain-related conditions including dementia (den Abeelen et al., 2014) and stroke (Markus and Cullinane, 2001). Therefore, a higher CVR has been perceived as indexing a healthier brain. However, recent findings challenge some of these observations and assumptions. For example, blunted CVR was reported in a group of Masters athletes relative to sedentary age-matched controls (Thomas et al., 2013), and a recent study showed a similar negative relationship between CVR and fitness (Furby et al., 2020). This finding has also been shown in studies of older adults, where higher cardiorespiratory fitness was negatively related to CVR (DuBose et al., 2016; Intzandt et al., 2020). In fact, a number of studies report findings that conflict with the simplistic age-related CVR relationship as well (Kastrup et al., 1998; Galvin et al., 2010; Murrell et al., 2013). Thus, while simplistic relationships between CVR and age and/or fitness are commonly portrayed, there are a lot of inconsistencies within the literature around this topic.

A plausible explanation for the discrepancy between the CVR changes reported in different studies is the imaging modality used. Indeed, while the reduced CVR with greater fitness has been reported in studies using MRI, primarily using BOLD contrast CVR (Thomas et al., 2013; DuBose et al., 2016; Furby et al., 2020), it is Doppler-based imaging methods that show an increase in CVR with higher fitness levels (Bailey et al., 2013; Barnes et al., 2013; Murrell et al., 2013). Whilst the majority of studies show a decrease in CVR with age, the studies where no change or an increase has been reported are mostly using Doppler as the imaging modality (Kastrup et al., 1998; Galvin et al., 2010; Murrell et al., 2013); notwithstanding the sex-differences with ageing that Kastrup and colleagues reported in their TCD-based study (Kastrup et al., 1998) and a PET-based study that showed no ageing effect on CVR (Ito et al., 2002).

Comparison of CVR findings between studies using either TCD- or BOLD MRI-derived measures are often made to help the interpretation of a new result with previous studies on physiologically relevant cohorts. The assumption in such comparisons is that all CVR measures are reflecting the same underlying physiology often without consideration of the imaging method used. However, direct comparison of TCD and BOLD MRI techniques for measuring CVR has not been made. The expected relationship between CVR measures across TCD and BOLD MRI is not immediately clear due to the different aspects of the vascular tree they are measuring from (TCD: arteries; BOLD: venules and veins), and the fact both are providing indirect measures of CBF, as described above. If CVR is to be a measure of brain health and a biomarker for disease prognosis and/or diagnosis (as highlighted above), then it is vital that we understand the precise relationship between these different approaches that all collectively refer to CVR. Thus, establishing if these different methods of determining CVR all reflect the same underlying brain health status is crucial, since if they provide different information and outcomes, they should not all be referred to as the same thing; i.e., the single term CVR.

Here we aim to perform a direct comparison of CVR derived from TCD and BOLD MRI measures, two common methods used to assess CVR. Importantly, we do this in the same group of participants with the same experimental setup and CO2 delivery method. The same experimental set-up was important as aspects of experimental set-up can also affect the determined CVR outcome, such as CO2 stimulus concentration and duration, as well as where the steady-state time point is taken from Burley et al. (2020). This work combines two studies. The first study aimed to compare age and fitness effects on CVR within and between imaging modalities, recruiting both younger and older adults that were either fit or unfit. Preliminary results of study one indicated no relationship between TCD and BOLD MRI CVR measures which required further investigation. The aim of the second study was to compare CVR outcomes between imaging modalities for the two groups that were expected to be the most different (younger fit vs. sedentary older adults). In study two, PCA MRI was employed to provide a mid-stage measure of CVR with the aim of furthering understanding of differences in CVR calculated with TCD and BOLD MRI. We hypothesised that CVR derived from TCD and BOLD MRI would not correlate across age and fitness groups, owing to the different origins of the signal measured; while measured metrics that were more direct measures of CBF (i.e., MCA velocity measured by TCD vs. PCA MRI) would show better agreement. This work will help inform the comparison and interpretation of existing studies using either of the imaging modalities, as well as how CVR can be used as a biomarker in the future.



METHODS

For both studies, ethical approval was obtained from the Science, Technology, Engineering and Mathematics Ethical Review Committee, University of Birmingham and conformed to the Declaration of Helsinki (project code: ERN_14-1423). Prior to participation, a detailed verbal and written explanation of the study was provided, and written informed consent was obtained.



STUDY 1


Participants

Thirty-five healthy volunteers in two age groups participated: 20 younger participants, mean age 24 ± 7 years and 15 older participants, mean age 66 ± 7 years. Participants were excluded if they had any neurological or psychiatric conditions or if any abnormalities were revealed from a 12-lead electrocardiogram (ECG). Participants were not taking any medication (with the exception of oral contraception in females) and had no history of cardiovascular, cerebrovascular or respiratory disease.

Groups were further divided into fit and unfit groups, as determined by performance on a maximum oxygen consumption (V̇O2max) fitness test (see below for details). The partitioning of fitness for each age group was as follows: for younger participants, a V̇O2max > 45 mL⋅min–1⋅kg–1 placed them in the fit group; for the older participants, a V̇O2max > 25 mL⋅min–1⋅kg–1 placed them in the fit group. Remaining participants were placed in the associated unfit groups. Partitioning values were based on normative data, which includes the well-established decline in cardiorespiratory fitness across the lifespan (Heyward, 1998; Riebe et al., 2018).



Overview

Participants for this study completed five visits in total. The first visit included general health screening, MRI safety screening, fitness questionnaires, and an electrocardiogram (if over 50 years of age, see Supplementary Methods). After inclusion, the second visit comprised the aerobic fitness test on a treadmill or stationary bike to determine the maximal oxygen consumption (V̇O2max) of each participant (see Supplementary Methods). The third visit was a familiarization of the CBF measures using TCD and gas challenges (not reported). After satisfactory completion of familiarisation trials (i.e., no adverse reactions to breathing the CO2 stimulus were experienced by the participant and adequate Doppler signals were identified), participants were invited back for the two full testing sessions (visits four and five), one where MCAv was measured using TCD and one where BOLD and ASL signals were measured using MRI to give different direct and indirect measures of brain blood flow at rest and during the CO2 gas challenge (i.e., CVR test). The order of these final two visits was randomised and counter-balanced between participants, using a computer random number generator, to avoid order effects. For all visits, participants were asked to avoid vigorous exercise and alcohol for 24 h, caffeine for 12 h and heavy meals for 4 h prior to study participation.



Cerebrovascular Reactivity Test

Participants were asked to lie in supine position, relax and breathe as naturally as possible. The CVR test was performed after a resting period of at least 20 min. It consisted of a sequential pattern of 4-min period of breathing room air, 4 min of breathing a 5% CO2 stimulus, 4 min of room air, 4 min of 7% CO2 stimulus, 4 min of room air as shown in Figure 1A.


[image: image]

FIGURE 1. Baseline CBF and cerebrovascular reactivity (CVR) test protocol schematic and accompanying measure timing information for MRI and TCD sessions. (A) Protocols for Study 1. (B) Protocols for Study 2. Note for TCD data – data were recorded over whole gas challenge but only data during highlighted time windows was used to calculate CBF and CVR metrics. CO2 onsets: are when the CO2 gas (5 or 7%) were presented relative all the imaging data which were acquired. CBF, cerebral blood flow; PCA, phase contrast angiography; TCD, transcranial Doppler; MCA, middle cerebral artery; FAIR, flow-sensitive alternating inversion recovery; ASL, arterial spin labelling; BOLD, blood oxygen level dependant; EPI, echo planar imaging; MPRAGE, magnetisation prepared rapid gradient echo.


To ensure mouth breathing only, participants wore a nose peg whilst breathing through a mouthpiece connected to a 3-way valve (2700 series: Hans Ruldolph Inc., United States) and an inhalation and exhalation tube. The inhalation tube was connected to one of two open-circuit Douglas bags (containing 5% CO2 or 7% CO2 gas in dry air) or left open to room air. Within this circuit for the TCD session only, was a heated pneumotachograph (3813 Series, Hans Rudolph Inc., United States); however, due to the non-MRI compatibility of any available spirometer, ventilation volume and rate was not recorded during the MRI session. Switching the Douglas bag valves from ambient room air to the 5 and 7% CO2 mixture was done by a researcher sitting beside the participant for both TCD and MRI sessions.

During both visits, fractional changes in inspired and expired oxygen (O2) and carbon dioxide (CO2) were measured via a sample line inserted into the mouthpiece and connected to a fast-responding gas analyser (ML206, ADInstruments Ltd, New Zealand), with the flow rate at maximum (200 mL⋅min–1). O2 and CO2 data were acquired continuously at a sample rate of 1 kHz via an analogue-to-digital converter (PowerLab, ADInstruments) interfaced with a computer, displayed in real time and stored for offline analysis using commercially available software (LabChart v7.3.5, ADInstruments). Known gas concentrations were used to calibrate the gas analyser prior to every testing session.

In addition, for the TCD session only, beat-by-beat blood pressure (BP) was measured using photoplethysmography via a finger cuff placed on the middle finger of the left hand (Portapres, Finapres Medical Systems BV, the Netherlands). A 3-lead electrocardiogram (ECG) was used in the TCD session to continuously measure heart rate. During the MRI visit, cardiac and respiratory cycles were simultaneously recorded using the vector cardiogram (VCG; Philips Medical Systems, Netherlands) and respiratory belt, respectively.



MRI Data Acquisition

All MRI data were acquired on a 3-T Philips Achieva MRI scanner (Philips Medical Systems, Best, Netherlands) using a whole-body transmit coil and 32 channel head receive coil. Figure 1A shows the times that the different MRI sequences used were acquired relative to the gas challenges.

A multi-inversion time flow-sensitive alternating inversion recovery (FAIR) pulsed ASL sequence with two-dimensional echo-planar imaging (2D-EPI) readout (Kim, 1995) was used to acquire quantifiable measures of baseline perfusion and transit time. Imaging parameters used were: echo time (TE): 9 ms; repetition time (TR): 8 s; inversion times (TIs): 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 s voxel size: 3.25 mm × 3.25 mm in plane; slice thickness: 5 mm; slices: 12. Four volumes of data were acquired for TIs between 0.4 and 1.4 s whilst 10 volumes of data acquired for TIs between 1.6 and 1.8 s, due to lower SNR at longer TIs. A base equilibrium M0 scan was acquired with the same parameters but without the inversion pulses required for ASL sequence (further details can be found in Burley, 2018; Burley et al., in press).

To allow measurement of CVR using MRI, a FAIR double acquisition background suppression (DABS) sequence (Mullinger et al., 2013, 2017) was used for simultaneous acquisition of ASL and BOLD data during the gas challenge protocol (Figure 1A). Imaging parameters used were: TR = 5.2 s (label-control pair), with background suppression pulses at TBGS1/TBGS2: 339 ms/899 ms, label delay = 1400 ms, TE = 9 ms (ASL)/40 ms (BOLD), voxel size: 3.25 mm × 3.25 mm × 5 mm, 12 slices of ASL and BOLD data, FOV: 212 mm × 212 mm, SENSE factor: 2.3, volumes: 205 (label-control pairs). A whole-head T1-weighted anatomical (magnetisation prepared rapid gradient echo; MPRAGE) image with 1 mm3 resolution was also acquired.



TCD Data Acquisition

Blood velocity in the right and left MCA were measured simultaneously using TCD (Doppler Box, DWL, Compumedics Ltd, Germany), with a 2-MHz probe placed over each temporal window on the right and left side of the head. Probes were prepared with ultrasound gel and held in place with a headset. Search and identification procedures were done in accordance with established guidelines (Willie et al., 2011). Data were acquired from the whole of the gas challenge protocol from which both resting blood velocity and CVR metrics could be obtained, including a period of steady state (see Figure 1A).



STUDY 2


Participants

Twenty healthy volunteers in two age groups participated: 10 younger fit participants (22 ± 2 years) and 10 older participants (72 ± 4 years) self-reporting as “unfit.” Participants were excluded if they had any neurological or psychiatric conditions. Participants were not taking any medication (with exception of oral contraception for females) and had no history of cardiovascular, cerebrovascular or respiratory disease.

Fitness status for the younger group was determined by performance on a maximum oxygen consumption (V̇O2max) fitness test as described in Study 1 (>45 mL min–1 kg–1 placed them in the fit group). For the older group, the physical activity status was determined using a questionnaire (New Zealand Physical Activity and Readiness Questionnaire Short Form).



Overview

Younger participants for this study completed six visits in total. The first visit included general health screening, MRI safety screening, fitness questionnaires. After inclusion into the study, the second visit included the aerobic fitness test on a treadmill or stationary bike to determine maximal oxygen consumption (V̇O2max) (see Supplementary Methods). The third visit was a familiarization of the CBF measures using TCD and gas challenges (not reported). After satisfactory completion of familiarisation trials (i.e., no adverse reactions to breathing the CO2 stimulus were experienced by the participant and adequate Doppler signals were identified), participants were invited back for the three full testing sessions. The final three visits involved collecting CBF and CVR measures, two using TCD and the other using MRI. The order of these three visits was randomised and counterbalanced between participants using a computer random number generator. The two visits using TCD were done to assess test-retest reliability of TCD measures, with the same researcher collecting all data. The older participants for this study completed four visits in total, they did not do the fitness test or the second TCD visit. As for Study 1, for all visits, participants were asked to avoid vigorous exercise and alcohol for 24 h, caffeine for 12 h and heavy meals for 4 h prior to study participation.



Cerebrovascular Reactivity Test

Participants were asked to lie supine, relax and breathe as naturally as possible. The CVR test was performed after a resting period of at least 20 min. It consisted of two repeats of a 4-min period of breathing room air followed by 4 min of breathing a 5% CO2 stimulus, followed by a final 2 min of room air as shown in Figure 1B. The equipment used for gas delivery and heart rate monitoring was identical to Study 1, with the exception of the gas analyser for the MRI sessions. For this session, a dedicated CO2 analyser (CD-3A, AEI Technologies, United States) was used, which was calibrated the same way as the analyser used for TCD (using the same procedures as Study 1).



MRI Data Acquisition

MRI data were acquired using the same hardware as in Study 1. Figure 1B shows the times that the different MRI sequences were acquired relative to the gas challenges.

A multi-inversion time FAIR pulsed ASL sequence with 2D-EPI readout, similar to Study 1, was used to acquire quantifiable measures of baseline perfusion and transit time. Imaging parameters used were: echo time (TE): 9.6 ms; repetition time (TR): 3 s; inversion times (TIs): 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 s voxel size: 3 mm × 3 mm × 5 mm; slices: 12. Four volumes of data were acquired for TIs between 0.4 and 1.4 s whilst 10 volumes of data acquired for TIs between 1.6 and 2.0 s. As for Study 1, base equilibrium M0 scan was also acquired. In addition, a whole head EPI with the same resolution and orientation as the ASL sequence to aid corregistration was acquired.

Blood flow in each vessel was measured using a VCG-gated 2D phase contrast angiography (PCA) on a single slice perpendicular to each targeted vessel of interest. Measures in the right and left MCA were acquired both during the baseline and gas periods (see Figure 1B). This allowed these PCA measures to determine blood velocity and flow during baseline (rest) and PCA-derived measures of CVR, akin to that acquired from TCD but using velocity and flow measures. Imaging parameters were: Cardiac cycle phases = 30, TR = 15 ms; TE = 3 ms, 10° flip angle, voxel size = 1.21 mm × 1.21 mm × 6 mm, Velocity encoding = 150 cm/s (allowing for increases during gas challenge), SENSE factor 2. The order of the PCA acquisitions was always right MCA followed by left MCA both during the baseline and gas challenge periods. During the gas challenge period the acquisition started 90 s after the 5% CO2 stimulus was started (see Figure 1B). The nominal time for the PCA acquisition was nominally 44 s, however, the time taken to acquire the PCA measures varied depending on how robust their VCG trace was as the R-peak needed to be detected.

To allow measurement of CVR from BOLD MRI in this study, a double-echo 2D-EPI sequence was used to acquire BOLD weighted fMRI data during the gas challenge as shown in Figure 1B (since the ASL data in Study 1 could not be used due to insufficient SNR [see analysis]). Imaging parameters were 3 s TR; TE1/TE2 = 20/45 ms, 3 mm3 voxel size, 38 slices, 345 volumes, SENSE factor 2. A whole head T1-weighted anatomical (MPRAGE) image with 1 mm3 resolution was also acquired.



TCD Data Acquisition

TCD data were acquired using the same hardware and researcher as in Study 1. Again, data were acquired from the whole of the gas challenge protocol from which both resting blood velocity and CVR metrics could be obtained, see Figure 1B. Since 2 repeats of the stimulus were given this allowed two measures of baseline MCAv and the CVR to be determined without the TCD probe being moved. For the younger participants they returned for a second measurement session with the same set-up to test for repeatability of MCAv measures of resting blood velocity and CVR metrics.



ANALYSIS

For both TCD and MRI visits in both studies, collected gas fractions were converted to partial pressure measures using the barometric pressure of that day ((percentage CO2/100)∗(760-barometric pressure)).



STUDY 1

The 7% CO2 was not tolerated by 4 of the participants, therefore CVR analysis was only performed on the 5% CO2 challenge.


MRI


Calculating Resting Perfusion and Transit Times From ASL Data

Data were preprocessed using conventional methods in FSL1 (see Burley, 2018; Burley et al., in press for details). Resting cerebral perfusion (mL⋅100g–1⋅min–1) and transit time (seconds) measures were calculated using the FSL Bayesian Inference for Arterial Spin Labelling MRI (BASIL)2 toolset (Chappell et al., 2009). ASL data acquired at multiple TIs were fitted to the kinetic curve model (Lu et al., 2004) so that perfusion estimation errors associated with variable transit times across groups could be avoided.

Perfusion and transit times were assessed in all grey matter tissue as well as several regions of interest (RoIs) within the grey matter. RoI masks were defined from the conjunction of the relevant regions from the Harvard atlas (in FSL) and the normalised individual participant’s grey matter mask. RoIs used were: whole of right hemisphere, cingulate gyrus, frontal lobe, motor lobe, occipital lobe and parietal lobe, as previously employed (Thomas et al., 2013), and we detail elsewhere (Burley, 2018; Burley et al., in press). Mean cerebral perfusion and transit times across the participant groups were determined for the whole of the imaged grey matter and the different RoIs.



Calculating CVR From DABS Data


Pre-processing

The DABS data were separated into the BOLD and ASL data for subsequent analysis. The BOLD data were physiologically corrected for cardiac and respiratory effects using RETROICOR (Glover et al., 2000). All data were then motion corrected using FLIRT (Jenkinson et al., 2002) in the FMRIB Software Library (FSL, see text footnote 1). Using in-house Matlab programmes, separately the ASL data (acquired at TE = 9 ms) and BOLD data (acquired at TE = 40 ms) were linearly interpolated (Interp function, Matlab, Mathworks United States) to an effective TR of 2.6 s. Label-control pairs of ASL data were subtracted (using simple subtraction) to create perfusion weighted (CBF) images. BOLD-weighted image pairs were averaged to produce mean BOLD-weighted data. Further pre-processing was carried out in FSL. BOLD data were normalised to the standard Montreal Neurological Institute (MNI) template. After inspection of CBF data it was decided that further analysis could not be performed due to the inherently low SNR producing spurious variability during baseline and CVR gas challenges. Therefore, the post-processing stages outlined below were only carried out on the BOLD data to give a measure of CVR.



Post-processing

Firstly, the mean BOLD signal for each volume over the individual-subject grey matter tissue mask (i.e., excluding veins) was calculated. The vein mask was created by plotting a histogram of the percentage BOLD signal change to the entire gas challenge across the grey matter and where this change was greater than 15%, signal was regarded as a vein response and excluded. PETCO2 readings were downsampled to the sampling rate of the BOLD data (2.6 s). To account for the delay in the PETCO2 readings relative to the BOLD readings (due to the gas sampling line length), the mean BOLD signal intensity from the grey matter only was temporally aligned with the PETCO2 (mm Hg) trace using an iterative process to maximise the correlation of the BOLD and PETCO2 trace over the whole timecourse, as performed previously (Yezhuvath et al., 2009; Thomas et al., 2013).

A general linear model (GLM) was constructed containing eight regressors (PETCO2 trace aligned to the BOLD signal, linear drift and six movement parameters) in SPM83. To allow for the fact not all participants completed the 7% CO2 stimulus, the GLM only consisted of the data for the first 11 min of the DABS acquisition to only include the 5% CO2 challenge and surrounding baseline periods (see Figure 1A). The beta weight related to the PETCO2 regressor at each voxel provided a metric of CVR in units of % BOLD signal change/mmHg PETCO2 change at each voxel (Thomas et al., 2013). The mean GLM-derived CVR over all grey matter and different RoIs were calculated as was done for baseline CBF measures.



Calculating Baseline Blood Velocity and CVR Using TCD

Relative CVR was calculated using Equation 1.
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where Vbase is the baseline (resting) velocity averaged over 60 s of stable resting data and averaged over the left and right hemisphere MCA. V5%CO2 is the blood velocity during the 5% CO2 measured from 2.5 min into the stimulus duration and averaged over 30 s (see Figure 1A), in line with best practice (Burley et al., 2020), and averaged over the left and right hemisphere MCA. PETCO2base and PETCO25%CO2 are the mean PETCO2 (mm Hg) signal from the same time windows as the blood velocity measures; for the baseline and 5% CO2 measures, respectively. The Vbase measure averaged over the right and left MCA was taken as the baseline velocity measure from the TCD acquisition.

It is important to note that MCA measures of blood velocity across hemispheres were averaged wherever possible as no significant difference (paired t-test) was found between hemispheres during baseline or gas challenge. However, in participants where only one MCA could be insonated, then this single recording was taken for that participant as no difference in MCAv is expected between hemispheres (Billinger et al., 2017; Lee et al., 2020). In a post-hoc analysis just the right MCA was used, with the same analysis performed on this single MCA, as analysis of Study 2 showed greater repeatability in right hemisphere TCD measures (see Results).



Statistical Analysis

Change in PETCO2 values from baseline to 5%CO2 were compared between TCD and MRI visits using a paired t-test to ensure they were not significantly different. Resting CBF and CVR measures were compared between age and fitness groups using 2-way ANOVA. We also separately compared younger fit and older unfit groups for both MRI and TCD outcomes using independent t-tests, decided a priori as the two groups with the potential to show the greatest separation (i.e., both age and fitness effects). The effect sizes were also calculated for between-group comparisons using Hedges’ g. Hedges’ g was used to calculate effect sizes between groups as the number of participants in each group were not the same. Correlational analyses were performed to investigate correlation between corresponding measures obtained with the two different imaging modalities.



STUDY 2


MRI


Calculating Baseline CBF Metrics From ASL and PCA Data

The analysis process for calculating perfusion and transit times from the ASL data in this study was identical to that outlined for Study 1.

PCA data were analysed using Q-Flow software (Philips Medical Systems). For the right and left MCA, a region of interest was drawn manually around the vessel lumen on each phase contrast image, with contour detection used. The mean signal intensity within each of the MCAs reflects blood velocity in that vessel (cm/s) for each cardiac phase, and the mean velocity across the cardiac cycle was computed. The cross-sectional area of each vessel lumen was multiplied by the mean velocity, to compute mean blood flow (ml/s) in each vessel. Measures from the right and left MCA were then averaged together as no significant difference (paired t-test) was found between hemispheres during baseline or gas challenge.



Calculating CVR From BOLD Data

The double-echo EPI data were separated into the two echoes for subsequent analysis. The following analysis for each echo was as similar as possible to Study 1. For each echo, the BOLD data were physiologically corrected for cardiac and respiratory effects using RETROICOR (Glover et al., 2000). Data were then motion corrected using FLIRT (Jenkinson et al., 2002) in the FMRIB Software Library (FSL, see text footnote 1) and normalised to the standard MNI template.

First, the mean BOLD signal from the second echo for each volume over the individual-subject grey matter tissue mask (excluding veins) was calculated. PETCO2 readings were downsampled to the sampling rate of the BOLD data (3 s). To account for the delay in the PETCO2 readings relative to the BOLD readings (due to the sample line length), the PETCO2 readings were temporally aligned to mean BOLD signal intensity from the grey matter as described in Study 1. For each echo, a general linear model (GLM) was constructed containing eight regressors (PETCO2 trace aligned to the BOLD signal, linear drift and six movement parameters) in SPM8 (see text footnote 3). For each echo, the mean GLM-derived CVR measures (beta-weights) over all grey matter and different RoIs were calculated.



Calculating CVR From PCA Data

Blood velocity and flow measures from the left and right MCA during the 5% CO2 gas challenge were obtained from the PCA data using the same analysis pipeline as outlined for the baseline PCA measures in this study. These values were average over right and left hemispheres. In addition, the mean PETCO2 in the time windows corresponding to the periods when the baseline and gas challenge PCA data were acquired was calculated. Equation 1 was now used to calculate the relative CVR when using the blood velocity measured by PCA to input as Vbase and V5%CO2, and then using the blood flow (which takes account of changes in vessel diameter) to input asVbase and V5%CO2.

In addition, the same CVR metrics were determined for the right MCA only, as the reliability of TCD measures in the right hemisphere was found to be greater (see section “Results”).



TCD

As for Study 1, and shown in Figure 1B, resting MCAv measures from the TCD data were taken from a 1-min average of stable resting data in the initial 5-min baseline. The blood velocity during the 5% CO2 stimulus was measured from 2.5 min into the stimulus duration and averaged over 30 s (see Figure 1B). CVR was then calculated using Equation 1.

The reliability of TCD measures was determined, since the accuracy of Doppler measures are known to be dependent on the operator and their experience (Willie et al., 2011; Thomas et al., 2015). The coefficient of variation (CoV [%]) (Bax et al., 2005) and the correlation between measures was then determined for each pair of measures within a visit (within visit reliability) and also between visits (younger group only, with second TCD visit) for measure 1 and 2 separately (between visit reliability). These measures were then averaged within and between participants to give a mean CoV and correlation of the TCD measures within and between visits for each group.



Statistical Analysis

Change in PETCO2 values from baseline to 5%CO2 were compared between TCD and PCA MRI visits using a paired t-test to ensure they were not significantly different. Group means of resting CBF and CVR measures were compared between the younger fit and older unfit groups using independent t-tests for BOLD, TCD and PCA results. The effect sizes were also calculated for between-group comparisons using Hedges’ g. Hedges’ g was used to calculate effect sizes between groups as the number of participants in each group were not the same. Correlational analyses were performed to investigate correlation of corresponding measures obtained across modalities.



Pooling Study 1 and 2

To increase power and establish if trends seen separately in Studies 1 and 2 would result in overall patterns across all the data collected. BOLD and TCD CVR measures across the two studies were pooled. Since fitness status was not characterised in the same way for Studies 1 and 2 (with Study 1 likely to contain fitter older people in the unfit group than Study 2 as they had to have a clean ECG trace), data were only pooled and then grouped according to age. Over these pooled data, group means of CVR measures were compared between the younger and older groups using t-tests for BOLD and TCD results, and Hedges’ g used to calculate effects sizes for the between-group comparisons. Correlational analyses were performed to investigate correlation of measures obtained across modalities.



RESULTS


Study 1

All data for BOLD and TCD CVR measures to be calculated were successfully acquired on 18 younger participants (25 ± 7 years, 7 female) and 12 older participants (69 ± 4 years, 5 female). Comparison of resting CBF measures between MRI and Doppler are reported elsewhere (Burley, 2018; Burley et al., in press). In brief, these showed a main effect of age with significant (p < 0.05) differences between younger and older groups in transit time (seconds) [Hedges’ g = 1.70], measured from ASL MRI, and MCAv (cm⋅s–1) [Hedges’ g = 0.95], as measured with TCD. The two imaging metrics also significantly negatively correlated with one another across the whole group (r = −0.63, p < 0.0001).

There were no significant main effects for fitness in any of the measures of CVR or within either age group (all p > 0.05). As shown in Figure 2, there were differences between younger and older groups for CVR measures, however, these were dependent on imaging modality. Specifically, while a significantly greater CVR response was observed in the older than the younger group for the TCD-CVR measure (p < 0.05, Hedges’ g = 1.13), there was no significant difference between age groups over the whole grey matter for the BOLD-CVR measure (p = 0.104, Hedges’ g = 0.11). Furthermore, no significant differences were seen in any of the sub regions assessed (see Supplementary Figure 1). Given this disparity between TCD and BOLD group measures, it is not surprising that no significant correlation was seen between the BOLD and TCD CVR measures (Figure 2C; r = 0.23, p > 0.05).
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FIGURE 2. Study 1: Comparison of CVR measures with TCD (A) and BOLD (B) across younger (blue) and older (orange) groups. Error bars show the standard deviation across the group. * denotes a significant difference (p < 0.05, t-test) between groups. Panel (C) shows the correlation of CVR measures from BOLD and TCD data, no significant correlation over the whole cohort (n = 30) is seen. TCD, transcranial Doppler; BOLD, blood oxygen level dependant.


Extreme group comparisons of the two groups with the expected most likely difference, younger fit (group size: 9, 28 ± 8 years, 2 female) and older unfit (group size: 6, 70 ± 5 years, 4 female), revealed a similar pattern in the data; although there was no significant difference between the CVR measures obtained from either TCD (Figure 3A, Hedges’ g = 0.63) or BOLD (Figure 3B, Hedges’ g = 0.03) data. In addition, no significant relationship between BOLD and TCD CVR measures was seen across this sub-group of the data (Figure 3C; r = 0.33, p > 0.05).
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FIGURE 3. Study 1: Comparison of CVR measures with TCD (A) and BOLD (B) across younger fit (blue) and older unfit (orange) groups. Error bars show the standard deviation across the group. No significant differences (p > 0.05, t-test) between groups are seen. Panel (C) shows the correlation of CVR measures from BOLD and TCD data, no significant correlation over the whole cohort (n = 15) is seen.




Study 2

TCD and BOLD data required to calculate CVR measures were successfully acquired on 10 younger fit participants (22 ± 2 years, 3 female V̇O2max = 52 ± 7 mL⋅kg–1⋅min–1) and 8 older unfit participants (72 ± 4 years, 2 female). Two of the older participants did not manage to complete the whole MRI visit. In addition, resting ASL data were successfully acquired on all of these 18 participants, as well as PCA data both at rest and during 5% CO2, although one PCA data set for an older participant was missed due to technical problems.

Consistent with findings from Study 1, measures of resting CBF from TCD MCAv and ASL MRI transit time were significantly negatively correlated (r = −0.61, p < 0.05) across the whole sample when considering whole grey matter and average MCAv across hemispheres (see Supplementary Figure 2A). There was a complementary relationship between the whole grey matter transit times and the average MCA velocity (Supplementary Figure 2B, r = −0.68, p < 0.05) and flow (Supplementary Figure 2C, r = −0.68, p < 0.05) measures derived from the PCA MRI data. In addition, a significant difference (p < 0.05) between younger and older groups was seen for these baseline CBF measures in all modalities (Supplementary Figure 3). In the younger group, resting CBF had significantly higher velocity (measured with both TCD and PCA) and flow (measured with PCA), which was reflected by shorter transit times (measured with ASL). However, while the mean value was lower in the older group, there was no significant difference in baseline perfusion (measured with ASL) in the grey matter between groups (Supplementary Figure 3D).

When considering differences in CVR between these targeted groups of likely difference, no significant differences were seen between the two groups for the TCD- or BOLD-CVR measures (Figure 4A; p > 0.05, Hedges’ g = 0.65 and B; p > 0.05, Hedges’ g = 0.70, respectively); although some sub regions interrogated with the BOLD-CVR measures did show significantly lower BOLD CVR in the older unfit group (Supplementary Figure 4). Further, no difference was seen in the CVR derived from PCA-MCA velocity (Figure 4C p > 0.05, Hedges’ g = 0.67). However, a difference was seen when MCA flow, which accounts for changes in vessel diameter and blood velocity, was used to derive CVR (Figure 4D p < 0.05, Hedges’ g = 1.08). Although not significant, the pattern of difference in CVR derived from both MCA velocity measures (TCD and PCA-MRI) is that the younger group have a lower CVR (Figures 4A,C) than the older group, also in agreement with Study 1 (Figures 2A, 3A). However, the CVR derived from the BOLD and PCA-MCA flow data show the younger group have a higher CVR (Figures 4B,D and Supplementary Figure 4) than the older group. Consistent with these disparate observations between modalities, there was no correlation between CVR measures derived from the TCD and BOLD data (see Figure 5; r = 0.26, p > 0.05). In addition, despite the similar pattern in MCA velocity-derived CVR measures from TCD and PCA, these measures of CVR also showed no significant correlation over the group (Supplementary Figure 5A; r = −0.19, p > 0.05). Similarly, no relationship between BOLD and PCA MCA flow was found (Supplementary Figure 5B; r = 0.04, p > 0.05).
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FIGURE 4. Study 2: Comparison of CVR derived from TCD MCAv (A), BOLD (B), PCA MCA velocity (C) and PCA MCA flow (D) across younger fit (blue) and older unfit (orange) groups. Error bars show the standard deviation across the group. * denotes a significant difference (p < 0.05, t-test) between groups.
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FIGURE 5. Study 2: Shows the relationship of CVR measures from BOLD and TCD data. No significant correlation over the whole cohort (n = 18) is seen.




Pooling Study 1 and 2

The data pooled across Studies 1 and 2 allowed investigation of age effects in a larger group. This resulted in 28 participants (24 ± 6 years, 10 female) in the younger group and 20 participants (57 ± 5 years, 7 female) in the older group. Figure 6 shows the group differences in CVR determined from TCD (Figure 6A) and BOLD (Figure 6B). These pooled data revealed significantly (p < 0.05, Hedges’ g = 0.75) greater CVR in the older than the younger group as determined from TCD measures. Further, whilst no significant difference was seen between groups in the CVR from the BOLD measures over the whole head (p > 0.1, Hedges’ g = 0.38), there was a trend for a smaller CVR in the older group than the younger group in the cingulate (p = 0.06; Hedges’ g = 0.53), and motor (p = 0.05; Hedges’ g = 0.61) regions. Consistent with these opposing findings, there was no correlation in CVR determined from TCD and BOLD across the whole group (Figure 6C; r = 0.15, p > 0.05).
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FIGURE 6. Comparison of CVR measures pooled over Study 1 and 2 with TCD (A) and BOLD (B) across younger (blue) and older (orange) groups. Error bars show the standard deviation across the group. * denotes a significant difference (p < 0.05, t-test) between groups. Panel (C) shows the correlation of CVR measures from BOLD and TCD data; no significant correlation over the whole cohort (n = 48) is seen.




Source of CVR Discrepancy

Given the opposing CVR findings between TCD- and BOLD-derived measures, we explored potential sources of the discrepancy that included any potential source due to the reliability of the TCD measure. It has been suggested BOLD-CVR should be acquired at a shorter echo time (Liu et al., 2019), therefore the relationship of CVR between echo 1 and 2 of these BOLD data were investigated. Study 2 showed the CVR calculated from both BOLD echo times correlated extremely well (Supplementary Figure 6A; r = 0.94, p < 0.05). Furthermore, the CVR derived from BOLD echo 1 data and CVR derived from TCD data were not correlated (Supplementary Figure 6B; r = 0.20, p > 0.05), reflecting the same finding shown in Figure 5 for BOLD echo 2 data.

The test-retest reliability data of baseline TCD measures acquired on the participants in Study 2 showed that TCD results were of a high standard with low coefficients of variation and a high degree of correlation between measures taken on the same day and between days (Table 1). There was a slightly greater variation (lower correlation, higher CoV) between MCAv measures during the CO2 challenge than during the resting baseline periods, particularly between visits. Although the reliability of TCD measures of MCAv during rest or gas challenge was good, the reliability of the CVR measures within or between visits was found to be consistently lower (higher CoV and lower correlation). Across the different measures and comparisons the reliability appeared to be poorer in the left MCAv measures. Therefore, it is possible noise in the left MCAv measures were driving the lack of correlation between TCD- and BOLD-derived CVR measures. Given these findings, all of the CVR data were re-calculated using only the right hemisphere of the brain, that is the right MCA (for TCD and PCA measures) and the grey matter from the right hemisphere (for BOLD measures). However, this did not change any of the findings for the relationship between CVR derived from different modalities in Study 2 (Supplementary Figure 7). When considering the combined data from Studies 1 and 2 and only the right hemisphere, there was no significant correlation (r = 0.26, p > 0.05) between the TCD- and BOLD-derived CVR measures observed (Supplementary Figure 8C) nor was there an agreement between the TCD and BOLD CVR measures for younger and older groups (Supplementary Figures 8A,B).


TABLE 1. Study 2: Results of test-retest reliability assessment of the TCD measures. Assessment of the coefficient of variation (CoV) and correlation between measures collected on the right and left MCA during baseline (resting) period and during 5% CO2 gas challenge.
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DISCUSSION

CVR metrics derived from both TCD and BOLD-MRI measures are reported to be a biomarker of brain health (e.g., Kleiser and Widder, 1992; Sur et al., 2020), and even shown to have prognostic value for stroke risk (Silvestrini et al., 2000; Portegies et al., 2014; Smeeing et al., 2016). Given this, one might assume that between-group differences across modalities would be the same. However, as highlighted in the introduction, there are many examples in the literature of within and between imaging modality inconsistencies and contradictions for this brain health metric, which may originate from what is measured by the different imaging approaches. Here, we sought to quantify expected age and fitness differences in the CVR outcome measure between these two commonly used imaging modality approaches. We also assessed other MRI metrics of CBF in order to compare how more direct measures of CBF align with TCD-derived CVR, and resting measures between our groups.

Overall, we found complementary relationships between baseline CBF measures across our cohort for all modalities (TCD MCAv, PCA MCA velocity and flow, and perfusion transit time) (Supplementary Figures 2, 3; also see Burley, 2018; Burley et al., in press) and a significant difference between younger and older groups, with the older group showing lower blood velocity and flow in arteries, and longer time for blood to reach the capillaries. These clear group differences in baseline measures are in line with previous reports (TCD: Ainslie et al., 2008; Bailey et al., 2013; MRI: Liu et al., 2012). However, the relationship between the CVR metrics derived from the two imaging modalities was less clear. Most importantly, we observed no within-participant correlation between the CVR metrics calculated from TCD and BOLD MRI over whole datasets (Figures 2C, 5, 6C). When considering differences between groups, we found that CVR was significantly lower in the younger group than the older group when derived from the TCD MCAv data (Figures 2A, 4A, 6A); whereas a trend in the opposite direction was seen with BOLD MRI, with higher CVR for the younger group than the older group (Figures 2B, 4B, 6B). It is worth noting that the direction of this BOLD-CVR trend is in better agreement with most of the age-related CVR changes reported in the literature (Bakker et al., 2004; Lu et al., 2011; Bailey et al., 2013; Oudegeest-Sander et al., 2014; Gauthier et al., 2015; Bhogal et al., 2016; Peng et al., 2018; Miller et al., 2019), which includes both MRI and TCD-derived approaches. Our findings may explain the discrepancies that are currently being reported in the literature when comparing fit and unfit groups or younger and older cohorts (as illustrated in the Introduction), where either BOLD MRI or TCD are being used to determine CVR. The following discussion will examine, based on our findings, the possible sources of the differences in CVR results across imaging modalities, and suggest what could be done to ensure that CVR is a reliable metric of brain health and biomarker in the future.


Sources of CVR Differences Across Imaging Modalities


Measurement Inaccuracy and Analysis Methods

Perhaps the easiest explanation for the lack of CVR relationships would purely be insufficient data quality in either one of the imaging modalities to allow comparison across modalities. However, if this were the case we would expect no relationship to be seen in the baseline measures across imaging modalities, which is not the case. Indeed, a strong relationship between CBF measures from the different modalities of TCD, PCA MRI and ASL MRI was observed (Burley, 2018; Burley et al., in press; Supplementary Figures 2, 3) and the between-group differences obtained with different modalities agreed with one another in these resting CBF measures, which was not seen in the CVR measures.

The acquisition of the TCD measures is the most challenging of the measures taken in this study, as it requires the researcher to find the MCA in the same way each time (Willie et al., 2011); potentially making the reproducibility of these measures the lowest. Therefore, the test re-test reliability of the TCD data was assessed in Study 2 to determine if the CVR discrepancies observed in the conventional TCD and MRI measures could all be explained by poor repeatability. When comparing TCD data to MRI data the most relevant measure is the between visits measure, which still shows a low CoV and strong correlation between MCAv measures taken in different visits (Table 1). Furthermore, there is not a clear change in the reliability of this measure when the participant is breathing the gas compared with the baseline measures. Whilst a strong correlation was seen between the MCAv measures done on different days with TCD; the relationship between TCD CVR measures from different days was weaker (Table 1). However, the correlation between TCD CVR measures (average r = 0.43) taken was still much greater than the relationship of the TCD CVR measures to the CVR measures derived from PCA MRI (Supplementary Figure 5A, r = −0.19), which would have been expected to provide similar CVR measures. To fully be able to interpret these results it would be necessary to also assess test re-test reliability in the MRI CVR measures to try and disentangle if it is participant physiology (Shoemaker et al., 2020) or measurement technique that is driving this variability and is contributing to the lack of correlation between modalities. Nevertheless, the variability that we observed with the TCD-CVR is consistent with other studies that have reported CoV for this measure (Shoemaker et al., 2020) and/or examined its variability (Burley et al., 2020). Finally, the PCA MRI-derived flow measure of CVR in the MCA, which is not affected by the operator to the same extent as TCD acquisition, also did not correlate with the BOLD CVR metrics (Supplementary Figure 5B).

In addition, if random noise is the reason that a correlation is not seen between TCD and MRI CVR measures, then a larger cohort than that used in these studies would provide further insight into the relationship between measures. However, if this is the case then the utility of CVR as a biomarker (see later discussion) would become questionable, as when we combined our data across both studies we had measures on 48 people included (Figure 6C). Whilst a limitation of this work is the number of people who took part in Study 2, the additional information acquired on these participants was designed to inform the overall finding across all data. Indeed, this combined cohort from Studies 1 and 2 confirmed our initial observations that there was not a clear correlation between CVR metrics derived from TCD and BOLD measures.

An alternative explanation for the lack of correlation between CVR metrics is how CVR is calculated for different imaging modalities. It is known that the segment of data that is used to calculate CVR can affect the CVR outcome measure and therefore this might, at least in part, explain the lack of correlation (Burley et al., 2020). For BOLD data, the typical analysis strategy is to calculate CVR from the entire BOLD and PETCO2 timecourse, via a GLM (Liu et al., 2019), which was employed as the primary method in the current work. By doing this the analysis includes the transition periods as the participant goes on and off the gas stimulus, and thus the integrated ventilatory response that influences this open circuit-type of CVR test (Battisti-Charbonney et al., 2011; Duffin et al., 2017) and the time course of this effect (Burley et al., 2020), which could affect the calculated CVR. Whereas, CVR determined from TCD data is calculated through a relative change of average blood velocity during the gas challenge, once a steady state is reached, from the average baseline blood velocity (Fierstra et al., 2013), thus not including the transition periods.

Given the differences in how the CVR metric is typically derived for different imaging modalities, we investigated if these differences may be driving the discrepancy in the CVR outcome measure across modalities. Using the data obtained in Study 1 we also checked to see if the analysis strategy explained the differences between CVR metrics obtained in different imaging modalities. We found that if the BOLD data signal was taken from the whole of the grey matter mask and then CVR was calculated using the same 30-s time windows used in the TCD analysis, there was no clear effect between groups on the CVR measure calculated. Similarly, if TCD data were used as a continuous time course (including the transition periods) and linearly regressed against the PETCO2 measures, akin to a GLM, then again no clear effect on the CVR measures was seen. Thus, general patterns between groups remained the same when CVR was calculated in different ways from the BOLD data (see Figure 5.4, Burley, 2018), and, if anything, making the difference seen more pronounced and therefore a bigger discrepancy with CVR derived from TCD data. As such, the analysis methodology is unlikely to be the source of differences seen between our CVR measures derived from TCD and BOLD MRI.



Biophysical Origins

The simplest explanation in terms of the vascular response that might be causing the differences in CVR is the fact that both TCD and BOLD MRI are providing indirect measures of CBF, which is the parameter of interest for characterising CVR. When considering CVR calculated from TCD, the changes in vessel diameter with CO2-induced vasodilation are not accounted for Ainslie and Hoiland (2014); Verbree et al. (2014); Coverdale et al. (2017). Thus, velocity increases may be greater, but diameter increases less in the older group with the gas challenge; causing opposing CVR changes between groups across measures. It is hard to predict the dominance of these two effects on the BOLD signal, which will reflect the accumulation of velocity and diameter changes over the cerebrovascular tree given BOLD reflects overall concentration of deoxyhaemoglobin within the blood. The general hypothesis that there are changes in velocity and vessel diameter that both alter with age is supported by the work of Coverdale and colleagues, who found that the percentage change of the MCA cross sectional area was smaller for older people than younger people when given a gas challenge (Coverdale et al., 2017). Indeed, our PCA MRI data also supports this hypothesis as it showed opposite effects between the younger and older groups when the MCA blood velocity (Figure 4C) or the MCA blood flow (Figure 4D) were used to determine CVR. However, our PCA measures of CVR did not significantly correlate with the TCD- or BOLD MRI-derived CVR measures over the whole group (Supplementary Figure 5). To verify this putative explanation for the differences between groups, data are required that accurately maps the blood vessel diameter changes with gas challenge compared with rest in different cohorts, building on the work of Verbree and colleagues (Verbree et al., 2014) and relating this to CVR measures obtained in the same session. It should also be noted with regards to cross modality comparison, that velocities measured with PCA are typically found to be 30–40% lower than those measured with TCD (Juttukonda and Donahue, 2019), however, as this is thought to be a systematic offset it is unlikely to explain our data. We suggest that whilst vessel diameter changes are likely to be some of the source of discrepancy, caution should be taken that this can fully explain the differences given our PCA MRI results.

It is known that the BOLD signal is affected by many factors other than changes in CBF. For example, changes in blood volume alone can cause changes in the BOLD signal, where an increased blood volume, with no changes in CBF or CMRO2, results in a decrease in the BOLD signal (Buxton et al., 1998). As discussed above, if vessel diameter changes with CO2 challenges are different between age groups, this could be contributing to the overall CVR metrics calculated from the BOLD signal. This is because it is well known that increases in cerebral blood volume driven by increases in vessel diameter reduce the BOLD signal (if there are no changes in CMRO2 or CBF), whereas, increases in CBF will increase the BOLD signal (Buxton et al., 1998). Therefore these two changes will have opposing effects on CVR determined by BOLD. Furthermore, baseline levels of haematocrit will also affect the amplitude of the BOLD signal change with the CO2 stimulus (Xu et al., 2018). As haemoglobin decreases with age (Mahlknecht and Kaiser, 2010), a smaller CVR response with increased age could be explained by these altered baseline levels of haemoglobin. Any change in haematocrit is not going to be reflected in the TCD or PCA-MRI data, which may explain why the CVR metrics calculated from both the TCD and PCA-MRI do not correlate with the BOLD-MRI CVR metrics.

An alternative, and most likely, explanation is that CVR metrics made with BOLD MRI and TCD are measuring different parts of the vascular tree. TCD is measuring blood velocity changes in the arteries, whilst BOLD MRI is primarily measuring the change in concentration of deoxy-haemoglobin in the venules and veins. Simplistically, one could assume that this difference may not matter as the blood going into the brain through the arteries must come out through the veins, and therefore changes in CBF must be reflected in both the arteries and the veins. However, the changes in vessel diameters due to CO2 are not uniform throughout the vascular tree (Piechnik et al., 2008). Moreover, if these changes in vasodilation across the vascular tree, for example driven by changes in endothelial function, are also dependent on the tested cohort (i.e., age or pathology) then CVR metrics calculated in different parts of the vascular tree will not correlate. Several studies have provided some evidence to support this explanation. For example, different CVR in large veins compared with large arteries has been shown using TCD (Valdueza et al., 1999), although these measures are clearly limited by unknown changes in vessel diameter. Using PCA-MRI, Geurts and colleagues have recently shown that there is a difference in CVR measured in arterioles compared with large arteries (Geurts et al., 2018). Indeed, other Doppler studies have shown that not even all arteries behave the same with regards to CVR (Sato et al., 2012; Willie et al., 2012; Carr et al., 2020). Therefore these studies suggest that there is a vessel type dependence for CVR measures (Schlader et al., 2013).

Taken together, the previous studies (Valdueza et al., 1999; Sato et al., 2012; Willie et al., 2012; Geurts et al., 2018; Carr et al., 2020) and our findings may indicate there are differences in the vascular reactivity of the arter(iole)s compared with the venules and veins, which change with age and perhaps also pathology. Different imaging techniques are sensitive to different parts of this vasculature tree. Therefore, across modality comparisons of CVR results should be performed with extreme caution. Unfortunately this has not been done within the literature to date, likely due to an expectation that these measures were reporting the same effect. However, with the work presented herein and the work of others there is an emerging picture highlighting that a combined imaging approach may allow us to differentiate more precisely which part of the vascular tree is compromised in a particular cohort, and thus providing a greater understanding of the pathology and treatment paths in the future. If proven through future work, this will be vital for the use of CVR as an accurate biomarker as is being proposed (e.g., Smeeing et al., 2016; Juttukonda and Donahue, 2019; Sur et al., 2020).

Future work to help further understand the results presented here should include simultaneous TCD and MRI measures. Whilst considerable effort was made in the current work to make the MRI and TCD session measurements as similar as possible (e.g., standardised exercise and diet, and matched time of day), there are still considerable differences in CVR measures taken on different days that are believed to have biophysiological origins (Shoemaker et al., 2020). Indeed, we have previously shown the TCD-based CVR measures can have considerable variation even when repeated on the same day within the same session (Burley et al., 2020). Therefore, we suggest that to eliminate the source of CVR discrepancy being due to different biophysiological responses on different days or times it would be necessary to make simultaneous recordings with the MRI and TCD approaches. In addition, future investigation to prove the hypothesis that different aspects of the vascular tree are reacting in different ways could include 4D flow PCA measures (Miller et al., 2019) at ultra-high field (Kang et al., 2016) to potentially allow the investigation of blood velocity and flow changes in arteries, arterioles, venules and veins simultaneously during gas challenges. However, considerable work will be required to optimise data acquisition to make such measures feasible as the baseline velocities across the vascular tree and changes in these with gas challenge would mean using a single velocity encoding value would limit the sensitivity of the technique to some of the vascular tree.

In conclusion, we have shown that despite clear relationships between baseline CBF measures from TCD and MRI and significant group differences (younger compared with older participants), there were no direct, within participant, correlations between CVR metrics calculated from TCD and MRI (BOLD and PCA) measures during a 5%CO2 challenge. Consistent with this lack of correlation, we showed opposing group effects between younger and older participants for CVR outcomes from TCD compared with BOLD MRI (i.e., CVR higher in older than younger for TCD, but vice versa for BOLD MRI). These findings challenge the validity of comparing CVR metrics across studies using different imaging modalities, but rather highlight that extreme caution should be taken if comparing CVR measures from a different imaging modality in another published study. However, since TCD and BOLD MRI target different parts of the vascular tree, they may be used together in the same cohorts to better understand the part(s) of the vascular tree that are compromised in a particular disease, providing a more detailed biomarker than either modality on its own. Nevertheless, further work is needed to better understand the source of imaging metric discrepancies in order that they may be better utilised for complementary, targeted, multimodal imaging to determine brain health.
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In patients with sickle cell disease (SCD), cerebral blood flow (CBF) is elevated to counteract anemia and maintain oxygen supply to the brain. This may exhaust the vasodilating capacity of the vessels, possibly increasing the risk of silent cerebral infarctions (SCI). To further investigate cerebrovascular hemodynamics in SCD patients, we assessed CBF, arterial transit time (ATT), cerebrovascular reactivity of CBF and ATT (CVRCBF and CVRATT) and oxygen delivery in patients with different forms of SCD and matched healthy controls. We analyzed data of 52 patients with severe SCD (HbSS and HbSβ0-thal), 20 patients with mild SCD (HbSC and HbSβ+-thal) and 10 healthy matched controls (HbAA and HbAS). Time-encoded arterial spin labeling (ASL) scans were performed before and after a vasodilatory challenge using acetazolamide (ACZ). To identify predictors of CBF and ATT after vasodilation, regression analyses were performed. Oxygen delivery was calculated and associated with hemoglobin and fetal hemoglobin (HbF) levels. At baseline, severe SCD patients showed significantly higher CBF and lower ATT compared to both the mild SCD patients and healthy controls. As CBFpostACZ was linearly related to CBFpreACZ, CVRCBF decreased with disease severity. CVRATT was also significantly affected in severe SCD patients compared to mild SCD patients and healthy controls. Considering all groups, women showed higher CBFpostACZ than men (p < 0.01) independent of baseline CBF. Subsequently, post ACZ oxygen delivery was also higher in women (p < 0.05). Baseline, but not post ACZ, GM oxygen delivery increased with HbF levels. Our data showed that baseline CBF and ATT and CVRCBF and CVRATT are most affected in severe SCD patients and to a lesser extent in patients with milder forms of SCD compared to healthy controls. Cerebrovascular vasoreactivity was mainly determined by baseline CBF, sex and HbF levels. The higher vascular reactivity observed in women could be related to their lower SCI prevalence, which remains an area of future work. Beneficial effects of HbF on oxygen delivery reflect changes in oxygen dissociation affinity from hemoglobin and were limited to baseline conditions suggesting that high HbF levels do not protect the brain upon a hemodynamic challenge, despite its positive effect on hemolysis.

Keywords: vascular reactivity, sickle cell anaemia, arterial spin label (ASL) MRI, cerebral blood flow, cerebrovascular reactivity, hemodynamic abnormalities, arterial transit time


INTRODUCTION

Sickle cell disease (SCD) is an inherited form of hemolytic anemia causing widespread organ damage including stroke (Rees et al., 2010; Debaun and Kirkham, 2016). Besides symptomatic stroke, SCD is also complicated by silent cerebral infarctions (SCI) which contribute to neuro-cognitive deficits (Strouse et al., 2009; Debaun and Kirkham, 2016). These SCI are found in the watershed areas of the cerebral arteries, probably due to diminished oxygen supply to the deep white matter (WM) structures (Dowling et al., 2010; Ford et al., 2018; Chai et al., 2019; Václavů et al., 2019). To counteract anemia and maintain oxygen delivery to the brain, resting cerebral blood flow (CBF) is elevated in patients with SCD (Numaguchi et al., 1990; Oguz et al., 2003; Bush et al., 2016). Unfortunately, this compensatory mechanism partially limits the ability to respond to hemodynamic stress, since arterioles and capillaries are already close to maximum vasodilation (Václavů et al., 2019), potentially leaving SCD patients at risk to acute changes in hemoglobin levels or nocturnal desaturation (DeBaun et al., 2012a). SCI are particularly common (38%) in patients with severe SCD, characterized by low hemoglobin levels and high CBF (Kwiatkowski et al., 2009; Ford et al., 2018), with a prevalence that increases with age. Although SCIs are also surprisingly common in patients with milder forms of SCD such as HbSC and HbSβ+-thalassemia (HbSβ+-thal), with a prevalence of SCIs in up to 37% of the patients (Zafeiriou et al., 2004; DeBaun et al., 2012a; Guilliams, 2015), little is known about cerebral hemodynamics in patients with milder forms of SCD.

A healthy vascular endothelium is essential to maintain cerebrovascular reactivity (CVR) to changes in oxygen demand or supply. Given the chronic vasodilatation and many endothelial stressors observed in SCD patients, the CVR has the potential to be developed into a biomarker for cerebrovascular health in these patients (Prohovnik et al., 1989, 2009; Hebbel et al., 2004; Nur et al., 2009; Kosinski et al., 2017). CVR has been studied extensively in SCD patients and is typically defined as the capacity of the blood vessels to dilate in response to a challenge such as breath-holding (Macedo-Campos et al., 2018), CO2 inhalation (Nur et al., 2009; Kosinski et al., 2017; Watchmaker et al., 2018) or administration of acetazolamide (ACZ) (Kedar et al., 2006; Václavů et al., 2019). Many MRI techniques can be used to quantify the resulting CVR changes including blood-oxygenation-level dependent (BOLD) (Davis et al., 1998; Hoge et al., 1999), phase-contrast (Patrick et al., 1996), and arterial spin labeling (ASL) MRI (Detre et al., 1999; Yen et al., 2002; Liu et al., 2019).

Arterial spin labeling has become a popular technique to measure CVR, because it provides absolute measurements of CBF during rest and under stress rather than just relative changes (Liu et al., 2019). To date, most ASL investigations of CVR have been limited to a single post-labeling delay (PLD), even though vasodilatory challenges are likely to change also the arterial transit time (ATT), defined as the duration of the labeled blood to flow from the labeling region to the tissue. With the introduction of time-encoded ASL, multiple ASL images with different post-labeling delays (PLD) can be acquired in a time efficient manner (Günther, 2007) to simultaneously calculate CBF and ATT. Not only does estimation of ATT improve the accuracy of CBF quantification (van Osch et al., 2018), ATT itself is increasingly being recognized as a useful additional hemodynamic biomarker (Mak et al., 2012; Al-Bachari et al., 2014; Paling et al., 2014). ATT is thought to be a measure of efficiency of blood supply, and has been used as a marker of large and small vessel health (Poublanc et al., 2013; Federau et al., 2017). This could be especially valuable in patients with SCD, as SCD is known to affect both large and small blood vessels. In SCD, ATT was found to be reduced compared to healthy controls (Juttukonda et al., 2017; Kawadler et al., 2018) under resting conditions. However, no studies to date have reported ATT changes in response to a cerebral vasodilatory challenge.

In this work, we studied patients with severe and milder forms of SCD and matched healthy controls, in order to provide a comprehensive overview of how cerebral hemodynamics differ across a large range of disease severity of SCD. Using time-encoded ASL, we measured CBF, ATT, and oxygen delivery at rest and following ACZ administration to calculate CVRCBF and CVRATT. We hypothesized that patients with milder forms of SCD would show affected cerebral hemodynamics compared to healthy controls, but to a lesser extent than patients with severe SCD. All measured and derived hemodynamic parameters were compared with the laboratory and demographic predictors to determine which factors influence cerebral vasodilatory capacity.



MATERIALS AND METHODS


Demographics

The study was approved by the local Institutional Review Boards at the Amsterdam University Medical Centers in The Netherlands and at Children’s Hospital Los Angeles in the United States. In both institutions, the study was performed in accordance with the Declaration of Helsinki and written informed consent was obtained from all participants. In total, 56 patients with severe SCD (HbSS and HbSβ0-thal), 20 patients with the milder SCD phenotype (HbSβ+-thal and HbSC) and 12 healthy age and ethnicity matched controls (HbAA and HbAS) were recruited between 2018 and 2020. Exclusion criteria were contraindications to MRI or ACZ, pregnancy or breastfeeding, history of cerebral pathology that compromises measurements, such as vasculopathy, cerebral palsy, brain tumor, meningitis or overt infarct, sickle cell crisis at the moment of the participation and hospitalization 1 month before the study day. Patients that were treated with chronic transfusions were examined up to 2 days before their routine transfusion.



Laboratory Markers

Prior to the MRI examination, blood was drawn from the upper extremity vein to determine hemoglobin, hematocrit, fetal hemoglobin (HbF) and markers of hemolysis such as total bilirubin and reticulocytes.



Image Acquisition

All experiments were performed on a Philips 3T MRI scanner (Philips Medical Systems, Best, Netherlands), using a 32-channel receive head-coil and body-coil transmission. Time-encoded pseudo-continuous ASL (pCASL), M0 and 2D phase-contrast scans were acquired prior to and 10 min after ACZ administration (16 mg/kg i.v., max 1400 mg). During ACZ infusion, a 1 mm isotropic T1 weighted anatomical scan was acquired. For ASL acquisitions, a 2D Echo Planar Imaging Time-encoded pCASL sequence with the following parameters was used: TR/TE = 5040/16 ms; Hadamard-8 matrix with seven blocks of 2000, 800, 500, 300, 250, and 150 ms; PLD = 100 ms; SENSE = 2.5; voxel size = 3×3×6 mm3; FOV = 240×240×114 mm3; 2 FOCI background suppression pulses; SPIR fat suppression; NSA = 12; total scan time 8:41 min. The ASL imaging volume was placed parallel to the anterior commissure – posterior commissure (AC-PC) plane. The labeling plane was positioned 9 cm below the center of the imaging plane avoiding labeling at siphons. M0 scans were acquired using the same imaging parameters except for the TR, which was 2500 ms, and switching off labeling and background suppression. Blood velocity in the main feeding arteries was derived from phase contrast scans which were acquired with a single slice 2D Fast Field Echo (FFE) readout, FOV of 220×220 mm2, voxel size of 0.6 × 0.6 mm2, slice thickness of 5 mm, TR/TE of 22/14 ms, flip angle of 10° and velocity encoding (VENC) of 80 cm/s.



Post Processing


T1 Weighted Anatomical Scans

T1 weighted anatomical scans were segmented into gray matter (GM) and WM tissue probability maps, denoted as pGM and pWM, using CAT12 (Gaser and Dahnke, 2016). pGM maps were coregistered to the CBF image and the resulting deformation fields were applied to pWM maps as well. Subsequently, GM and WM masks were obtained by thresholding the pGM and pWM maps with 0.7 and 0.9, respectively.



ASL Scans

Arterial spin labeling scans were motion corrected and coregistered to the baseline ASL scan using SPM12 (Wellcome Trust Center for Neuroimaging, London, United Kingdom). Subsequently, the ASL images were subtracted according to the Hadamard-8 matrix to obtain seven perfusion weighted images (PWI) effectively corresponding to PLDs of 100, 250, 450, 700, 1000, 1500 and 2300 ms. The PWI time series were denoised using a spatio-temporal total generalized variation (TGV) algorithm as described previously (Spann et al., 2017). As background suppression pulses were applied within the labeling duration, different PLD images were not preceded by the same number of background suppression pulses. Hence, the different PLD images were corrected individually by a factor of 0.95n in which n is the number of applied background suppression pulses during the PLD. Quantification of the seven PWIs was performed using the FSL based BASIL toolbox which uses Bayesian inference to fit CBF, ATT, and arterial blood volume fraction in a voxelwise manner, according to the extended kinetic model (Chappell et al., 2010). By including a macrovascular component in the model, this approach enables isolating the intravascular signal. Thus, ATT describes the arrival time in the tissue rather than the macrovasculature. We used group-based longitudinal relaxation times (T1) for arterial blood of 1818 ms for patients (Vaclavu et al., 2016). For controls, a hematocrit derived blood T1 was used (Lu et al., 2004). Subject specific labeling efficiency were calculated based on the flow weighted mean velocity measured (Aslan et al., 2010). Before creating responsivity maps, Gaussian smoothing (FWHM = 3.5 mm) was applied to CBF and ATT maps within GM and WM separately, to avoid mixing of GM and WM estimates. CVRCBF maps were created from the pre- and post ACZ CBF maps according to:
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Similarly, CVRATT maps were created from pre- and post ACZ ATT maps according to:

[image: image]

Oxygen delivery in GM and WM was calculated as a product of CBF and oxygen content. Oxygen content was calculated using the following equation:

[image: image]

In which 1.34 is a constant representing the amount of oxygen that can bind to hemoglobin, hemoglobin is the patient-specific hemoglobin, SpO2 is the arterial oxygen saturation, which is assumed to be 0.98 in all participants, 0.0031 is the solubility coefficient of oxygen in human plasma and pO2 is arterial oxygen tension, which is assumed to be 100 mmHg for room air.



Phase Contrast Scans

Regions of interest were manually drawn in ITK snap on all main brain feeding arteries captured by the 2D imaging slice. The number of included arteries varied per participant due to differences in anatomy. The flow weighted mean of all arteries combined was calculated as:

[image: image]

in which V is the observed velocity in each individual voxel. The flow weighted mean velocity was used to derive subject specific labeling efficiencies for CBF quantification.



Statistical Analysis

Statistical analysis was performed in SPSS (IBM, NY, United States). Analysis of variance (ANOVA) (or Kruskal Wallis in case of non-normality) was used to compare the imaging and laboratory parameters between different groups. In case of multiple comparisons, significance level was adjusted accordingly using Sidak multiple comparison correction. Paired-samples t-tests were used to test the differences in imaging parameters before and after ACZ administration. To study trends in CVR across the groups, the Jonckheere–Terpstra trend test was used. Associations between imaging measures and the markers of anemia and hemolysis were studied using correlation analysis. Because CVRCBF and CVRATT were calculated as the ratio of two values, they are nonlinear and non-Gaussian distributed, inhibiting the use of linear statistics. Therefore, post ACZ values were used to identify predictors for CBF and ATT in response to a vasoactive stimulus. First, CBFpostACZ and ATTpostACZ were corrected for CBFpreACZ and ATTpreACZ, respectively, by performing a simple linear regression and saving the residuals. Then, stepwise multiple regression analysis was performed between the residuals and the following predictors: age, sex, participant groups, hemoglobin, total bilirubin, reticulocytes, and HbF, using pairwise deletion to account for missing values. Variables with p < 0.05 were retained in the multiple regression model as a significant predictor for CBFpostACZ or ATTpostACZ.



RESULTS

Out of 56 severe SCD patients and 12 healthy controls recruited, respectively, 4 and 2 were excluded from analysis due to aborted ASL scans, data corruption, large CBF asymmetry (suspicion of vasculopathy or labeling artifacts) and unresolved errors during post-processing. Participant characteristics of the remaining 52 severe SCD patients, 20 mild SCD patients and 10 healthy controls are shown in Table 1. No significant differences were found in age and sex between the groups. Hemoglobin genotypes were as follows: severe SCD; 44 HbSS and 8 Hbβ0, mild SCD; 10 HbSC and 10 Hbβ+ and controls: 6 HbAA and 4 HbAS (Supplementary Table 1). Statistically significant differences were observed in hemoglobin, hematocrit, total bilirubin and reticulocytes between the groups. None of the mild SCD patients was treated with chronic transfusion therapy. Four of the severe SCD patients received chronic exchange transfusion, three received chronic simple transfusion. The average time between the last transfusion and the day of study participation was 27 ± 5 days. Patient characteristics per treatment group are shown in Supplementary Table 2.


TABLE 1. Demographic information (mean±std) of the participants and test statistics from ANOVA (F) with post-hoc Tukey test and Kruskal-Wallis (H) test with post-hoc Dunn test.

[image: Table 1]
Representative CBF and ATT maps from a severe and mild SCD patient, before and after ACZ administration, are shown in Figure 1. An increase in CBF and a decrease in ATT can be observed in GM and WM regions after ACZ administration. GM and WM CBF were significantly higher, both before and after ACZ administration, in patients with severe SCD compared to patients with mild SCD as well as compared to controls (Table 2 and Supplementary Figure 1). After ACZ administration, GM and WM CBF significantly increased in all groups (p < 0.01). Similarly, GM and WM ATT were significantly shorter after ACZ administration in all groups (p < 0.01). Moreover, baseline ATT was significantly shorter in severe SCD patients compared to patients with mild SCD and compared to controls in both GM and WM. The same was observed after ACZ administration, except for GM ATT between patients with severe SCD and controls. No significant differences in CBF and ATT were found between patients with mild SCD and controls nor between patients receiving hydroxyurea, chronic transfusion treatment or neither of these treatments (Supplementary Table 2).


[image: image]

FIGURE 1. Six axial slices of CBF and ATT maps before and after ACZ administration of representative patients with severe and mild SCD.



TABLE 2. CBF and ATT before and after ACZ administration and CVRCBF and CVRATT [median (interquartile range)] per participant group with p-values between groups.

[image: Table 2]
In patients with severe SCD, GM, but not WM, CVRCBF was significantly lower compared to controls (Figures 2A,B and Table 2). GM CVRCBF in severe patients was also lower compared to mild patients, but this did not remain statistically significant after multiple comparison correction. GM CVRATT was significantly higher in patients with severe SCD compared to patients with mild SCD and compared to controls, whereas for WM CVRATT, only the significant difference between the patient groups (Figures 2C,D) remained after multiple comparison correction. These differences between groups were also observed visually from the group averaged CVR maps (Supplementary Figure 2). Patients with mild SCD were less affected compared to severe SCD patients, resulting in a statistically significant linear trend between the groups in GM CVRCBF (J-T = 2.87; p < 0.01), GM CVRATT (J-T = −3.39; p < 0.01), and WM CVRATT (J-T = −2.87; p < 0.01). CVRCBF varied inversely with CVRATT both in GM and WM (GM: r2 = 0.32; p < 0.01 and WM: r2 = 0.20; p < 0.01). CVRCBF was significantly higher in women compared to men both in GM and WM (GM: p = 0.01 and WM: p < 0.01), however, CVRATT did not show sex differences (GM: p = 0.40 and WM: p = 0.07). We did not observe differences in CVRCBF and CVRATT between patients receiving hydroxyurea, chronic transfusion therapy, or no prophylactic therapy (Supplementary Tables 2–4).
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FIGURE 2. Dot plots with median and interquartile ranges showing CVRCBF and CVRATT in GM (A,C) and WM (B,D) in patients with severe- and mild SCD and healthy controls. Statistically significant differences, after multiple comparison correction, are indicated by lines with asterisks (p < 0.017). “♦” denote statistically significant differences that did not remain after multiple comparison correction.


Baseline CBF was inversely related to hemoglobin (CBF ∼ 1/Hb) in both GM and WM (Figures 3A,B). Spearman’s rank-order correlation showed that GM and WM CBFpreACZ increased with total bilirubin (GM: r2 = 0.30; p < 0.01 and WM: r2 = 0.18; p < 0.01) and reticulocytes (GM: r2 = 0.17; p < 0.01 and WM: r2 = 0.09; p < 0.01), not shown. GM and WM ATTpreACZ increased linearly with hemoglobin (Figures 3C,D) and were negatively related to total bilirubin (GM: Spearman’s r2 = 0.15; p < 0.01 and WM: Spearman’s r2 = 0.15; p < 0.01) and reticulocytes (GM: Spearman’s r2 = 0.12; p < 0.01 and WM: Spearman’s r2 = 0.11; p < 0.01). Stepwise multiple regression showed that after correcting for 1/Hb, age and HbF were statistically significant predictors for GM CBFpreACZ (Age; β = −0.39, p < 0.01. HbF; β = 0.27, p = 0.025) but not for WM CBFpreACZ.
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FIGURE 3. Scatterplots displaying correlations between hemoglobin and GM and WM CBF (A,B) and GM and WM ATT (C,D) at baseline.


CBFpostACZ and ATTpostACZ were linearly related to, respectively, CBFpreACZ and ATTpreACZ in GM (r2 = 0.65; p < 0.01 and r2 = 0.69; p < 0.01, respectively) and WM (r2 = 0.72; p < 0.01 and r2 = 0.72; p < 0.01, respectively) (Supplementary Figure 3). After correcting for resting conditions, stepwise multiple regression was performed including all participant groups. Sex was the only significant predictor for GM CBFpostACZ with women showing higher GM CBFpostACZ (r2 = 0.16; p < 0.01). Sex and HbF were statistically significant predictors for WM CBFpostACZ (Sex; β = 0.33, p = 0.01, HbF; β = −0.25, p = 0.045). Women also demonstrated shorter GM and WM ATTpostACZ (r2 = 0.07; p = 0.026 and r2 = 0.12; p < 0.01, respectively) than men after controlling for pre stimulus conditions. An alternative analysis, investigating predictors for ΔCBF and ΔATT, resulted in similar results and is shown in the Supplementary Materials.

No significant differences were found in baseline oxygen delivery between the groups (GM: F = 1.78; p = 0.18 and WM: F = 0.17; p = 0.84). After ACZ administration, GM and WM oxygen delivery significantly increased in both patient groups and controls (p < 0.01) but no significant differences were found between the groups (GM: F = 1.79; p = 0.18, WM: F = 0.49; p = 0.62). Baseline GM and WM oxygen delivery were not significantly different between men and women (p = 0.28 and p = 0.43, respectively) and significantly increased after ACZ administration in men and women (p < 0.01) (Figures 4A,B). After ACZ administration, significantly higher oxygen delivery in GM and WM were observed in women compared to men (GM: p = 0.042, WM: p < 0.01). In patients (severe and mild), GM, but not WM, oxygen delivery was positively associated with HbF under resting conditions, but this relation disappeared following ACZ (Figures 4C,D).
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FIGURE 4. GM and WM oxygen delivery before and after ACZ administration. Dot plots showing GM and WM oxygen delivery in men and women before and after ACZ administration (A,B) and scatter plots with correlations between HbF and GM and WM oxygen delivery in patients (C,D). Error bars denote median and interquartile range, horizontal bars with asterisks denote statistically significant differences (p < 0.05).




DISCUSSION

In this study, we demonstrated that during a vasodilatory challenge CBF and WM ATT are mainly determined by the baseline vascular state (flow and transit time). CVRCBF and CVRATT were increasingly affected by, genotype based, disease severity, which was explained by its effect on baseline CBF and ATT. However, we did identify two novel modulators of ACZ response. Firstly, women exhibited more robust increases in CBF and oxygen delivery as well as shortening of WM ATT in response to ACZ after correcting for baseline cerebrovascular dynamics. Secondly, HbF levels were associated with increased resting CBF and oxygen delivery in GM, but had no effect on peak oxygen delivery. We also demonstrated that ATT consistently shortened with ACZ in both the GM and WM allowing the definition of a CVRATT that was highly correlated with CVRCBF.

The dependence of CVRCBF on resting CBF arises from the linear relationship between pre- and post ACZ flow. We observed a constant increase of flow with ACZ, independent of the baseline CBF. As a result, the calculated CVR declines reciprocally with baseline CBF. Differences in baseline CBF between genotypic SCD groups reflect differences in hemoglobin levels and HbF percentages. Lower hemoglobin levels are thought to be compensated by an increase in baseline CBF to maintain normal oxygen delivery to the brain. This effect leads to significantly higher baseline CBF and shorter ATT in patients with severe SCD compared to patients with mild SCD and healthy controls. After controlling for hemoglobin level, baseline GM CBF increased with HbF percentage, most likely to compensate for the higher oxygen affinity of HbF (Wood, 2019). Thus, the effect of disease severity on post ACZ measurements and CVR are primarily apparent through its effects on hemoglobin and HbF percentage which ultimately affect baseline conditions.

We did not observe any saturation of vasodilatory response as has been suggested in previous studies (Prohovnik et al., 2009; Kosinski et al., 2017; Václavů et al., 2019). This could be because our study included a significant fraction of patients with milder disease and a limited number of patients with baseline GM CBF values higher than 100 mL/100/min. Another potential difference with previous ASL studies is that time-encoded ASL appropriately corrects for the shortening in ATT with ACZ stimulation, leading to more accurate CBF measurements. In single delay time ASL measurements, post ACZ CBF may be underestimated since ATT changes are not taken into account or globally estimated with a separate scan (Václavů et al., 2019), ultimately leading to an underestimation of CVRCBF.

In addition to baseline CBF, sex was a strong predictor of the response to ACZ. Women showed a more robust response to the vasodilatory challenge than men, suggesting a better cerebrovascular reactivity. Moreover, these results persisted after correcting for hemoglobin levels, indicating that these differences are not related to possible sex differences in hemoglobin levels. Together with significantly higher oxygen delivery in women compared to men after ACZ administration, these data suggest that women are better capable of increasing oxygen delivery to the brain under stress. Although the effect sizes observed translate to clinically meaningful differences, future studies should investigate sex effects in white matter disease in relation to cognitive outcomes, as the current dataset is underpowered to do so. Nevertheless, these preliminary results could explain why SCIs are less frequently observed in female compared to male SCD patients (DeBaun et al., 2012b; van der Land et al., 2016). We aim to further investigate the relation between vascular reactivity and SCI prevalence in SCD patients in our future work.

We also observed HbF levels to be an important modulator of cerebrovascular dynamics. In patients with severe SCD, hemoglobin levels were positively associated with HbF concentration. Given the reciprocal relationship between hemoglobin and CBF, we expected that high HbF would tend to decrease resting CBF. However, we observed that HbF concentration and GM CBF were positively related for any given hemoglobin level, thereby improving the calculated GM oxygen delivery at baseline. We hypothesize that this phenomenon is caused by the left shift of the hemoglobin dissociation curve of HbF, potentially lowering cerebral oxygen extraction (Fields et al., 2019; Wood, 2019) for any given partial pressure of oxygen in the brain. With lower oxygen extraction, higher resting CBF would be required to maintain normal oxygen exchange between the blood and brain tissue.

Interestingly, post ACZ cerebral oxygen delivery was independent of HbF, suggesting that HbF does not increase the maximum oxygen delivery to the brain; in fact, the rise in GM oxygen delivery with ACZ decreased with HbF concentration. Thus, the beneficial effects of HbF (higher hemoglobin, higher resting oxygen delivery, lower oxygen extraction fraction) (Fields et al., 2019) might have been counterbalanced by a decrease in recruitable oxygen delivery under vasodilator stress. Simply stated, the brain’s ability to recruit additional oxygen through extraction and vasodilation may be coupled through the hemoglobin dissociation curve (Wood, 2019). Thus, modulators of the p50 of hemoglobin may cause trade-offs in flow and extraction reserve.

In this study, we have also shown that ACZ administration consistently shortens ATT in GM and WM. We also presented CVRATT as a novel measure of vascular reactivity in SCD patients. CVRATT was closely correlated with the traditional CVRCBF, exhibited similar predictors (except HbF) and was similar in GM and WM. In contrast to CVRCBF, CVRATT was significantly different between patients with mild and severe SCD in WM. This might be explained by the fact that less ASL signal is required to determine ATT than to accurately quantify CBF. This could indicate that CVRATT might be able to discriminate more subtle impairments in cerebrovascular reactivity than CVRCBF. Therefore, we believe that CVRATT could potentially act as a complementary biomarker to CVRCBF, especially in WM, where ASL signal is low, but this hypothesis requires a confirmatory study, which also includes the presence of ATT in the CBF quantification.

Some limitations of this study have to be acknowledged. First, it remains challenging to measure CBF in WM by ASL. Even though patients with SCD have increased blood flow and longer blood T1, WM ASL signal suffers from low SNR. This may explain why we did not observe differences in WM CVRCBF between the groups nor in WM CVRATT between severe SCD patients and controls. Secondly, we did not estimate the T1 of blood on individual basis for patients, but instead we used group-based T1 values for patients with SCD as recommended by Vaclavu et al. (2016). Although this avoids CBF overestimation due to the longer blood T1 in patients with SCD on a group basis, it is still less accurate than subject-specific measurements, albeit with higher precision. Thirdly, our comparisons between the participant groups were significantly hampered by a mismatch in group size (n = 52, n = 20 and n = 10). This might explain why we did not find statistically significant differences in GM CVRCBF and GM CVRATT between the mild SCD group and healthy controls. This mismatch might also have further complicated comparisons between WM CVRATT of severe SCD patients and controls. Lastly, the effects of prophylactic therapy might have affected our results. However, because patients receiving hydroxyurea therapy, which increases HbF, were similarly represented in both groups (52% and 45%) and patients were scanned at the end of their transfusion cycle, we believe that this effect was minimal.

This study provides a comprehensive overview of differences in cerebral hemodynamics in patients with SCD, reporting for the first time on CBF, ATT, CVRCBF, CVRATT, and oxygen delivery in SCD patients with different genotypes. We found that vasodilation in response to ACZ is mainly determined by baseline CBF and ATT while there is no other added effect of disease severity. After correcting for baseline CBF and ATT effects, sex showed to be the dominant factor for vasodilation. Subsequently, women showed higher CVRCBF and oxygen delivery in response to ACZ compared to men. We hypothesize that these preliminary results could explain the lower prevalence of silent cerebral infarcts in women compared to men. Lastly, HbF did not contribute to increased oxygen delivery to the brain in response to ACZ, which may suggest that HbF does not protect SCD patients from brain damage under acute conditions.
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Cerebrovascular reactivity (CVR) is defined as the ratio of the cerebral blood flow (CBF) response to an increase in a vasoactive stimulus. We used changes in blood oxygenation level-dependent (BOLD) MRI as surrogates for changes of CBF, and standardized quantitative changes in arterial partial pressure of carbon dioxide as the stimulus. Despite uniform stimulus and test conditions, differences in voxel-wise BOLD changes between testing sites may remain, attributable to physiologic and machine variability. We generated a reference atlas of normal CVR metrics (voxel-wise mean and SD) for each of two sites. We hypothesized that there would be no significant differences in CVR between the two atlases enabling each atlas to be used at any site. A total of 69 healthy subjects were tested to create site-specific atlases, with 20 of those individuals tested at both sites. 38 subjects were scanned at Site 1 (17F, 37.5 ± 16.8 y) and 51 subjects were tested at Site 2 (22F, 40.9 ± 17.4 y). MRI platforms were: Site 1, 3T Magnetom Skyra Siemens scanner with 20-channel head and neck coil; and Site 2, 3T HDx Signa GE scanner with 8-channel head coil. To construct the atlases, test results of individual subjects were co-registered into a standard space and voxel-wise mean and SD CVR metrics were calculated. Map comparisons of z scores found no significant differences between white matter or gray matter in the 20 subjects scanned at both sites when analyzed with either atlas. We conclude that individual CVR testing, and atlas generation are compatible across sites provided that standardized respiratory stimuli and BOLD MRI scan parameters are used. This enables the use of a single atlas to score the normality of CVR metrics across multiple sites.

Keywords: cerebrovascular reactivity, carbon dioxide, cerebral blood flow, MRI, reproducibility


INTRODUCTION

The magnitude of cerebral hemodynamic responses to alterations in arterial partial pressure of CO2 (PaCO2), referred to as cerebrovascular reactivity (CVR), has increased understanding of the determinants of cerebral perfusion in many neurovascular disorders. Presently, there are a number of techniques that have been developed for the assessment and mapping of CVR. Of these, blood oxygenation level-dependent (BOLD) magnetic resonance imaging (MRI) signal intensity as a surrogate measure of cerebral blood flow (CBF) is in common use. However, the vasodilatory stimulus in most instances is uncontrolled, impeding test standardization, which is required for research and clinical use. Stimulus standardization requires precise, repeatable changes in PaCO2 independent of subject, or patient, efforts. A standardized “brain stress test” would provide a uniform platform from which to assess and manage a wide variety of disorders affecting brain blood flow regulation, such as in steno-occlusive disease (Brawley et al., 1967; Brawley, 1968; Symon, 1969; Kleiser and Widder, 1992; Yonas et al., 1993; Webster et al., 1995; Molina et al., 1999; Markus and Cullinane, 2001; Ogasawara et al., 2002; Sasoh et al., 2003; Mandell et al., 2008, 2011; Fierstra et al., 2010; Silvestrini et al., 2011; Sobczyk et al., 2016), glioma (Fierstra et al., 2018a; Sebok et al., 2020), arteriovenous malformations (Fierstra et al., 2011), traumatic brain injury (Da Costa et al., 2016; Mutch et al., 2016) and remote stroke effects (Sebok et al., 2018; Hendrik Bas van Niftrik et al., 2020; Sebok et al., 2021). The advancement of the clinical and research applications of CVR has required, first, the standardization of the method (Sobczyk et al., 2014; Sobczyk et al., 2015), and second, the verification of the repeatability of the test (Sobczyk et al., 2015; Sobczyk et al., 2016). The third and final step, and the aim of this paper, is to validate the compatibility of data between sites and across MR platforms.

Test variability between sites may arise from disease activity, equipment variability, artifacts such as patient movement and from normal day-to-day physiological variability. Performing CVR studies using a standard stimulus and a single MR scanner with consistent sequence parameters optimizes stimulus and machine repeatability (Kassner et al., 2010; Sobczyk et al., 2016); therefore observed variation of CVR metrics outside of test variability is more attributable to changes in physiology and disease states. However, as much as the BOLD MR signal is dependent on the MR pulse parameters, there may also be hardware dependent variability and thus may differ between vendors and platforms despite the same scan parameters.

The first step for comparing data across scanners required the generation of an atlas consisting of merged CVR data from healthy subjects from which was calculated a voxel-wise mean and standard deviation of CVR. Single subject’s CVR metrics can be compared to those of the atlas, analogous to the way blood clotting tests are compared to the normal range for a particular laboratory. Each voxel in an individual CVR scan would then be expressed in terms of standard deviations of the atlas mean (z score). Whereas absolute values for CVR may vary from center to center with the stimulus protocol and scan parameters, as long as the protocol for the CVR test and the atlas are the same, the z scores should be comparable across platforms. However, it would be very burdensome, expensive, and inefficient if an atlas had to be generated for every scanner. We hypothesized that if a repeatable and quantitative ventilatory protocol could be applied in conjunction with matching of critical MRI scan parameters, the variability in time-point to time-point and scanner-to-scanner variances could be minimized. A single healthy control atlas derived from one MRI system could then be used to assess single subjects across platforms. It would also enable the comparison of individuals and cohorts across institutions for use in multi-center trials.

The aim of this study was to evaluate whether the CVR atlases generated on different MRI platforms with the same, reproducible stimulus and the same scan parameters would have sufficient uniformity to be interchangeable across platforms for normalizing individual CVR data.



METHODS


Subjects and Ethical Approval

This study conformed to the standards set by the latest revision of the Declaration of Helsinki and were approved by the Research Ethics Board of the University Health Network and Health Canada. All subjects provided written and informed consent to participate in this study. We recruited 69 voluntary, healthy participants (31 females) between the ages of 18–80 years old by advertisement and word of mouth. Each subject was in good health with no history of neurological or cardiovascular disease, non-smokers taking no medication. The demographics for the cohort are represented in Table 1.


TABLE 1. Summary of healthy subject demographics.
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Experimental Protocol

CVR studies were performed on two separate MRI platforms. At Site 1, a 3T Magnetom SKYRAfit Siemens scanner with a 20-channel head and neck coil (bore diameter of 70 cm, slew rate 200 T/m/s, gradient peak 45 mT/m, software version Syngo MR D13B) was used, while at Site 2, a 3T HDx Signa GE scanner with an 8-channel head coil (bore diameter of 60 cm, slew rate of 150 T/m/s, gradient peak of 50 mT/m, software version HD16.0_V02_1131.a) was used.

All CVR studies reported in this study at both Site 1 and Site 2 consisted of matching MRI parameters and identical experimental CO2 protocols. A total of 69 healthy subjects were scanned to create site-specific atlases (38 at Site 1 [17F, 37.5 ± 16.8 y] and 51 at Site 2 [22F, 40.9 ± 17.4 y]). From the 69 participants, 20 of those individuals completed CVRs at both sites within a 2-month time frame.


Hypercapnic Stimulus

Subjects breathed through a fitted facemask connected to a sequential gas delivery breathing circuit (Somogyi et al., 2005). The CO2 stimulus consisted of clamping end-tidal partial pressure of CO2 (PETCO2) at the subjects resting value for 2 min, followed by a step increase by 10 mmHg for 2 min and returned to baseline for another 2 min. PETCO2 was then reduced by 10 mmHg for 1 minute, followed by a steady rise in PETCO2 to 15 mmHg above baseline over ∼5 min, and returned to baseline for 2 min. The stimulus pattern shown in Figure 1 was programmed into a computer-controlled gas blender (RespirActTM, Thornhill Research, Toronto, Canada) that runs a prospective gas targeting algorithm (Slessarev et al., 2007), which controls the CO2 stimulus independently of tidal volume and breathing frequency such that PETCO2 is equivalent to PaCO2 (Ito et al., 2008; Willie et al., 2012). The entire CO2 stimulus was performed at normoxia (PETO2 ∼110 mmHg) that is also precisely controlled, independently of CO2, by the RespirActTM system.


[image: image]

FIGURE 1. Standard PETCO2 sequence in a representative subject. The CO2 stimulus (red line), and whole brain average BOLD response (black line) are shown. CVR was calculated for the step portion of the response (a,b), and resting PETCO2 + 10 mmHg ramp portion of the response (c,d).




Magnetic Resonance Imaging Protocol for Cerebrovascular Reactivity Map Generation

The protocol consisted of: 1. 3D T1-weighted Inversion-Recovery Prepared Fast Spoiled Gradient Echo (IR-FSPGR) with TI = 450 ms, TR = 7.88 ms, TE = 3 ms, flip angle = 12°, voxel = 0.859 × 0.859 × 1 mm, matrix = 256 × 256, 146 slices, field of view = 24 × 24 cm, no interslice gap, acquisition time = 7.4 min. 2. T2∗-weighted gradient recalled echo sequence with echo-planar readout (EPI-GRE) with TR = 2400 ms, TE = 30 ms, flip angle = 70°, 41 slices, voxel = 3.5 mm3, matrix = 64 × 64, number of volumes = 335, field of view = 24 × 24 cm, acquisition time = 13.4 min.

The acquired BOLD MRI scan and PETCO2 data were analyzed using AFNI software (National Institutes of Health, Bethesda, Maryland)1 (Cox, 1996). BOLD images were first volume registered and slice-time corrected and coregistered to the IR-FSPGR. PETCO2 data was then time-shifted to the point of maximum correlation with the whole brain average BOLD signal. A linear, least-squares fit of the BOLD signal data series to the PETCO2 data series was then performed on a voxel-by-voxel basis, together with a linear trend regressor to calculate CVR values. This method has been described in greater detail elsewhere (Fierstra et al., 2010; McKetton et al., 2018a). CVR for each dataset was calculated for different portions of the stimulus including the step portion of the stimulus (which includes dynamic changes in the CVR values (Poublanc et al., 2015), and the linear portion of the ramp stimulus starting from the individuals resting CO2 up to + 10 mmHg from resting (representing a steady state CVR). CVR was expressed as the percent change in BOLD signal per change in PETCO2 (%/mmHg). Step and ramp CVR maps were color-coded based on a spectrum of colors denoting the magnitude of response in either the positive or negative direction (Figure 2).


[image: image]

FIGURE 2. Axial slices of the normal cohort atlases calculated from only the individuals scanned at both sites. (A) Mean CVR values of step portion of the stimulus for the 20 individuals scanned at Site 1. (B) Mean CVR values of step portion of the stimulus for the 20 individuals scanned at Site 2. (C) Significant differences shown in green comparing A and B after multiple comparison correction p < 0.05. (D) Mean CVR values of the ramp (resting + 10 mmHg) portion of the stimulus for the 20 individuals scanned at Site 1. (E) Mean CVR values of ramp (resting + 10 mmHg) portion of the stimulus for the 20 individuals scanned at Site 2. (F) Significant differences shown in green comparing (D,E) after multiple comparison correction p < 0.05. CVR maps color-coded according to the scale shown on the bottom in percentage of BOLD change per mmHg PETCO2 change.





Analysis of Data


Construction of Cerebrovascular Reactivity Atlas

The normative data from all subjects across the two scanning sites were co-registered into Montreal Neurologic Institute (MNI) standard space using an analytical processing software (SPM8: Wellcome Department of Imaging Neuroscience, University of London, United Kingdom)2. A voxel-by-voxel mean CVR, and associated standard deviation (SD), was calculated for the step and ramp potions of the stimulus, to form site-specific atlases (AFNI software (Cox, 1996). Four sets of atlases were created for each of CVR parameters: atlases were created for subjects scanned at each site (38-person atlas at Site 1, 51-person atlas at Site 2), and atlases that included only those individuals that were scanned at both sites (20 person atlases for both Site 1 and Site 2). Atlas generation methodology has been described in greater detail elsewhere (Poublanc et al., 2015; Sobczyk et al., 2015; McKetton et al., 2018b). The co-registered T1-weighted anatomical images for all subjects were segmented into gray and white matter (GM and WM) using the aforementioned SMP8 software. These masks were used to calculated mean GM and WM values for each vascular territory by hemisphere [left (L) and right (R) MCA (middle cerebral artery), ACA (anterior cerebral artery) and PCA (posterior cerebral artery)] for the CVR step and ramp portion of the stimulus in each subject.



Statistical Analysis

Voxel-wise paired t-tests (α = 0.05) were used to determine if significant differences existed between the 20 person atlases of each CVR parameter (step and ramp), which contained only subjects that were scanned at both sites. Permutation testing was then applied to the height of the maxima of the resulting statistic image, using the “randomize” permutation-based inference tool (Winkler et al., 2014) in FSL v.5.0.9 (FMRIB Library3 that allowed for the maintenance of strong control over family-wise error. Additional statistical analyses were conducted on the mean GM, WM and hemispheric vascular territories for each sets of atlases using SigmaPlot 12.5 (Systat Software, Inc., San Jose California). To evaluate measurement reproducibility and investigate possible bias in the CVR data, Bland-Altman analysis was used to calculate the two sites limits of agreement between the 20 person atlases for GM and WM of each CVR parameter. A Two-Way repeated measures analysis of variance (rmANOVA) with the Holm-Sidak method of multiple comparison correction was performed on the 20 person atlases to determine if any significant differences existed between the groups (α = 0.05). For the full site atlases, a Two-Way ANOVA was performed with the Holm-Sidak method of multiple comparison correction (α = 0.05).



Construction of Z-Maps

Individualized z scores were calculated on a voxel-wise basis by co-registering the subject’s CVR map to the same space as the reference atlases followed by scoring the subject’s CVR values by assigning a z-score according to the mean and SD of the corresponding voxel of the atlas (Sobczyk et al., 2015). A healthy subject individual z-scores were calculated by a “leave one out”/“jackknife” procedure, which requires taking the healthy subject out from the atlases and z scoring that subject to atlases made up of the remaining subjects (Minoshima et al., 1995). The z values were then color coded and superimposed on the anatomical scans to form site-specific z-maps. Frequency distribution histograms (FDH) were created of the z-maps for each vascular territory. Absolute difference maps were calculated voxel-wise from the z-maps created from Site 1 and Site 2.





RESULTS


Atlas Results for Only Subjects Scanned at Both Sites

CVR step and ramp atlas maps were created for the 20 individuals that were scanned at both sites and compared to one another to discern site-related differences. Figure 2 displays the atlas maps for CVR step and ramp at each site. A voxel-wise paired t-test for each of the CVR parameter maps between Site 1 and Site 2 was preformed, and significant differences (p < 0.05) are displayed in Figure 2. Minimal significant differences were found between Site 1 and Site 2 for both CVR parameters.

The results of the Bland-Altman analysis for between site reproducibility for the 20 individuals that were scanned at both sites are illustrated in Figure 3. Mean site difference for CVR step (mean ± 1.95 SD) was –1.15 × 10–5 ± 0.068%/mmHg in GM and –0.009 ± 0.035%/mmHg in WM. Mean site difference for CVR ramp was 0.037 ± 0.099%/mmHg in GM and 0.017 ± 0.050%/mmHg in WM.
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FIGURE 3. Bland-Altman plots comparing Site 1 and Site 2 differences in (A) step CVR gray matter, (B) step CVR white matter, (C) ramp CVR gray matter, and (D) ramp CVR white matter.


Mean step and ramp CVR values of the 20 subjects scanned at Site 1 and Site 2 for GM, WM and each hemispheric vascular territory, were calculated. GM and WM values are presented in Table 2 along with the associated SD. Mean CVR values for each hemispheric vascular territory are presented in Supplementary Table 1. On average, CVR measures were similar in both GM and WM between sites (P-values presented in Table 2, α = 0.05). The Two-Way rmANOVA found a statistically significant interaction between site and region of interest (ROI) and found significant differences between sites for step CVR in the RACA GM and WM, and LPCA GM. Significant differences between sites for ramp CVR were found in the L and R MCA GM, and the LACA GM and WM (P-values presented in Supplementary Table 1, α = 0.05). An interpretation of these results with respect to the implications of the interaction between site and ROI factors is found in the discussion section.


TABLE 2. Mean, standard deviation (SD) and p-values for gray (GM) and white matter (WM) regions of each CVR parameter for the 20 healthy subjects that were scanned at both sites.
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Atlas Results for All Subjects Scanned at Either Site

CVR step and ramp atlas maps were created for all subjects scanned at either site, with 38 subjects in total scanned at Site 1 and 51 subjects scanned at Site 2. Figure 4 displays the atlas maps for CVR step and ramp at Site 1 and Site 2.
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FIGURE 4. Axial slices of the normal cohort atlases calculated from all individuals for both the step and ramp (resting + 10 mmHg) portions of the stimulus. (A) Mean CVR values for all individuals scanned at Site 1 (38 individuals total). (B) Mean CVR values for all individuals scanned at Site 2 (51 individuals total). CVR maps color-coded according to the scale shown on the bottom in percentage of BOLD change per mmHg PETCO2 change.


A Two-Way ANOVA was performed for each of the CVR parameter maps comparing all subjects scanned at each site for GM, WM, and each hemispheric vascular territory. The overall means, SD, and associated p-values for GM and WM are presented in Table 3. Mean CVR values for each hemispheric vascular territory are presented in Supplementary Table 2. No significant difference between the CVR step and ramp for GM and WM were found between the two sites (P-values presented in Table 3, α = 0.05). For the hemispheric ROIs, a statistically significant interaction between site and region of interest (ROI) and significant differences between sites were found for step CVR in the L and R MCA GM, L and R ACA GM, LPCA GM, and L and R PCA WM. Significant differences between sites for ramp CVR were found in the LMCA GM, L and R ACA GM, L and R ACA WM, LPCA GM, and the L and R PCA WM (P-values presented in Supplementary Table 2, α = 0.05). An interpretation of these results with respect to the implications of the interaction between site and ROI factors is found in the discussion section.


TABLE 3. Mean, standard deviation (SD) and p-values for gray (GM) and white matter (WM) regions of each CVR parameter for all subjects that were scanned at each site.
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Z-map Normalization Examples

Figure 5 presents the CVR and accompanying z-maps and absolute differences of the z scores from a healthy subject that was scanned at both sites and was removed from the atlases prior to calculating the z scores (known as a “jackknife” procedure what is used when taking a subject from a reference atlas and comparing them back to the atlas to perform z-scoring (Minoshima et al., 1995). The FDH of the step and ramp z scores for each vascular territory and an additional normal example is presented in Supplementary Material.


[image: image]

FIGURE 5. Case illustration of a normal subject. Displayed are axial slices for (A) the subject CVR maps for the step and ramp (resting PETCO2 + 10 mmHg) portion of the stimulus obtained at Site 1. (B) The subject CVR maps for the step and ramp (resting PETCO2 + 10 mmHg) portion of the stimulus obtained at Site 2. (C) Z-maps of the subject calculated by comparing their CVR parameter maps from Site 1 (A) to the corresponding 20 person CVR parameter atlases collected at Site 1. (D) Z-maps of the subject calculated by comparing their CVR parameter maps obtained at Site 2 (B) to the corresponding 20 person CVR parameter atlases collected at Site 2. (E) Voxel-wise absolute difference maps calculated from the z-maps in (C,D). (F) Z-maps of the subject calculated by comparing their CVR parameter maps obtained from Site 1 (A) to the corresponding full 38 person CVR parameter atlases collected at Site 1. (G) Z-maps of the subject calculated by comparing their CVR parameter maps obtained from Site 2 (B) to the corresponding full 51 person CVR parameter atlases collected at Site 2. (H) Voxel-wise absolute difference maps calculated from the z-maps in F and G. Associated color scales found at bottom of figure. The CVR color scale denotes areas of positive and negative response in percentage of BOLD change per mmHg PETCO2 change. The z scores and absolute difference scales provide a perspective of the statistically normal differences in CVR in standard deviation (SD).


Figure 6 shows the application and comparison of the CVR atlases for each parameter to a patient with steno-occlusive disease whose CVR was collected at Site 2 only, 3 years after the atlas data was collected. Included are z scoring and absolute voxel-wise differences between the z-maps. The FDH of the step and ramp z scores for each vascular territory and an additional patient example with steno-occlusive disease is presented in Supplementary Material.
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FIGURE 6. Case illustration of a 40-year-old patient with transient ischemic attacks and bilateral narrowing of the internal carotid arteries, scanned at Site 2 only. Displayed are axial slices for (A) the subject’s CVR maps for the step and ramp (resting PETCO2 + 10 mmHg) portion of the stimulus. (B) Z-maps of the patient calculated by comparing their CVR parameter maps (A) to the corresponding 20 person CVR parameter atlases collected at Site 1. (C) Z-maps of the patient calculated by comparing their CVR parameter maps (A) to the corresponding 20 person CVR parameter atlases collected at Site 2. (D) Voxel-wise absolute difference maps calculated from the z-maps in (B,C). (E) Z-maps of the patient calculated by comparing their CVR parameter maps in (A) to the corresponding full 38 person CVR parameter atlases collected at Site 1. (F) Z-maps of the patient calculated by comparing their CVR parameter maps in (A) to the corresponding full 51 person CVR parameter atlases collected at Site 2. (G) Voxel-wise absolute difference maps calculated from the z-maps in (E,F). The CVR color scale denotes areas of positive and negative response in percentage of BOLD change per mmHg PETCO2 change.





DISCUSSION

The main finding of this study is that voxel-wise CVR test results are not significantly different between two sites using different MR scanners when a precisely repeatable hypercapnic stimulus is applied and consistent MR scan parameters are specified. CVR test results of 20 subjects, scanned at both sites, were used to create atlases of CVR variability for the two locations. Voxel-wise paired t-tests applied to the atlases showed minimal differences (Figures 2C,F), and Bland-Altman analysis plots (Figure 3) displayed no proportional difference. Consequently, normalization of individual CVR values via z scores may be made using either atlas.

With respect to further atlas comparison using two-way rmANOVA, although such analysis of the step CVR atlases found significant differences for most of the GM and WM ACA territories (areas prone to susceptibility artifacts), these differences were not interpretable with respect to site difference since there was a statistically significant interaction between factors Site and ROI (P ≤ 0.001). The ramp CVR atlases which use only a few points of the full ramp stimulus (resting PETCO2 + 10 mmHg) and are consequently more variable than the step CVR measurements, also showed several ROIs that were significantly different between sites, with the majority again in the ACA territories. However, interaction between site and ROI was also found and so these findings are not interpretable with respect to site difference.

Thus, an atlas of CVR in healthy people generated in one location can provide the same population normalization for CVR (Sobczyk et al., 2015) and interval differences in CVR (Sobczyk et al., 2016) regardless of where the individual measurements were made. Two patient examples (Figure 6 and Supplementary Figure 2) support this conclusion as well as the z score FDHs provided in Supplementary Material.

If the goal of using a single atlas to assess normality regardless of CVR testing site is to be achieved, every effort is required to eliminate non-physiologic variability. The two sources of CVR variability, stimulus and the measurement of its effect are the barriers to site-independent assessment of CVR. In studies where the vasoactive stimulus cannot be quantitated, much less standardized [e.g., acetazolamide injection, breath hold duration (Fierstra et al., 2013), and inhalation of a fixed CO2 concentration (Fisher, 2016)], it produces an unknowable variability in the CVR.

The CVR stimulus must be standardized, not only with respect to the sequence of CO2 changes used in terms of baseline, but also to the direction of change, amplitude, and duration of the true independent variable, the arterial PCO2. Giving a standard CVR stimulus that is comparable between patients, institutions, and over time, allows for the monitoring of a disease progress, and the results of therapeutic interventions to be assessed (Sobczyk et al., 2016) assuming inconsequential variability in the output of the MR scanner.

If the stimulus can be standardized the remaining source of technical variability is the variation in scanner settings. In the case of the atlases developed in this study, the main difference between the two platforms were the head coils. The Siemens scanner had a 20-channel coil whereas the GE scanner only had an 8-channel coil; however, the scan settings were the same. While this difference will affect the signal to noise ratio (SNR) between machines, the z-map images will be otherwise the same. The variability between subjects is expected to be greater than the experimental noise within a subject even with a lower SNR coil. The effect of using different scan parameters such as voxel size on the individual scans and comparing them to the atlases was not examined.

If these two technical issues are standardized, the remaining sources of variability between scans must arise from differences in physiological factors affecting the MR signals. These include the physiological expression of the variety of day-to-day experiences such as amount of sleep the previous night, foods eaten, tobacco use, emotional state, and ingested medications. However, the effects of these experiences may be dampened or cancel each other out. In any event, their effect size will be small compared to those of the technical conditions. Indeed test-retest differences were measured and quantified in a single scanner over weeks to months as mean ± SD for each voxel by Sobczyk et al. (2016). In the current study we show that CVR of normal individual voxels on 2 separate scanners fall within the mean and less than 2 SD of the CVR measured with either scanner.


Clinical Implications

When z scoring of scans was first contemplated, it was considered that each institution would need to use their own standardized stimulus pattern for patients and repeat that pattern on a control group to generate an atlas for each scanner. Our findings suggest that for a standardized stimulus and MRI sequence, the variation in CVR is sufficiently small that a single atlas would be suitable across platforms. In addition, specialized atlases such as those controlling for sex, age, or medication, can be distributed across scanner locations. These considerations imply that all CVR data generated by a standard stimulus and scanner settings would be comparable, enabling a standard CVR test.



Research Implications

For all intents and purposes, the CVR atlas functions as the “control” cohort for all CVR studies, thereby requiring smaller test cohorts. The reduced test variability would also enable the detection of smaller effect sizes with smaller cohorts. Data from various centers would be directly comparable, as is the case with other standardized tests such as the clotting test prothrombin time. The atlas can be made to have greater specificity for a given condition by narrowing the variability of the cohort to control for specific factors. For example, for examining CVR in patients with multiple sclerosis, the atlas can be restricted to subjects of younger age, and if examining females, then restricted by eliminating data from males.



Limitations

Accurate measurements of CBF in advanced cerebrovascular disease is difficult to achieve. The limitations of BOLD as a surrogate measure of relative CBF changes are well known (Sobczyk et al., 2014; Duffin et al., 2015; Tancredi et al., 2015), nevertheless BOLD has been shown to correlate well with other modalities, including FAIR arterial spin-labeling (Hoge et al., 1999; Mandell et al., 2008; Chen and Pike, 2010) and more recently with (15O–)H2O positron emission tomography (PET) (Fierstra et al., 2018b; Hauser et al., 2019). With respect to the CO2 stimulus, although a general linear model (GLM) is assumed for matching BOLD to PETCO2, this relationship is very complex and not necessarily well approximated by assuming a GLM (Fisher et al., 2017; Duffin et al., 2018).

Atlases were also constructed and compared between sites using all subjects tested so that they included CVR data from the 20 subjects studied in both locations. While this comparison is like that of the matched 20 atlases, nevertheless, we feel that these atlases were worth examining because they contained many subjects unique to a particular test site, and even when used to examine a cohort, the data from the overlapped subjects were gathered at the alternate location.

Small differences were apparent in both the atlas maps and the z score maps. The two scanner specific atlases derived from the same group of 20 individuals tested on both 3T scanners from different vendors were virtually identical but exhibited small differences (Figure 2, green in 2C and 2F). These were primarily within the cerebral spinal fluid of the ambient cisterns and cerebellum, which we attribute to susceptibility effects, and in venous structures. Similarly, when these atlases were derived from larger groups of different individuals, and included 20 of the same individuals, the atlases were virtually identical (Figure 4). However, there were differences in anterior inferior frontal lobe tissues. The BOLD signal is unreliable in areas where the applied static magnetic field is inhomogeneous. This typically occurs at the skull base and most often affects the anteromedial and inferior frontal lobes (gyrus rectus and orbito-frontal gyrus). CVR values in these regions are typically unreliable and can even be false positive for steal physiology.

Comparing CVR z score maps (Figures 6D,G) of a single patient calculated from control atlases generated from the same 20 healthy controls on each of the two scanners did find small differences after excluding those regions previously discussed where differences were presumably due to susceptibility effects. These differences were mostly within 0.4 SD, with a few regions showing 0.8 SD differences. Thus, a voxel-wise variance less than 1 SD is achievable when comparing a single individual against control atlases generated on different vendor scanners.

Variability within the atlases may be attributed to differences in age and sex, although we have not found differences in CVR across age ranges (McKetton et al., 2018a). Subjects for our reference CVR atlases were not selected for these or any other characteristics. As a result, the atlas contains a high variability in the normal cohort, which reduced the significance of the variability in output between platforms. However, the types of vascular disease typically studied including moyamoya, steno-occlusive disease, small vessel disease, and traumatic brain injury, result in large CVR changes that exceed those of machine variability, and thus a single atlas is suitable for these conditions. Should very subtle CVR changes be sought, the method may be made more sensitive by generating a local atlas with a cohort that contains the characteristics and medical conditions, or medications, for which one wishes to control; for example, assembling a cohort of women between the ages of 20 and 30 in an atlas for investigation for subtle CVR signs in multiple sclerosis.




CONCLUSION

This study has demonstrated the feasibility of using a single atlas across platforms. A single atlas would be useful for normalizing clinical studies of individual patients as well as pooling compatible data in multicenter trials.
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The normal variability in breath size and frequency results in breath-to-breath variability of end-tidal PCO2 (PETCO2), the measured variable, and arterial partial pressure of carbon dioxide (PaCO2), the independent variable affecting cerebral blood flow (CBF). This study examines the effect of variability in PaCO2 on the pattern of resting-state functional MRI (rs-fMRI) connectivity. A region of interest (ROI)-to-ROI and Seed-to-Voxel first-level bivariate correlation, hemodynamic response function (hrf)-weighted analysis for measuring rs-fMRI connectivity was performed during two resting-state conditions: (a) normal breathing associated with breath-to-breath variation in PaCO2 (poikilocapnia), and (b) normal breathing with breath-to-breath variability of PETCO2 dampened using sequential rebreathing (isocapnia). End-tidal PCO2 (PETCO2) was used as a measurable surrogate for fluctuations of PaCO2. During poikilocapnia, enhanced functional connections were found between the cerebellum and inferior frontal and supramarginal gyrus (SG), visual cortex and occipital fusiform gyrus; and between the primary visual network (PVN) and the hippocampal formation. During isocapnia, these associations were not seen, rather enhanced functional connections were identified in the corticostriatal pathway between the putamen and intracalacarine cortex, supracalcarine cortex (SCC), and precuneus cortex. We conclude that vascular responses to variations in PETCO2, account for at least some of the observed resting state synchronization of blood oxygenation level-dependent (BOLD) signals.
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INTRODUCTION

The pioneering work of Biswal et al. (1995) showed that low-frequency (<0.1 Hz) fluctuations of EPI signal intensity were temporally synchronized across the non-contiguous motor cortex during resting-state functional MRI (rs-fMRI). This finding led to the development of a stimulus-free methodology for the assessment of functional brain networks. The correlated fluctuations within brain regions are thought to be synchronized variations in neuronal activity revealing functional connectivity between brain regions. However, one of the major challenges involved in the analysis of functional connectivity stems from problems separating the blood oxygenation level-dependent (BOLD) fMRI signals of neuronal stimulation, from those resulting from changes in arterial partial pressure of carbon dioxide (PaCO2). PaCO2 is a potent vasoactive molecule, which varies breath-to-breath due to differences in tidal volume during normal breathing (Wise et al., 2004; Birn et al., 2006; Madjar et al., 2012). Wise et al. (2004) found BOLD fMRI fluctuations in disparate brain regions and variability in the middle cerebral artery (MCA) flow velocity measured by transcranial Doppler that were correlated with changes in the end-tidal PCO2 (PETCO2), a non-invasive surrogate of PaCO2. The synchronous changes were widespread and bilaterally symmetrical, particularly in gray matter (GM) of the occipital, parietal, temporal, and cingulate cortex, and to a lesser extent in the white matter (WM) (Wise et al., 2004). PETCO2 fluctuations occur around 0.03 Hz in GM (Wise et al., 2004). This frequency of respiratory changes overlaps with resting-state brain activity frequency fluctuations of approximately 0.1 Hz, which are typically not filtered out by physiological noise correction routines and may confound resting-state neuronal functional connectivity measures. Eliminating PETCO2 fluctuations would dampen respiratory based synchronization leaving those of neuronal origin.

The relative contributions of neuronal and vascular factors comprising the BOLD signal during rs-fMRI are still unknown. In a pivotal study, Golestani et al. (2015) reported that spontaneous PETCO2 fluctuations act as strong modulators of the rs-fMRI signal contributing up to 15% of the total rs-fMRI signal variance based on a multi-regression model used to estimate the voxel-wise PETCO2 response functions. These CO2 fluctuations primarily affect fMRI signals in the GM, particularly in the occipital and temporal cortices in addition to subcortical structures including the precuneus, cingulate gyrus, and thalamus (Golestani et al., 2015).

Consequently, we studied BOLD signal synchronization in healthy volunteers under two conditions: (1) spontaneous breathing that is associated with normal PETCO2 variability (poikilocapnia), and (2) PETCO2 variability dampened by sequential gas delivery (isocapnia) (Fierstra et al., 2013; Fisher, 2016). We hypothesized that the regions showing synchronous BOLD fluctuations during poikilocapnia but not isocapnia are synchronized to PETCO2. The synchronized regions during isocapnia therefore likely reflect neuronal resting state functional connectivity under isocapnic breathing conditions.



MATERIALS AND METHODS


Participants and Image Acquisition

This study conformed to the standards set by the latest revision of the Declaration of Helsinki and was approved by the Institution’s Research Ethics Board. Written informed consent was obtained from all participants. Ten healthy control participants with no history of neurological disorders [age range: 22–70; eight males; age mean (SD) 42.4 (18.68)] were recruited.

All images were acquired using a 3-Tesla GE MRI scanner (Signa HDx, GE Healthcare, Milwaukee, WI, United States), using an eight-channel phased array head coil. Participants had at least 10 min at rest in the scanner before the fMRI time series acquisition. High-resolution T1-weighted 3D spoiled gradient echo sequences were acquired with the following parameters: TR = 7.88 ms, TE = 3 ms, flip angle = 12°, 146 slices, voxel size = 0.85 × 0.85 × 1 mm, matrix size = 256 × 256, and field of view = 22 × 22 cm. Two BOLD fMRI echoplanar images were acquired, one for each resting-state condition with the following parameters: TR = 2400 ms, TE = 30 ms, flip angle = 70°, 250 volumes, 41 slices, isotropic voxel size = 3.5 mm, matrix size = 64 × 64, and field of view = 24 × 24 cm.



Control of Blood Gases During Spontaneous Breathing

The dampening of breath-to-breath PETCO2 and the end-tidal partial pressure of O2 (PETO2) was achieved using an automated gas blender that applies sequential gas delivery algorithms targeting resting PETCO2 (RespirAct™, Thornhill Research Inc., Canada; Slessarev et al., 2007; Fierstra et al., 2013; Fisher, 2016) thereby dampening physiologically significant breath-to-breath variation in PETCO2. Subjects breathed via a soft plastic mask sealed to their face using transparent dressing film (Tegaderm, 3M, St. Paul MN, United States) during poikilocapnia and isocapnia. For isocapnia, PETCO2 was controlled by targeting each subject’s resting PETCO2; average 38 mmHg (range 32–42 mmHg). PETO2 was targeted at 100 mmHg. During the poikilocapnic resting-state scan, participants breathed room air with no targeting of PETCO2 while PETO2 permitting physiological fluctuations as occurs in fMRI experiments. The sequence of isocapnia and poikilocapnia was randomized. All subjects indicated that they were unable to distinguish between the two resting-state conditions.



Data Preprocessing

Neuroimaging data were preprocessed and analyzed using SPM12 (The Wellcome Department of Cognitive Neurology, London, United Kingdom)1 running in Matlab v7.14 (The Mathworks Inc., United States). All functional volumes underwent slice-timing correction using sinc interpolation to temporally align the slices within each volume. Each volume was spatially realigned to the first volume acquired using a six-parameter rigid body transformation. Realignment motion parameters were set at 3 mm for translation and 1° for rotation relative to the first volume for exclusion criteria. Head movement was measured in three axes with 1.5 mm limits with all subjects meeting this criterion. High-resolution T1-weighted anatomical volumes were segmented into GM, WM, and cerebrospinal fluid (CSF), and were normalized to Montreal Neurological Institute (MNI) space using the normalized EPI image in SPM. Functional images were normalized into MNI space and smoothed with a spatial convolution 8 mm full-width half-maximum Gaussian kernel.

Functional connectivity measures were analyzed in Matlab using the CONN-fMRI functional connectivity toolbox v17f (Whitfield-Gabrieli and Nieto-Castanon, 2012).2 Data were de-noised following the anatomical CompCor approach (Behzadi et al., 2007). CompCor is advantageous in that it does not require external monitoring of physiological fluctuations (cardiac and respiratory) as compared to other noise correction routines. Anatomical CompCor factors in the signal from WM, ventricles, large vessels, and CSF to accurately model physiological fluctuations in GM areas and uses the five most significant principal components each from the WM and CSF as covariates in a general linear model (GLM) as an estimate for physiological noise (Behzadi et al., 2007). We additionally analyzed the resting-state data using CompCor and with CompCor turned off (i.e., removing WM and CSF covariates). We expected that isocapnia would mostly remove variations due to PETCO2 fluctuations, whereas CompCor would remove other sources of noise such as cardiac pulsations, in order to see how these two methods compared.

Global signal regression was not performed in order to bypass introduction of artifactually negative correlations into resulting connectivity measures (Chai et al., 2012). Instead, a number of confounds were regressed out via CompCor to further remove unwanted BOLD signal artifactual effects that were shown to improve sensitivity, specificity, and validity for subsequent functional connectivity analyses. In addition to the CompCor covariates, realignment motion regression (12 regressors comprised of six motion regressors and six first-order temporal derivatives), and functional outliers that were detected via the ART-based identification of outlier scans for scrubbing, thresholded at 0.9 mm for framewise displacement (Power et al., 2012) were also included. As recommended, band-pass filtering was also performed with a frequency window of 0.008–0.09Hz. This preprocessing step helps increase retest reliability, while reducing the effects of low frequency drift and high frequency noise (Weissenbacher et al., 2009). Linear detrending was performed as another de-noising parameter to remove linear trends within each functional scan.



PETCO2 and BOLD Correlation Analysis

End-tidal PCO2 was shifted to the maximum correlation with the average BOLD signal using Matlab. Correlation maps between PETCO2 and the resting BOLD signal were computed for each resting-state condition using AFNI software (National Institutes of Health; Cox, 1996) with quadratic fitting to control for baseline and trend. Resulting images were reregistered to MNI space. After Fisher’s Z transformation of the correlation values, group analysis was computed for each group to compare correlations between the PETCO2 time course and BOLD signal during both resting-state conditions. Threshold-Free Cluster Enhancement (TFCE) was performed on the correlations between the BOLD signal and PETCO2 time course data. TFCE is an optimal method in enhancing cluster like structures that has been shown to provide better sensitivity than other methods throughout an extensive range of test signal shapes, signal-to-noise ratios (SNRs), and has been described in detail previously (Smith and Nichols, 2009). Permutation testing was then applied to the height of the maxima of the resulting statistic image, using the “randomize” permutation-based inference tool (Winkler et al., 2014) in FSL v.5.0.9 (FMRIB Library)3 that allowed for the maintenance of strong control over family-wise error (FWE). The effect of spontaneous breathing (poikilocapnia) and (isocapnia) were tested for multiple comparisons, where any significant regions at p < 0.05 were reported and illustrated (Figure 1).
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FIGURE 1. Brain average maps displaying the correlations between the blood oxygenation level-dependent (BOLD) signal and end-tidal PCO2 (PETCO2) time course resting state conditions after multiple comparison correction using threshold free cluster enhancement (TFCE) in (A) the poikilocapnic condition, and (B) the isocapnic condition. Significant regions at p < 0.05 are shown.




Connectivity Analysis

An ROI-to-ROI and Seed-to-Voxel first-level bivariate correlation, hrf-weighted analysis was conducted using a functional connectivity (weighted GLM) model for measuring resting-state connectivity.

The first exploratory whole-brain ROI-to-ROI functional connectivity analysis was performed to examine an unbiased investigation of two types of ROIs within CONN tool. This consisted of a group of 132 ROIs and the second group of 31 ROIs across eight networks that were commonly assigned across subjects. The 132 ROI group was based on the FSL Harvard-Oxford Atlas including 91 cortical, 15 subcortical ROIs [developed at the Center for Morphometric Analysis (CMA), and distributed with the FMRIB Library in FSL], and 26 cerebellar parcellations from the Automated Anatomical Labeling (AAL) Atlas (Tzourio-Mazoyer et al., 2002). The 31 ROI group was derived across eight networks e.g., default mode network (DMN); medial prefrontal cortex (MPFC); posterior cingulate cortex (PCC); right lateral parietal (RLP); and left lateral parietal (LLP) cortex areas. For each ROI, the mean BOLD signal time series was extracted within the ROI voxels, and bivariate correlation coefficients were computed for each pair of ROIs that were Fisher z-transformed. For second-level analysis, a two-sided within-subject paired t-test for all subjects between-conditions contrast of isocapnia vs. poikilocapnia was applied using the false discovery rate (FDR) correction for multiple comparisons p < 0.05. Only significant ROI-to-ROI results are illustrated and reported.

The second hypothesis driven seed-to-voxel analysis was performed using 10 mm spheres positioned in ROIs that have been associated with respiration and rs-fMRI that included the cerebellum, insular/orbitofrontal/cingulate/precuneus/prefrontal cortex, putamen, caudate, superior temporal/supramarginal gyri (Birn et al., 2006; Chang and Glover, 2009), and visual cortex (Madjar et al., 2012). The mean time series were extracted in each seed region by averaging across all voxels for each participant. Bivariate correlation coefficients were computed between the seed time-course and with every other voxel in the brain. The subsequent whole-brain correlation maps were Fisher z-transformed producing z-value maps of voxel-wise functional connectivity for each seed ROI. For second-level analysis, a two-sided within-subject paired t-test for all subjects between-conditions contrast of isocapnia vs. poikilocapnia was applied for voxel-wise statistics throughout the whole brain at an uncorrected level (p < 0.001) before FWE correction was applied at the cluster level (p < 0.05) for multiple comparisons. Only significant seed-to-voxel results are illustrated and reported.




RESULTS


Respiratory Data Results

The SD of the breath-to-breath spontaneous PETCO2 variability was significantly lower in the clamped condition 0.84 (0.46) mmHg compared to the unclamped condition 2.47 (0.96) mmHg [mean of variability (SD)], T(9) = 6.06, p = 0.0002 (Figure 2). The mean (SD) PETCO2 was higher in the isocapnic condition 37.53 (3.04) mmHg compared to the poikilocapnic condition 33.81 (3.3) mmHg, T(9) = 8.38, p < 0.0001. This is very unlikely to be of physiologic significance for the following reason. In the isocapnic condition, the PETCO2 is equal to the PaCO2 (Ito et al., 2008; Fisher et al., 2016). In healthy people PETCO2 is typically 2–4 mmHg less than PaCO2 due to a small volume of physiological alveolar deadspace (Ito et al., 2008).
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FIGURE 2. Respiratory data for both resting-state conditions. SD of breath-to-breath PETCO2 variability in the isocapnic spontaneous breathing condition (when PETCO2 was kept constant) denoted with red squares, and poikilocapnic spontaneous breathing condition (when PETCO2 was free to change) denoted with blue circles. Connecting lines in the middle of the graph associate each individual subject’s condition (the mean SD of breath-to-breath variability for the isocapnic and poikilocapnic conditions). The symbol and error bars beside each line graph side denotes the mean and SD of all 10 subjects for each condition. *** denotes p < 0.001.




Functional Connectivity Results

Exploratory whole-brain functional connectivity assessment within a whole-brain parcellated network of 132 ROIs and 42 networks revealed significant differences between the two resting state conditions. The controlled breathing isocapnic condition had enhanced functional connectivity between the right putamen with the left intracalcarine cortex (ICC) and the right putamen with the right supracalcarine cortex (SCC) (Figure 3A; Table 1). The poikilocapnic spontaneous breathing condition had enhanced functional connectivity between the right opercular part of the inferior frontal gyrus (IFG) with the left Cerebellar area 1 and the right opercular part of the IFG with the right Cerebellar area 9 (Figure 3B; Table 1). There were no differences between turning CompCor on or off for ROI-to-ROI results.
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FIGURE 3. ROI-to-ROI functional connectivity results. (A) Superior axial view of significantly increased functional connectivity in the isocapnic condition (when PETCO2 was kept constant) compared to the poikilocapnic condition (when PETCO2 was free to change) between the right putamen ROI seed and left intracalcarine cortex (ICC) and right supracalcarine cortex (SCC). (B) Superior axial view of significantly increased functional connectivity in the poikilocapnic condition compared to the isocapnic condition between the right opercular part of the inferior frontal gyrus (IFG) seed and left Cerebellum region 1 and right Cerebellum region 9.




TABLE 1. ROI-to-ROI functional connectivity results within a whole-brain parcellations of 174 ROIs.
[image: Table1]

In addition, a hypothesis-based seed-to-voxel analysis for contrasts comparing isocapnic to poikilocapnic conditions was calculated using second-level GLM analyses. Reported clusters were thresholded at p < 0.05, FWE-corrected, T maxima = 4.78. Enhanced functional connectivity in the isocapnic condition was found between the left putamen seed and a cluster in the precuneus cortex as well as the right putamen seed with a cluster in the left occipital pole and cluster in the inferior division of the right lateral occipital cortex (Figure 4; Table 2). Enhanced functional connectivity in the poikilocapnic condition was found between the primary visual network (PVN) seed and the left hippocampal formation; the left ICC and right SCC seeds with clusters in the left hippocampus; the left SCC seed with clusters in the left hippocampus/lingual gyrus, and callosal body; the posterior cerebellar network (PCN) seed with a cluster in the right supramarginal gyrus (SG); and the cerebellum region 9 seed with the a cluster in the right superior parietal lobule (SPL) (Figure 4; Table 2).
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FIGURE 4. Seed-to-voxel functional connectivity results. The first panel shows greater connectivity in the isocapnic condition (red) compared to the poikilocapnic condition; seed regions (red 10 mm ROIs) are depicted by the small axial brain images (top left), and red cluster regions shown in left sagittal, superior axial, and right sagittal views. (A) Left putamen seed, precuneus cortex cluster; (B) Right putamen seed, left occipital pole and right lateral occipital cortex clusters. Panels 2–4 show greater connectivity in the poikilocapnic condition (blue) compared to the isocapnic condition; seed regions (blue 10 mm ROIs), and blue cluster regions in the left sagittal and superior axial view. (A) primary visual network (PVN) seed, hippocampal formation cluster; (B) ICC seed, Hippocampus (Hi) cluster; (C) left SCC seed, Hi cluster; (D) right SCC seed, Hi/lingual gyrus cluster; (E) posterior cerebellar seed; supramarginal gyrus (SG) cluster; (F) Cerebellum region 9 seed; superior parietal lobule (SPL) cluster. Only significant family-wise error (FWE) corrected p < 0.05 are reported.




TABLE 2. Seed-to-voxel results, brain regions showing altered functional connectivity between seed and corresponding clusters within the two different resting state condition in controls comparing with CompCor and without CompCor.
[image: Table2]

Correlation maps between the PETCO2 and the resting BOLD revealed stronger correlations in the poikilocapnic resting state condition, where PETCO2 was allowed to vary spontaneously as compared with the isocapnic PETCO2 resting state condition. These regions were found predominantly in cerebellar, frontal, and occipital regions (Figure 5). In addition, statistical testing using TFCE for multiple comparison correction p < 0.05 was applied, where significant regions of correlations between PETCO2 with resting BOLD are shown in red (Figure 1). Spontaneous breathing during the poikilocapnic condition showed significantly more PETCO2 and BOLD correlations in GM cerebellar, frontal, parietal, temporal, and occipital regions (Figure 1A) compared to the isocapnic resting state condition (Figure 1B). There were minor differences when using CompCor compared without CompCor in resting state seed-to-voxel analyses.
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FIGURE 5. Brain average maps displaying the correlations between the BOLD signal and PETCO2 time course during resting states in (A) the poikilocapnic condition, and (B) the isocapnic condition.





DISCUSSION


Main Findings

To the best of our knowledge, this study is the first to compare functional connectivity between poikilocapnic and isocapnic resting-state conditions using whole-brain ROI-to-ROI and seed-to-voxel analysis. The main findings of this study are that implementing isocapnia reveals neuronal functional connectivity within: (1) the corticostriatal pathway between the right putamen and ICC as well as the SCC; and (2) the left putamen and the precuneus cortex. These results are similar to those of Madjar et al. (2012) who found enhanced connectivity between the PCC and occipital regions when PETCO2 was controlled during the resting-state acquisition. Although Madjar et al. (2012) only focused on the PCC as their seed of interest, our findings reveal other resting-state networks that were induced by respiratory changes in PCO2.



PaCO2-Induced Synchrony of BOLD Signal in Vasoactive Tissue

Frontal, temporal, and occipital GM and cerebellum are characterized by large BOLD signal changes in response to a CO2 challenge (Rostrup et al., 2000; Wise et al., 2004) and therefore may also show the greatest synchronization of BOLD signals to changes in PaCO2 and hence to each other during poikilocapnia. Functional connections were found between the cerebellum and the IFG and SPL; the cerebellar network with the SG; the visual cortex with the occipital fusiform gyrus; the PVN with the hippocampal formation; and the ICC/SCC with the hippocampus. That these regions are synchronized by PETCO2 fluctuation is shown by loss of synchronization with isocapnia (Figures 1, 5). These findings are consistent with those of Bright et al. (2020) who reported a significant relationship between the more vascularized visual networks during a working memory task under poikilocapnia that was not observed during isocapnia. This finding also supports the notion of a vascular driver for this functional network system as the negative BOLD signal changes were time-locked to the working memory task, whereas visual activation during the working memory task resulted in positive BOLD signal changes.

In addition, a previous study investigating the effects of speech tasks reported decreased CO2 pressure in the blood (hypocapnia), mainly accounting for the measured changes in oxygenation and cerebral hemodynamics. Their findings suggest the need to monitor PETCO2 during speech tasks as PaCO2 is still underestimated and a potential confounder in functional brain studies (Scholkmann et al., 2013).



Unmasking Neuronal Synchronization With Isocapnia

The percentage of BOLD signal change per increment in PETCO2 is lowest in the striatum and thalamus (Posse et al., 1999; Wise et al., 2004), and the basal ganglia (Kastrup et al., 1999). Increased synchronization of the right putamen with the ICC during isocapnia may therefore be explained by withdrawal of confounding vasoactive stimulation, leaving undistorted neuronal synchronization. Thus, vascular responses to changes in PETCO2 that cease with isocapnia are most likely added noise in resting-state functional connectivity analyses and therefore limit sensitivity.



Isocapnia vs. CompCor Noise Correction

We compared resting-state analyses with and without CompCor noise correction. We found that the significant clusters from seed-to-voxel analysis were slightly larger in volume using CompCor. These results may be indicative of how isocapnic and CompCor operations remove correlated components. We expected isocapnia to mostly remove variations due to PETCO2 fluctuations, whereas CompCor would remove other sources of noise including, for example, those due to cardiac pulsations. Tellingly, isocapnic data were unaffected by application of CompCor. It may be that isocapnia predominantly removes artifactual correlations between highly vasoactive regions, while CompCor predominantly removes artifacts from different spatial locations, revealing when they are actually operating independently. Such post processing should reduce false positives and true positives, whereas isocapnia should not reduce true positives. With control fluctuations of PaCO2, CompCor may be used to account for respiratory motion and cardiac pulsations, which persist with isocapnia.



Stimulus Free Cerebrovascular Reactivity From Poikilocapnic PETCO2 Variability

It would seem reasonable to regress out the variation due to breath-to-breath variability in PETCO2 and generate cerebrovascular reactivity data expressed as Δ BOLD/Δ PETCO2. Unfortunately, the general correlation between PaCO2 and PETCO2 breaks down at the scale of small breath-to-breath PETCO2 fluctuations. A small reduction in tidal volume, for example, may result in an incomplete sampling of alveolar gas at the sensor resulting in an erroneously low PETCO2. However, the same breath also results in reduced alveolar ventilation causing an increase in PaCO2. This breath-by-breath divergence of PaCO2 from PETCO2 confounds calculations of CVR from changes in PETCO2, while breathing at rest. Moreover, Golestani and Chen (2020) sought to quantify the difference between rs-fMRI measures during isocapnia, poikilocapnia, and poikilocapnia after PETCO2 correction using a CO2 response function (HRFCO2) (Golestani and Chen, 2020). Their findings revealed that clamping PETCO2 during isocapnia did not significantly affect respiratory volume variability and cardiac-rate variation, but significantly reduced functional connectivity as calculated with voxel seeds and reduced inter-subject variability in functional connectivity. In addition, applying the PETCO2 correction during poikilocapnia showed to increase inter-subject variability in functional connectivity (Golestani and Chen, 2020).



Study Limitations

The small sample size may have limited our ability to detect additional regions masked by respiratory effects. However, that we have found a consistent difference in synchronization of specific brain territories with and without isocapnia despite the inter-subject variability and our small sample size suggests that the effect size of poikilocapnia is large.

Changes in perfusion pressure can affect cerebral blood flow (CBF) during hypercapnia (Aaslid et al., 1989; Perry et al., 2014). An increase in mean arterial pressure (MAP) can alter CBF in the absence of cerebral micro-vessel vasodilation (Claassen et al., 2007). The importance of accounting for MAP would help solve for the magnitude of cerebral vasodilatory response, which is important for adequately matching cerebral perfusion with neuronal metabolic demand. However, MAP cannot be measured breath-to-breath with a non-invasive blood pressure cuff, which would confound the matching of blood pressure to breath-to-breath changes in PETCO2 and BOLD signal. In our study, we did not measure MAP. A common relationship in previous studies showed elevated MAP responses to hypercapnia in older adults compared to young adults (Claassen et al., 2007; Coverdale et al., 2017; Miller et al., 2018). However, in our studies hypercapnia was not applied and there was no reason to suspect synchrony of blood pressure with respiration. Additionally, there may be other mechanisms hampering rs-fMRI brain activity arising from other non-neuronal sources such as contributions from sympathetic vascular innervation, which may affect the fMRI signal through its connection with CBF regulation (Özbay et al., 2019) that warrant further investigation. A theoretical possibility is that eliminating the breath-to-breath variability of arterial PCO2 would affect the intrinsic connectivity pattern. However, the actual finding in this paper remains that the pattern seen with poikilocapnia includes false synchrony due to vasoactivity. As such, reports of connectivity data collected under poikilocapnia would need to address this issue.



Summary

We found that isocapnia decreases or ceases the synchronization in some brain regions previously considered part of the connectome. This suggests that fluctuating PETCO2, during the acquisition of resting-state functional data generate CO2-synchronized changes that would be considered false positive results for neuronal based connectivity. This artifact is particularly prominent in regions that are highly vascularized and have high vasoactive responses to PaCO2 such as the visual, cerebellar, and frontal regions. In those, and possibly other regions, the magnitude of the BOLD signal changes resulting from vasoactive stimulation may overwhelm those due to resting state neurovascular coupling, such as in the putamen and calcarine cortex, resulting in false negative connectivity readings in those regions. The findings indicate that resting state acquisitions would benefit from isocapnia in identifying neuronal resting state functional connectivity.



Conclusion

The important finding in this paper remains that the pattern seen with poikilocapnia includes false synchrony due to vasoactivity. Armed with this, the ability to assess how other conditions or diseases alter DMN activity can be more accurately identified and quantitated. This has the added benefit of reducing the sample size in studies trying to determine how experimental conditions, drugs, or diseases influence activity in the DMN.
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Objective: To characterize the relationship between persistent post-traumatic headache (pPTH) and traumatic cerebrovascular injury (TCVI) in chronic traumatic brain injury (TBI). Cerebrovascular reactivity (CVR), a measure of the cerebral microvasculature and endothelial cell function, is altered both in individuals with chronic TBI and migraine headache disorder (Amyot et al., 2017; Lee et al., 2019b). The pathophysiologies of pPTH and migraine are believed to be associated with chronic microvascular dysfunction. We therefore hypothesize that TCVI may contribute to the underlying migraine-like mechanism(s) of pPTH.

Materials and Methods: 22 moderate/severe TBI participants in the chronic stage (>6 months) underwent anatomic and functional magnetic resonance imaging (fMRI) scanning with hypercapnia gas challenge to measure CVR as well as the change in CVR (ΔCVR) after single-dose treatment of a specific phosphodiesterase-5 (PDE-5) inhibitor, sildenafil, which potentiates vasodilation in response to hypercapnia in impaired endothelium, as part of a Phase2a RCT of sildenafil in chronic TBI (NCT01762475). CVR and ΔCVR measures of each participant were compared with the individual’s pPTH severity measured by the headache impact test-6 (HIT-6) survey.

Results: There was a moderate correlation between HIT-6 and both CVR and ΔCVR scores [Spearman’s correlation = –0.50 (p = 0.018) and = 0.46 (p = 0.03), respectively], indicating that a higher headache burden is associated with decreased endothelial function in our chronic TBI population.

Conclusion: There is a correlation between PTH and CVR in chronic moderate-severe TBI. This relationship suggests that chronic TCVI may underlie the pathobiology of pPTH. Further, our results suggest that novel treatment strategies that target endothelial function and vascular health may be beneficial in refractory pPTH.

Keywords: cerebrovascular reactivity, migraine, chronic, traumatic brain injury, post-traumatic headache


INTRODUCTION

There is a high prevalence of persistent post-traumatic headache (pPTH), a newly developing or worsening headache disorder following a TBI that persists at least 3 months, among chronic traumatic brain injury (TBI) survivors (Faux and Sheedy, 2008), with 47–95% reporting frequent disabling headaches that are majority migraine-like (Headache Classification Committee of the International Headache Society [IHS], 2013; Defrin, 2014). A latterly published study by Metti et al. (2020) has reported PTH characteristics, frequency, severity and outcomes of a cohort of recently deployed soldiers (n = 1,587) enrolled in the Warrior Strong epidemiological study at Forts Bragg and Carson. Headaches were classified based on a detailed phenotypic questionnaire that incorporates International Classification of Headache Disorders, version 3 (ICHD-3) criteria (Headache Classification Committee of the International Headache Society [IHS], 2018) for the primary headache disorders most commonly reported in PTH. The most common PTH phenotype was migraine headache, but, more importantly, active duty service members with PTH had more phenotypically complex headaches than those with headache disorders that were not associated with TBI (Metti et al., 2020). Specifically, in this large cohort of active duty service members with and without a history of a recent mTBI, PTH was associated with more features including severity, allodynia, visual/sensory aura, and daily or continuous occurrence compared to headaches presumed unrelated to TBI. While long term PTH outcomes and its impact on military fitness, readiness and retention have not been fully characterized, migraine remains among the most common diagnoses listed in military medical discharges (Accession Medical Standards Analysis and Research Activity, 2019).

However, the mechanisms underlying post-traumatic headache (PTH) are not yet well understood. Possible causal mechanisms include axonal and/or vascular injury, neuroinflammation, and alteration in cerebral metabolism. Likewise, the pathophysiology of migraine headache disorder has not yet been definitively established, but current leading hypotheses focus on vascular etiologies (Mason and Russo, 2018). Traumatic cerebrovascular injury (TCVI) is a nearly universal endophenotype of TBI and may be partially responsible for TBI-related chronic disability. We hypothesized that pPTH may result from chronic traumatic endothelial cell and microvasculature dysfunction.

Cerebrovascular reactivity (CVR) is the ability of the cerebral vasculature to constrict or dilate under varying physiological conditions and is believed to reflect the responsiveness of the cerebral microvasculature networks. Well-established non-invasive imaging methods are available that accurately measure CVR. One method includes functional magnetic resonance imaging (fMRI) in conjunction with an exogenous stimulus such as hypercapnia or breath holding (Kassner and Roberts, 2004; Mutch et al., 2016a, b, 2018; Shafi et al., 2020). By imaging the changes in MRI-Blood Oxygen Level Dependent (MRI-BOLD) signaling during a hypercapnia challenge, one can generate whole brain CVR maps (Lu et al., 2014). Altered CVR measures have also been implicated in migraine pathophysiology, both globally and focally in areas of white matter hyperintensities (WMH) on fluid-attenuated inversion recovery (FLAIR) imaging (Lee et al., 2019b). Recently, we have demonstrated multiple focal CVR deficits in a chronic moderate-severe TBI population (Amyot et al., 2017) and that focal CVR deficits are partly responsive to single dose phosphodiesterase-5 (PDE5) inhibitors (Kenney et al., 2018; Lee et al., 2019b).

In this study we investigated the relationship between PTH severity and CVR deficit in chronic TBI subjects as assessed by the HIT-6 survey and MRI-BOLD with hypercapnia challenge, respectively. In addition, we aimed to determine whether impaired endothelial cell function and consequently decreased permissive action of intrinsic nitric oxide (NO) production on CVR may underlie the pathobiology of PTH and whether CVR and ΔCVR (the change in CVR measurement from baseline after a single dose of a PDE-5 inhibitor during MRI-BOLD with hypercapnia challenge) may be functional imaging biomarkers of PTH.



METHODS


Study Population

We included a convenience sample of 22 TBI participants between 18 and 55 years of age who were consented and enrolled under an IRB-approved clinical trial (NCT01762475) in our analysis. We also enrolled 15 age, sex and education matched controls (HC) without a history of TBI (Kenney et al., 2018). Inclusion criteria for TBI subjects included chronic moderate or severe (by VA-DoD criteria) TBI between 6 months and 10 years since injury. Exclusion criteria included penetrating TBI, pre-existing disabling neurologic or psychiatric disorder, pregnancy, unstable pulmonary or vascular disorder, or contraindications to taking sildenafil.



CVR Scan

MRI was performed on a fully integrated 3 Tesla MRI/PET. T1 Magnetization Prepared Rapid Gradient Echo (MPRAGE) and MRI-BOLD sequences were acquired on each subject. The MRI-BOLD sequence parameters were TR/TE = 2,000/25 ms, flip angle = 80°, field of view = 220 9 220 mm1, matrix = 64 9 64, 36 slices, thickness = 3.6 mm, no gap between slices, 210 volumes. Each participant underwent MRI-BOLD with hypercapnia challenge before and after a single dose of sildenafil (Kenney et al., 2018). Hypercapnia challenge was induced via a block design of gas inhalation through a face mask with alternating flow every minute between room air and 5% carbon dioxide (CO2)-room air admixture for 7 min total while the MRI-BOLD images were acquired. End-tidal CO2 (EtCO2) was measured continuously during the hypercapnia challenge (Amyot et al., 2017). To measure the change in CO2-induced CVR from baseline following phosphodiesterase-5 (PDE-5) inhibition (ΔCVR), a single 50 mg oral dose of sildenafil was administered to each participant, and a second hypercapnia challenge was performed 1 h later as previously described (Kenney et al., 2018). Images were spatially realigned and re-sliced to correct for head motion with SPM (realign and re-slice toolbox). We monitored six parameters (x, y, z translation and pitch, yaw and roll) to assure correct co-registration. Scans from 2 of the 24 TBI subjects initially enrolled in the study for whom either head motion was not correctable, or BOLD fMRI was not available due to technical issues were not analyzed.



CVR and ΔCVR Measurements and Maps

For each participant, voxel-by-voxel CVR maps were calculated based on a linear regression between BOLD signal time courses and EtCO2 time regression using Statistical Parametric Mapping (Figure 1). Whole brain CVR value was calculated as the average of the 3D CVR voxel map for each participant. Whole brain ΔCVR and voxel-level ΔCVR maps were calculated as the difference between CVR measurements at baseline and CVR measurements 30–60 min following a single-dose sildenafil. Following the single-dose sildenafil study, the 22 symptomatic TBI subjects continued into an 8 week single daily oral dose sildenafil trial to assess the effect of chronic CVR facilitation on ΔCVR by comparison of a single 8 week MRI BOLD hypercapnic challenge CVR value with the initial pre-sildenafil baseline MRI BOLD hypercapnic challenge CVR pre-trial values 8 weeks prior. Neurological assessment, including pPTH score, was recorded for all participants following 8 week treatment.
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FIGURE 1. Structural imaging, CVR and ΔCVR maps for representative participants. Brain images of one healthy control (Female, 49 yo) and three TBI acquired with FLAIR (first row) and fMRI BOLD during hypercapnia challenge (2nd and 3rd row). The second row displays CVR maps at baseline and the third row the difference between two hypercapnia challenges due to oral ingestion of 50 mg sildenafil (ΔCVR). The control subject displayed high CVR values in gray matter and low CVR values in white matter, with a mean CVR value of 0.227%BOLD/mmHg in the whole brain. For the control, sildenafil didn’t potentiate CVR (ΔCVR image) with ΔCVR = –0.005%BOLD/mmHg. However, TBI subjects (with or without FLAIR hyperintensity) exhibited focal CVR deficits which are generally potentiated by 50mg sildenafil. Each subject was characterized by their HIT-6 score (36 for TBI#1, 56 for TBI#2 and 59 for TBI#3); CVR value (0.190, 0.183, and 0.152%BOLD/mmHg) and ΔCVR values (0.010, 0.183, and 0.023%BOLD/mmHg).




HIT-6

Participant headache severity was assessed by a validated headache survey, the Headache Impact Test-6 (HIT-6), which surveys headache severity and burden over the prior 4 weeks. It is a 6-item survey that asks individuals to rate pain severity and headache effects on daily activities, ability to work, mood and attention (see text footnote 1). Each item is rated qualitatively at 5 levels (never, rarely, sometimes, very often, always) and scored on a corresponding range from 6 to 13. A sum score of ≤49 has little or no headache impact, 50–55 some, 56–59 substantial and ≥60 severe impact. The HIT-6 was administered just prior to imaging at each study visit. A clinically significant difference has been determined to be an increase or decrease of ≥6 points on the HIT-6 score (Yang et al., 2011). Of all subjects included in this report, only one study participant included in this analysis, a healthy control, had a Prior Medical History (PMH) of migraine, with one TBI participant having a PMH of non-migrainous headache.



CVR, ΔCVR, and HIT-6 Correlation

Prior to Spearman Correlation analysis of global CVR values and HIT-6 score, a Principal Component Analysis (PCA) was run by the statistical software package R “procomp” function in order to reduce the number of variables and develop a better understanding of the driving forces that generated the data. Each variable was scaled to its own standard deviation to form the covariance matrix (Supplementary Figure 1). The eigenvectors form the direction of each component. The eigenvalues give the explained variance or the importance of each component. Subsequent to PCA, three separate Spearman rank correlations (CVR vs. HIT-6, ΔCVR vs. HIT-6, and CVR vs. ΔCVR) were carried out on ranked data.




RESULTS


Demographics

Twenty-two chronic moderate-severe TBI and 15 HCs were consented and enrolled in the study and 22 had adequate image resolution for analysis (Table 1). One healthy control reported a prior history of migraines and one TBI participant reported a prior history of non-migrainous headache disorder. Mean HIT-6 scores at baseline were 50 ± 11 and 42 ± 8 (p = 0.011) for TBI and HC subjects, respectively. No participants self-reported increased headache severity either following single dose sildenafil administration or BOLD MRI with hypercapnic challenge or reported association of headache with daily sildenafil intake over the course of the 8 week trial.


TABLE 1. Demographic and TBI characteristics.
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CVR Map

Figure 1 shows FLAIR, CVR, and ΔCVR images from one HC and three TBI subjects with HIT-6 scores of 36, 36, 56, and 59; whole brain CVR values of 0.227%BOLD/mmHg for the HC, and 0.196, 0.183, and 0.150%BOLD/mmHg for the three TBI subjects; whole brain ΔCVR measures of -0.005, 0.01, 0.023, and 0.020%BOLD/mmHg, respectively. WMHs are common in our TBI population (Figure 1, TBI#1 and TBI#3) and often, but variably, co-localize with focal CVR deficits.



CVR Quantification

The CVR values of individual participants were assessed by averaging all CVR voxels across the whole brain. For the 22 chronic TBI, mean whole brain CVR value was 0.186 ± 0.025%BOLD/mmHg. After 50mg sildenafil administration, mean whole brain CVR significantly increased to a value of 0.207 ± 0.023%BOLD/mmHg (Paired t-test, p < 0.0001) with a mean ΔCVR measure of 0.021 ± 0.012%BOLD/mmHg. Mean CVR in controls was 0.223 ± 0.010%BOLD/mmHg with no significant mean ΔCVR (Supplementary Figure 2). Prior to single-dose sildenafil, the average and standard deviation end-tidal CO2 across both healthy control and TBI patients in this study was 39.9 ± 1.6 mmHg at baseline prior to hypercapnic challenge, with a rise to 49 ± 1.2 mmHg upon hypercapnic challenge. Following single-dose sildenafil, the average and standard deviation ETCO2 across both healthy control and TBI subjects was 40.1 ± 1.5 mmHg at baseline, rising to a post sildenafil ΔCO2 of 48.6 ± 1.8 mmHg during hypercapnia. There was no difference between mean baseline ETCO2 or ΔETCO2 between control and TBI groups (HC: at baseline, ETCO2 = 40.3 ± 1.9. Under 5% CO2, EtCO2 = 50.1 ± 1.5 mmHg; TBI at baseline, EtCO2 = 39.7 ± 2.2. Under 5% CO2, EtCO2 = 49.9 ± 1.9 mmHg).



Correlation Between HIT-6 and CVR

For each TBI participant (n = 22), we associated CVR and ΔCVR values with the headache score (HIT-6). Figure 2A shows the correlation between CVR and HIT-6 across subjects. We found a moderate but negative correlation between HIT-6 and CVR, indicating that a higher HIT-6 score is associated with a lower whole brain CVR measure. Figure 2B shows the relationship between ΔCVR and headache severity score, also demonstrating a moderate positive correlation, meaning a greater ΔCVR measure is associated with a lower HIT-6 score (Spearman Correlation = −0.48, p = 0.016). Conversely, CVR was negatively correlated with HIT-6 score (Spearman correlation = −0.50, p = 0.018). We performed a scaling Principal Component Analysis (PCA) between CVR, ΔCVR, and HIT-6, and found that 85% of all dataset variabilities lie along two principal components, showing a high correlation among these variables. There was a trend in the increase of CVR from baseline values following 8 week daily dose sildenafil, however, no significant change was seen between pre- and post-sildenafil HIT-6 scores. In addition, no participant reported any increased headache severity or occurrence after sildenafil self-administration.


[image: image]

FIGURE 2. Correlations between HIT-6, CVR, and ΔCVR in chronic TBI. (A) Linear correlation between post-traumatic headache (HIT-6 score) and cerebrovascular reactivity in 22 symptomatic TBI patients in chronic stage. Spearman r = −0.50 (p = 0.018). (B) Linear correlation between delta CVR (potentiation of CVR after 50 mg of sildenafil) and HIT-6 score in our group of 22 moderate/severe TBI. The Spearman’s r = 0.46 (p = 0.03).





DISCUSSION

In this small cohort of chronic TBI patients with pleomorphic TBI-related imaging abnormalities (WMH, multifocal encephalomalacia, diffuse TCVI), we found a relationship between CVR and pPTH, similar to that recently reported between CVR and WMH burden in non-TBI-related migraine headache disorder (Lee et al., 2019b). With further study, this association may provide valuable insights into the pathobiology of pPTH in chronic TBI. The moderately negative correlation between HIT-6 and whole brain CVR indicates that a higher headache burden is associated with a higher burden of TCVI. We also found that the improvement in endothelial function after sildenafil administration (higher ΔCVR measure), observed only in TBI participants, is also associated with a lower headache burden, perhaps indicating that pPTH phenotype is determined not just by the degree of cerebral endothelial dysfunction, but also by that of micro-vasculopathy and mural cell health in general. Further, CVR and ΔCVR measures may be functional imaging biomarkers of chronic vascular dysfunction and should be further explored in patients with pPTH. Finally, among TBI subjects, akin to that recently reported in chronic migraineurs, FLAIR WMHs frequently co-localize with focal CVR deficits (Amyot et al., 2017; Haber et al., 2018).

Because this was a post hoc analysis of the possible physiological relationship between microvascular injury and dysfunction and severity of pPTH in a cohort previously assessed for CVR impairment alone (Amyot et al., 2017; Haber et al., 2018), we do not report the effect of single-dose sildenafil treatment on pPTH severity. The HIT-6 is a measure of headache burden over the prior 4 weeks and not a measure of headache severity at the time CVR testing was performed. No participants in the study reported increased headache pain after single dose sildenafil administration for ΔCVR measurements. Since acute migraine-like headache is a well-established, common (∼10%) side effect of sildenafil administration, it is unlikely that a transient and indirect pharmacological rescue of CVR deficit would acutely ameliorate headache intensity, as reflected by HIT-6 score, alongside potentiated ΔCVR values. In fact, acute sildenafil administration is known to trigger headache in migraineurs at doses sub-optimal for middle cerebral arterial vasodilation (Kruuse et al., 2003), and it induces cluster headaches in healthy individuals with a history of headache bouts (Lin et al., 2014). This triggering is likely due to the cephalic intradural vasoactive effects of sildenafil (Christensen et al., 2019; Christensen et al., 2021) that are distinct from the intra-cerebral vasodilatory actions causally linked to diminished CVR and downstream WMH (Stanimirovic and Friedman, 2012; Sam et al., 2016; Mascalchi et al., 2017) in the context of migraine (Mason and Russo, 2018; Lee et al., 2019a, b) and pPTH (O’Neil et al., 2013; Clark et al., 2017; Haber et al., 2018).

Although we did not record the HIT-6 score immediately following single-dose sildenafil administration, no participants reported headache as an acute adverse event. Further, the same cohort of moderate-to-severe TBI patients were assessed for potentiation of ΔCVR immediately prior to, and following 8 weeks of a single daily dose administration of sildenafil, and examined for a battery of neurological and self-reported quality of life outcomes following the 8 week trial (Kenney et al., 2018). Of these 22 symptomatic TBI patients, despite a trend in increase of ΔCVR from baseline values, change in headache phenotype with daily sildenafil treatment was not noted, and 11 patients showed no change in HIT-6 score from baseline pre-trial values. Headache score increased by 6 or more points on the HIT-6 for four patients, and decreased in seven (Kenney et al., 2018). These inconsistent and non-significant HIT-6 scores following chronic sildenafil treatment may support the hypothesis that pharmacologic facilitation of CVR, especially in chronic TBI dependent TCVI, may be ineffective due to the late introduction date when irreversible CVR-related WMHs have occurred (Amyot et al., 2017), similar with disease progression in a cohort of migraineurs (Lee et al., 2019b), and with aging in healthy subjects in general (Sam et al., 2016). Although it has been reported that older adult patients prescribed statins, which is known to experimentally restore CVR (Tong et al., 2012; Tong and Hamel, 2015), exhibit WMH burden similar to age-matched control subject (Soljanlahti et al., 2007), indicating preservation of vascular health, and presumably CVR, may slow white matter lesions, there is, to our knowledge no other study, which suggests that pharmacotherapeutic targeting of CVR impairment in chronic TBI patients or migraineurs may be protective against CVR related pPTH or migraine phenotype, respectively. Further research is needed to address these important questions.

As is often unavoidable with human studies, the enrolled cohort of TBI patients were heterogenous in age and duration of disease. This may have given rise to a more skewed distribution of ΔCVR correlations in our analysis than would be seen had the patients been more similar demographically. However, it is interesting to note that a recent study by Lee and colleagues (Lee et al., 2019a) demonstrated the age of onset of migraine correlates with worse CVR reduction, with younger patients displaying greatest CVR impairment, and a paradoxical negative effect of duration of disease on this correlation, indicating that younger individuals may be particularly vulnerable to CVR associated migraine (Lee et al., 2019a). Our TBI patients were inhomogeneous in both age and time post-injury, and this may have masked an increased susceptibility of the younger arm of our patients to a CVR-related pPTH (Lee et al., 2019a). Indeed, it is well accepted that mTBI at younger age results in slower resolution of post-concussive symptom (PCS) burden, including PTH (Alosco et al., 2017; McCrory et al., 2017; Harmon et al., 2019), and engaging in early physical activity, which is known to be positively correlated with CVR in healthy individuals (Barnes et al., 2013; Hwang et al., 2018), has been shown to reduce PCS duration and likelihood of PTH following pediatric sports related concussion (SRC) (Wilson et al., 2020).

This study has several limitations, including the overall small size, predominant male sex and inclusion of moderate and severe TBI survivors only, limiting its generalizability to the chronic TBI population which is predominantly mild TBI (mTBI). In addition, the majority of our TBI cohort (15 of 27 patients) displayed pleomorphic imaging abnormalities, including diffuse WMH burden and multifocal parenchymal lesions (Amyot et al., 2017; Haber et al., 2018). A caveat should be noted in interpreting the contribution of TCVI related CVR deficit to a possible WMH-related pPTH phenotype; it is impossible to determine what proportion of WMH burden is attributable to the initial primary injury vs. the downstream secondary insult of protracted ischemic lesions. It has been reported that CBF in the cingulate cortex of veterans with a history of TBI correlates with compromised white matter integrity in those subjects furthest removed from their injury (Clark et al., 2017), indicating the lesion-associated diffuse white matter and microvascular injury in chronic head trauma may further perturb white matter form and function long after the primary mechanical injury (Clark et al., 2017). Regardless, this is an important point to consider with respect to comparison of our data with that available for episodic migraine, in which no external trauma is pathophysiologically associated with disease incidence.

The underlying pathophysiology of PTH remains unknown, hindering the development of effective therapies. Both migraine and TBI are associated with cerebral microvascular dysfunction, in particular with cerebral endothelial cell dysfunction. Multiple non-invasive modalities have been shown to reliably measure CVR after TBI and we have established that CVR is a biomarker of the TCVI endophenotype in chronic TBI. CVR is frequently decreased in migraine headache disorder. From this post hoc analysis of a cohort of chronic moderate-severe TBI survivors, we found that decreased CVR measures correlated with increased PTH disability, as measured with the HIT-6 headache disability scale, supporting a potential pathomechanistic relationship between TCVI and PTH. If these findings are confirmed in a larger cohort including pPTH sufferers after mTBI, it may support the investigation of therapies targeting endothelial function in pPTH patients. Such an approach would allow for precision medicine, endophenotype-specific, targeted treatments for refractory and debilitating pPTH. Further, CVR measures may prove to be prognostic as well as predictive and pharmacodynamic imaging biomarkers of pPTH that could be used clinically in TBI patients and experimentally in randomized clinical trials of therapies for this frequently disabling and recalcitrant chronic headache disorder.
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Supplementary Figure 1 | Principal component analysis of relationship between CVR, ΔCVR, and HIT-6 score. Biplot of three vectors (in red) representing the contribution of CVR, Delta CVR and HIT6 to the two first components. Each black point represents the score of an observation (data issue from a subject in the PC space). The angle between two vectors represents the correlation between the variables. For example, the small angle between CVR and HIT-6 indicates a positive correlation. Contrary, an angle close to the 180° delineation indicates a negative correlation (as is the case for ΔCVR and HIT-6). An angle of 90° shows no correlation. The two first components contain 85% of the explained variance showing the data is mainly driven by the two first components.

Supplementary Figure 2 | Comparison of group mean CVR and ΔCVR values. Bar graph of mean Healthy Control (blue) and TBI (red) group hypercapnic challenge evoked CVR at baseline and after single oral dose sildenafil. Healthy Controls demonstrated a mean global CVR in response to hypercapnic challenge pre-sildenafil administration of 0.224 ± 0.014 %BOLD/mHg versus 0.218 ± 0.016 %BOLD/mmHg post-sildenafil (Unpaired t-test, p > 0.05). The mean global CVR value of TBI subjects post-sildenafil was significantly increased to a value of 0.207 ± 0.023 %BOLD/mmHg, as compared to the baseline pre-sildenafil group mean CVR value of 0.187 ± 0.025 %BOLD/mmHg (Unpaired t-test, p < 0.001). Healthy Control (HC; Blue, n = 15), TBI (Red, n = 22), CVR values represent Mean ± SD.
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Vascular risk factors (e.g., obesity and hypertension) are associated with cerebral small vessel disease, Alzheimer’s disease (AD) pathology, and dementia. Reduced perfusion may reflect the impaired ability of blood vessels to regulate blood flow in reaction to varying circumstances such as hypercapnia (increased end-tidal partial pressures of CO2). It has been shown that cerebrovascular reactivity (CVR) measured with blood-oxygen-level-dependent (BOLD) MRI is correlated with cognitive performance and alterations of CVR may be an indicator of vascular disfunction leading to cognitive decline. However, the underlying mechanism of CVR alterations in BOLD signal may not be straight-forward because BOLD signal is affected by multiple physiological parameters, such as cerebral blood flow (CBF), cerebral blood volume, and oxygen metabolism. Arterial spin labeling (ASL) MRI quantitatively measures blood flow in the brain providing images of local CBF. Therefore, in this study, we measured CBF and its changes using a dynamic ASL technique during a hypercapnia challenge and tested if CBF or CVR was related to cognitive performance using the Mini-mental state examination (MMSE) score. Seventy-eight participants underwent cognitive testing and MRI including ASL during a hypercapnia challenge with a RespirAct computer-controlled gas blender, targeting 10 mmHg higher end-tidal CO2 level than the baseline while end-tidal O2 level was maintained. Pseudo-continuous ASL (PCASL) was collected during a 2-min baseline and a 2-min hypercapnic period. CVR was obtained by calculating a percent change of CBF per the end-tidal CO2 elevation in mmHg between the baseline and the hypercapnic challenge. Multivariate regression analyses demonstrated that baseline resting CBF has no significant relationship with MMSE, while lower CVR in the whole brain gray matter (β = 0.689, p = 0.005) and white matter (β = 0.578, p = 0.016) are related to lower MMSE score. In addition, region of interest (ROI) based analysis showed positive relationships between MMSE score and CVR in 26 out of 122 gray matter ROIs.

Keywords: cerebrovascular reactivity, cerebral blood flow, hypercapnia, cognition, arterial spin labeling


INTRODUCTION

Neurodegeneration and cerebrovascular dysfunction in the brain coexist in most cases of dementia. They may also interact with one another and can cause cognitive decline (Silvestrini et al., 2006; Kapasi et al., 2017). Moreover, it has been shown that vascular cognitive impairment and Alzheimer’s disease (AD) share common risk factors such as hypertension and diabetes mellitus (Silvestrini et al., 2006; Montine et al., 2014). Cerebral blood flow (CBF) is one of the brain perfusion parameters representing the blood supply to the brain, and measurements of CBF response to a stimulus may provide a useful index of cerebral vascular function. In the case of dynamic functional change, CBF change can be evoked for various causes such as brain activations and vasoactive challenges; it returns to its steady state baseline by cerebral auto-regulation to maintain proper brain perfusion.

Baseline CBF alterations have been observed in the early stages of AD. Decreased CBF correlates with the severity of cognitive symptoms showing the potential contribution of CBF alteration to cognitive decline (Bracko et al., 2020). Therefore, brain vascular health is undoubtedly associated with cognitive performance among people with AD. Cerebrovascular reactivity (CVR) may explain the connection between cognitive function and brain vascular health since CVR is an indicator of the compensatory dilatory capacity of blood flow in the brain in response to vasoactive stimuli or vasoactive challenges. The hemodynamic change of CVR in the brain corresponds to its physiological condition such as normal condition or hypercapnia challenge. Thus, CVR may be a more sensitive brain perfusion parameter compared to baseline CBF.

During the hypercapnic challenge, the brain’s CO2 level is elevated by CO2 inhalation. The elevated CO2 level dilates cerebral blood vessels and correspondingly leads to vasodilation in the brain. This is because the increased CO2 level of the interstitial compartment and in the endothelial cells decreases interstitial pH level, resulting in relaxation of vascular smooth muscle cells (Liu et al., 2019). Based on this molecular mechanism, endothelial dysfunction can lead to impaired CVR and, consequently, cause CBF alteration. In addition, from various existing literatures, vascular endothelial dysfunction has shown to be closely related to cognitive decline (Gates et al., 2009; Dickstein et al., 2010; Leszek et al., 2012; Gazewood et al., 2013; Cahill-Smith and Li, 2014). Therefore, investigating CVR during hypercapnia challenge and its relationship with cognitive function may enable us to identify an early imaging biomarker by revealing the relationship between brain vascular perfusion and cognitive functions.

There are several methods measuring CBF using MRI. MRI has advantages in spatial specificity and non-ionizing radiation exposure. Among MRI technologies, arterial spin labeling (ASL) and blood-oxygen-level-dependent (BOLD) are two representative methods measuring CBF because they are non-invasive and easily repeatable. Compared to ASL, the BOLD signal has a better signal to noise ratio and more accessibility on conventional MRI scanners than ASL. However, BOLD is not a direct measurement of CBF. BOLD signal is a complex combination of CBF, cerebral blood volume, and cerebral metabolic rate of oxygen (CMRO2). Therefore, measuring both CVR and CBF from BOLD signal is inevitably affected by the variations of each parameter, which is not neglectable (Catchlove et al., 2018b). Specifically, when there are differences in baseline CBF or CMRO2, BOLD signal gives inaccurate metabolic information, which causes more ambiguity (Bangen et al., 2009). Furthermore, a previous study reported that BOLD signal is more sensitive to vascular tension than perfusion (Halani et al., 2015). In contrast, ASL quantitatively measures CBF directly.

A hypercapnic challenge can be induced by breath-holding, rebreathing exhaled gas, or inhalation of CO2-enriched air. Breath-holding prevents the participants from eliminating CO2, inducing the hypercapnic challenge by increasing partial pressure of CO2 (pCO2). Rebreathing exhaled gas using a rebreathing reservoir also increases pCO2, which results in the hypercapnic challenge. Both methods do not require an external source of CO2. This characteristic is quite advantageous because delivering a designated gas mixture to a participant inside the MRI scanner using an external source of CO2 requires several conditions. To be specific, all components of the gas delivery system inside of the MRI room must be MR-compatible. In addition, the breathing equipment has to be small enough to fit inside of a head coil with minimal discomfort. It also should be able to adjust the gas mixture without causing subject motion. However, breath-holding and rebreathing have their own drawbacks that make both methods unsuitable to achieve standardized hypercapnia for CVR measurements. Aside from breath-holding time, other factors such as individual metabolic rate and the size of lungs also affect pCO2 level (Fierstra et al., 2013). Thus, suitable breath-holding time is highly variable across participants (Markus and Harrison, 1992; Totaro et al., 1999; Fierstra et al., 2013). For the rebreathing method, oxygen is continuously consumed from the reservoir, and therefore it changes CBF continuously. However, the oxygen level should be kept consistent to measure CVR (Fierstra et al., 2013). Therefore, inhalation of CO2-enriched air using a proper MR-compatible gas delivery system is the most adequate method.

The purpose of this study was to investigate if CVR is related to cognitive performance among older adults who have an increased risk of cognitive decline. We hypothesize that hypercapnic CVR is closely related to cognitive performance for older adults even though they do not have any severe neurodegenerative or neurological diseases other than mild cognitive impairment (MCI). We also hypothesize that CVR is a more sensitive measurement than baseline CBF regarding cognitive performance among them. To investigate these, we conducted a region of interest (ROI) based pseudo-continuous ASL (PCASL) study using a programmable computer-controlled gas delivery system (RespirAct, Thornhill Medical, North York, Canada) that induced a hypercapnia challenge. In addition, we employed a Mini-mental state examination (MMSE) test to examine the relationship between cognitive performance and both baseline CBF and hypercapnic CVR.



MATERIALS AND METHODS


Study Participants

Seventy-eight subjects (56 women/22 men) were recruited and enrolled in the Wake Forest Alzheimer’s Disease Research Center (ADRC) Clinical Core cohort for this Institutional Review Board (IRB) approved study. The subjects include 24 diagnosed with MCI (diagnosed according to NIA/Alzheimer’s Association criteria) and 54 with normal cognition. The MCI subjects included 10 amnestic single-domain MCI (aMCI), eight amnestic multi-domain MCI (mdaMCI), two non-amnestic multi-domain MCI (mdnaMCI), and four non-amnestic single domain MCI (sdnaMCI). Global cognition was assessed with the MMSE test (MMSE score: 28.41 ± 1.43; range: 25–30). The mean age was 69 years (SD = 7.18). The mean years of education was 15.6 years (SD = 2.45). The participants include 38 adults with hypertension and 12 with Type 2 diabetes. The mean body mass index (BMI) was 27.29 (SD = 5.12). Tables 1 and 2 show the characteristics and risk factor stratification of the study population, respectively.



TABLE 1. Characteristics of the study population.
[image: Table1]



TABLE 2. Risk factor stratification of the study population by cognition status.
[image: Table2]

Exclusion criteria included significant neurologic diseases that might affect cognition, such as AD, stroke, Parkinson’s disease, multiple sclerosis, or recent severe head injury with loss of consciousness for more than 30 min within the last year, or with permanent neurologic sequelae. Participants with organ failure, active cancer, clinical depression, psychiatric illness, current use of strongly anticholinergic or sedative medications, use of anticonvulsant for a seizure disorder, current use of insulin, history of substance abuse, or heavy alcohol consumption within previous 10 years, use of pacemakers, aneurysm clips, artificial heart valves, ear implants, metal/foreign objects in the eyes, and inability to lie on the scanner bed for 40 min, or claustrophobia were also excluded.



MRI Acquisition and Hypercapnic Challenge

Participants underwent MRI including T1-weighted and PCASL sequences. PCASL images were acquired during the normal condition and hypercapnic challenge. Experiments were performed on a 3 T Siemens Skyra (MRI), using a 32-channel head coil. T1-weighted anatomical images were obtained using a three-dimensional volumetric magnetization prepared rapid gradient echo (MPRAGE) sequence with resolution of 1 mm × 1 mm × 1 mm (TR = 2300 ms; TE = 2.98 ms; TI = 900 ms; flip angle = 9°; FOV = 240 × 256). Baseline CBF maps were obtained with multi-phase PCASL (Jung et al., 2010; 2D EPI; TR = 4,000 ms; TE = 11 ms; matrix = 70 × 56; flip angle = 90°; FOV = 21 cm × 16.8 cm; number of slices = 36; slice thickness = 4 mm, labeling duration = 1.8 s; post-labeling delay = 1.2 s; eight PCASL phases). A dynamic PCASL was obtained during a respiratory challenge (2D EPI; TR = 4,000 ms; TE = 25 ms; matrix = 64 × 64; flip angle = 90°; FOV = 21 cm × 21 cm; number of slices = 24; slice thickness = 5 mm, labeling duration = 1.8 s; post-labeling delay = 1.2 s).

The effective post-labeling delays from the end of PCASL labeling to the acquisition of 2D slices range from 1.2- to 2-s depending on the slice locations. Inferior slices are acquired first and have shorter delays. These relatively short delay times are shown effective to reflect CVR impairment (Zhuang et al., 2021). The first volume of PCASL scans was acquired after playing two dummy TRs without any RF or gradient spoiling. The effective TR of the first volume was 2 * TR + labeling direction + the effective post-labeling delay, ranging from 11 to 11.8 s depending on the slice locations. The long TR produces proton density images which represent the net magnetization. The dynamic PCASL acquisition time was 5 min, including 2 min of baseline scan, 2 min of the hypercapnic period, and 1 min recovery back to baseline. The hypercapnia challenge was achieved by inhalation of CO2-enriched air using an MRI-compatible computer-controlled gas control system. Hypercapnia was employed by applying a target end-tidal PCO2 (PETCO2) 10 mmHg above resting values while maintaining end-tidal PO2. The mean resting PETCO2 level of entire participants was 39.70 mmHg (SD = 3.68; range: 30.1–48.1 mmHg). During the hypercapnic periods, the mean PETCO2 level of entire participants was 49.52 mmHg (SD = 3.88; range: 41.3–58.2 mmHg). A dynamic PCASL scan was acquired to monitor CBF changes during resting and hypercapnic periods, and baseline and hypercapnic CBF maps were generated after averaging volumes from each period (Figure 1).

[image: Figure 1]

FIGURE 1. Vascular reactivity measurement using a hypercapnia paradigm. Per-voxel based cerebrovascular reactivity (CVR) images are generated by calculating % changes of blood flow per mmHg of partial pressure of CO2 (PCO2).




Image Processing and CVR

Structural T1 image processing included a file conversion to Neuroimaging Informatics Technology Initiative (NIFTI) format, normalization, and segmentation. Brain normalization and segmentation were performed using SPM12 and CAT12 tools (Penny et al., 2011; Gaser and Dahnke, 2016). PCASL image processing included NIFTI conversion, head motion correction, partial volume correction, normalization, and segmentation. For head motion correction, we employed the spm_realign function from SPM12 (Penny et al., 2011). ASL images were quantified using a kinetic model (Buxton et al., 1998) and converted to absolute units of CBF (ml/100 g/min). The CSF signal estimated from the first volume of PCASL scans was used as a reference value (Wong, 2005) during the quantification. To correct partial volume effects that are attributed to the signal cross-contamination, we employed a kernel-based algorithm (Asllani et al., 2008). Partial volume corrected PCASL images were registered onto T1-weighted images and then normalized onto the reference image: Montreal Neurological Institute (MNI) template.

Cerebrovascular reactivity was calculated as the voxel-wise difference between baseline resting CBF and CBF during a hypercapnic challenge and divided by the change of PETCO2 in mmHg using Equation 1.

[image: image]

Regional CBF and CVR were obtained using the Automated Anatomical Labeling (AAL) atlas and the Johns Hopkins University (JHU) atlas for the gray matter and white matter, respectively. In addition, the mean CBF and CVR values of each ROI were computed. Outlier detection was not applied based on CVR or CBF values.



Statistical Analyses

Multivariate linear regression analyses were employed to investigate the relationships between CBF or CVR in both whole brain gray and white matter with MMSE score, adjusted for covariates: age, sex, race, BMI, years of education, hypertension status, diabetic status, hypertension medication status, diabetic medication status, and either gray matter or white matter volume.

Similarly, in each ROI of the gray and white matters, the relationship between regional CBF or CVR and MMSE score was investigated with the same covariates. Covariate-adjusted residuals were then obtained from the overall model fit. All analyses were conducted in Matlab R2020a (Mathworks, Natick, MA, United States) using a value of p = 0.05 to designate significance. The false discovery rate method with a tuning parameter, Lambda of 0.5, was used to test multiple hypotheses across ROIs (122 ROIs for gray matter and 48 ROIs for white matter).

To examine if the relationship between MMSE score and CBF or CVR is driven by cognitive status, a sensitivity analysis that evaluated potential interactions with cognitive status was also performed with covariates of age, sex, race, BMI, years of education, hypertension status, diabetic status, hypertension medication status, and diabetic medication status.




RESULTS


CBF in the Gray Matter and White Matter

Without covariate adjustment, CBF in the gray matter showed a negative association with age (p = −0.484, p = 0.001). With adjustment for other covariates but not gray matter volume, CBF in the gray matter was also negatively associated with age (β = −0.472, p = 0.006). Additional adjustment for the total gray matter volume attenuated this relationship (β = −0.370, p = 0.042). The regression results showed that CBF in the gray matter and white matter was not associated with MMSE score with (p = 0.787 in gray matter and p = 0.781 in white matter) or without (p = 0.362 in gray matter and p = 0.919 in white matter) adjustments for covariates.



CVR in the Gray Matter and White Matter

Unadjusted linear regression analysis between MMSE score and CVR in the gray matter showed a positive relationship (p = 0.534, p = 0.023). However, there was no statistically significant relationship between MMSE score and CVR in the white matter (p = 0.427, p = 0.064). Multivariate linear regression analysis of CVR in the whole brain gray matter or white matter revealed positive relationships between MMSE score and CVR (gray matter: β = 0.689, p = 0.005, white matter: β = 0.578, p = 0.016) with the adjustments for age, sex, BMI, years of education, hypertension status, diabetic status, hypertension medication status, diabetic medication status, and total gray matter or white matter volume (Figures 2A,B). Multivariate linear regression analysis of regional CVR in gray matter demonstrated that there were statistically significant relationships between higher MMSE score and higher CVR in 26 regions out of 122 gray matter ROIs (Figure 3). Figure 2C illustrates the relationship between MMSE score and CVR in the gray matter ROIs from the covariate-adjusted linear fit model. The CVR value of each ROI was weighted by its volume data. Note that in Figure 2, MMSE scores were adjusted with covariate-adjusted residuals. From ROI analysis in the white matter, 10 out of 48 ROIs showed a positive relationship between MMSE score and regional CVR, but none of these relationships reached statistical significance after adjustment for multiple comparisons.
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FIGURE 2. Covariate adjusted relationship between Mini-mental state examination (MMSE) score and CVR: (A) Whole brain gray matter, (B) Whole brain white matter, and (C) Volume weighted average of reported 26 gray matter region of interests (ROIs).
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FIGURE 3. Covariates adjusted t-statistic: axial view of the relationship between CVR and MMSE score at the regional level in the gray matter. Twenty-six ROIs were reported from the multivariate linear regression where corrected value of p < 0.05 [Automated Anatomical Labeling (AAL) ROIs: Left Precentral, Right Precentral, Left Superior Frontal, Right Superior Frontal, Left Middle Frontal, Right Middle Frontal, Left Inferior Frontal Operculum, Left Inferior Frontal Orbital, Left Superior Motor, Right Superior Motor, Left Superior Medial Frontal, Left Middle Cingulum, Left Calcarine, Right Calcarine, Left Cuneus, Left Superior Occipital, Left Middle Occipital, Left Postcentral, Right Postcentral, Right Superior Parietal, Left Inferior Parietal, Left Precuneus, Left Central Paracentral Lobule, Right Central Paracentral Lobule, Right Middle Temporal Pole, and Left Vermis 6]. The brightest yellow color corresponds to a maximum t-statistic among the regions.




MMSE Score and Covariates

Linear regression between MMSE score and years of education showed a positive correlation (β = 0.232, p = 0.0003). This positive correlation also appeared in all multivariate linear regression analyses in this study with p value of 0.05 to designate significance. There were no other covariates significantly associated with MMSE score.



Cognition Subgroups

Mild cognitive impairment and normal cognition groups showed different MMSE scores (t-test value of p = 0.006). Additional multivariate linear regression including the cognition status as a covariate showed that the relationship between the whole brain CVR and MMSE was nearly identical in both gray matter (p = 0.009) and white matter (p = 0.034). In addition, there was no significant interaction effect between cognition status and CVR regarding MMSE score.




DISCUSSION

Our results showed that CVR in both gray matter and white matter of the whole brain was positively associated with cognitive performance among the subjects with an age range of 56–89 years without any significant neurologic diseases that affect cognitive decline other than MCI. In contrast, there was not any statistical relationship between baseline CBF and cognitive performance. The positive correlation between CVR and cognitive performance was also reported in previous studies with a variety of diseases, such as AD (Silvestrini et al., 2006; Cantin et al., 2011; Richiardi et al., 2015), dementia (Silvestrini et al., 2006; Lee et al., 2007), multiple sclerosis (Metzger et al., 2018), Moyamoya disease (Calviere et al., 2010), endothelial dysfunction (Lavi et al., 2006), and atherothrombotic disease (Haratz et al., 2015). Therefore, CVR may have an important role in the early stage of these neurological diseases that may impair auto-regulation of CBF and lead to cognitive decline. Our result regarding the baseline CBF on cognitive performance is inconsistent with some of the past findings. Our findings including such inconsistency revealed a number of important considerations about CBF and CVR with cognitive performance among people with risk of cognitive decline. First, some previous studies showed that reduced resting CBF was associated with cognitive decline (Meyer et al., 1988; Kogure et al., 2000; Spilt et al., 2005; Poels et al., 2008; Okonkwo et al., 2014; Sabayan et al., 2014; Iturria-Medina et al., 2016; Bracko et al., 2020). Second, many studies indicated that CVR decreases with advancing age (Reich and Rusinek, 1989; Tsuda and Hartmann, 1989; Lu et al., 2011; Flück et al., 2014). Third, the intrinsic nature of the link between CVR alteration and cognitive decline is still equivocal.

Previous studies reported a reduction in baseline CBF associated with advanced age and decreased cognitive function (Meyer et al., 1988; Kogure et al., 2000; Spilt et al., 2005; Poels et al., 2008; Okonkwo et al., 2014; Sabayan et al., 2014; Iturria-Medina et al., 2016; Bracko et al., 2020). However, most studies regarding the reduced CBF on the cognitive decline were reported with an incidence of disease, such as AD (Kogure et al., 2000; Okonkwo et al., 2014; Iturria-Medina et al., 2016; Bracko et al., 2020), dementia (Meyer et al., 1988; Spilt et al., 2005), and endothelial dysfunction (Sabayan et al., 2014). One previous study in healthy subjects reported that lower CBF was associated with poorer cognitive performance including information processing and executive function, but this association disappeared after brain volume correction (Poels et al., 2008). Also, different APOE genotypes can impact the relationship between CBF and cognition differently (Wierenga et al., 2012, 2013). Adding to this literature, cognitive function may be more related to the ability of CBF regulation rather than its baseline alteration based on our results.

Although many studies reported that CVR in the brain decreases with advancing age (Reich and Rusinek, 1989; Tsuda and Hartmann, 1989; Lu et al., 2011; Flück et al., 2014), age-related alteration in CVR is still vague. This is attributed to the fact that there are conflicting results, as other studies found no age-related differences in CVR (Davis et al., 1983; Ito et al., 2002; Schwertfeger et al., 2006; Murrell et al., 2013). Due to these inconsistencies, some studies suggested that CVR reduction with age may be underestimated (McKetton et al., 2018). In this study, there was no significant relationship between age and CVR in the whole brain gray and white matters. Based on our results, CVR response in the whole brain may not be significantly altered by age in the range of 56–89 years. However, further investigation is needed because CVR reduction with advancing age may occur in a smaller proportion of voxels in the brain.

The intrinsic nature of the association between CVR alteration and cognitive function still needs to be investigated even though we demonstrated that lower CVR is correlated with lower cognitive performance. There are several mechanisms that can potentially explain this association, including vascular stiffening and endothelium related underproduction of vasodilators. This is because advancing age leads to vascular stiffness, which can cause decreased reactivity of cerebral blood vessels (Desjardins, 2015). In addition, aging alters the L-arginine-NO pathway and consequently reduces endothelium-dependent vasodilation and this leads to decreased CVR (Taddei et al., 2006; Catchlove et al., 2018a). Another potential mechanism is reduced BOLD activation resulted from reduced CVR (Williams et al., 2021). This is because reduced BOLD activation was associated with cognitive decline in various neurological diseases, such as multiple sclerosis and cerebral small vessel disease (Mainero et al., 2004; Rocca et al., 2014; Atwi et al., 2018; Williams et al., 2021). Vascular steal may also be related to cognitive function with reduced CVR. A redistribution of CBF to adjacent active areas due to a progressive arterial narrowing causes reduced or negative CVR (Conklin et al., 2010; Williams et al., 2021). Vascular steal phenomenon was associated with cognitive decline among healthy adults (Conklin et al., 2010). Furthermore, in patients with Moyamoya disease, this phenomenon is commonly observed with cognitive decline (Conklin et al., 2010; Williams et al., 2021).

Several limitations of this study should be recognized. The inclusion of cognitive status did not appreciably change the results suggesting that the observed relationships were similar for cognitively normal and MCI participants. This observation was supported by a lack of interactive effects between cognitive status and MMSE on CVR in the regression models. Further investigation is needed with a larger cohort to investigate the contribution of cognition status to CVR response. APOE genotype data were not included in the regression models. Different APOE genotypes can impact the relationship between CBF baseline and cognition differently (Wierenga et al., 2012, 2013). Also, MCI subtype was not included in the statistical models in this study due to the small sample size of each subtype. In addition, only a MMSE score was used to represent the cognitive performance of each participant. MMSE score may not be ideal to represent individual’s overall cognitive function because MMSE is more specialized for language and memory (Bak and Mioshi, 2007; Mamikonyan et al., 2009). Lastly, using pre-defined brain ROIs might have lower statistical sensitivity compared to voxel-wise analysis if an affected region is smaller than an ROI. Our current study cohort may not be large enough for a voxel-wise analysis, but our future study will include whole-brain voxel-wise statistical analyses on a larger cohort to identify specific voxel clusters showing a statistically significant relationship between CVR and cognitive performance.

In conclusion, this study demonstrated that lower CVR in the whole brain white matter and gray matter and in regional gray matter were related to lower MMSE score. In addition, MMSE has a positive correlation with years of education, while MMSE score does not have any significant relationships with other covariates, such as age, sex, BMI, the status of diabetes or hypertension, and gray matter or white matter volume. On the other hand, the MMSE score is not statistically associated with the baseline CBF. Therefore, impaired CVR in the reported gray matter regions in this study and the whole brain white matter may be early imaging biomarkers revealing the relationship between cerebrovascular perfusion and cognitive functions. Based on the mechanisms regarding vascular stiffness and endothelium related underproduction of vasodilators, vaso-protective therapies may have an important role in preventing cognitive decline among older adults with a risk of cognitive decline.
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Background: Cerebrovascular reactivity (CVR) measures blood flow change in response to a vasoactive stimulus. Impairment is associated with several neurological conditions and can be measured using blood oxygen level-dependent (BOLD) magnetic resonance imaging (MRI). Field strength affects the BOLD signal, but the effect on CVR is unquantified in patient populations.

Methods: We recruited patients with minor ischemic stroke and assessed CVR magnitude and delay time at 3 and 1.5 Tesla using BOLD MRI during a hypercapnic challenge. We assessed subcortical gray (GM) and white matter (WM) differences using Wilcoxon signed rank tests and scatterplots. Additionally, we explored associations with demographic factors, WM hyperintensity burden, and small vessel disease score.

Results: Eighteen of twenty patients provided usable data. At 3T vs. 1.5T: mean CVR magnitude showed less variance (WM 3T: 0.062 ± 0.018%/mmHg, range 0.035, 0.093; 1.5T: 0.057 ± 0.024%/mmHg, range 0.016, 0.094) but was not systematically higher (Wilcoxon signal rank tests, WM: r = −0.33, confidence interval (CI): −0.013, 0.003, p = 0.167); delay showed similar variance (WM 3T: 40 ± 12 s, range: 12, 56; 1.5T: 31 ± 13 s, range 6, 50) and was shorter in GM (r = 0.33, CI: −2, 9, p = 0.164) and longer in WM (r = −0.59, CI: −16, −2, p = 0.010). Patients with higher disease severity tended to have lower CVR at 1.5 and 3T.

Conclusion: Mean CVR magnitude at 3T was similar to 1.5T but showed less variance. GM/WM delay differences may be affected by low signal-to-noise ratio among other factors. Although 3T may reduce variance in CVR magnitude, CVR is readily assessable at 1.5T and reveals comparable associations and trends with disease severity.

Keywords: cerebrovascular reactivity, small vessel disease, magnetic resonance imaging, stroke, BOLD signal


INTRODUCTION

Cerebrovascular reactivity (CVR) quantifies the change in blood flow in response to a vasoactive stimulus, providing an indicator of vascular health. CVR magnitude measures the amplitude of the response. However, CVR delay, the time between stimulus onset and observing a change in the blood flow, should also be considered to avoid underestimating CVR magnitude as response time can vary in different tissues (van Niftrik et al., 2017).

Impaired CVR is associated with several conditions, including cerebral small vessel disease (SVD), a major cause of stroke and dementia with no current treatments (Wardlaw et al., 2019). CVR magnitude is lower in patients with more severe SVD features on magnetic resonance imaging (MRI) (Blair et al., 2020), and CVR delay is longer in SVD patients than healthy controls (Sam et al., 2016; Thrippleton et al., 2018; Atwi et al., 2019). Therefore, exploring the role of CVR in SVD may provide valuable insight into disease progression mechanisms.

CVR is typically assessed using blood oxygenation level dependent (BOLD) MRI, and several different vasoactive stimuli are available (Liu et al., 2019). Common vasoactive stimuli include fixed or targeted CO2 inhalation, breath hold, and injection of acetazolamide. Fixed inhalation provides a robust stimulus applicable in many patient populations, including SVD (Thrippleton et al., 2018), the effectiveness of which is less dependent on patient compliance than breath hold and requires less specialist input than targeted inhalation.

Although field strength influences both the intra- and extravascular components of the BOLD signal (Silvennoinen et al., 2003), CVR comparisons at different field strengths remain limited (Driver et al., 2010; Triantafyllou et al., 2011; Peng et al., 2020). Increased field strength enhances contrast-to-noise ratio of the BOLD signal (Gati et al., 1997; Krüger et al., 2001; Triantafyllou et al., 2011) but increases susceptibility artifact (Bernstein et al., 2006). Additionally, CVR has mainly been measured at 3T or higher despite 1.5T MR scanners being more common clinically; therefore, the effect of field strength on CVR measurements in patient populations should be considered (Blair et al., 2016). Few studies have quantified the effect of field strength on CVR measurement at 1.5T and 3T. Triantafyllou et al. (2011) found the change in R2∗ per unit fractional flow change was 1.76 times higher at 3T than 1.5T using a fixed inhalation paradigm. Similarly, Peng et al. (2020) found a higher percentage signal change at 3T than 1.5T using breath hold. However, both studies were in healthy controls, and to our knowledge, no comparisons have compared CVR values at different field strengths in clinical populations.

We assessed subcortical gray (GM) and white matter (WM) CVR in patients with minor ischemic stroke at 1.5T and 3T to compare CVR magnitude and delay. Additionally, we compared associations between CVR and key clinical variables at each field strength.



MATERIALS AND METHODS


Participants

We prospectively recruited patients with symptomatic minor, non-disabling, ischemic stroke as previously described (Wardlaw et al., 2009; Heye et al., 2016). We diagnosed patients based on clinical presentation, appearance on diffusion-weighted imaging and other relevant diagnostic MRI sequences as described in the STRIVE guidelines (Wardlaw et al., 2013). The patients had recovered from the minor stroke and were living independently in the community although many still had minor symptoms of the stroke. Many patients with stroke also have vascular risk factors, such as hypertension or hyperlipidemia; often have features of SVD on imaging, indicating chronic vascular brain damage; and are prescribed secondary prevention for stroke, including antihypertensive agents and lipid-lowering and antiplatelet drugs. Features of SVD on brain imaging commonly include WM hyperintensities (WMH), lacunes (small holes in subcortical GM or WM), microbleeds, and visible perivascular spaces (PVS). We excluded patients with disabling stroke (requiring assistance for activities in daily life), poorly controlled diabetes mellitus, hypertension, any psychiatric illness with the potential to limit study compliance, a family history of intracranial aneurysm, subarachnoid hemorrhage, known arteriovenous malformation, or contraindications to MRI.

We acquired written informed consent from all patients. We received approval from the UK Health Research Authority National Research Ethics Service Committee East Midlands, Nottingham 1 (ref. 14/EM/1126) and conducted all research in accordance with the Declaration of Helsinki.



Imaging Acquisition

As previously reported, we scanned participants at 1.5T (Signa HDxt, General Electric, Milwaukee, WI) with a gradient-echo echo-planar imaging (GE-EPI) sequence (TR/TE = 3,000/45 ms, voxel size: 4 × 4 × 4 mm3) and neurovascular structural imaging protocol, including 3-D T1-weighted imaging; axial T2-weighted, axial fluid-attenuated inversion recovery; and axial gradient echo (Table 1A; Blair et al., 2020). We subsequently scanned a subset of patients at 3T (Siemens Verio, Siemens Healthcare, Erlangen, Germany) with a GE-EPI sequence (TR/TE = 3,000/30 ms, voxel size: 3 × 3 × 3 mm3) and comparable structural imaging protocol (Table 1B).


TABLE 1. MR sequence parameters used for (A) 1.5T and (B) 3T imaging protocols.

[image: Table 1]The full protocol for the CVR experiment has been previously described (Thrippleton et al., 2018). A summary of the key steps is provided in Figure 1. In brief, we administered alternating blocks of 2 min of medical air and 3 min of medical air with CO2 at an elevated concentration of 6% (BOC Special Products, United Kingdom). Gases were administered via a disposable anesthetic mask while wearing a unidirectional breathing circuit (Intersurgical, Wokingham, United Kingdom). Vital signs [peripheral oxygen saturation, blood pressure, heart rate, end-tidal CO2 (ETCO2), and respiratory rate] were measured throughout using a CD-3A CO2 sensor (AEI Technologies, Pittsburgh, United States) at 20 Hz and MR patient monitors at 1 Hz (Millennia 3155A at 1.5T and Magnitude 3150 MRI at 3T; In vivo, Best, Netherlands).
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FIGURE 1. Schematic diagram of the study design and key analysis steps.




Processing

An experienced neuroradiologist assessed SVD features of WMH, lacunes, microbleeds, visible PVS, and brain atrophy, using visual ratings on the 1.5T scans, including Fazekas score for WMH, PVS and atrophy scores, and counts of lacunes and microbleeds, which were used to calculate the SVD score (Staals et al., 2014; Blair et al., 2020).

We converted the DICOM files through SPM8 (Wellcome Department of Imaging Neuroscience, London, United Kingdom) (Friston, 2007). We discarded dummy scans before aligning the remaining volumes to the mean BOLD image of each patient in SPM8. We coregistered the T1-w images to the T2-w space using rigid-body registration calculating the transformation between T2-w and mean BOLD image spaces using FLIRT (FMRIB Analysis Group, Oxford, United Kingdom) (Jenkinson et al., 2002). We calculated the WMH and intracranial volume (ICV) from the 1.5T scans as previously described (Blair et al., 2020).

We converted the CO2 data to ETCO2 by using in-house MATLAB (MathWorks, Inc., MA, United States) code to identify CO2 peaks as previously described (Thrippleton et al., 2018). We resampled the ETCO2 data to match the temporal resolution of the BOLD data prior to linear regression.

We applied linear regression using in-house Matlab code to determine region-wise CVR magnitude and delay as described in Thrippleton et al. (2018). Briefly, we performed multiple linear regression with the time-shifted ETCO2 profile and volume number (to adjust for signal drift) regressors and percentage signal change relative to baseline as the dependent variable. The regression model was evaluated for a range of time shifts, and the model with lowest sum-of-square residuals was selected. CVR magnitude was reported as the regression coefficient for the optimally time-shifted ETCO2; CVR delay was reported as the optimal ETCO2 time shift plus 4 s (to account for the travel time of exhaled gas from the breathing circuit to the CO2 sensor). Heart rate and respiratory rate were not included as nuisance regressors as the acquisition was not synchronized to the physiological data and given the potential for aliasing.



Regions of Interest for CVR Assessment

Due to the limited voxelwise contrast-to-noise, we chose 14 regions of interest (ROIs) to sample WM (frontal, periventricular, posterior, and centrum semiovale) and subcortical GM (caudate head, putamen, thalamus) regions affected in SVD (Thrippleton et al., 2018). We manually drew the regions on the coregistered 1.5T T1-w image in FSLview (FMRIB Analysis Group, Oxford, United Kingdom) following an established protocol (Thrippleton et al., 2018) and transformed the masks into the 3T T2-w space using FLIRT before thresholding, binarizing, and manually correcting the masks as needed to avoid misclassification of tissue. Manually defined stroke masks were used to exclude lesions. We coregistered the voxelwise CVR magnitude maps into the T2-w image using FLIRT and manually excluded blooming around the large veins and venous sinuses based on the voxelwise CVR magnitude maps before registering the ROIs to the mean BOLD image and calculating CVR magnitude and delay in each region at 1.5T and 3T using FSLview. We fitted the CVR for each region separately before averaging the CVR magnitude and delay values in WM and subcortical GM to calculate representative values.



Statistical Analysis

We applied linear mixed models using R (v3.6.3) to assess the effect of tissue type (subcortical GM/WM) on CVR magnitude and delay adjusting for field strength. We plotted WM, subcortical GM, and ROI-based CVR magnitude and delay using scatterplots overlaid with univariable linear regression lines. We performed Wilcoxon signed rank tests to assess differences at 1.5T vs. 3T. Finally, we applied separate multivariable linear regression models to explore associations of CVR magnitude at 1.5T or 3T with age, sex, systolic blood pressure, and key metrics of SVD burden (WMH volume, total Fazekas score, and SVD score) (Blair et al., 2020). For each model, we checked normality of residuals and homogeneity of variance using Q-Q plots, histograms, and plots of residuals vs. fitted values for each model and, consequently, log transformed the WMH volume. No corrections were applied for multiple comparisons (Rothman, 1990; Saville, 1990).



RESULTS

Of the 20 patients, 19 completed CVR scans at both 1.5T and 3T; one participant withdrew after experiencing a panic attack during the scan at 3T. One data set was excluded due to a poor-quality ETCO2 trace and persistent motion in the CVR scan at 3T, leaving 18 patients with complete data at both field strengths. The gas challenge otherwise obtained similar changes within each patient at both the 1.5T and 3T scans (t-test: t = 1.60, confidence interval (CI) = −0.34, 2.48, p = 0.127). Representative CVR magnitude images at 1.5T and 3T are shown in Figure 2.


[image: image]

FIGURE 2. Representative voxelwise cerebrovascular reactivity (CVR) magnitude maps at 1.5T (A) and 3T (B) in the visit-specific T2-w space. The higher spatial resolution and CVR magnitude values are evident in the 3T image.


The 18 patients had a mean age of 64 ± 7 (53–76) years; 14 (77.8%) were male, and 11 (61.1%) had a final stroke diagnosis of lacunar and seven (38.9%) of cortical subtype (Table 2). Imaging features of SVD were also common: eight (44%) had periventricular and six (33%) deep Fazekas score ≥2, and the median SVD score was two. The mean time between the 1.5T and 3T scans was 337 ± 103 (108–479) days.


TABLE 2. Demographic data of patients by SVD score (numerical variables: mean ± standard deviation (if normally distributed) or median (interquartile range); summary statistics: % of group (number); categorical variables presented as median).

[image: Table 2]In subcortical GM compared with WM, independent of field strength, CVR magnitude was higher (1.5T: 0.142 vs. 0.057%/mmHg, 3T: 0.158 vs. 0.062%/mmHg; B = −0.09, CI = −0.10, −0.08, p < 0.001) and delay less (1.5T: 12 vs. 31 s, 3T: 8 vs. 41 s; B = 26, CI = 22, 31, p < 0.001) (Figures 3A,C).
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FIGURE 3. Box (A,C) and scatterplots (B,D) of mean cerebrovascular reactivity (CVR) magnitude and delay values in subcortical gray and white matter at 1.5 and 3T. Lines of best fit for the subcortical gray/white matter CVR magnitude and delay are shown separately in pink/blue. (B = effect size, CI = confidence interval, p-values uncorrected for multiple comparisons).



WM and Subcortical GM CVR Magnitude and Delay at 1.5T and 3T

We found no material difference in subcortical GM and WM CVR magnitude between 1.5 and 3T using Wilcoxon signed rank tests: subcortical GM (1.5T vs. 3T: 0.142 vs. 0.158%/mmHg; r = −0.30, CI: −0.044, 0.016, p = 0.212); WM (3 vs. 1.5T: 0.057 vs. 0.062%/mmHg; r = −0.33, CI: −0.013, 0.003, p = 0.167) (Figure 3A and Supplementary Table 1).

At 3T, delay tended to be shorter in subcortical GM (1.5 vs. 3T: 8 vs. 12 s; r = 0.33, CI: −2, 9, p = 0.164) and was longer in WM (1.5 vs. 3T: 31 vs. 41 s; r = −0.59, CI: −16, −2, p = 0.010) than at 1.5T (Figure 3C and Supplementary Table 1).

Scatterplots showed that the distribution of CVR magnitude values were narrower at 3T than 1.5T in both subcortical GM (CVR magnitude range at 3T: 0.107, 0.204; at 1.5T: 0.040, 0.235) and WM (CVR magnitude range at 3T: 0.035, 0.093; at 1.5T: 0.016, 0.094) (Figure 3B and Supplementary Table 1). Univariable linear regressions showed patients with higher CVR at 3T had higher CVR at 1.5T in both subcortical GM (B = 0.23, CI: 0, 0.46, p = 0.046) and WMr (B = 0.55, CI: 0.30, 0.80, p < 0.01).

The distribution of CVR delay values was similar at 3T and 1.5T in both subcortical GM (CVR delay range at 3T: −6, 24; at 1.5T: −1, 28) and WM (CVR delay at 3T: 12, 56; at 1.5T: 6, 50) (Figure 3D and Supplementary Table 1). Patients with longer delays at 3T tended to have longer delays at 1.5T in WM (B = 0.40, CI: −0.06, 0.85, p = 0.085), but not subcortical GM using univariable linear regressions.



Regional Differences in CVR Magnitude and Delay

In individual regions, the scatter of CVR magnitude values was mostly, but not always, larger at 1.5T than 3T though there was no obvious pattern for delay values (Figure 4 and Supplementary Table 1). Although regional CVR magnitude values were generally comparable at 3T and 1.5T, delay at 3T tended to be longer in WM and shorter in subcortical GM than at 1.5T.
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FIGURE 4. Boxplots comparing of (A) CVR magnitude (mag) and (B) delay values in subcortical gray and white matter regions at 1.5 and 3T (L = left, R = right).




Effect of Field Strength on Associations With Demographic and SVD Imaging Variables

Although age, systolic blood pressure, and sex showed similar associations whether measured at 3T or 1.5T, the confidence intervals were broad, and none reached conventional significance (Supplementary Table 2).

We found CVR magnitude tended to be lower in patients with higher WMH volumes, Fazekas scores, and total SVD score at both 1.5 and 3T (Table 3 and Supplementary Figure 1).


TABLE 3. Associations of cerebrovascular reactivity (CVR) magnitude in subcortical gray and white matter at 1.5T and 3T with key SVD variables using multiple linear regression controlling for age, sex, and systolic blood pressure (n = 18).

[image: Table 3]


DISCUSSION

We measured CVR magnitude and delay at 1.5 and 3T in a well-defined SVD cohort considering summary measures for averaged subcortical GM, WM, and 14 ROI-based measurements. CVR magnitude was similar, though more variable, at 1.5T vs. 3T in subcortical GM and WM. Delay was shorter at 3T in subcortical GM and longer at 1.5T in WM. Independent of field strength, we found CVR magnitude was higher and delay shorter in subcortical GM than WM, reflecting previous work (Thomas et al., 2014; Thrippleton et al., 2018).


Effect of Field Strength on CVR Magnitude

Studies investigating the effect of field strength on CVR measurements using BOLD are limited. CVR magnitude was found to be higher at 3T than 1.5T using fixed inhalation hypercapnia (Triantafyllou et al., 2011) and breath-hold paradigms (Peng et al., 2020). Similarly, R2∗-derived CVR magnitude was higher at 7T than 3T using a targeted breathing ETCO2 paradigm (Driver et al., 2010). By contrast, we found that CVR magnitude did not differ materially between 3T and 1.5T though trending higher at 3T. However, there are several technical and methodological differences. Peng et al. (2020) used a breath-hold challenge that depends on compliance reported percentage rather than absolute changes (Tancredi and Hoge, 2013) and did not adjust for ETCO2, which can affect repeatability (Bright and Murphy, 2013). Additionally, they analyzed the signal in cortical GM, which may be more prone to vascular contamination than the subcortical GM regions considered in this work. BOLD CVR is known to be affected by echo time (Triantafyllou et al., 2011) and signal-to-noise ratio (SNR) (Triantafyllou et al., 2005), which can improve sensitivity and specificity to parenchymal response, particularly at 3T. However, the sequences used for this comparison were not independently optimized to maximize sensitivity to CVR-induced changes in the BOLD signal unlike in Triantafyllou et al. (2011). There are also benefits to lower field strengths as 1.5T scanners can show less geometric distortion and signal dropout due to susceptibility effects than at higher field strengths, affecting comparability in regions close to air–tissue boundaries, including the sinuses and base of the skull (Krüger et al., 2001). Blooming artifacts around large veins are also more severe at 3T (Chen et al., 2010).



Differences in Delay

We found that average delay was shorter at 3T in subcortical GM and at 1.5T in WM. Although primarily a biological quantity, which would not be expected to vary with field strength, delay is challenging to measure (Thrippleton et al., 2018). We define delay as the optimal shift between ETCO2 and the BOLD signal, but due to the low SNR in WM (Thomas et al., 2014), particularly at 1.5T, delay values may approach a random distribution over the permitted range. Hence, delay measurements at 3T may better reflect underlying delay values. Although longer delays at 3T tended to be associated with longer delays at 1.5T in WM, there was no obvious association in subcortical GM. However, univariable linear regression is vulnerable to outliers, especially at extreme values, and although the range of delays was similar at both field strengths, the distribution was tighter and trended lower at 3T. The BOLD sequences acquired at 1.5T and 3T also differed in voxel size (4 × 4 × 4 vs. 3 × 3 × 3 mm3); therefore, differing levels of partial volume effect may influence the delay measurements. Overall, differences in delay values should be interpreted cautiously, and direct validation work in isolated vessel preparations or preclinical models to validate the influence of lower SNR and partial volume effect on delay measurements would be beneficial (Stringer et al., 2020).



Regional Differences

Within the individual ROIs, we found generally similar results to the averaged values: mean CVR magnitude was comparable though marginally higher at 3T vs. 1.5T; delay in subcortical GM regions tended to be shorter at 3T than 1.5T; delay in WM regions was typically longer at 3T than at 1.5T. Although region-based measurements improve SNR relative to voxelwise measurements, they are still vulnerable to local BOLD signal differences, which must be accounted for in interpreting results. Venous blooming may affect CVR magnitude and delay values in the caudate head and thalamus; although we excluded voxels for which prominent vessels were visible in the ROIs, less prominent vessels were retained (Thrippleton et al., 2018). Smaller regions, including the caudate head, may be less stable given the small size. Meanwhile, in periventricular WM, CVR magnitude and delay may be altered by nearby venous structures (Nonaka et al., 2003), enhancing signal changes during the CVR paradigm. The higher spatial resolution of the BOLD sequence at 3T vs. 1.5T may allow more accurate identification of tissue boundaries and exclusion of contaminating large vascular structures while also reduce partial volume effect, which may contribute to reduced variance at 3T (Thrippleton et al., 2018).



Associations Between CVR Magnitude, Demographic, and Other SVD Imaging Variables

Although CVR magnitude tended to be lower in patients who were older, male, and had higher blood pressure at both 1.5T and 3T, none of the associations reached conventional statistical significance, likely due to lack of power in this subset of the main study. Nevertheless the direction of effect was broadly consistent with previous work showing lower CVR in older patients (Hund-Georgiadis et al., 2003; Conijn et al., 2012; Gauthier et al., 2015; Blair et al., 2020), males than females (Kastrup et al., 1997; Cupini et al., 2001; Tallon et al., 2020), and in patients with higher blood pressure (Conijn et al., 2012; Haight et al., 2015).

We found that subcortical GM and WM CVR tended to be lower in patients with higher WMH volume, Fazekas (deep, periventricular, and total), and SVD score at both 3T and 1.5T, replicating previously published findings in a larger cohort (of which these patients formed a subgroup) scanned at 1.5T (Blair et al., 2020). Effect sizes were generally similar at 1.5T and 3T, but tended to be marginally higher at 1.5T than 3T for all associations except SVD score, which may be attributable to the small sample size and wider distribution of CVR magnitude values at 1.5T than 3T.



Strength and Limitations

It was impractical to randomize scan ordering; therefore, habituation effects or time between scans may have influenced the results. Although the sample size was higher than for previously reported comparisons between CVR measurements at 3T and 1.5T (n = 9 and 4) (Triantafyllou et al., 2011; Peng et al., 2020), it was lower than some SVD studies using CVR (Blair et al., 2016, 2020). The exploratory multiple linear regression analyses may, therefore, have insufficient statistical power to detect more subtle effects though the results were consistent with previous work (Blair et al., 2020). Larger sample sizes and inclusion of other populations would be beneficial and, along with preclinical validation, may aid the development and wider applicability of CVR. The wider applicability of this comparison is also limited by the specific imaging protocols used though the sequences were appropriate for measuring CVR. We acquired CVR scans with a higher spatial resolution at 3T to mitigate higher blooming effects at 3T, which may also contribute to lower variance in the CVR magnitude. Approaches to sampling tissue vary, including ROI analyses (Triantafyllou et al., 2011) and whole-brain tissue segmentation approaches (Driver et al., 2010; Peng et al., 2020). We manually drew anatomically well-defined ROIs to obtain representative tissue volumes, potentially reducing the partial volume effect at tissue boundaries, the influence of venous blooming (Thrippleton et al., 2018), and atrophy (Catchlove et al., 2018). However, this may affect comparability with some previous studies. Additional analyses considering further regions, including cortical GM, or using voxelwise analysis methods would be worthwhile. Lastly further methodological work is required to assess comparability and encourage greater consensus on best practice. Although the reported CVR magnitude and delay values are comparable to previously reported values (Thrippleton et al., 2018), wider comparisons are challenging due to heterogeneity in the acquisition and processing methods (Sleight et al., 2021). Additionally, we have not explored reproducibility of CVR measurements using fixed CO2 inhalation at 3T although we previously tested reproducibility and different durations of CO2 exposure at 1.5T (Thrippleton et al., 2018).



CONCLUSION

We demonstrate similar CVR magnitude values at 3T and 1.5T, which showed comparable tissue differences and associations with certain key clinical variables. We found wider scatter of magnitude values at 1.5T than 3T. Although delay differed between 1.5T and 3T depending on the brain regions sampled, this may result from differences in SNR, partial volume effect, and blooming artifact. Measuring and interpreting CVR delay, therefore, remains challenging. Regional variability highlights the importance of optimizing the tissue sampling strategy when designing studies.
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Cerebrovascular reactivity (CVR) is defined as the change in cerebral blood flow induced by a change in a vasoactive stimulus. CVR using BOLD MRI in combination with changes in end-tidal CO2 is a very useful method for assessing vascular performance. In recent years, this technique has benefited from an advanced gas delivery method where end-tidal CO2 can be targeted, measured very precisely, and validated against arterial blood gas sampling (Ito et al., 2008). This has enabled more precise comparison of an individual patient against a normative atlas of healthy subjects. However, expected control ranges for CVR metrics have not been reported in the literature. In this work, we calculate and report the range of control values for the magnitude (mCVR), the steady state amplitude (ssCVR), and the speed (TAU) of the BOLD response to a standard step stimulus, as well as the time delay (TD) as observed in a cohort of 45 healthy controls. These CVR metrics maps were corrected for partial volume averaging for brain tissue types using a linear regression method to enable more accurate quantitation of CVR metrics. In brief, this method uses adjacent voxel CVR metrics in combination with their tissue composition to write the corresponding set of linear equations for estimating CVR metrics of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). After partial volume correction, mCVR and ssCVR increase as expected in gray matter, respectively, by 25 and 19%, and decrease as expected in white matter by 33 and 13%. In contrast, TAU and TD decrease in gray matter by 33 and 13%. TAU increase in white matter by 24%, but TD surprisingly decreased by 9%. This correction enables more accurate voxel-wise tissue composition providing greater precision when reporting gray and white matter CVR values.

Keywords: cerebrovascular reactivity, BOLD, CO2, speed of response, blood arrival time, healthy subjects, partial volume correction, vascular territories


INTRODUCTION

Cerebrovascular reactivity (CVR) is defined as the change in cerebral blood flow produced by a change in a vasoactive stimulus. Methods for assessing changes in blood flow include ultrasound (McDonnell et al., 2013), SPECT, CT (Chen et al., 2006), and MRI (Vesely et al., 2001). Commonly used vasoactive stimuli include inhaled CO2 (Vesely et al., 2001; Liu et al., 2019), acetazolamide infusion (Settakis et al., 2003), and lowering of blood pressure. One of the more common methods uses inhaled CO2 during BOLD MR imaging for measurement of CVR. An advance method for delivering quantitative vasodilatory stimuli (Slessarev et al., 2007) has enabled more accurate quantitation of vascular reactivity in healthy subjects and in patients with vascular diseases altering CVR. Despite this, the accuracy of the measurement also depends on post-processing methods. Standard CVR models assume a linear relationship of the BOLD response with the partial pressure of end-tidal CO2 (PETCO2) for calculating the magnitude of the response. However, the CVR response is more complex than just a scaled version of PETCO2. Multiple studies have addressed the problem of modeling CVR responses with development of other methods for taking into account the speed of the response (Poublanc et al., 2015), the time delay (Champagne et al., 2019), and competition from other voxels in the brain (Duffin et al., 2018).

Another limitation of CVR mapping is the low spatial resolution of the CVR images on 3T MRI. Voxel size can be as small as 2 mm when using a BOLD acquisition with advanced imaging techniques such as multi-band imaging. However, most common voxel size would range from 3 to 4 mm. Such voxels will contain different tissue constituents resulting in partial volume averaging effects. Partial volume effects (PVE) occur when the intensities from gray matter (GM), white matter (WM), and CSF are averaged together within a voxel. However, using the proportion of each tissue constituent within large voxels, it is possible to apply a correction in order to separate the intensities of each tissue constituent. This proportion is derived from tissue segmentation using a high-resolution anatomical image. Partial volume correction (PVC) is critical in patients with cortical atrophy since they are more likely to have fewer pure voxels that contain only one tissue constituent compared to normal individuals. PVC has previously been applied in PET imaging (Rousset et al., 2007), ASL MRI (Asllani et al., 2008; Petr et al., 2011, 2013; Binnewijzend et al., 2013), and spectroscopic imaging (Lu et al., 2007; Erlandsson et al., 2012; Bhogal et al., 2020), but not to CVR imaging. Different methods exist to correct for PVE. One of the most straightforward methods is to mask out voxels with tissue fraction below a given threshold. In a study comparing blood flow between young and elderly subjects, voxels with less than 80% gray matter were disregarded (Asllani et al., 2009). However, for a voxel-wise correction, more advanced methods exist such as a Bayesian (Chappell et al., 2011) or a linear regression methods (Asllani et al., 2008). The linear regression method, first introduced by Asllani et al. (2008), is more common and has been used frequently to correct ASL maps.

In this study, we introduce new techniques to further refine the temporal and spatial analyses of CVR images. First, the standard CVR model is compared to the convolution model using the speed of CVR response metric introduced in a previous study. Second, a new model is proposed that utilizes the existing speed metric to measure a time delay (TD). Lastly, a linear regression is applied to correct PVE. This method uses adjacent voxel CVR metrics in combination with their tissue composition to write the corresponding set of linear equations solving for CVR metrics derived from GM, WM, and CSF. This correction is applied to all CVR metrics and results are reported in the major vascular territories of 45 normal subjects before and after correction for PVE.



MATERIALS AND METHODS


Subjects

This study was approved by the Research Ethics Board of the University Health Network and conformed to the Declaration of Helsinki. Written informed consent was obtained in all 45 healthy volunteers (20 women). The age range included 20 individuals between 20 and 30 years of age, 20 between 31 and 60 years of age, and 5 over 60 years old. Mean age for all subjects was 39.2 ± 16.5 years. Subjects were in good health, non-smokers, and taking no medication.



Vasodilatory Stimulus

Cerebrovascular reactivity was assessed by measuring the change in BOLD signal to a standardized change in end-tidal partial pressure of carbon dioxide (PETCO2) as the vasodilatory stimulus. PETCO2 and end-tidal partial pressure of oxygen (PETO2) were targeted independently of each other and of the subjects’ minute ventilation and breathing pattern, by using an automated gas blender and sequential gas delivery breathing circuit (Slessarev et al., 2007) (RespirAct; Thornhill Medical, Toronto, ON, Canada). Targeted PETCO2 and PETO2 was achieved within 1–2 breaths by administering blends of gasses according to a previously described algorithms (Slessarev et al., 2007). The targeting sequence used in this study was as follows: (1) maintaining resting PETCO2 for 2 min, (2) a step increase of 10 mmHg PETCO2 above the resting level for 2 min, and (3) a step down decrease in PETCO2 for 2 min back to the resting PETCO2 level.



Image Acquisition

MR imaging was performed on a 3T system (Signa HDX GE Healthcare, Milwaukee, WI, United States) using an 8-channel phased array head coil. A BOLD acquisition was applied with the following parameters: gradient-echo, echo-planar sequence, TE/TR = 30/2,400 ms, 22.4 × 22.4 cm FOV, 64 × 64 matrix, 39 slices, 3.5 mm isotropic voxels, no interslice gap, 338 temporal frames, and 85°flip angle. For anatomical reference, a 3D T1-weighted inversion recovery fast-spoiled gradient-recalled sequence was used with the following parameters: TI/TR/TE, 450/8/3 ms; matrix size, 256 × 256; FOV, 22 × 22 cm; slice sickness, 1 mm; and flip angle, 15°.



Image Analysis

MRI and PETCO2 data were transferred to an independent workstation and preprocessed using AFNI (Cox, 1996; Cox and Hyde, 1997) and Matlab 2015a. Functional BOLD images were volume registered, slice-time corrected, and co-registered to the anatomical T1-weighted scan.



Standard CVR Model

PETCO2 data were re-sampled and time-shifted to the point of coincidence between the rapid changes in PETCO2 and BOLD signal using Matlab. Magnitude CVR (mCVR) was calculated on a voxel-by-voxel basis from the slope of a linear least-squares fit of the BOLD signal data series to the PETCO2 values obtained from the RespirAct. For this regression, the rise of PETCO2 and brain average BOLD signal were matched (Figures 1A1,A2). CVR is expressed as the percent change in BOLD signal per mmHg change in PETCO2. BOLD signal drift was controlled by adding a linear trend in time to the model. The mathematical expression of this model is as follow:
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FIGURE 1. Diagrams illustrating CVR metrics calculations. (A1) represents one voxel BOLD response (gray) to the step PETCO2 (red). BOLD signal is regressed against PETCO2 to obtain its slope, mCVR (A2). The PETCO2 is then convolved with an exponential function of time characteristic TAU that is chosen to maximize the correlation with the BOLD response (B1). BOLD signal is then regressed against the convolved PETCO2 to obtained its slope, ssCVR (B2). The convolved PETCO2 is then shifted to obtain maximum correlation with the convolved PETCO2. This shift corresponds to TD (C1) and the adjusted regression is represented in (C2). Notes that for each of the regressions (A2,B2,C2), BOLD signal drift is added to this model as a linear trend. For simplification, it is not represented here.


Variables α×t account for linear BOLD signal drift; b(t) is a constant baseline over time; ε(t) is the residual time series. mCVR is the slope of the regression of the BOLD signal for all the acquired datapoints in each voxel during the stimulus.



Convolution CVR Model

BOLD response was modeled as the PETCO2 convolved with an exponential decay function exp(−t/TAU), where t is time and TAU is the time constant of the vascular response. TAU was allowed to vary from 2 to 100 s in 2 s increments. TAU derived from the convolved PETCO2 with the highest Pearson correlation coefficient with the BOLD response was taken as a measure of the speed of response (TAU in Figure 1B1). Steady state CVR (ssCVR) was calculated as the slope of the regression between the BOLD response and the convolved PETCO2 waveform that provided the highest correlation (Figure 1B2). TAU is expressed in seconds and ssCVR is expressed as percent MR signal change per mmHg of PETCO2.

The mathematical expression of this model is as follows:

[image: image]

where α × t, b(t), and ε(t) are the same measures as in (1).

[image: image] is a normalization constant. {PETCO2(t)⊗exp(−t/TAU)/C} is the convolved PETCO2 later used in the text and figures (Figures 1B1,B2). Note that ssCVR can be thought of as CVR corrected for the speed of the response TAU. This method is explained in more detail elsewhere (Poublanc et al., 2015).



Time Delay (TD)

The convolved PETCO2 previously calculated was first shifted 2 s earlier in time to ensure it precedes BOLD signal for all voxels for the brain. It was then shifted to the point of maximum correlation with BOLD response, on a voxel-wise basis (Figures 1C1,C2). This shift represents TD and was allowed to vary between 0 and 5 s, in increments of 0.2 s. The mathematical expression for this is:

[image: image]

where α × t, b(t), and ε(t) are the same measures as in (1).

Convolved_ PETCO2 is the modified PETCO2 found in (2). Due to the small shift in the convolved PETCO2, ssCVR value can vary slightly from the value found in (2).



Spatial Normalization and Segmentation

Statistical Parametric Mapping (SPM) 8 software was used to segment and spatially normalize the high resolution T1-weighted anatomical acquisition (Ashburner and Friston, 2005). The segmentation provides probability maps of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). GM, WM, and CSF masks were generated for each patient by thresholding the corresponding probability maps at 0.7.



Nearest Neighbor Interpolation (NN)

All CVR metrics maps were re-sampled to the T1-weighted resolution using NN interpolation.



Partial Volume Correction (PVC)

The proportion of GM, WM, and CSF within the large BOLD voxels (3.5 × 3.5 × 3.5 mm) in the functional BOLD imaging protocol differs between subjects. Since normal cortical gray matter is approximately 2.5 mm in thickness, all 3.5 mm isotropic voxels over cortical structures (except for a few voxels where gyral surfaces are in contact with each other across a sulcus) will contain less than 100% gray matter (Figure 2). This can introduce an underestimation bias in the voxel content of gray matter, particularly in the setting of cortical atrophy. The following method was applied to correct for this volume averaging. Let’s consider the BOLD acquisition voxel V0 with signal intensity I0. Note that I0 could represent mCVR, TAU, ssCVR, or TD. I0 is equal to the weighted average of the intensity of GM (Ig), WM (Iw), and CSF (Ic) that corresponds to I0 = g0 Ig + w0 Iw + c0 Ic, where g0, w0, and c0 are the proportion of GM, WM, and CSF inside V0. This equation cannot be solved by itself since there are 3 unknowns (Ig, Iw, and Ic). In order to solve it, surrounding voxels are needed. Under the assumption that the intensity of each tissue constituent is constant within the surrounding voxels, a multiple linear regression model can be used to solve for Ig, Iw, and Ic. In this analysis surrounding voxels were all voxels within a 9 mm radius. This yields 81 voxels including V0 corresponding to 81 equations: In = gn Ig + wn Iw + cn Ic + εn where n = 0,1,… 80.


[image: image]

FIGURE 2. Diagram representing the partial volume correction algorithm. The top row represents one slice of the brain, with a closeup on the second row. The high-resolution anatomical image (A) is used for segmentation (B) of GM (red), WM (blue), and CSF (yellow). Within the large voxels of the low-resolution image [white grid in (C)], the proportion of each tissue matter can be calculated [(B), second row]. For example, voxel V0 contains 81% gray matter (g0), 19% white matter (w0), and 0% CSF (c0). The intensity I0 in V0 is an average of the intensities of GM (Ig), WM (Iw), and CSF (Ic) weighted by their respective matter proportion. The corresponding equation would be I0 = g0 Ig + w0 Iw + c0 Ic. Under the assumption that each matter intensity (Ig, Iw, and Ic) is constant within a group of voxels surrounding V0, 8 similar equations can be written for V1, V2, …, V8 to solve for Ig, Iw, and Ic inside V0. Ig, Iw, and Ic are then assigned to the corresponding tissue matter inside V0 (D). Notes that voxels surrounding the central one but outside the BOLD mask are excluded from the regression. In this example, the solution Ic is not assigned since there is no CSF inside V0. For this example, only 8 voxels surround V0. In the actual image analysis, the surrounding voxels were all voxels within a 9 mm radius.


For each BOLD voxel n, the quantities gn, wn, and cn represent the proportion of GM, WM, and CSF, respectively, in the BOLD voxel. εn represents the error. The unknown quantities Ig, Iw, and Ic are the intensity of GM, WM, and CSF in the BOLD voxels. The proportions of the 3 tissue classes within the BOLD voxel are obtained from the high resolution T1-weighted segmentation described earlier that has 1 mm isotropic voxels. After solving the linear equations using linear regression, Ig, Iw, and Ic are assigned to the correct tissue class inside V0. The same process is then repeated for all voxels of the brain. Note that voxels inside the 9 mm radius but outside the BOLD mask are excluded from the regression. This method was implemented in a script using multiple AFNI functions and is similar to previous work (Asllani et al., 2008; Petr et al., 2013; Ahlgren et al., 2014). Figure 2 illustrates the process. 3dTfitter from AFNI was used for the linear regression. The regression was applied by minimizing the sum of absolute errors, rather than the sum of square since it is less sensitive to outliers. The correction was repeated for each CVR metric. In addition, mCVR was corrected for partial volume averaging using different radii (5, 7, 9, and 11 mm) to illustrate the change in intensity with radius size.



Vascular Territories Template (VTT)

A template of vascular territories, available online and constructed and reported in a 2019 study (Schirmer et al., 2019), was used in this analysis. Those territories included the cerebellum (CER), anterior cerebral arteries (ACA), middle cerebral artery (MCA), and the posterior cerebral artery (PCA) territories. The inverse transformation matrix previously calculated for each subject was used to transform the VTT back to subject original space, rather than transforming the functional maps to MNI. Indeed, warping the functional maps to MNI would introduce re-sampling, leading to a sub-optimal partial volume correction.



CVR Metrics Averages

The average of CVR metrics (mCVR, ssCVR, TAU, and TD) for the PVC and the NN interpolation maps were calculated within GM of each vascular territory, as well as within WM. We attempted to exclude some of the sinovenous structures from the analysis by removing all voxels with mCVR above 0.7%/mmHg. In addition, voxels with negative ssCVR were removed from TAU averages. TAU in those voxels does not represent the speed of vasodilation since those voxels are likely driven by a steal phenomenon from stronger CVR responses in adjacent neighbors. In normal controls, there are only a small number of voxels with this negative response.



Model Selection

Bayesian Information Criterion (BIC) was calculated for the standard CVR model, as well as for the convolution model, in order to compare them. The model with the lowest BIC corresponds to the best model.

[image: image]

SSE is the residual sum of squares, n is the number of time points, and p is the number of parameters used in the model. The second term in the BIC expression introduces a penalty when adding more parameters to the model. For the standard model (Eq. 1), there are 2 parameters (mCVR and), thus p = 2, and for the convolution model (Eq. 2), there are 3 parameters (ssCVR, TAU, and), thus p = 3. BIC was averaged within gray and white matter separately for each model.




RESULTS

The BOLD response in one voxel of one subject is shown in the diagram of Figure 1. This clearly shows that the rise in BOLD signal following a step hypercapnia stimulus is not instantaneous but rather follows an exponential function. An example of mCVR, ssCVR, TAU, and TD maps generated in one subject are shown in Figure 3 in original space and original resolution (ORIG). The same maps were then resampled onto the anatomical space using nearest neighbor mode (NN) for comparison with the partial volume corrected maps (PVC).


[image: image]

FIGURE 3. Maps of CVR metrics (mCVR, ssCVR, TAU, and TD) for one subject represented using the original resolution (ORIG) in the first row and processed using the partial volume correction (PVC) in the second row. The raw BOLD image and the high resolution T1 weighted image are shown in the first column. Using the matter segmentation from the T1-weighted high resolution (1 mm isotropic) scan, the original CVR metrics maps of 3.5 mm isotropic resolution (ORIG) were corrected for partial volume effect and mapped onto the 1 mm isotropic grid.


Using the nearest neighbor resampled maps, average GM and WM were 0.17 ± 0.03 and 0.09 ± 0.02%/mmHg for mCVR, 0.25 ± 0.05 and 0.15 ± 0.03%/mmHg for ssCVR, 24.7 ± 7.6 and 39.0 ± 6.1s for TAU, and 2.3 ± 0.5 and 3.0 ± 0.5s for TD. Using partial volume corrected maps, average GM and WM were 0.22 ± 0.04 and 0.06 ± 0.02%/mmHg for mCVR, 0.30 ± 0.04 and 0.13 ± 0.03%/mmHg for ssCVR, 23.5 ± 8.1 and 48.7 ± 11.2 s for TAU, and 2.2 ± 0.8 and 2.8 ± 0.9 s for TD.

After partial volume correction, mCVR and ssCVR increase in gray matter, respectively, by 25 and 19%, and decrease in white matter by 33 and 13%. In contrast, TAU and TD decrease in gray matter by 33 and 13%. TAU increases in white matter by 24% and TD surprisingly decreases by 9%. Overall, this indicates that PVC effectively draws gray and white matter measures toward their true values. Measurements for gray matter of each separate vascular territory follows the same tendency as for the whole gray matter. Those results are combined in Table 1 and Figure 4. In addition, the results performed on mCVR at different radii sizes were the following: the average GM for NN, PVC with the 5, 7, 9, and 11 mm radii were, respectively, 0.17 ± 0.03, 0.19 ± 0.04, 0.20 ± 0.03, 0.22 ± 0.04 %/mmHg, and 0.22 ± 0.04 %/mmHg. The average WM for NN, PVC with the 5, 7, 9, and 11 mm radii were, respectively, 0.09 ± 0.02, 0.05 ± 0.02, 0.05 ± 0.02, 0.06 ± 0.02 %/mmHg, 0.07 ± 0.02 %/mmHg.


TABLE 1. Average CVR metrics (mCVR, ssCVR, TAU, BAT) within white matter and gray matter vascular territories (Cerebellum, ACA, MCA, and PCA), before and after partial volume correction, in normal healthy subjects.
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FIGURE 4. This diagram represents the average mCVR (B), ssCVR (C), TAU (D), and TD (E) over five gray matter ROIs and over 45 normal controls. The ROIs (A) consist of gray matter in the cerebellum (CER), the anterior (ACA), middle (MCA), and posterior (PCA) cerebral artery territories, as well as all hemispheric white matter (WM). This diagram shows the results after CVR metrics maps were resampled to the high resolution anatomical scan using nearest neighbor (NN, in gray), as well as corrected for partial volume effect (PVC in black). The standard deviations are represented with the yellow bars.


Average BIC over gray matter was 76.6 ± 58.7 and 61.2 ± 63.8 for the standard and the convolution model, respectively. For white matter, average BIC was 58.5.6 ± 50.0 and 48.0 ± 53.1 for the standard and the convolution model, respectively. BIC values for all individual subjects were smaller for the convolution model than for the standard model (p < 0.001).



DISCUSSION

In this study, we provide an algorithm that improves the accuracy of CVR measurements in the brain by reducing volume averaging artifacts arising from mixtures of these three tissue classes within the relatively large voxels used in BOLD MRI. This becomes particularly important in aging individuals and in patients with disease related cerebral atrophy. The degree to which averaging of the different signal intensities of GM, WM, and CFS is controlled reduces misclassification and dependence on voxel size. This correction is particularly important when comparing patients with cerebral atrophy or white matter hyper intensities against a healthy control population (Thomas et al., 2011). The model for this correction assumes uniform intensity of each of the GM, WM, and CSF signal intensities within a small region. However, the smaller the radius, the more unstable the linear regression will be. On the other hand, the assumption of uniform intensity is likely to be false over larger radii. Our results shows that the average GM increases with radius sizes before plateauing at a radius size of 9 mm. The average WM decreases from NN resampling to PVC at 5 mm radius and then increases slightly with radius size. We have chosen a 9 mm radius; however, a simulation would have to be performed to clarify the optimum radius for obtaining the highest precision. In this study, the BOLD signal from CSF was not assumed to be null as it often is when correcting ASL images for partial volume effect. CSF signal was incorporated in the linear regression since large BOLD signal in surface veins can extend to the surrounding CSF.

Since this technique requires high resolution T1-weighted images for segmentation, co-registration with the CVR is an important step. Our T1-weighted images were co-registered to the CVR raw images with a rigid body registration and visually inspected. The correction was applied on the CVR metric maps in original space. Vascular territories were transformed from MNI space to original space. This is an important point since applying the correction to the maps in MNI space or transforming the corrected maps in MNI space would have introduced additional spatial re-sampling and smoothing, diverging from the purpose of partial volume correction. The algorithm requires neighbor information that provides a more precise classification accuracy for CVR. Further work is needed to test this algorithm on various disease groups using similar testing parameters, to assess consistency, and to evaluate its impact on improving classification accuracy.

Improving accuracy may be possible by examining the point spread function associated with signal bleeding from the low resolution acquisition. This PSF can then be applied to the anatomical image before segmentation for a better understanding of the low resolution contribution of the different intensities from the three tissue classes. This adjustment can be used before the regression to correct for partial volume effect as shown in spectroscopic imaging in a recent study (Lu et al., 2007). However, considering the size of the BOLD imaging voxels (3.5 mm isotropic) compared to the spectroscopic voxels (5 × 5 × 10 mm), the contribution is expected to have a smaller effect, but it is worthwhile to examine to further improve the current implementation.

Note that the partial volume correction was applied on the parametric images as opposed to the raw BOLD signal. Both approaches should be equivalent when the model is linear such as the one used to generate mCVR. However, we might observe more discrepancy when the model is non-linear such as the one used to extract TAU and ssCVR. Although applying this correction on the raw BOLD signal is processing intensive, this comparison might need to be investigated in the future.

Adjusting for the speed of the response in the model also improves the fit significantly. Indeed, taking the number of parameters used in each model, the BIC for the convolution model is smaller than for the standard model. Although the convolved exponential model is able to fit BOLD responses from healthy as well as diseased vasculature, the redistribution of blood flow in the presence of steal physiology in the setting of steno-occlusive cerebrovascular disease remains problematic. The negative TAU under these conditions no longer accurately indexes the degree of vascular disease. In the setting of steal physiology negative TAU can be paradoxically short. Under these pathological states, the CO2 stimulus first arrives in the circulation of tissue with intact vasodilatory responses. This circulation lowers its resistance to flow followed by rapid redirection of blood flow away from tissue that cannot change its flow resistance as it is already markedly dilated in attempting to maintain resting blood flow at normal levels. Other methods have used cross correlation time-shift to extract a measure of time delay. However, a cross-correlation technique cannot separate the blood arrival time component from the response time component. In fact, the use of just an amplitude and a shift poorly models the step BOLD response since the main time delay component appears as a slow rise of the response rather than a shift in the response. The solution we provide here is to introduce a time shift parameter (TD) to the convolution model. Note that TD attempts to measure blood arrival time. However, as opposed to ASL and DSC imaging, cerebral blood flow is altered during CO2 manipulations. Under those circumstances, blood flow will be redistributed, and true blood arrival time might be altered. Therefore, this parameter was not named blood arrival time but time delay. TAU contributes to a much larger component than TD in the model fit. Time delay differences across the brain should not exceed more than 3–4 s (Poublanc et al., 2013), only marginally improving the measurement particularly with a 120 s hypercapnia stimulus. In addition, the solution is limited by the protocol as we only applied a single hypercapnic step, and temporal resolution is low with BOLD images acquired at TR of 2.4 s. The protocol used is better suited to measure TAU rather than TD. Future work may explore the use of multiple short CO2 steps to improve the performance of TD measurement. In addition, blood arrival time could be altered with increasing hypercapnia since a rise in CO2 induces an increase in the speed of blood flow. Nevertheless, variations in TD across diseased states relative to healthy control participants allows for group and regional comparisons such as brain matter type, hemispheric asymmetries, and variability across vascular territories. In particular, we propose that this added metric may hold greater promise for assessments pertaining to vascular aging and its correlation to cognitive reserve.

Our rationale for using a standard step PETCO2 protocol has been guided by the fact that our method for increasing arterial PETCO2 10 mmHg above resting levels can be achieved in one breath. The sharp step rise and fall in CO2 enabled clear observation of the BOLD response that led to identification of the exponential rise in signal. Various research groups have also utilized a more attenuated step protocol across numerous published studies (Goode et al., 2009; Anazodo et al., 2016; Leung et al., 2016; Moreton et al., 2016). Over time, the sharp step protocol has, in part, become a standard stimulus largely due to its value in measuring the speed of vasodilation while reducing scan time.

Finally, this report provides reference values of the derived CVR metrics in the vascular territories of the healthy human brain. One limitation is the heterogeneity of age within the study group. However, we have previously shown that, based on our published methods, there are no significant differences in the speed and magnitude of CVR and importantly these values do not differ in GM regions amongst various age groups across the healthy aging continuum, i.e., 18–54 (McKetton et al., 2018). We recognize that there are differences by age documented in some studies (Bhogal et al., 2016; Peng et al., 2018) in the literature. However, the ability to rapidly control and implement precise known changes in arterial CO2 levels as used in this study attests to the accuracy of the data and the conclusions. However, we note that the sample of participants in our older age group is limited and more investigation is needed to determine the effects of healthy aging over the seventh decade of life.
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Introduction: Wallerian degeneration and diaschisis are considered separate remote entities following ischemic stroke. They may, however, share common neurophysiological denominators, since they are both related to disruption of fiber tracts and brain atrophy over time. Therefore, with advanced multimodal neuroimaging, we investigate Wallerian degeneration and its association with diaschisis.

Methods: In order to determine different characteristics of Wallerian degeneration, we conducted examinations on seventeen patients with chronic unilateral ischemic stroke and persisting large vessel occlusion, conducting high-resolution anatomical magnetic resonance imaging (MRI) and blood oxygenation-level dependent cerebrovascular reactivity (BOLD-CVR) tests, as well as Diamox 15(O)–H2O–PET hemodynamic examinations. Wallerian degeneration was determined using a cerebral peduncle asymmetry index (% difference of volume of ipsilateral and contralateral cerebral peduncle) of more than two standard deviations away from the average of age-matched, healthy subjects (Here a cerebral peduncle asymmetry index > 11%). Diaschisis was derived from BOLD-CVR to assess the presence of ipsilateral thalamus diaschisis and/or crossed cerebellar diaschisis.

Results: Wallerian degeneration, found in 8 (47%) subjects, had a strong association with ipsilateral thalamic volume reduction (r2 = 0.60) and corticospinal-tract involvement of stroke (p < 0.001). It was also associated with ipsilateral thalamic diaschisis (p = 0.021), No cerebral peduncular hemodynamic differences were found in patients with Wallerian degeneration. In particular, no CBF decrease or BOLD-CVR impairment was found.

Conclusion: We show a strong association between Wallerian degeneration and ipsilateral thalamic diaschisis, indicating a structural pathophysiological relationship.

Keywords: blood oxygenation-level dependent, functional magnetic resonance imaging (fMRI), Wallerian degeneration, diaschisis, H2O–PET, cerebrovascular reactivity


INTRODUCTION

Ischemic stroke can lead to neurophysiological and structural brain tissue changes, distant from the acute, primary focal lesion. These changes can be seen as post-stroke phenomena, known as Wallerian degeneration and diaschisis (i.e., crossed cerebellar diaschisis and ipsilateral thalamic diaschisis).

Wallerian degeneration is a secondary retrograde degeneration of descending fiber tracts or anterograde trans-synaptic degeneration after acute ischemic stroke and is considered a pure structural phenomenon (Zhang et al., 2012). Diaschisis on the other hand, encompasses remote neurophysiological changes, caused by neuronal deactivation, due to a supratentorial lesion (e.g., ischemic stroke). Although both have a similar pathophysiological origin (i.e., disruption of fiber tracts), the main imaging feature of Wallerian degeneration is structural change (i.e., atrophy), whereas diaschisis displays functional–i.e., neurophysiological–changes, such as a local reduction in cerebral blood flow and hypometabolism (Baron et al., 1981; Pantano et al., 1986; Sebök et al., 2018; van Niftrik et al., 2019). In addition, we have recently reported novel hemodynamic and structural imaging aspects related to diaschisis. Both ipsilateral thalamic diaschisis as well as crossed cerebellar diaschisis could be well detected with novel blood oxygenation-level dependent cerebrovascular reactivity (BOLD-CVR) (Sebök et al., 2018; van Niftrik et al., 2019). Ipsilateral thalamic diaschisis exhibited impaired BOLD-CVR in and thalamic atrophy whereas presence of crossed cerebellar diaschisis detected with BOLD-CVR showed an association with hemodynamic impairment, thereby further supporting the concept of a vascular component (Sebök et al., 2021; van Niftrik et al., 2019; von Bieberstein et al., 2020).

From a time course perspective, Wallerian degeneration can be detected as soon as a couple of days in young children (Mazumdar et al., 2003), whereas for adults it is usually first detected 2–3 weeks after the initial stroke. Diaschisis, on the other hand, may be found within hours or even minutes (Kamouchi et al., 2004; Zhang et al., 2012), and may even “disappear” over time (Feeney and Baron, 1986). This may, in some cases, be related to timely blood flow restoration (Sobesky et al., 2005). Interestingly, brain regions, such as the cerebellum and thalamus, where diaschisis persists 2–3 weeks after a stroke also show atrophy, thereby further indicating that both phenomena share a somewhat common pathophysiological pathway related to fibertract disruption (Tien and Ashdown, 1992; van Niftrik et al., 2019). However, the aforementioned local hemodynamic changes in diaschisis have not been studied for Wallerian degeneration.

Therefore, to better understand the pathophysiology of Wallerian degeneration, we investigate novel structural and hemodynamic determinants for Wallerian degeneration and its association with diaschisis. In order to achieve this, we quantified atrophy of the cerebral peduncle on high-resolution T1-weighted images of patients with chronic (>3 weeks) anterior circulation stroke, as compared to an age-matched group of subacute stroke patients (<2 weeks) and a healthy control group. Measuring cerebral peduncular atrophy is a good indicator of Wallerian degeneration because its fibers run in parallel and it is localized remotely from all stroke lesions (Mark et al., 2008; Burke et al., 2014). Hemodynamic features were investigated using the combination of BOLD-CVR and Diamox challenged 15O(H2O)-Positron Emission Tomography (PET).



MATERIALS AND METHODS


Subjects and Ethical Approval

All data can be made available upon request to the corresponding author (BvN). For this study, we considered data from subjects with chronic (>3 weeks) unilateral symptomatic persisting internal carotid artery or middle cerebral artery occlusion or stenosis, who participated in an ongoing prospective BOLD-CVR–Diamox challenged H2O PET comparison study at the University Hospital Zurich. A maximal of 6 weeks was allowed between both measurements. Subjects with any cerebral peduncular, cerebellar or thalamic lesions on initial or follow-up imaging were excluded. Subjects were also excluded when they showcased new neurological symptoms between the BOLD-CVR and Diamox challenged H2O PET as well as endovascular and surgical revascularization between both scans. Prior to enrollment of subjects in the prospective database, the research ethics board of the canton Zurich, Switzerland (KEK-ZH-Nr. 2012-0427) approved this study and informed consent was obtained from all subjects.

To determine cerebral peduncular atrophy, we included age-matched, healthy subjects. These subjects were enrolled based on having a negative history of neurological disease and neurological symptoms. Subsequently, age-matched subjects with acute/subacute stroke (onset of first stroke symptoms < 2 weeks) were also included to assess the validity of manually masking the cerebral peduncle. Subjects with stroke onset between 2 and 3 weeks were excluded due to potential overlap.

This resulted in three study groups:


1. Patients with chronic symptomatic steno-occlusive disease (>3 weeks), i.e., chronic group.

2. Patients with acute/subacute symptomatic steno-occlusive disease (<2 weeks), i.e., acute/subacute group.

3. Healthy cohort.





Experimental Protocol


Assessment of Cerebral Peduncular Atrophy

In all patients, a three dimensional (3D) high-resolution T1-weighted Magnetization Prepared Rapid Acquisition Gradient Echo (MP RAGE) image was acquired. Acquisition parameters of the high resolution T1-weighted MP Rage were: voxel size 0.8 × 0.8 × 1.0 mm3 with a field of view 230 × 230 × 176 mm and a scan matrix of 288 × 288 × 176, TR/TE/TI 2200/5.14/900 ms, flip angle 8°.

The left and right cerebral peduncles were manually masked, based on a slight modification of a previously published method (Figure 1) (Mark et al., 2008). Each high-resolution T1-weighted image was separately uploaded in Iplan software (Brainlab, Erlangen, Germany). The medial border of the cerebral peduncle was a straight line drawn through the first point at the corner of the peduncle and the ventral midbrain, and the second point at the lateral sulcus of the midbrain on axial level. The outer margin was then outlined. If any of these structures were not possible to discriminate, the outline on the adjacent layer (either upper or lower) was used as a reference in order to draw the shape. The lower boundary of the cerebral peduncular mask was the ponto-mesencephalic junction, whereas the upper boundary was defined by the mammillary body. The area of the whole cerebral peduncle was then checked in a sagittal plane. These maps were verified by an experienced neuroradiologist, blinded toward the patient groups.
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FIGURE 1. Examplary image of manual masking of a right cerebellar peduncle following Mark et al. (2008).


The cerebral peduncular asymmetry index was calculated as follows:

[image: image]

Wallerian degeneration was deemed present if the volumetric measurements asymmetry index of the cerebral peduncle was more than plus two standard deviations larger than that of the healthy cohort. An index rather than the quantitative value was chosen, to correct for anatomical differences between the subjects.



BOLD-CVR and (15O)-H2O PET Study

MRI: magnetic resonance imaging data were acquired on a 3-tesla Skyra VD13 (Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil. All BOLD fMRI: functional magnetic resonance imaging scans were acquired with the following parameters: axial two-dimensional (2D) single-shot echo-planar imaging sequence planned on the anterior commissure-posterior commissure line plus 20° (on a sagittal image). The voxel size for the BOLD fMRI: functional magnetic resonance imaging scans was 3 × 3 × 3 mm3 with an acquisition matrix 64 × 64 × 35 ascending interleaved slice acquisition, slice gap 0.3 mm, GRAPPA factor 2 with 32 ref. lines, repetition time (TR)/echo time (TE) 2,000/30 ms, flip angle 85°, bandwidth 2,368 Hz/Px and a field of view 192 × 192 mm2. PET data were acquired on a full ring PET/CT-scanner in 3D mode (PET/CT Discovery STE, GE Healthcare, Chicago, IL, United States). The acquisition parameters and method of processing of the all images is extensively described in previous work (van Niftrik et al., 2017, 2018; Fierstra et al., 2018; Sebök et al., 2018).

To determine BOLD-CVR, we deployed a short, controlled hypercapnic stimulus of ∼10 mmHg above resting CO2 levels using the RespiractTM (Slessarev et al., 2007).

Blood oxygenation-level dependent cerebrovascular reactivity, defined as the percentage BOLD signal change per mmHg CO2 change, was calculated using a linear regression on a voxel-by-voxel basis between the BOLD signal time course and the CO2 time course.

Quantitative BOLD-CVR values were separately determined for the whole brain, ipsilateral supratentorial hemisphere, contralateral supratentorial hemisphere, both thalami, both cerebral peduncles, and both cerebellar hemispheres. For the cerebellum and thalamus, patient individual masks were separately extracted from the subjects’ specific subcortical anatomic parcellation, using Freesurfer software1. The technical details of these procedures are described in prior publications (Dale et al., 1999; Fischl et al., 2004). For the healthy cohort, a similar BOLD-CVR analysis was done. Average and standard deviations were calculated, of the cerebellar and thalamic asymmetry indices of the healthy control group (Sebök et al., 2021). Diaschisis (i.e., crossed cerebellar diaschisis and ipsilateral thalamic diaschisis) was deemed present if the asymmetry index in BOLD-CVR was more than plus two standard deviations larger than that of the healthy cohort average (Sebök et al., 2018; van Niftrik et al., 2019).

Concerning H2O–PET imaging, due to its qualitative nature, only difference analyses were conducted, which require hemispheric comparison rather than quantitative measurements (Jiang et al., 2010; Fierstra et al., 2018). Supratentorial hemodynamic status was evaluated as the hemispheric difference of the H2O PET image before and after Diamox (i.e., PET baseline and PET Diamox, respectively) and PET CVR (percent difference PET baseline and Diamox).



Stroke Volume and Location

Using Iplan software (Brainlab, Erlangen, Germany), stroke lesions were manually outlined with Diffusion weighted imaging, T2-Fluid-attentuated-inversion recovery imaging and T1-weighted imaging. In case of multiple stroke lesions, the total stroke volume would embody the sum of all stroke lesions combined. The primary manual masking of the strokes was done using DWI and FLAIR weighted images and then checked on the high-resolution T1 weighted image to correct potential extramarginal masking on lower resolution imaging. Based on the T1-weighted imaging properties, stroke volumes were calculated as the sum of the number of voxels.

Each lesion was also separately analyzed for corticospinal tract involvement. Using Freesurfer free segmentation software (see text footnote 1) (Fischl et al., 2004), the binary masks of the patient individual paracentral lobule and precentral gyrus (gray and white matter) were extracted, and this software was also used to get the individual patient maps for the cerebellum and thalamus. The binary stroke volume map was used as an overlay and corticospinal tract involvement was considered present if the stroke lesion coincided with these regions.



Statistical Analysis

We performed the statistical analysis using in-house scripts written in Matlab R2016b (the MathWorks, Inc., Natick, Massachusetts, United States2). First, evaluation of normal distribution per variable was done using the Shapiro-Wilk test. Averages of normally distributed, continuous variables from the group exhibiting Wallerian degeneration and the group without Wallerian degeneration were compared by an independent Student’s two tailed t-test, where p < 0.05 was considered significant. Non-normal distributed, categorical ordinal and dichotomous variables were analyzed with the Mann–Whitney-U test. All normally distributed, continuous variables are reported as mean ± standard deviation. Non-normally distributed variables, as well as categorical ordinal variables are presented as median (interquartile range), whereas dichotomous variables are shown as frequency (%, percentage).

To test the relationship of Wallerian degeneration with factors related to long-term volumetric and hemodynamic measurements related to diaschisis, a correlation analysis was done. For normal distributed variables, a Pearson correlation was performed. Other variables were studied using the Spearman Rank-order Correlation. Here, a p < 0.05 was deemed significant.



RESULTS

Seventeen patients with chronic stroke (>3 weeks) met the inclusion criteria and were included for further analysis. Thirteen subjects with acute/subacute stroke and 17 age-matched, healthy subjects were included. The mean age was 58 ± 5 years and 70% of the participants were men. The mean time delay between BOLD-CVR and PET measurements was 16 ± 22 days with a maximum of 38 days. The relevant baseline characteristics of all healthy subjects are shown in Table 1, while all relevant characteristics of all patients with chronic stroke are shown in Table 2. No significant difference between subjects with acute/subacute stroke in baseline parameters and stroke volume was found.


TABLE 1. Characteristics of healthy cohort.

[image: Table 1]

TABLE 2. Relevant clinical and baseline characteristics of patients.

[image: Table 2]

Structural Features of Wallerian Degeneration

Volumetric measurements of the left and right cerebral peduncle in healthy subjects resulted in 2.08 ± 0.29 cm3 for the right cerebral peduncle and 2.11 ± 0.33 cm3 for the left peduncle. Consequently, the peduncular asymmetry index for healthy subjects was 1.0 ± 5.0%. Wallerian degeneration was then considered present in patients having a peduncular asymmetry index larger than 11% (i.e., exceeding the mean cerebral peduncular asymmetry index of the healthy control group by plus two (2 × 5) standard deviations, see section “Materials and Methods”). In the chronic group, eight (47%) had cerebral peduncular asymmetry indices larger than 11% and were classified as having Wallerian degeneration. In comparison, in the acute/subacute group, none of the cerebral peduncular asymmetry indices reached 11%. An exemplary patient with Wallerian degeneration is depicted in Figure 2.


[image: image]

FIGURE 2. Illustrative image of a 39-year old female patient with Wallerian degeneration (91 weeks post-stroke). Panel (A) shows the T1 image of the post-stroke defect (orange arrow), thalamus, left and right cerebral peduncle masks and cerebellum. Note the large difference between the ipsilateral (top: 1.21 cm3) and contralateral cerebral peduncle (bottom: 1.65 cm3) with a cerebral peduncle asymmetry index of −37%. Panel (B) shows the equivalent BOLD-CVR images. Ipsilateral thalamic diaschisis can be seen (white arrow vs black arrow) as a asymmetry in BOLD-CVR (i.e. ipsilateral decrease). No clear BOLD-CVR asymmetry was seen in the cerebral peduncle or cerebellum. Panel (C) shows the equivalent 15O-H2O-PET cerebral blood flow images. Here also, thalamic asymmetry can be appreciated without blood flow differences in the cerebral peduncles or cerebellum. Abbreviations: BOLD: blood oxygenation-level dependent, cm: cubic centimeter, min: minute, ml: milliliter, mmHg: millimeter mercury, PET- Positron Emission Tomography, rCBF: relative cerebral blood flow.


On average, chronic patients had a markedly lower ipsilateral cerebral peduncular volume in comparison to healthy subjects (1.75 ± 0.33 cm3, p = 0.003), which was more pronounced in the patients with Wallerian degeneration (1.52 ± 0.26 cm3, p > 0.001) and not found in the patients without Wallerian degeneration (1.98 ± 0.21 cm3, p = 0.25). Between patients with and without Wallerian Degeneration, only the volume of the ipsilateral cerebral peduncle differed significantly (p = 0.002).

No volumetric differences in the cerebral peduncles were found between healthy subjects, acute/subacute patients and chronic patients without Wallerian degeneration.

Interestingly, stroke volume did not differ between patients with or without Wallerian degeneration; however, as may be expected, the corticospinal tract involvement within the stroke location was seen more often in the group with Wallerian degeneration.



Hemodynamic Features of Wallerian Degeneration

Mean BOLD-CVR of the healthy cohort for the left and right peduncle was 0.19 ± 0.08, compared to the mean CVR of 0.16 ± 0.09 (p = 0.21) for the ipsilateral cerebral peduncle, and a mean of 0.17 ± 0.10 (p = 0.41) for the contralateral cerebral peduncle in the chronic stroke patients.

Table 3 shows the hemodynamic features of Wallerian degeneration. Within the cerebral peduncle, BOLD-CVR did not show a difference between chronic stroke patients with Wallerian degeneration and patients without Wallerian degeneration, nor was there a difference in the asymmetry index. Similarly, both the baseline H2O–PET and the acetazolamide challenged PET did not show a difference for the cerebellar peduncle.


TABLE 3. Structural and hemodynamic findings.

[image: Table 3]


Wallerian Degeneration and Diaschisis

Table 3 shows the correlation analysis between Wallerian degeneration and diaschisis. Within the group of chronic patients, ipsilateral thalamic diaschisis was found in nine (53%) patients and crossed cerebellar diaschisis was found in seven (41%). Wallerian degeneration was often found in association with ipsilateral thalamic diaschisis (p = 0.021) and so these patients showed a marked increase in neurophysiological and structural variables associated with the thalamus (e.g., an increase in the BOLD-CVR asymmetry index, as well as an increase in both PET asymmetry indices and an decrease in ipsilateral thalamic volume–see Table 3). Moreover, there was a strong positive correlation between the thalamic volume asymmetry index and cerebral peduncular volume asymmetry index (r = 0.77, r2 = 0.59, p > 0.001–Figure 3), with more than half of the variance explained (r2 = 0.60). As for the association between crossed cerebellar diaschisis and Wallerian degeneration, the BOLD-CVR and PET cerebellar asymmetry indices did not differ between both groups, nor was there a correlation to be found between the cerebellar volume asymmetry index and the cerebral peduncular asymmetry index (r = −0.03, p = 0.93).


[image: image]

FIGURE 3. Correlation between cerebral peduncular volume asymmetry index and thalamic volume asymmetry index. Values around zero represent no ipsilateral-contralateral difference. Negative values represent a smaller ipsilateral volume. Note the strong positive relationship between both variables.




DISCUSSION


Main Findings

Wallerian degeneration and diaschisis have a common pathophysiological origin (i.e., disruption of fiber tracts). Moreover, persisting diaschisis also causes atrophy, which is the main feature of Wallerian degeneration, thereby perhaps indicating that both are features of a common pathophysiological pathway. However, local hemodynamic changes commonly seen in diaschisis, as well as its association with diaschisis, have not been studied for Wallerian degeneration. In this study, we show that cerebral peduncles showing Wallerian degeneration, do not display hemodynamic features usually found in diaschisis. In particular, no CBF decrease or BOLD-CVR impairment were found. This may be related to the small sample size of this study. We do, however, show a strong association between Wallerian degeneration and ipsilateral thalamic diaschisis, indicating a structural relationship between both pathophysiological entities.


The Study of Wallerian Degeneration

In 1849, Augustus Waller observed that following transection of the hypoglossal and glossopharyngeal nerve, the distal portion of the nerve undergoes progressive degeneration (Waller, 1850). Initially found in the peripheral nervous system, where Wallerian degeneration takes only days, the existence of Wallerian degeneration was subsequently discovered in the central nervous system, where it occurred in 2–8 days in young children (Mazumdar et al., 2003) and in adults 2–3 weeks after the initial acute stroke (Warabi et al., 1987; Kuhn et al., 1989; Pujol et al., 1990; Castillo and Mukherji, 1999; Uchino et al., 2004; Vargas and Barres, 2007). Our study found a 47% incidence of Wallerian degeneration in the chronic stroke group, which is similar to the incidence reported by previous publications (Pujol et al., 1990; Uchino et al., 2004). In comparison, none of the subjects within the acute/subacute group showed a large enough cerebral peduncle volume asymmetry to surpass the average from healthy subjects by two standard deviations (i.e., was classified as having Wallerian degeneration), indicating our method to be valid for the masking of the cerebral peduncle.

In this study, the presence of Wallerian degeneration was independent of stroke volume, but showed a strong association with corticospinal tract involvement of the stroke lesion. Moreover, we found a strong association between the presence of Wallerian degeneration and neurological outcome. This has also been found by others, but is in disagreement with some historical papers (Schiemanck et al., 2005, 2006; Mark et al., 2008; Schaechter et al., 2009; Cassidy et al., 2018). In earlier work, infarct volume was correlated with motor outcome, but later studies suggested that corticospinal fiber tract involvement of stroke was a stronger predictor for motor outcome (Saver et al., 1999; Schaechter et al., 2009; Burke et al., 2014; Cassidy et al., 2018). Infarct volume in itself is an inexact variable, which does not say anything about the infarct location (Cassidy et al., 2018). Moreover, the predictive value of stroke lesion volume has more merit in the acute/subacute stroke phase (Stinear et al., 2007; Mark et al., 2008; Cassidy et al., 2018). As Wallerian degeneration is seen in patients with strokes involving the corticospinal fiber tract, it has been hypothesized that the association between Wallerian degeneration and worse neurological improvement was mostly due to the extent of the corticospinal tract involvement (Warabi et al., 1990; Liang et al., 2007, 2008; Lindberg et al., 2007; Puig et al., 2010). The corticospinal tract is the largest fiber tract in the cerebral peduncle and has a direct relationship to motor function. However, determining the integrity of the corticospinal tract supratentorially did not show a strong correlation and Wallerian degeneration was subsequently even identified as an independent measurement of motor impairment and greater disability (Mark et al., 2008; Burke et al., 2014). This might be due to the diversity of the corticospinal tract superior to the cerebral peduncle. The corticospinal tract represents the main motor output pathway and portions arise from different areas like the precentral gyrus, premotor cortex, cingulate motor areas and supplementary motor area (Puig et al., 2017). Only taking the portion descending from the precentral gyrus into account, is an oversimplification of the underlying anatomy. Because all these tracts converge and are first aligned in parallel in the cerebral peduncle, the cerebral peduncle may be the most optimal location to test corticospinal integrity as a whole.



The Association With Diaschisis

Diaschisis is a process primarily showing remote neurophysiological changes after a supratentorial lesion (Carrera and Tononi, 2014). Areas with diaschisis experience a decrease in cerebral blood flow, metabolism and BOLD-CVR and can be found directly after the stroke (Baron et al., 1981; De Reuck et al., 1995; Kamouchi et al., 2004; Sebök et al., 2021). These classical hemodynamic features, normally found in diaschisis, were not found in the cerebral peduncle of subjects with Wallerian degeneration. Specifically, no local difference in BOLD-CVR and cerebral blood flow could be detected, indicating a different pathophysiological mechanism for Wallerian degeneration. However, these findings need to be interpreted with caution. Physiologically speaking, a plausible cause for this difference could lie in the fact that white matter fiber tracts are usually much less perfused than other regions, like the thalamus or cerebellum. Smaller changes, in small regions like the cerebral peduncle, would therefore have gone unnoticed. Secondly, the cerebral peduncles are located posterior of the interpeduncular cisterns. It is known that the BOLD signal in regions close to the cerebrospinal fluid can be influenced by artifacts (Thomas et al., 2013). Such artifacts could mask small but significant hemodynamic differences within the cerebral peduncles. This is even more pronounced for H2O–PET imaging, as the resolution of those images is significantly lower than that of BOLD-CVR (see Figure 2). Furthermore, despite that both thalami and cerebellum are perfused by the posterior circulation, anatomical variation may account for variability in thalamic perfusion and BOLD-CVR.

The primary feature of Wallerian degeneration is a reduction in volume, due to degeneration of descending fiber tracts or trans-synaptic degeneration (Zhang et al., 2012). Diaschisis was thought to be a reversible phenomenon, but atrophy of the area presenting long-term diaschisis has also been found (Pantano et al., 1986; Tien and Ashdown, 1992; van Niftrik et al., 2019). This is more clearly discernable in the thalamus of patients with ipsilateral thalamic diaschisis, than it is discernable in the cerebellum of patients with crossed cerebellar diaschisis (van Niftrik et al., 2019). Our data shows a strong association between thalamic volume decrease and cerebral peduncle volume decrease. Such associations were not found for the cerebellum. This makes it more likely that the majority of ipsilateral thalamic diaschisis is due to disruption of the thalamo-cortico or cortico-thalamic tracts or indirect cerebral peduncular loop fibers. It is less likely to be due to the disruption of the afferent cerebellar-pontine-thalamic tracts. Other tracts, like the frontopontine, temporopontine, parietopontine, and occipitopontine fiber tracts, which are associated with crossed cerebellar diaschisis, also project parallel through the cerebral peduncle (Liu et al., 2007; Kamali et al., 2010). However, it is expected that direct injury of only one of those tracts may results in smaller atrophy–potentially not quantifiable–as discrete Wallerian degeneration of those tracts remains absent. This might explain why the presence of crossed cerebellar diaschisis seems to be independent of Wallerian degeneration.



Limitations

In this preliminary study, we have only included 17 subjects with chronic stroke. Therefore, the results should be interpreted with caution. In particular, the small study population most likely resulted in a lack of statistical power in order to sensitively detect hemodynamic differences between Wallerian degeneration and diaschisis. Therefore, a validation study in a larger cohort with correction for other factors should be done. In this study, the cerebral peduncle was manually masked, whereas the cerebellum and thalamus could be masked using patient individual masks obtained from Freesurfer software. This could have resulted in some erroneous measurement. However, as none of the cerebral peduncular asymmetry indices of patients in the acute/subacute stroke group exceeded the threshold of measuring two standard deviations higher than the mean of healthy subjects, we believe the masking was valid. However, optimally, masking should occur without human involvement to get the most unbiased measurements.



CONCLUSION

Our data indicate a strong association between Wallerian degeneration and ipsilateral thalamic diaschisis, indicating a structural relationship between both pathophysiological entities.
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An increase in arterial PCO2 is the most common stressor used to increase cerebral blood flow for assessing cerebral vascular reactivity (CVR). That CO2 is readily obtained, inexpensive, easy to administer, and safe to inhale belies the difficulties in extracting scientifically and clinically relevant information from the resulting flow responses. Over the past two decades, we have studied more than 2,000 individuals, most with cervical and cerebral vascular pathology using CO2 as the vasoactive agent and blood oxygen-level-dependent magnetic resonance imaging signal as the flow surrogate. The ability to deliver different forms of precise hypercapnic stimuli enabled systematic exploration of the blood flow-related signal changes. We learned the effect on CVR of particular aspects of the stimulus such as the arterial partial pressure of oxygen, the baseline PCO2, and the magnitude, rate, and pattern of its change. Similarly, we learned to interpret aspects of the flow response such as its magnitude, and the speed and direction of change. Finally, we were able to test whether the response falls into a normal range. Here, we present a review of our accumulated insight as 16 “lessons learned.” We hope many of these insights are sufficiently general to apply to a range of types of CO2-based vasoactive stimuli and perfusion metrics used for CVR.
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INTRODUCTION

For the last two decades, our laboratory has been engaged in interrogating cerebral vascular function. The overarching approach has been to observe changes in regional brain flow in response to a vasoactive stimulus. This is referred to as cerebrovascular reactivity, or cerebral vascular reactivity (CVR). There are a variety of well-described vasoactive stimuli and outcome measures. Our laboratory employs precise targeting of end-tidal PCO2 (PETCO2) and blood oxygen-level-dependent (BOLD) magnetic resonance imaging (MRI) as the surrogate measure of cerebral blood flow (CBF). The ability to precisely duplicate a stimulus has enabled us to, retrospectively and prospectively, re-examine the way we generate and interpret our data. Indeed, over time we have identified unwarranted assumptions—including some in which we had high levels of confidence that led to weak methodology and misguided data analysis, and conclusions, regrettably, some after they appeared in our own published work. We have published most of these insights in multiple separate papers. Nevertheless, we thought that it would be useful to the CVR community for us to review these insights in summary format in one paper. We believe the principles can selectively inform on the strengths and limitations of other CVR studies performed under a range of stimuli such as infusion of acetazolamide, breath hold, inspiration of fixed inspired PCO2 (FICO2), and with the use of outcome measures such as transcranial Doppler (TCD) and various MRI methods.


Stimulus Response

Cerebral vascular reactivity is a provocative cerebral vascular test analogous to a cardiac stress test. For both, provocation is required to elicit a flow response exceeding baseline perfusion to ascertain the flow reserve. In the case of the cardiac stress testing, treadmill exercise or vasoactive agent stressors indicate the presence of flow deficits in the form of chest pain, ECG changes, or flow reductions in cardiac perfusion imaging. The results are then interpreted using angiographic findings of the vascular patho-anatomy.


Stressors

For studies of the heart, a standard stimulus may consist of aerobic exercise pushed to the threshold where anaerobic metabolism becomes active. When using pharmacological vasoactive agents such as adenosine, regadenoson, and dipyridamole as standard stimuli, uniformity of the vasodilatory stimulus is achieved by supramaximal dosing, that is, the dose beyond which no further flow response occurs.

In the brain, activation of neurovascular coupling throughout the brain is not an option as there is no safe stimulus that can activate all neurons. However, global vasoactive stimulation can be affected pharmacologically by the intravenous injection of hypotensive agents or using carbonic anhydrase blockers such as acetazolamide. The former is not considered safe for this indication. Acetazolamide can be injected at supramaximal response doses, but its time course is not predictable (Dahl et al., 1995; Grossmann and Koeberle, 2000) and results in frequent uncomfortable side effects (Ringelstein et al., 1992; Dahl et al., 1995; Grossmann and Koeberle, 2000; Saito et al., 2011).

Hypercapnia, defined an increased arterial partial pressure of CO2 (PaCO2), is easily implemented, safe, well-tolerated, and is therefore, the most used stressor. Each mmHg increase in PaCO2 increases CBF by ~6–8% (Kety and Schmidt, 1948; Willie et al., 2012; Al-Khazraji et al., 2019). Supramaximal levels of PaCO2 (greater than 90 mmHg (Reivich, 1964) cannot be used to obtain a standard stimulus as levels that exceed 50–60 mmHg are very uncomfortable (Willie et al., 2012) and levels acutely exceeding ~80 mmHg begin to cause confusion and unconsciousness. However, implementation of a known stimulus requires the ability to precisely target PaCO2. This is not a trivial task. First, while it may seem that PaCO2 should simply be a function of the inspired fractional concentration of CO2 (FICO2), it is in fact also a function of the minute ventilation, which itself changes when inhaling CO2 (Fisher, 2016). Since the change in minute ventilation in response to a change in FICO2 cannot be predicted, a particular PaCO2 cannot be targeted by designating the FICO2 (Peebles et al., 2007).

Measuring PaCO2, the independent variable of CBF, is problematic. The only non-invasive measure of PaCO2 available is the PETCO2, but, unfortunately, without rebreathing, it is not a reliable surrogate for PaCO2 (Jones et al., 1972). The PETCO2 does approach PaCO2 only with complete rebreathing (Duffin and McAvoy, 1988), and prospective targeting using sequential gas delivery (SGD; Ito et al., 2008; Fisher et al., 2016). End-tidal forcing (Robbins et al., 1982) is able to target PETCO2, but its equivalence to PaCO2 has not been demonstrated (Jones et al., 1972; McDonald et al., 2002; Tymko et al., 2016). When using breath hold as the vasoactive stimulus, the PETCO2 is related to breath hold duration, but PaCO2 is unknown (Totaro et al., 1999).



Stress Indicators

The stress indicator, CBF, is measured indirectly by surrogate measures. All surrogates can be characterized by fidelity to flow and their limitations in this regard. TCD measures velocity with high temporal resolution. The output, however, reflects velocity only in a single arterial segment rather than the brain parenchyma. Even so, its relation to flow assumes no particular corresponding change in vessel diameter with the stimulus, which may not hold (Willie et al., 2012; Verbree et al., 2014; Al-Khazraji et al., 2019). In our laboratory, we use BOLD signal changes as surrogates for changes in flow. These signals have high temporal resolution and high spatial resolution, providing whole brain maps of tissue perfusion. Although BOLD reflects flow-induced deoxyhemoglobin dilution, to its credit the signal has a reasonably linear relation to flow at moderate levels of hypercapnia (Hoge et al., 1999). Both TCD and BOLD are internally consistent but are poorly correlated (Burley et al., 2020). Arterial spin labeling uses magnetic labeling of water protons as a flow tracer and is a very good measure of flow. However, its limitations for CVR include imperfect labeling efficiency that can change from patient to patient based on difference in anatomy, and the magnetic label decays as a function of T1-relaxation over time. Delays in arrival time caused by steno-occlusive disease can result in problems with labeled proton localization and increasing image noise.





CVR MEASURES


Basic CVR Measures

Failing precise targeting of PaCO2, a reasonable fallback position is to assume that the ΔPETCO2 is close to ΔPaCO2 and therefore can be used to index the change in flow for the stimulus by dividing it by ΔPETCO2 and defining the stress indicator as the slope of line of best fit, CVR (Vesely et al., 2001; Sobczyk et al., 2014).

We initially considered the magnitude of the CVR as reflecting the vasodilatory vigor of the underlying vasculature (Bhogal et al., 2014). In patients with known vascular pathology, we identified specific regions of interest (ROI) in some patients where, rather than flow increasing in response to a stressor, it declined. Such areas of “steal” in response to hypercapnia had been described more than 40 years ago (Brawley, 1968; Symon, 1969) and have been reviewed recently (Fisher et al., 2018).



Enhanced CVR Model and Physiological Interpretations

We also developed a more comprehensive model to explain additional behaviors of the vasculature during hypercapnia. This model consisted of blood vessels organized in a series of hierarchical vascular beds where each downstream bed has a greater flow potential than its supply vessels (Duffin et al., 2017, 2018). Consequently, on the application of a vasoactive stimulus, vascular territories perfused in parallel from a common source must compete for inflow such that increased inflow to beds capable of more robust vasodilation is at the expense of those with less robust vasodilation, i.e., with steal (Sobczyk et al., 2014). The presence of steal is known to be a strong marker for risk of stroke (Reinhard et al., 2014) and is therefore important to identify. Importantly, the absence of steal indicates sufficient collateral blood flow to meet the flow requirements downstream from the stenosis and seems protective for stroke (Bang et al., 2008; Sheth et al., 2016; Tan et al., 2016).

This view is the basic model we followed in studying CVR in the first 434 patients examined (Spano et al., 2013). While maintaining consistency in the methodology of our studies, we nevertheless explored alternatives to our initial underlying assumptions. The aim of the remainder of this paper assembles some of the subtle, but retrospectively obvious lessons we learned over the last two decades about optimizing the stressor, developing new stress indicators, and furthering the understanding of cerebral vascular physiology.


The Two-Point Stimulus

As defined above, the vasoactive stimulus is the PaCO2. Note that when the hypercapnic stressor is implemented by breath hold or fixing the FICO2, the magnitude of the stressor, that is, the change in the independent variable PaCO2, is unknown. With breath hold, ΔCBF is a function of time and can only be indexed by breath hold duration, which correlates poorly with ΔPaCO2. For FICO2 inhalation, ΔPETCO2 is known, but not ΔPaCO2. As such, CVR can only have a binary outcome: either positive or negative (steal absent or present). This information is retained despite the uncertainty in ΔPaCO2 because the denominator ΔPETCO2 is always positive, leaving the sign of the slope to depend only on the numerator, ΔCBF.




CVR Beyond the Two-Point Stimulus

To obtain information beyond this binary labeling, we set out to address one major unknown by precisely targeting the PaCO2. For this purpose, we developed a system involving SGD (Slessarev et al., 2007; Fisher et al., 2016). SGD enables the establishment of PETCO2 within 2 mmHg of a target, independent of the level and pattern of breathing. A further benefit of SGD is that the difference between PETCO2 and PaCO2 falls within the range of error of the blood gas analyzer, making the equivalent value to PaCO2 accessible non-invasively (Ito et al., 2008; Fierstra et al., 2011, 2013). Also employing SGD, Willie et al. (2012) reported a regression of PaCO2 vs. PETCO2 over a range of 15–65 mmHg had slope 0.88 with a r2 of 0.98 and Bland–Altman analysis showing a bias where PETCO2 exceeded PaCO2 by about 5 mmHg at the highest PCO2 levels.

Note that henceforth in this paper, when referring to a stressor administered via SGD, we will cite PaCO2 when referring to the stimulus and PETCO2 when referring to the measured parameter.


CVR in Health

In healthy people the relationship between PaCO2 and CBF is sigmoidal with a midpoint close to baseline PaCO2 showing vasodilatory and vasoconstrictor reserves (Battisti-Charbonney et al., 2011; Bhogal et al., 2014; Duffin et al., 2017). The sigmoid response characteristics vary between white matter and gray matter (Bhogal et al., 2015) and indeed between more specific anatomical locations (Sobczyk et al., 2015; van Niftrik et al., 2017; Duffin et al., 2018). Nevertheless, in health, the slope of a voxel-wise line of best fit between PETCO2 and CBF provides a reasonably accurate, simplifying, linear representation of the sigmoidal CO2-CBF response (Bhogal et al., 2014; Sobczyk et al., 2014). Sobczyk et al. (2015) and McKetton et al. (2018) have provided an atlas mapping normative CVR with voxel-wise mean ± SD for CVR in health.



CVR in Neurovascular Disease


The Shape of the PCO2–Flow Relationship

In the presence of neurovascular disease, the sigmoidal relationship of flow to PaCO2 is degraded such that curves become flattened (Harper and Glass, 1965; Ringelstein et al., 1988; Sobczyk et al., 2014). Figure 1 represents flow in selected voxels over a range of PaCO2 in a patient with cerebrovascular disease.
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FIGURE 1. The effect of progressive weakening of vascular response to PaCO2 on the calculation of cerebral vascular reactivity (CVR). Data show blood oxygen-level-dependent (BOLD) responses to a range of PETCO2 in selected ROI in an 18-year-old male with moyamoya disease affecting predominantly the right MCA territory. With progressively weaker vascular responsiveness, the sigmoid relationship (red curve from healthy cortex) weakens, the slope flattens (yellow curve, from moderately compromised territory), and finally, flow decreases instead of increases (steal: blue curve, severely compromised territory) in favor of the more robust vascular beds. Overall fitting a straight line to the data between PETCO2 40 and 50 mmHg results in a good fit for the red and yellow lines, less so for the biphasic blue line with slope depending on baseline and the highest PaCO2. Modified from Sobczyk et al. (2014).


Note that a suitably strong stressor is required to stimulate a sufficiently robust vasodilation in healthier vascular territories such that blood flow is preferentially directed to those territories and away from those with a weaker vasodilatory response, resulting in reduced flow or steal. The greater the vasodilation in the healthy vasculature, the greater the sensitivity for exposure of vasodilatory reserve (Figure 2).

[image: Figure 2]

FIGURE 2. Voxel-wise changes of BOLD signal and CVR as a function of ΔPETCO2 in the hypocapnic and hypercapnic range. Same subject as Figure 1. (A) BOLD signal change in % from baseline PETCO2 40 mmHg shown in interval increases of 2 mmHg. Note progressive changes in BOLD signal at every increment of PETCO2 of 2 mmHg. (B) Effect of CVR calculated as ΔBOLD/ΔPETCO2 on differences in ΔPETCO2. Note increases in the extent of steal with greater changes in PaCO2 demonstrating its shortcomings for normalization for ΔPETCO2. Standardization therefore results from using a reproducible stimulus. (C) CVR in the hypocapnic range is radically different from the hypercapnic range (see also Figure 3). Respective color scales on right.


From these considerations, we have the first four lessons:

1. When CBF responses to changes in PETCO2 are curved, a two-point stressor will result in a reduced CVR.

2. The less sigmoidal the flow vs. PaCO2 curve, the more tenuous the connection between the CVR calculation and the vascular reactivity and the more the CVR is affected by the initial PaCO2 and ΔPaCO2 (see Figure 2).

3. Small differences in the ΔPaCO2 (~2 mmHg) result in measurable changes in CVR throughout the hypocapnic and hypercapnic ranges (Figure 2).

4. The CVR depends on whether the ΔPaCO2 is applied in the hypocapnic or hypercapnic range and the direction of change (see also Ide et al., 2003; Coverdale et al., 2014; Figure 3).
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FIGURE 3. The effect of direction of change of PaCO2 on CVR. The patient is the same individual whose data are shown in Figures 1, 2. The experimental paradigm of changes in PETCO2 is shown in red in the graph; BOLD signal changes are shown in blue. CVR maps shown in the lower figure correspond to the periods depicted on the graph, with arrows showing the direction of change in PETCO2. (A) As PETCO2 is reduced from 40 mmHg to 30 mmHg, there is a symmetrical reduction in BOLD signal in the white and gray matter in both hemispheres. (B) The mirror image change in PETCO2 from 30 mmHg to 40 mmHg results in an asymmetrical change where flow increases in the left hemisphere while decreasing in the right (steal). (C) Continuation of increase in PETCO2 to 50 mmHg exacerbates the flow discrepancies. (D) Reducing the PETCO2 from 50 mmHg to 40 mmHg reduces flow in the healthier left hemisphere as expected when PETCO2 falls. However, the blood vessels in right hemisphere paradoxically increase their flow, a feature attributed to the improved perfusion pressure as left hemisphere vessels constrict. Modified from Sobczyk et al. (2014).







ASPECTS OF THE STIMULUS AFFECTING CVR


Baseline PCO2 and CVR

Following from (2): What baseline PCO2 should be used for measuring CVR? In the first decade, we assumed that the normal PCO2 for humans was nominally 40 mmHg and would provide a universal starting point. However, over the years we found that resting PETCO2 varied between 30 mmHg and over 47 mmHg, but each baseline PETCO2 remained mostly constant over time, in some people over the many years in which we followed them.

The alternate approach we considered was that of identifying a participant’s resting PCO2 and applying a stimulus from resting PETCO2 to resting + 10 mmHg. It was counterintuitive that a PETCO2 stressor of 34 mmHg to 44 mmHg in one person with resting PETCO2 of 34 mmHg would be equivalent to one of 44 mmHg to 54 mmHg in another with resting PETCO2 of 44 mmHg. However, over time we were convinced that this was indeed the case and changed to a stressor PETCO2 spanning the range from baseline to baseline + 10 mmHg. Figure 4 is a vivid illustration of the wisdom of this approach. These findings are consistent with the idea that people normalize their resting vascular tone to their resting PCO2 which they retain for years as indicated by full metabolic compensations and are not at all committed to some arbitrary “normal” value in textbooks.

[image: Figure 4]

FIGURE 4. CVR responses to two 10 mmHg increases in PETCO2: (A) from subject’s actual baseline to baseline + 10 mmHg, showing higher CVR; (B) from 40 to 50 mmHg, showing that CVR is globally reduced. Subject was a healthy active 30-year-old female with resting PETCO2 ranging between 28 and 30 mmHg on different days, verified by a direct measure of PaCO2; her commensurately reduced bicarbonate level indicated that this was a longstanding condition, not due to acute hyperventilation.


From these considerations, we have the fifth lesson:

5. For accuracy of CVR and comparability between subjects, the baseline for CVR measurement should be the resting PETCO2.



Effect of Blood Pressure on CVR

The brain is protected from hypoperfusion resulting from reductions in perfusion pressure by reflex vasodilation, mostly of small arterioles (50–200 μm) downstream from pial vessels (~300 μm; Kontos, 1989), a response termed “autoregulation” (Kulik et al., 2008). Hypercapnia is distressing for some subjects, and a few may respond with increases in blood pressure. Hypercapnia dilates both the pial and penetrating arterioles, blunting the autoregulatory vasoconstriction restraining increases in CBF due to increases in blood pressure. In the presence of hypercapnia, an apparent “autoregulatory break-through” may occur, as depicted in Figure 5.

[image: Figure 5]

FIGURE 5. MAP (squares) and %MCAv (triangles) responses to increases in PETCO2 in a healthy subject. In the presence of hypercapnia, an apparent “autoregulatory break-through” occurs in this subject at approximately 47 mmHg. Figure recreated and modified from Battisti-Charbonney et al. (2011).


From these considerations, we have the sixth lesson:

6. Monitor blood pressure during assessment of CVR. Interpret flow results in the presence of hypercapnia and hypertension with caution.



The Effect of PO2 on CVR

When administering a fixed FICO2 such as “carbogen” (5% CO2), whether the balance is composed of air or O2 is consequential. If the balance is O2, then compared to the balance being air, there will be a higher ventilatory response and, as a result, a smaller ΔPaCO2 (Prisman et al., 2007; Fisher, 2016) and therefore a smaller ΔCBF. Concurrent hypoxia to arterial saturations below 70% may also increase the CBF response to hypercapnia (Poulin et al., 1996; Ainslie and Burgess, 2008; Mardimae et al., 2012; Willie et al., 2012).

Accordingly, seventh and eighth lessons are:

7. With fixed FICO2, the minute ventilation, and therefore the PaCO2, depends on the inspired PO2 and ventilatory response, neither of which can be predicted or corrected post hoc. This confounder should be considered for all fixed FICO2 protocols.

8. A fixed inspired PO2 does not result in a fixed arterial PO2; the latter varies depending on the level of ventilation in a mechanism analogous to that of breathing a fixed FICO2. Such small changes in PO2 due to differences in ventilation have inconsequential changes for the CVR.



Non-sigmoidal Flow Responses and Calculation of CVR

In our early investigations of the way in which CBF responds to PaCO2, we applied a gradual “ramp” increase in PaCO2 from resting baseline to baseline + 15 mmHg over 4 min (Sobczyk et al., 2014). The results made it clear that, in the presence of cerebrovascular disease, many vascular beds, some as large as an entire hemisphere, have complex flow responses that are decidedly not sigmoidal, nor could they be accurately summarized by a linear regression. We studied the voxel-by-voxel changes in signal over the range of PETCO2 (Fisher et al., 2017) and were able to classify the PETCO2 response patterns into four basic types: proportional to PaCO2, biphasic rise-fall, negatively proportional to PaCO2, and biphasic fall-rise (Figure 6).

[image: Figure 6]

FIGURE 6. Analysis of flow signal (ΔBOLD) over a range of PaCO2 in the presence of cerebrovascular disease. Same subject as Figure 1. The PaCO2 was varied in a ramp paradigm (see Figure 3) from 10 mmHg below baseline to 15 mmHg above baseline. Left Map: The voxels are analyzed as CVR and color-coded as per the color scale. Right Map: This map uses the color scale to indicate the pattern of BOLD signal over the range of PaCO2. Types of response: (A) positive response with a sigmoidal shape; (B) initial positive response which then declines; (C) response which progressively declines; and (D) initial decline followed by progressive increase. In healthy people, robust response voxels overwhelmingly predominate, and the map is substantially red. Note the projection of CVR as calculated for a hypothetical two-point PCO2 stimulus of 45 mmHg and 50 mmHg for the voxels of type (B) and (D) (see 1 and 2). In the upper figure, a PETCO2 stimulus of 45 mmHg results in a positive CVR but at a PETCO2 of 50 mmHg, CVR of the same voxel is negative, indicating “steal.” In the lower figure, a PETCO2 of 45 mmHg results in a negative CVR but a positive CVR at 50 mmHg. Importantly, the type map can define the regions with the greatest steal physiology, as indicated by dark blue. This can then be used as a voxel-wise ordering of severity of steal physiology. Modified from Duffin et al. (2017).


By investigating the frequency and distribution of the various response patterns in healthy subjects and patients with cerebrovascular steno-occlusive disease, we found that the response types were not dispersed throughout the brain, but tended to cluster in large contiguous regions, strongly suggesting shared physiologic causes. Analyzing the biphasic curves as a linear regression can obscure important physiological information from the subsequently derived CVR maps (Fisher et al., 2017). Rather, multimodal analysis (transfer function analysis (Duffin et al., 2015) or vascular resistance analysis (Duffin et al., 2017, 2018) can be used to extract abundant additional nuanced information regarding vascular response functions.

From these investigations, we derived the additional lessons:

9. A ramp stimulus reveals the pattern of response to a range of PaCO2 values.

10. A ramp stimulus to a PaCO2 >10 mmHg above resting explores a higher range of vasodilatory reserve. This range of reserve would not be interrogated with a smaller stressor such as 5 mmHg.

11. A ramp stimulus generates the data in a form that can be analyzed for intrinsic vascular resistance (Duffin et al., 2017, 2018; McKetton et al., 2019).




A NEW CVR METRIC: SPEED OF RESPONSE

The calculation of CVR as the slope of a regression between PaCO2 and flow becomes progressively less representative of vascular reactivity as the correlation diminishes. However, another, less apparent factor also affects the quality of representation, and likely a reliable indicator of vascular health in its own right—duration of full evolution of the CVR response after stimulus onset, i.e., the “speed of response.” The effect of a slow response on the calculation of CVR is shown in Figure 7. The slow vascular response to a step change in PETCO2 (Figure 7A1, green line) graphs a large range of delayed changes in BOLD signal at the 50-mmHg position on the abscissa (Figure 7A3, black dots) reducing the slope of the line of regression, compared to that of a rapid response (Figure 5 row B, red line, black dots). Clearly, a simple regression of all data points is not an accurate summary of the vascular response when the vascular response time to the stimulus is prolonged; a correction is therefore required.

[image: Figure 7]

FIGURE 7. Effect of the speed of vascular response to a stimulus on the measure of CVR. (A1, B1): PETCO2 and BOLD signal for voxels shown in maps in row (C). (A2, B2): multiple versions of PETCO2 obtained by convolving the PETCO2 with an exponential function of time constant τ. The heavy line is the one that best fits the signal shown in A1 and A2, and the associated τ characterizes the speed of vascular response (see Figure 1 in Poublanc et al., 2015). (A3, B3): The black dots map the BOLD vs. PETCO2, and the black line indicates the associated regression line. The green and red dots are BOLD signal graphed against convolved PETCO2. The slopes of the green and red regression lines denote the amplitude of the signal corrected for its response time τ. (C) Right figure shows the distribution of τ in an axial slice. The slowed responses (indicated by the green coloration) would tend to reduce the CVR value calculated from actual PETCO2 and increase the “steal” colors calculated by line of best fit alone (see images on left in Figure 4). (C): Left figure. The CVR map shows a normal CVR after mathematically correcting for the slowed τ. This shows that abnormal CVR calculations without correcting for τ would be due to a slowed τ.



Mathematical Correction of CVR for the Speed of Response

In Figure 7 we show the mathematical approach of Poublanc et al. (2015) for correcting CVR for a slow response. This process entails assuming the response is a first-order exponential and obtaining an index of that delay in the form of τ, the time constant required to match the response to the exponential function (Figures 7A2,B2). Caveat: Heretofore, we have used the input function containing both the rising and declining PaCO2 in the calculation of τ in response to the step change in PaCO2. This method assumes τ is the same in both directions. Figures 2, 3 provide reason to challenge this assumption in future analysis. Further mathematical treatments are needed. Transfer function analysis can be used to identify phase, gain, and coherence metrics (Duffin et al., 2015). Sinusoidal stimuli may be used (Blockley et al., 2011), and the linear fit between the observed BOLD signal and the arrival-time adjusted PETCO2 convolved with the hemodynamic response function (Yao et al., 2021).



Physical Correction of CVR for the Speed of Response

The amplitude of CVR can also be corrected for speed of response by changing the PETCO2 vs. time profile of the stressor from a step to a ramp (Figure 8). In the case of a slowly rising stressor, the effect of slowed response times on the CVR is reduced, resulting in an accurate calculation of amplitude of CVR (Poublanc et al., 2015).

[image: Figure 8]

FIGURE 8. CVR measured with a step (“box car”) change and a ramp change of PETCO2 in a patient with moyamoya disease. The calculation of CVR after the step change indicates extensive bilateral “steal.” The gradual ramp stimulus shows much reduced steal (less blue). These maps indicate that, if not accounted for, slowed response times contribute to the reduced values in the calculation of the CVR.




Speed of Response as a Metric of Vascular Health

How quickly the vascular resistance in a voxel changes may be a metric of neurovascular health. We frequently observed a strong correlation between speed of response, CVR, and known vascular pathology. Our current impression is that of these three, the speed of response is the most sensitive to mapping the extent and grading the severity of pathology (Poublanc et al., 2015; Holmes et al., 2020), a conclusion also reached by others (van Niftrik et al., 2017). It is currently debated as to whether the τ slowing effect of vascular risk factors on parenchymal brain arteries can be separated from those of extra-parenchymal large vessel arterial steno-occlusive disease.

Measurement of the speed of response may be limited by the time taken for the stimulus to evolve to a steady state. Figures 7A2,B2 illustrates a range of the slowing of response to a square wave stimulus. If rather than a square wave, the PaCO2 rises to a maximum with a time constant of τstimulus, the calculated τresponse cannot be less. With stressors such as fixed FICO2, it is not possible to measure any τ-response less than the time constant of the lung wash-in to a new PCO2. In healthy young people, this is 20–30 s but is longer in older people and those with expiratory flow restrictions. Consequently, measuring the intrinsic speed of the vascular response requires a stressor with a very short τ-stimulus approaching a square wave, substantially changing from baseline to target PaCO2 within one breath, as is possible with SGD (Fisher et al., 2016).

From these considerations, we have drawn three further lessons:

12. CVR has two independently measurable metrics: the amplitude of response and the speed of response.

13. The measure of the speed of vascular response to a stimulus requires a stimulus shorter than the fastest vascular response time constant to be measured.

14. To measure amplitude of change, speed of change can be accounted for mathematically or physically via a slow ramp or sinusoidal stimulus paradigms.




ASSESSING SINGLE SUBJECTS/PATIENTS: WHAT IS NORMAL?

The repeatability of a test in one person over time (Figure 9) or between two people is the key to clinical application. Assuming two subjects receive identical stimuli and are scanned with the same scanner parameters, the CVR of a ROI, or even that of a single voxel, should be comparable after accounting for day-to-day variations in subject physiology and scanner instabilities. Administering the same stimulus and using the same scan parameters over a cohort of healthy subjects enable the generation of a map of voxel-wise normative CVR values (as mean and standard deviation) controlled for anatomical location, age, sex, or any other factor. Collectively, such normative data are referred to as a “CVR atlas” (Sobczyk et al., 2015; Figure 10).

[image: Figure 9]

FIGURE 9. Reproducibility of the stimulus. Data from a 46-year-old female being followed for progressive narrowing of intracranial segments of both internal carotid and middle cerebral arteries. CVR scan in (A) was performed 2 years prior to CVR scan in (B) to assess the progress of hemodynamic compromise. Note the high reproducibility of the stimulus. This reproducibility enables the dampening flow response (red line) in (B) to be attributed to the vascular compromise.


[image: Figure 10]

FIGURE 10. Normalizing the CVR score in terms of the normal range. An identical stimulus is applied to each subject in a cohort of healthy people. CVR is calculated and mapped to standard space. Mean (M) and standard deviation (σ) are calculated for each voxel. A patient is administered the same test. The patient CVR is assessed as z-scores, defined as shown in step 5. Z-scores can be color-coded and mapped over the anatomical scan to show the distribution of coherence to the mean. Figure from Fisher et al. (2018).


Performing repeated CVR tests in a cohort enables the documentation of the normal range of voxel-wise test–test variability. These data can be used to assess whether repeated tests in a single subject differ over and above that due to extrinsic causes (e.g., stimulus delivery and imaging devices) of test–retest variability and therefore attributable to a disease process or surgical intervention. Such determinations are pertinent in clinical assessment and drawing conclusions from clinical data (Sobczyk et al., 2016).

From these considerations, we draw the final two lessons:

15. A standard stimulus and uniform scan parameters enable construction of an atlas of normal values and their standard deviation.

16. A merged group atlas of normative CVR metrics enables scoring a single subject/patient in terms of standard deviation differences from normal responses, thus providing clinical utility important for judging the impact of steno-occlusive disease in that individual.



CONCLUSION

Standardization and reproducibility of the CO2 stressor are fundamental to advance the use of CVR for understanding cerebral vascular physiology and pathophysiology and translating the science to the bedside.

We present 16 lessons (limitations, optimizations, and interpretations) acquired from two decades using CVR as a cerebrovascular stress test in about 2,000 patients with cerebrovascular disease, as well as several healthy subjects. We investigated the method of action, and thereby the optimization and limitations of the stressor, identified suitable outcome variables, and divined the sometimes very obscure physiology at which they hinted. Many, but not all, of these have been presented in one way or another in our peer-reviewed publications over the years and various journals but we believe will benefit from collation into one document. The sum of this work may lead to the development of a quantitative repeatable standardized CVR test for both clinical and research purposes. In patients, it can be used to detect and quantify hemodynamic insufficiency, follow the natural history of the disease in individual patients, and assess the response to interventions. For research, the ability to apply standardized CVR methodology for data acquisition and quantitation is critical in any prospective clinical trial that assesses the natural history of disease and its management.
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There is increasing evidence that impairments of cerebrovascular function and/or abnormalities of the cerebral vasculature might contribute to early neuronal cell loss in Huntington’s disease (HD). Studies in both healthy individuals as well as in patients with other neurodegenerative disorders have used an exogenous carbon dioxide (CO2) challenge in conjunction with functional magnetic resonance imaging (fMRI) to assess regional cerebrovascular reactivity (CVR). In this study, we explored potential impairments of CVR in HD. Twelve gene expanded HD individuals, including both pre-symptomatic and early symptomatic HD and eleven healthy controls were administered a gas mixture targeting a 4–8 mmHg increase in CO2 relative to the end-tidal partial pressure of CO2 (PETCO2) at rest. A Hilbert Transform analysis was used to compute the cross-correlation between the time series of regional BOLD signal changes (ΔBOLD) and increased PETCO2, and to estimate the response delay of ΔBOLD relative to PETCO2. After correcting for age, we found that the cross-correlation between the time series for regional ΔBOLD and for PETCO2 was weaker in HD subjects than in controls in several subcortical white matter regions, including the corpus callosum, subcortical white matter adjacent to rostral and caudal anterior cingulate, rostral and caudal middle frontal, insular, middle temporal, and posterior cingulate areas. In addition, greater volume of dilated perivascular space (PVS) was observed to overlap, primarily along the periphery, with the areas that showed greater ΔBOLD response delay. Our preliminary findings support that alterations in cerebrovascular function occur in HD and may be an important, not as yet considered, contributor to early neuropathology in HD.
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INTRODUCTION

Huntington’s Disease (HD) is a devastating fully penetrant autosomal dominant progressive, rare neurological disorder that is characterized by progressive motor dysfunction, emotional disturbances, dementia, and weight loss (Conneally, 1984; Hersch and Rosas, 2008). It is caused by the abnormal expansion of a CAG repeat length in the gene that codes for an ubiquitously expressed protein, huntingtin (mHtt) (MacDonald et al., 1993), which can be found in neurons as well as all major components of the neurovascular unit including the basal lamina, endothelial cell, pericytes, smooth muscle cells (Lin et al., 2013; Drouin-Ouellet et al., 2015), astrocytes, and oligodendrocytes and microglia (Jansen et al., 2017). Chronic mHtt expression has been shown to alter the neurovasculature in an HD transgenic mouse model by upregulating wingless-related integration site (WNT) signaling activity and consequently inhibiting proper endothelial cell differentiation and maturation in the brain (Lim et al., 2017). The upregulation of WNT signaling activity in HD endothelial cells appeared to induce an increase in pericyte number (Stapor et al., 2014) and occurred early in the disease, leading to blood vessel sprouting, elongation, and early maturation. By late stage of disease, prominent aberrant vasculature was present (Padel et al., 2018). Alterations in the neurovasculature could result in increased cerebral blood volume, reduced cerebral blood flow (CBF), increased small vessel density and increased blood-brain barrier (BBB) permeability, as has reported in rodent models of HD and patient post-mortem tissue (Chen et al., 2012; Franciosi et al., 2012; Lin et al., 2013; Hua et al., 2014; Drouin-Ouellet et al., 2015; Hsiao et al., 2015). These studies provided early support for neurovascular dysfunction in HD. Impairments in neurovascular function have also been associated with enlarged perivascular spaces (PVS), which are considered not only a hallmark of small vessel disease (Brown et al., 2018), but of perivascular inflammation and impaired clearance of proteins (Brown et al., 2018). Using a novel automated segmentation algorithm (Chan et al., 2020b), we found that the load of enlarged PVS was greater in patients with HD in a manner that directly correlated with disease severity and caudate atrophy. Together, these findings converge to provide support for early impairment of cerebrovascular function, including prior to neuronal cell loss or to early clinical symptoms including weight loss, behavioral changes (Padel et al., 2018) or motor dysfunction (Lin et al., 2013; Drouin-Ouellet et al., 2015) in HD.

To date, studies have not as yet evaluated early cerebrovascular dysfunction in vivo in HD. In particular, mild physiological stress can be used to depict subtle vascular abnormalities prior to the failure in autoregulation. It is possible that early cerebrovascular dysfunction could contribute to early neuropathological changes in HD. In this study, we used hypercapnic stress, administering an air mixture with a low concentration of carbon dioxide (CO2) as a mild physiological stress, to probe regional cerebrovascular reactivity (CVR) in HD gene-expanded individuals, both motor pre-symptomatic and early symptomatic individuals. We mapped regional cerebrovascular responses to the CO2 challenge using blood oxygenation level dependent (BOLD) signal changes measured with functional magnetic resonance imaging (fMRI). This approach has a higher temporal resolution and higher contrast to noise ratio than arterial spin labeling (ASL), and might therefore be better able to more precisely demonstrate the vascular responses in white matter (Schmithorst et al., 2014). The extent of regional impairment in CVR was evaluated using the cross-correlation between regional BOLD signal changes and increased CO2 level, indicated by end-tidal partial pressure of CO2 (PETCO2), using a Hilbert Transform analysis (Saad et al., 2003). A correlation was also employed with the total functional capacity (TFC), a measure of clinical severity, to explore the potential clinical impact associated with impaired cerebrovascular function. Our findings support that early changes in CVR occur in HD and support the importance of considering neurovascular alterations as a key pathophysiological mechanism that could both contribute to subclinical progression and could also serve as a novel target for intervention.



MATERIALS AND METHODS


Participants

Huntington’s disease gene-expanded individuals, both motor pre-symptomatic and early symptomatic, were recruited from the Center of Excellence in the Department of Neurology at Massachusetts General Hospital. Healthy volunteers were recruited through the Partners hospital network and were screened to exclude neurological, mental and medical disorders, drug abuse, and contraindications for exposure to high magnetic field. Clinical assessments were conducted by an HD specialist (HDR). All MRI scanning was performed at the Athinoula A. Martinos Center for Biomedical Imaging at the Massachusetts General Hospital. All the experimental procedures were explained to the subjects. Signed informed consent was obtained before any study procedures were conducted. All components of this study were performed in compliance with the Declaration of Helsinki and all procedures were approved by the MGH Human Research Committee (IRB Protocol Number: 2014P002240).



MRI Acquisition

Magnetic resonance imaging brain scanning was performed on a 3-Tesla scanner (Siemens Medical, Erlangen, Germany). The head was immobilized in a standard head coil with foam pads. The following whole brain MRI datasets were acquired: (1) standard high-resolution 3D sagittal images acquired with volumetric T1-weighted 3D-MEMPRAGE sequence (TR = 2530 ms, TE = 1.74, 3.6, 5.46, and 7.32 ms, flip angle = 7°, FOV = 256 × 256 mm, matrix = 256 × 256, slice thickness = 1 mm); (2) T2-SPACE (TR = 3200 ms, TE = 454, flip angle = 120°, FOV = 256 × 256 mm, matrix = 256 × 256, slice thickness = 1 mm); and (3) BOLD-fMRI images acquired with gradient-echo echo planar imaging (EPI) sequence (TR = 1250 ms, TE = 30 ms, flip angle = 90°, FOV = 220 × 220 mm, matrix = 64 × 64, thickness = 5 mm, slice gap = 1 mm) during the hypercapnic challenge.



Hypercapnic Challenge With Externally Administered CO2

Subjects wore a nose-clip and breathed through a mouth-piece using an MRI-compatible circuit designed to maintain the PETCO2 within ±1–2 mmHg of the target PETCO2 (Banzett et al., 2000; McKay et al., 2003). Given the potential for inter-individual variance in the resting end-tidal partial pressure of CO2 (PETCO2) (West, 1992), the resting PETCO2 was assessed for each individual subject via calibrated capnography before the hypercapnic challenge. The fraction of inspired carbon dioxide was adjusted to produce steady-state conditions of normocapnia and mild hypercapnia (4–8 mmHg above the subject’s resting PETCO2). The CO2 challenge paradigm consisted of 2 consecutive phases (normocapnia and mild hypercapnia) repeating six times with three epochs of 4 mmHg increase and three epochs of 8 mmHg increase of PETCO2 (Figure 1). The normocapnia phase lasted 60–90 s, while the mild hypercapnia phase lasted 30 s. The total duration of the hypercapnic challenge lasted 10 min.


[image: image]

FIGURE 1. Paradigm of hypercapnic challenge using externally administered CO2.




Physiological Recording

Physiological changes, including the partial pressure of carbon dioxide (PCO2) and oxygen (PO2), and respiratory flow, were measured simultaneously with the MRI acquisition. PCO2 and PO2 were sampled through an air filter connected to the mouthpiece and the sampled gases were measured using gas analyzers (Capstar-100, Oxystar-100, CWE, Inc., PA, United States), after calibrating to the barometric pressure of the day of MRI scanning and correcting for vapor pressure. Respiratory flow was measured using a respiratory flow head (MTL300L, ADInstruments, Inc., CO, United States) on a breathing circuit via calibrated spirometer (FE141, ADInstruments, Inc., CO, United States). The recording of PCO2, PO2, respiratory flow was integrated into Powerlab and LabChart (ADInstruments, Inc., CO, United States). The physiological measurements were synchronized with the MRI images using trigger signals from the scanner. The BOLD-fMRI images and physiological recordings were stored for off-line data analysis.



Data Analysis


Processing of Physiological Data

Physiological data were analyzed using Matlab R2014a (Mathworks, Inc., Natick, MA, United States). Technical delays of PCO2 and PO2 were corrected by cross-correlating the time series of PCO2 and PO2 with the respiratory flow tracing acquired with the spirometer. End inspiration (I) and end expiration (E) were defined on the time series of PO2 and PCO2 and were verified by the inspiratory and expiratory phases of the respiratory flow time series. The breath-to-breath PETCO2 and end-tidal O2 (PETO2) were extracted at the end expiration of PCO2 and PO2 time series, respectively.



Cross-Correlation Analysis Between BOLD-fMRI Data and PETCO2

The BOLD-fMRI data were imported into the Analysis of Functional NeuroImage (AFNI) (Cox, 1996) (National Institute of Mental Health)1 software for data analysis. Details of preprocessing with AFNI are given as follows. The first 12 volumes of each functional dataset that were collected before equilibrium magnetization was reached were discarded. Each functional dataset was corrected for slice timing, motion-corrected and co-registered to the first image of the first functional dataset using a three-dimensional volume registration. In the co-registered functional dataset, the time series of each voxel was de-trended with the fifth order of polynomials to remove the low drift frequency, and the components of motion were removed using orthogonal projection. The clean functional dataset was then normalized to its mean intensity value across the time series. Voxels located within the ventricles and outside the brain defined in the parcellated brain volume using FreeSurfer version 5.3 (Dale et al., 1999; Fischl et al., 1999) (MGH/MIT/HMS Athinoula A. Martinos Center for Biomedical Imaging, Boston)2 were excluded. Individual subject brain volumes with time series of percent BOLD signal changes (ΔBOLD) were derived. Taking advantage of Fast Fourier transforms, a Hilbert Transform analysis (Saad et al., 2003) was used to measure the cross-correlation between the ΔBOLD and the reference time series of PETCO2 in each voxel and the associated delay of BOLD response relative to the changes in PETCO2.

The statistical parametric maps for individual subjects were cluster-corrected using a threshold estimated with a Monte Carlo simulation algorithm. Individual subject brain volumes with cross-correlation coefficients were registered onto each subject’s anatomical scan and transformed to the standardized space of Talairach and Tournoux (Talairach and Tournoux, 1988). In order to protect against type I error, an individual voxel probability threshold of p < 0.005 was held to correct the overall significance level to α < 0.05. Monte Carlo simulation was used to correct for multiple comparisons (Gold et al., 1998). Based upon a Monte Carlo simulation, using 2000 iteration processed with ClustSim program (Ward, 1997), it was estimated that a 226 mm3 contiguous volume would provide the overall corrected threshold of p < 0.05.



Group Analysis of Demographics, CVR, and Disease Severity Between Patients and Controls

Descriptive summaries were computed by diagnostic group. Categorical variables were summarized as frequencies and percentages and group differences were assessed using either the Chi-square test or Fisher’s exact test. Continuous variables were summarized as median (interquartile range = 25th and 75th percentiles) and group differences were assessed using Kruskal-Wallis test.

Cross-correlation coefficients in individual subject maps were transformed to z-scores for the group analysis (z = ln[(1 + r)/(1-r)]/2) (Fisher, 1921). For each subject, these z-scores were averaged in each of the 160 brain regions parcellated using FreeSurfer version 5.3 (Dale et al., 1999; Fischl et al., 1999). A linear regression model was constructed to quantify the association between CVR, as indicated by the average z-score, and disease designation (HD and control) after adjusting for age. Separate models were estimated for each region. For each model, linear combinations of parameter estimates were computed to estimate average z-values by group (fixing age = 50), and their associated 95% confidence intervals. Differences in average z-scores (HD-control) were also estimated, after adjusting for age, and the 95% confidence and unadjusted p-value.

Partial spearman correlation coefficients (Liu et al., 2018) were estimated to summarize the monotonic relationship between z-scores and TFC for all subjects after adjusting for age. False discovery rate adjusted p-values were computed to account for multiple comparisons (Benjamini and Hochberg, 1995). All group analyses were performed using R 4.0.23.



RESULTS

Twenty-three participants (14 males, 9 females, aged from 22 to 62 years) were included. Eleven were healthy volunteers (median = 32.0 years, interquartile range IQR = 27.5–46.0 years; 9M and 2F) and the remaining 12 were HD gene-expanded individuals (median = 51.5 years, interquartile range IQR = 47.3–57.3 years; 5M and 7F), including both pre-symptomatic and early symptomatic HD subjects. The selected clinical characteristics of the gene-expanded subjects are shown in Table 1. Significant differences were observed between HD and control groups in terms of age (p = 0.026) but marginally for gender (p = 0.123).


TABLE 1. Subject demographics.
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Group Comparison of Cross-Correlation of ΔBOLD With PETCO2 Between HD Gene-Expanded Subjects and Controls

Brain maps with the cross-correlation of ΔBOLD with PETCO2 superimposed on the T1 image and the associated ΔBOLD response delay superimposed on the T2-T1 ratio image for individual gene-expanded subjects are shown in Figure 2 and Supplementary Figure 1, respectively.
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FIGURE 2. Cross-correlation of ΔBOLD with PETCO2. (A) Brain maps of cross-correlation of ΔBOLD with PETCO2 for individual HD subjects. The strength of cross-correlation increases from light color to dark color. Brain regions without color indicate that the ΔBOLD in these areas are not correlated with the changes in PETCO2. Multiple comparisons are corrected using clustering at an overall p < 0.05. (B) Group comparison of Fisher-transformed cross-correlation values between HD subjects and controls after adjusting for age. Cold colors represent the weaker cross-correlation found in HD subjects than in controls. Multiple comparisons were corrected at false discovery rate pfdr < 0.05.


After correcting for age, we found that the cross-correlation between the time series for regional ΔBOLD and for PETCO2 in several subcortical white matter regions was significantly weaker in gene-expanded subjects than in controls (Figure 2 and Table 2). Regions of significance included corpus callosum (mid-posterior segment: HD-Control estimate = −0.23, 95% CI = −0.37, −0.08, p = 0.002, pfdr = 0.041; central segment: HD-Control estimate = −0.24, 95% CI = −0.38, −0.11, p = 0.001, pfdr < 0.029), subcortical white matter adjacent to rostral and caudal anterior cingulate, rostral and caudal middle frontal, insular, middle temporal, and posterior cingulate areas. Greater dilated PVS load was also observed to overlap with and along the periphery of the areas that showed greater ΔBOLD response delays (Supplementary Figure 1). In the symptomatic HD group, no significant correlation was found between TFC and the z-scores indicating the cross correlation of ΔBOLD with PETCO2 after adjusting for age (pfdr > 0.05).


TABLE 2. Association between Fisher-transformed cross-correlation values and disease designation (HD vs. Control) after adjusting for age.
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DISCUSSION

Evidence from transgenic mouse models has suggested that cerebrovascular dysfunction might contribute to the early neuropathology in HD. To our knowledge, our study is the first to confirm regional impairments of cerebrovascular function in vivo using an externally administered CO2 challenge in human subjects with pre-symptomatic and early HD.

In our study, impaired CVR was predominantly found in subcortical white matter regions in HD gene-expanded individuals (Figure 2), including in the body of the corpus callosum, forceps major, superior longitudinal fasciculus, and the cingulum bundle. These correspond to white matter regions that are both known to demonstrate altered microstructural integrity (Rosas et al., 2018) and adjacent to cortical brain areas shown previously with reduced cerebral blood flow (Chen et al., 2012) and/or cortical atrophy (Rosas et al., 2002, 2008; Hobbs et al., 2010, 2011). Increased PVS burden was also found in several subcortical white matter regions including the insula, caudal middle frontal and middle temporal areas (Chan et al., 2020b) in HD. Impaired cerebrovascular function and increased PVS burden were associated with each other in cortical areas also showing reduced cerebral blood flow. These findings, together, suggest that cerebrovascular dysfunction is both early and significant in HD (Brown et al., 2018). Furthermore, they suggest that alterations in cerebrovascular function could potentially independently contribute to the neuropathology of HD.

This was supported by the presence of mutant huntingtin (mHtt) (MacDonald et al., 1993) not only in neurons but in all major components of the neurovascular unit including the basal lamina, endothelial cell, pericytes, smooth muscle cells (Lin et al., 2013; Drouin-Ouellet et al., 2015), astrocytes, oligodendrocytes, and microglia (Jansen et al., 2017). Chronic mHtt expression appears to not only alter the neurovasculature by the upregulation of WNT signaling (Lim et al., 2017) but also by affecting the expression and activity of endothelial nitric oxide (Deckel and Duffy, 2000), a vasoactive agent which could affect CVR. Disrupted cerebrovascular function may lead to reductions in CBF and prolonged relative hypoxia and/or neurovascular coupling (Kisler et al., 2017), which could then result in an increased PVS burden (Brown et al., 2018). This is consistent with our observation in HD gene-expanded subjects that greater dilated PVS load appeared to overlap with and occur along the periphery of the areas showing greater delays in cerebrovascular response (Supplementary Figure 1). Increases in PVS load have been associated with neuroinflammation, pericyte loss and breakdown of the blood-brain barrier (Sweeney et al., 2018; Nation et al., 2019), further exacerbating pathological cascades. Delayed cerebrovascular responses (Marstrand et al., 2002) or negative BOLD responses (Sam et al., 2016) to hypercapnic challenge have been previously reported in brain areas with white matter hyperintensities, compared to normal appearing white matter by as much as more than a year (Sam et al., 2016). Our finding of these changes including during the motor pre-manifest period supports that these alterations could influence not only the neuropathology of HD but contribute to clinical symptoms, including early cognitive deficits (Brown et al., 2018).

Taken together, our results support an important role for altered CVR in the pathophysiology of HD and support future longitudinal studies using CVR challenge to evaluate disease onset and/or disease progression.


Limitations of This Study

Since this is the first study to evaluate CVR with externally administered CO2 to HD patients, we limited our study of gene-expanded subjects who were either motor pre-manifest or in early stages of HD. Therefore, our study is limited by a relatively small sample size and with the exclusion of more advanced patients who might have also demonstrated more profound alterations. Another limitation is the age of the HD subjects and healthy controls was significantly different; this could influence the interpretation of the differences in CVR between these two subject groups. In order to address this, we included age as a regressor of no interest to correct for the potential contribution of aging in the group analyses. Increased arterial blood pressure resulting from moderate hypercapnia can be a confound in the CVR assessment. Although we limited the mild hypercapnic condition to 4–8 mmHg above the subject’s resting PETCO2, it would be ideal to continuously measure and monitor the blood pressure changes while the subjects are under hypercapnic challenge which we did not incorporate in the current study. Variations stemming from gas delivery apparatus, design of the breathing circuit, or of the protocol, to the analysis of the imaging data in CVR MRI studies using externally administered CO2 challenge have been reported previously (Fierstra et al., 2013; Liu et al., 2019; Chan et al., 2020a). These may be due in part to the level of the complexity of the set-up of the CO2 challenge, varying tolerability in different subject or patient populations, variability in the physiological responses, in addition to differences in analytic approaches used to measure the response. It would be ideal to have a standardized vasoactive stimulus available that could be applied in different settings and in different subject/patient populations; this should be an important consideration in future studies.



CONCLUSION

Our preliminary findings support that alterations in neurovascular function occur in HD and may be an important, not as yet considered, independent contributor to early neuropathology and clinical symptoms in HD.
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correlation coefficient; CV, coefficient of variation; R, repeatabilty index; GM, grey matter; DSC, dynamic susceptibility contrast; MCA, middle carotid artery; ICC, intraclass CC; HC,
healthy controls; SOD, steno-occlusive disease; SD, standard deviation.
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deep breathing

BOLD; EtCO,
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ASL; fixed inhaled
CO,

Duak-echo
ASL/BOLD; fixed
inhaled CO,

DSC; ACZ

Repeatability Population

Within-day repeatabilty 15 HC

Within- (Leung et al., 2016b;
Dengel et al., 2017) and
between-day repeatabiity
(Leung et al., 2016b; Sobozyk
etal., 2016; Dengel et al., 2017)
and within-day consecutive
intra-scan repeatability (Dengel
etal, 2017)

(Leung et al., 2016b) HC

Within-day (Dlamin et al,, 2018; 20 SOD (Dlamini et al., 2018).

Peng et al., 2020), between-day 9 (Peng et al., 2020), 12
(Peng et al., 2020),
inter-regressors (Bright and
Murphy, 2013) and intra-subject
(Bright and Murphy, 2013)
repeatabiity

Test-retest and inter-subject  9HC
repeatabilty
Within, between-day and 19 HC

inter-subject repeatabiity

Within-day (Liu et al., 2017a)
and between-day (Tancja et al.,
2019) repeatabilty

10 HC (Liu et al., 2017a)

Within- and between-day 16 HC
repeatability
Within- and between-day 26 HC
repeatability
Inter-scan repeatability 13HC

15 (Sobozyk et al., 2016),11
(Dengel et al., 2017), and 10

(Bright and Murphy, 2013) HC

6 stroke (Tanca et al, 2019),

Results

- Inter-session CV of GM CVR: 7.9-15.4% for a 3 min and
11.7-70.2% for a 1 min challenge

- Inter-session CV of WM CVR: 16.1-24.4% for a 3min
and 27.5-141.0% for a 1 min challenge

- Within-day intra-scan ICC of GM GVR (Dengel et al.,
2017):084

- Within-day intra-scan GV of GM CVR (Dengel et al.,

2017):5.70%

Within-day inter-scan ICC GVR in GM: 0.78 (Dengel

et al, 2017), 086 (Leung et al., 2016b); WM: 0.90

(Leung et al., 2016b)

Within-day inter-scan CV of GM CVR (Dengel et al.,

2017): 6.62%

Between-day ICC CVR in GM: 0.69 (Dengel et al,

2017), 0.78 (Leung et al., 2016b); WM: 0.72 (Leung

etal., 2016b)

Between-day CV CVR in GM: 7.87% (Dengel et al.,

2017), 7.8% (Sobczyk et al., 2016); WM: 10.3%

(Sobezyk et al., 2016)

- Within-day ICC of whole brain CVR: 0.7 (Dlamini et .,
2018), >0.4 (Peng et al., 2020)

Within-day CV of positive GM CVR: 9.1% (Dlamini et al.,
2018), <83% (Peng et al., 2020)

Within-day CV of negative GM CVR (Dlamini et al.,
2018): 22.5%

- Inter-regressor ICC of GM GVR (Bright and Murphy,
2013): <0.4 for ramp regressor and 0.82 for EtCO,
regressor

Intra-subject ICC of GM CVR (Bright and Murphy,
2013): 1.03% for EtCO; regressor

Inter-subject CV of GM CVR: 20%
Intra-subject CV of GM CVR: 8%
Intra-subject ICC of GM CVR: 1.04

ICC of GM GVR: 0.92 within-day, 0.81 between-day

- 1GC of WM GVR: 0.88 within-day, 0.66 between-day
GV of GM GVR: 4.2% within-day, 6.8% between-day,
20% inter-subject

GV of WM CVR: 6.3% within-cay, 9.9% between-day,
21.8% inter-subject

- Within-day ICC (Liu et al,, 20172): 0.91
Between-day correlation of lesion CVR (Taneja et al,
2019):12 = 0.91

Between-day correlation of contralateral-to-lesion GVR
(Taneja et al., 2019):r2 = 0.79

Within-day Rl: 18.2%; Between-day Rl: 25.1% for
baseline CBF, 24.8% for hypercapnia CBF

CV of inter-subject variabilty: 12.9% for baseiine CBF,
15.69% for hypercapnia CBF

Correlation with coefficient of determination of GM CVR
variabilty: 0.57 for within-day inter-scan, 0.41 for within-
day inter-session, 0.02 for between-day

CV of inter-subject variability of GM CVR: 17.5% for
within-day, 25% for between-day

- CV of intra-subject variabilty for GM CVR: 9.5% for
within-day inter-scan, 12.5% for within-day
inter-session, 17.5% between-day

Repeatability using the SD of the mean difference in CBF
between scans: 22.4%

Repeatabilty using the SD of the mean difference in
CBV between scans: 18.2%

BH, breath-hold; BOLD, blood oxygen level-dependent; ACZ, acetazolamide; CC, correlation coefficient; CV, coefficient of variation; GM, grey matter; DSC, dynamic susceptibility
contrast; ICC, intraclass CC; HC, healthy controls; SOD, steno-occlusive disease; SD, standard deviation; Rl, repeatability index.
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Functional measurement (mean =+ standard deviation) Total cohort Wallerian degeneration Wallerian degeneration p-value
(N=17) positive group (N = 8) negative group (N = 9)
Volume ipsilateral cerebral peduncle (cm®) 1.756 +0.82 151 £0.27 1.96 +£ 0.21 0.002
Volume contralateral cerebral peduncle (cm®) 1.92 £0.32 1.82 £0.32 2.01 £0.21 0.17
Cerebral peduncle volume Al —-11.0+£10.7 —20.33+7.71 —2.71 £3.95
Mean BOLD-CVR ipsilateral cerebral peduncle 0.16 £ 0.09 0.14 £0.12 0.17 £0.06 0.50
Mean BOLD-CVR contralateral cerebral peduncle 0.17 £0.10 0.15+0.12 0.19 £ 0.08 0.41
Cerebral peduncular BOLD-CVR Al (%) 1.09 £+ 23.09 —4.53 £ 27.01 7.52 +£17.45 0.33
Cerebral peduncular PET Baseline Al (%) 6.76 + 5.49 6.19 + 4.08 74 +£7.07 0.68
Cerebral peduncular PET Diamox Al (%) 5.32 £ 7.31 6.44 + 4.76 4.06 +£9.74 0.55
Ipsilateral thalamic diaschisis™* (%) 9 (47%) 7 (88) 2(22) 0.02
Volume thalamus ipsilateral (cm?®) 0.57 £0.95 0.51 £0.07 0.65 £ 0.08 0.001
Volume thalamus contralateral (cm?3) 0.69 £ 0.08 0.67 £ 0.06 0.71 £0.10 0.32
Thalamic volume Al (%) —19.2 + 16.6 —34.5 + 241 —9.7£125 0.02
BOLD-CVR ipsilateral thalamus 0.15 £ 0.086 0.12+0.08 0.17 £0.05 0.19
BOLD-CVR contralateral thalamus 0.18 £ 0.07 0.16 £ 0.09 0.19 £ 0.06 0.62
Thalamic BOLD-CVR Al (%) 20.15 £ 22.98 32.97 + 29.26 9.36 + 17.66 0.07
Thalamic HoO PET baseline Al (%) 10.65 + 9.65 14.58 £7.82 5.69 + 10.54 0.10
Thalamic Ho O PET Diamox Al (%) 10.78 £9.35 15.38 ++8.79 5.08 £8.09 D05
Crossed cerebellar diaschisis™* (%) 7 (36) 4 (50) 3(33) 0.61
Volume cerebellum ipsilateral (cm®3) 5.58 + 0.80 6.06 + 0.62 5.7 £0.92 0.44
Volume cerebellum contralateral (cmS) 5.79 +0.82 5.88+0.43 5.72 £ 0.10 0.74
Cerebellar volume Al (%) —1.47 £6.80 —2.88 +£5.19 —0.41 £7.99 0.52
Cerebellar BOLD-CVR Al (%) 3.78 &+ 18.01 1.82+6.8 —1.90 + 26.08 0.87
Cerebellar HoO PET baseline Al (%) 4.42 +£5.07 6.11 £ 5.01 2.50 + 5.62 0.18
Cerebellar HoO PET Diamox Al (%) 4.42 +3.84 5.45 + 4.03 2.48 +3.44 0.15
Stroke volume (cm?) 6.53 + 12.46 10.29 £ 17.4 3.19 +£4.20 0.25
Corticospinal tract involvement (%)* 7 (36) 7 (88) 0(0) <0.001

Al, asymmetry index; CVR, cerebrovascular reactivity, defined as percentage BOLD signal change per mmHg COa; N, number; PET, Positron emission tomography.

Values are presented as median (interquartile).
*Stroke lesions within the corticospinal tract
***As determined by the asymmetry indices of BOLD-CVR.
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Total cohort* (N = 17) Wallerian degeneration Wallerian degeneration p-value**
positive group (N = 8) negative group (N = 9)
Age (mean + SD) 683 +12.9 58.1+£13.5 585+ 132 0.95
Sex, n Male (%) 13 (76) 5 (63) 8 (89) 0.37
Smoking n (%) 12(71) 4 (50) 8(89) 0.09
Hypertension n (%) 12(71) 4 (50) 8(89) 0.09
Hypercholesterolemia n (%) 5(29) 5(29 12(71) 0.50
Obesity n (%) 2 (12%) 3(38) 2(22) 0.93
Diabetes n (%) 1(6%) 1(13%) 1(11) 0.34
Mean CO» baseline (mmHg) 37.8 £2.67 374+25 38.2+29 0.56
Mean CO» hypercapnia (mmHg) 472 +£22 468 +25 476 +£2.0 0.48
Mean CO, stepchange (mmHg) 9.4+13 9.4+12 94+15 0.98
Mean time after stroke (weeks) 41.6 £ 59 32.3+288 5004785 0.56
Stroke volume 7.86 +£12.07 1029 £ 17.4 3.19+4.20 0.25

COa, carbon dioxide; mmHg, millimeter mercury; N, number; SD, standard deviation.
*Total cohort describes all included chronic (>3 weeks) anterior circulation stroke patients
**p-Value determined between the group with and without Wallerian degeneration.
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N volumes (A >> P) - - 112 + 1 Mg

N volumes (P >> A) - - 1Mo
Acquisition time - - 6 min 44 s
TRUST

Voxel, mm?3 - - 34x34x5
TR/TE, ms - - 3,000/7
Acceleration factor - = GRAPPA =3
Phase partial Fourier - - 6/8

Slab thickness/gap, mm - - 100/25
Echo spacing, ms - - 0.49

T, ms - - 1,020

Flip angle, °© - - 90

Field of view, mm - - 220
Acquisition time - - 1min 27 sec

MRI: magnetic resonance imaging, TR: repetition time, TE: echo time, TI: inversion time, A: anterior, P: posterior, FLAIR: Fluid-attenuated inversion recovery, BOLD: blood
oxygen level dependent, pCASL: pseudocontinuous arterial spin labelling, TRUST: T2-relaxation-under-spin-tagging MRI.

*A subset of 145 out of the 552 participants at Wave MRI-1 on the Verio scanner also received pCASL scans (not vessel-encoded), the protocol for which is described in
detail previously (Suri et al., 2019).
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Medical history (hospitalisations, X X
diagnoses, and medications)

Alcohol and smoking X X
5-Dimensional Curiosity Scale X
Demographics (age, sex, and X X

education)

PCASL: pseudocontinuous arterial spin labelling; BOLD: blood oxygen level
dependent, MB6: multiband acceleration factor 6.
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Wave MRI-1 Wave MRI-2

Study name Whitehall Il Imaging Heart and Brain
Sub-study Study

Duration 2012-2016 2019-2023

Cognitive tests

Montreal Cognitive Assessment X X

Trail Making Test, A and B X X

Rey Complex Figure Test X X

Categorical Fluency Test (animals) X X

Hopkins Verbal Learning Test-R X X

Boston Naming Test-60 X X

Digit Span X X

Digit Coding Tests X X

Test of Premorbid Functioning X X

Dots and Letters X

Executive Clock Drawing Task (CLOX) X

CANTAB Reaction Time X

Purdue Pegboard X

Physiological measurements

Aortic ultrasound X

Carotid ultrasound X

Central blood pressure X

Body mass index X X

Peripheral blood pressure X X

MRI (core sequences)

T1-weighted X X

Diffusion-weighted X X

Fluid attenuated inversion recovery X X

(FLAIR)

Fieldmaps X X

T2*-weighted X

Resting-state MB6 BOLD X

Respiratory-calibrated MB6 BOLD X

Vessel-encoded pCASL X

T2-relaxation-under-spin-tagging X

(TRUST)

Clinical questionnaires (self-administered)

General Health Questionnaire X X

Mood Disorder Questionnaire X X

Centre for Epidemiological Studies X X

Depression Scale

State and Trait Anxiety Inventory X X

Physical Activity Questionnaire for Older X X

Adults

Locus for Causality Exercise X X

Questionnaire

Pittsburgh Sleep Quality Index X X

Jenkins Sleep Questionnaire X X

Life-Orientation Revised X X

Life Events X X

MacArthur stress reactivity X X

questionnaire

Penn State Worry Questionnaire X X

Handedness X X
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References  Study population(s)
Goitiaetal.  RRMS
[155)
HC
Pitteri et al. RRMS
[156]
HC
Carotenuto~ MS (RRMS, SPMS)
etal. [157) He
Kouvatsou MS (RRMS, SPMS)
etal. [158)
HC
Madroetal.  RRMS
[159) HC
Migiiore etal.  RRMS (no cognitive
[160) impairment)
HC
Planche etal.  Late-RRMS (LRRMS,
[161) disease duration >
10 years)
SPMS
PPMS
Roth etal. RRMS
(162)
SPMS
HC

twechsler memory scale- third edition.

NN
Female)

36 (30F)

42 (29F)

51(38F)
20(7F)

55 (32F)
20 (10)

33 (28F)

27 (24F)

83 (58F)
40 (24F)

24 (13F)

25 (13F)

41(34F)

37 (286)

23 (14)

20(17F)
20 (16F)

40 31R)

Meanage  Cognitive domain(s)
assessed

39.2+ 102 Fhid inteligence (Fl)

37.1+10.7 Executive functioning (EF)
Multitasking
Social cognition (SC)

36.7 £ 9.1 Information processing
speed under low,

342+ 123 medium, and high
visual-attentional load

459+ 143 Offactory function

401 £ 13

369+9.6  Working memory:
Phonological loop (PL)

33+£7.3  Working memory:

Visuospatial sketchpad
vs)
Working memory: Central
executive (CE)
Working memory:
Episodic buffer

41648  Episodic memory (EM)

684

423+9.4  Processing speed,
Executive functioning

428 + 10.2

513+ 10 All cognitive domains

50297

52484

43589  Attention

60.7 £ 6.2  Information processing
speed

462+87

Tests administered

Matrix reasoning subtest of
wechsler adult intelligence
scale-l

Wisconsin cart sorting test;
Verbal fluency; Trail making
test B

Hotel task

Faux pas

Videogame with
manipulated visual-attention
load

The University of
Pennsylvania Smell
Identification Test (UPSIT-40)

Digit recall; Word recall;
Non-word recall

Block recall; Mazes task;
Visual patterns test

Backward digit recall;
Backward block recall;
Listening recall

Galifornia verbal learning
test (Greek adapted
version); Logical Memory |-
immediate story recall
Logical memory | and Il, and
Family pictures | and Il of the
WMS-IIt

Task-Switching paracigm

Neuropsychology test
battery

Attention Network Test
(ANT)

Simple Reaction Time
(SRT); Choice Reaction
Time (CRT) Tasks

Main findings

RRMS patients showed impaired
scores on Fl compared to HC

(P < 0001).

RRMS patients showed impaired
scores on all tests of EF
compared to HC (P < 0.06),

There was no difference between
groups on hotel task.

RRMS patients showed impaired
scores on SC compared to HC
(P <0.001).

RRMS patients were slower
under low and medium load

(P <0.01) and less acourate
under high load (P < 0.001) than
HC.

MS patients showed lower
olfactory function than HC (P =
0.02).

MS group scored worse than HC
on all measures of PL

(P < 0.0005).

MS group scored worse than HC
on Block and Mazes Recall

(P < 0.0005).

MS group scored worse than HC
on all measures of CE

(P < 0.0005).

MS group scored worse than HC
on Immediate story recall

(P < 0.0005).

MS group scored worse on all
EM tests than HC (P < 0.003).

RRMS patients showed worse
performance than HC on
task-switching (P < 0.05).

Information processing speed
was the most frequently impaired
dormain across all groups.

SPMS more frequently affected
than LRRMS in all domains
except language (P < 0.01).
More SPMS than PPMS patients
impaired at visuospatial
construction (P < 0.05).

ANT accuracy was lower for
SPMS than HC (P = 0.006).
Patients (both groups) had
longer reaction times than HC on
SRT and CRT (P < 0.001).
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References  Study population(s) N (N Meanage  Cognitive domain(s) Tests administered Main findings

Female) assessed
Heetal. [13¢]  MMD with infarction 19 (9F) 419+ 11.7 Al cognitive domains Neuropsychology test MMD with infarction performed
battery worse than MMD asymptomatic
MMD asymptomatic 21 (7F) 39.4 £ 10.2 on tests of complex arithmetic
Healthy controls (HC) 20 (8F) 4261 £39 (P=0.03) and short-term
memory (P =0.01).
Both MMD groups performed
worse than HC on tests of
intelligence, spatial imagination,
working mermory and
computational abilty (P < 0.02).
Shietal. [135] MDD 49 (25F) 385+9 Inteligence Wechsler adult intelligence  MMD performed worse that HC
test on inteligence (P = 0.002)
HC 23 (14F) 37691  Prospective memory (PM)  Cambridge prospective MMD performed worse that HC
memory test on PM (P < 0.0005).
Immediate memory; Repeatable battery forthe  MMD performed worse that HC
Retrospective memory assessment of the on tests of VF and RM
(RM); Verbal fluency (VF); neuropsychological status (P < 0.008).
Visual breadth test
Executive functioning Stroop test; Trail making MMD performed worse that HC
test; Wisconsin card sorting o tests of executive functioning
test; Continuous (P < 0.009).
performance test
Attention Posner attention test MMD performed worse that HC
on attention (P < 0.0006).
Miyoshietal.  MMD (over 2 years) 70 (57F) 438 Inteligence Wechsler adultintelligence  Unchanged cognitive scores
(136 scale- revised over 2 years.
Memory Wechsler memory scale
Visuospatial abilties Rey-osterreith complex
figure test
Fang et al. MMD 49 (25F) 27.94 141 Executive functioning Stroop; Hayling Sentence  MMD groups scored worse than
(137) Completion Test (HSCT); HC on VF, HSCT and SART
Verbal Fluency (VF); N-Back; (P < 0.001)
Sustained Attention to
Response Task (SART)
HC 47 (25F) 27.1 £ 147 Subjective feelings about  Dysexecutive Questionnaire  There was no difference between
executive functioning MDD and HC groups on the

Dysexecutive Questionnaire.
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Deyetal [109]  SVD
Healthy older aduits
(HOA)
Suetal. [110] svD
HOA
Metokietal. [111]  SVD
HOA
Caoetal. [112] SV with vascular
mild cognitive
impairment (VaMCl)
SVD with no cognitive
impairment (NC)
Lawrence etal.  SVD (over 3 years)
[113)
Herbert ot al svo
[114)

TWechsler Memory Scale-Third Edition.

1,

Alzheimer's Disease

(AD)

HOA

' controlled oral word association test.

N

(N Female)

23(120)

23(14R)

68 (27F)

702 (474F)
106 (36F)

35 (13F)

32 (9F)

23 (6F)

98 (33F)

45 (20F)

24 (12F)

80 (45F)

Mean age

71£55

69.3 £ 4.6

66.2 +8.1

56.3 = 9.0
69.5 + 9.6

69.6 9.3

67.5+ 96

67.4 85

69+£99

69.7 + 8.2

745+ 65

68.1£7.9

Cogitive domain(s)
assessed

Attention, Executive
functioning

Subjective cognitive
complaints (SC)

Motor skils

General cognitive
impairment

Working memory (W)
Long-term memory (LTV)

Al cognitive domains

Al cognitive domains

Verbal fluency (phonemic
and semantic)

Memory, Executive
functioning, Processing
speed

General cognitive
impairment

Tests administered

Neuropsychology test
battery

Cognitive Failures
Questionnaire; Dysexecutive
Questionnaire

Lower and upper
extremities- behavioral tests

Mini-Mental State
Examination (MMSE)

Digit Span Test of WMS-IIt

Immediate and delayed
recall subtests of WMS-IIIt

Neuropsychology test
battery

Neuropsychology test
battery

COWAT?; Animals and
Tools Tests

The Brief Memory and
Executive Test

Mini-Mental State
Examination (MMSE)

Main findings

Groups differed in subjective SC
(P=0.008), but not
neuropsychological tests.

SVD performed worse than HOA
on lower extremities
tests (P < 0.01).

SVD group had significantly
lower MMSE scores (P < 0.001).
SVD group had significantly
lower WM scores (P < 0.001).
SVD group had significantly
lower LTM scores (P < 0.001).

VaMCl performed worse than
NCI on all domains (P < 0.01)
except language.

Executive functioning was the
only cognitive domain to
significantly decline over 3 years.
SVD group performed worse on
both verbal fluency tests
compared to HOA (P < 0.001).
AD group performed worse on
semantic verbal fluency test
compared to HOA (P < 0.001).
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Severe SCD Mild SCD Controls p-value (S-C)* p-value (S-M)* p-value (M-C)*

CBF and ATT Pre ACZ PostACZ PreACZ PostACZ Pre ACZ PostACZ Pre ACZ Post ACZ Pre ACZ Post ACZ Pre ACZ Post ACZ
GM CBF 84.0[23.0] 107.2[27.0] 57.9[12.1] 80.3[29.4] 53.7 [14.9] 79.3[29.6] <0.01 <0.01 <0.01 <0.01 0.30 0.68
(mL/100g/min)

WM CBF 46.1[14.5] 60.0[20.8] 31.4[10.3] 41.0[17.1] 30.6[7.3] 40.5[15.7] <0.01t+ <0.01+ <0.01+ <0.01¢ 0.39¢ 0.40t
(mL/100g/min)

GM ATT (s) 0.96[0.11] 0.87[0.08] 1.08[0.10] 0.94[0.04] 1.09[0.12] 0.95[0.13] <0.01+ 0.02t+ <0.01+  <0.01t 0.85t 0.52¢
WM ATT (s) 1.06[0.14] 0.96[0.13] 1.19[0.15] 1.06[0.06] 1.26 [0.16] 1.05[0.23] <0.01t 0.01¢ <0.01t+  <0.01t 0.90+ 0.641
CVRcgr and CVR,rr

GM CVRcaF (%) 29.1 [24.0] 40.1 [40.1] 48.6 [35.0] <0.01 0.02 0.29

WM CVRcaE (%) 29.1 [28.1] 34.8 [34.6] 39.4 [39.0] 0.18t 0.45¢+ 0.51¢

GM CVRarr (%) —4.3[7.3] —9.7 [9.5] —10.6 [10.6] <0.01 <0.01 0.90

WM CVRarr (%) —6.6 [6.6] —8.8[9.0] —11.6 [11.0] 0.02 <0.01 0.84

o

*post-hoc statistics: S-C = severe SCD compared to controls, S-M = severe SCD compared to mild SCD, M-C = mild SCD compared to controls. “t” indicate p-values from
non-parametric tests. P-values are shown without multiple comparison correction. Significance level was corrected to 0.017 using Sidak multiple comparison correction.
Bold + underlined values denote statistically significant p-values after multiple comparison correction.
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Patient characteristics
N

Age (y)

Sex (Women/Men)
Blood markers
Hemoglobin (g/dL)
Hematocrit (%)

Total Bilirubin (mg/dL)
Reticulocytes (10e9/L)
Hydroxyurea (N)
Chronic transfusions (N)

Severe SCD

52
29+ 10
22/30

88+12
25,5+ 3.9
34 +21
270.6 £ 131.5
25 (62%)
7 (13%)

Mild SCD

20
33+ 12
6/14

11.4+£15
33.6 + 4.3
1.7+08

129.4 £ 54.3

9 (45%)
0 (0%)

Controls

10
27 +6
5/5

18.3+1.6
402 £441
05+0.3
94.5 4+ 48.3
0 (0%)
0 (0%)

Test statistics (p-value)

F:1.96 (0.15)
X2:1.36 (0.51)

H: 41.4 (<0.01)
H: 43.1 (<0.01)
H: 21.5 (<0.01)
H: 26.9 (<0.01)

p-value (S-C)*

0.57
0.74

<0.01+
<0.01+
<0.01+
=<0.01+

p-value (S-M)*

0.09
0.42

<0.01+
<0.01+
<0.01+
<0.01+
0.82

p-value (M-C)*

0.10
0.43

0.14+
011+
0.09t
0.39t

*post-hoc statistics: S-C = severe SCD compared to controls, S-M = severe SCD compared to mild SCD, M-C = mild SCD compared to controls. F, X2 and H denote test
statistics from ANOVA, Chi square and Kruskal-Wallis tests, respectively. “t” indicate p-values from non-parametric tests. P-values are shown without multiple comparison
correction. Significance level was corrected to 0.017 using Sidak multiple comparison correction. Bold + underlined values denote statistically significant p-values after
multiple comparison correction.
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Right MCA  Left MCA  Right MCA  Left MCA Right MCA  Left MCA  Average MCA

Younger: mean within visit measures CoV (%) 3.8 3.6 2.9 2.7 27 22 28
Correlation (r) 0.97 0.92 0.98 0.98 0.66 0.59 0.56

Older: mean within visit measures CoV (%) 4.0 4.2 2.9 1.7 12 14 15
Correlation (r) 0.98 0.99 0.98 0.96 0.68 0.45 0.46

Younger: mean Between visit measures ~ CoV (%) 6.4 9.4 7.8 8.8 33 29 29
Correlation (r) 0.92 0.75 0.89 0.83 0.33 0.34 0.26

The reliability of the calculated CVR value is also presented. For younger people measures are averaged over visits/measures one and two as applicable.
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38 + 8 (34-42) 0.49

80% 0.47
17 £ 3 (156-20) 0.018
0(0,1) 0.011

HIT score mean + SD (IQR) 50 + 11 (IQR, 40-58) 42 + 8 (IQR, 39-56) 0.011
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Seed Cluster NI MNI K K Beta Beta T T P P

CompCor  -CompCor  CompCor -CompCor CompCor -CompCor CompCor -CompCor CompCor  -CompCor

@ Lputamen Precuneus cortex  -02 72 +28 none 107 none. 013 none 749 none 00227 none
®  Rputamen Locoipitalpole  +00-92+16  400-94+14 550 518 014 014 988 972 <000001  <000001
RIiLOC +46-84 408 +46-84408 83 78 019 020 747 7.75 0034 0047
(N PVN2,-79.12  LHppocampus  -28-40402 -28-40+02 169 154 018 018 1266 1196 00015 0027
®  Licc LHippocampus ~ ~28-40+00 -28-40400 136 134 019 018 1226 1205 00051 00056
©  Rscc LHippocampus ~ ~28-54+10 -28-54+10 191 181 016 016 1385 1334 00007 00009
©  Lscc LHippocampus ~ -30-66+04 -32-62404 233 124 018 019 1185 1196 00011 00098
LCallosal Body ~ ~18-36 +24 none 121 none 015 none 11 none 00894 none
®  PONO,-79.-32 RSG 454-36460  +50-32444 272 255 020 019 901 881 000003 0.00006
® RCerebelum9 ~ RSPL 432-52452  +32-52452 307 379 016 016 880 891 <000001  <000001

Cluster location, Montreal Neurological Institute (VNI peak cluster co-ordinates (xz) and are shown in (mmj, k = number of contiguous voxels in cluster (voxel size = 2 mm);
CompCor = using CompCor, CompCor = without CompCor; Beta = effect sizes, which represent the magnitude of connectiviy (Fisher-transformed correlation coefficients) and
shows the difference in means of groups (isocapnic and poikiocapnic; T = test statistic (two-sided), p = family-wise error (FWE) corrected cluster-level significance set at p < 0.05;
L, left; R, right; PVN, primary visual network; iLOC, Lateral Occipital Cortex, inferior division. ICC, intracaicarine cortex; SCC, supracalcarine cortex; PN, posterior cerebellar
network; SG, supramarginal gyrus ~ posterior division; SPL, superior parietal fobule.
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ROI'1 ROI2 TScore Beta p-unc p-FDR

Right putamen Left intracalcarine cortex 5.93 011 0.0002 0.0307
Right supracalcarine cortex 551 015 0.0004 00307
Left intracalarine cortex  Right putamen 593 011 00002 00360
Right inferior frontal gyrus  Left cerebellum crus 1 584 015 00002 00256
Right cerebellum 9 565 013 0.0003 00256
Left cerebelum crus 1 Right inferior frontal gyrus 584 015 00002 00407

Significant connections at a p < 0.05 false discovery rate (FDR) corrected threshold are reported.
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Site 1 Site 2

Mean (%/mmHg) SD Mean (%/mmHg) SD P-value

CVRGM  Step 0.300 0.0567 0.291 0.083 0.532
Ramp 0.317 0.0669 0.303 0.071 0.337
CVRWM Step 0.114 0.0278 0.116 0.032 0.901

Ramp 0.143 0.0358 0.140 0.033 0.689
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Site 1 Site 2

Mean (%/mmHg) SD Mean (%/mmHg) SD P-value

CVRGM Step 0.287 0.0649 0.287 0.0620 0.999
Ramp 0.312 0.0781 0.275 0.0641 0.114
CVRWM Step 0.104 0.0253 0.113 0.0310 0.255

Ramp 0.136 0.0396 0.120 0.0280 0.154
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Pathology Numberof — Number of Mean age of
studies  patients/controls  patients/controls

Cerebral 72 1786/541 51.4/44.9

steno-occlusive

diseases

Dementia and cogitive 9 770/125 60.5/68.1

impairment

Normal ageing 8 NA/374 Range: [20, 90]

Small vessel disease 7 272/54 67.4/45.7

Sport-related 7 113/128 18.6/21.2

concussions

Obstructive sleep 5 125/55 50.6/44.5

apnoea

Stroke 5 185/102 58.7/51.0

Traumatic brain injury 4 90777 3221318

Gliomas 4 50/12 43.9/not reported

Diabetes 3 108/32 67.5/61.8

Pathologies investigated in two studies:

Findings

Lower GVR than healthy controls
(Hartkamp et al., 2017; Liu et al,, 2017a;
De Vis et al., 2018; Duffin et al., 2018;
Venkatraghavan et al., 2018; Waddle
etal, 2019)

Longer delays than healthy controls
(Hartkamp et al., 2012; Duffin et al., 2015;
Liu et al., 2017b; Waddle et al., 2019)
Increased GVR (Han et al., 201 1a; Mandell
etal., 2011; Watchmaker et al., 2019) and
smaller delays (Watchmaker et al., 2019)
after surgical intervention

Lower GVR than healthy controls (Cantin
etal., 2011; Yezhuvath et al., 2012)
Longer delays than healthy controls
(Holmes et al., 2020)

Higher CVR deficit vs. healthy controls
associated with higher leukoaraiosis
(Yezhuvath et al., 2012) and hypertension
(Haight et al., 2015)

Lower CVR in the bilateral frontal cortices
of Aizheimer's patients compared to
patients with vascular dementia (Gao
etal., 2013)

Lower CVR at older ages (Riecker et al.,
2003; Liu et al., 2013; De Vis et al., 20152;
Bhogal et al., 2016; Leoni et al., 2017;
Catchlove et al., 2018; Miller et al., 2019)
Greater WM CVR and shorter delay with
increasing age (Thomas et al,, 2014)
Lower CVR with increased WMH burden
(Liem et al., 2009; Blair et al., 2020) and
compared to healthy controls (Liem et al.,
2009; Tehistiakova et al., 2015;
Thrippleton et al., 2018; Atwi et al., 2019)
Longer delays than healthy controls (Sam
et al., 2016a; Thrippleton et al., 2018; Atwi
etal,, 2019)

Reduced WM CVR associated with higher
WMH volumes, basal ganglia PVS and
higher venous pulsatiity and lower
foramen magnum CSF stroke volume
(Blair et al., 2020)

Lower baseline CVR associated with
progression of WMHs but not microbleeds.
or lacunar infarcts (Liem et l., 2009)
Lower CVR associated with increased
number of vascular risk factors such as
hypertension, diabetes,
hypercholesterolemia (Tchistiakova et al.,
2015), lower fractional anisotropy, lower
CBF and CBV and higher mean diffusivity
(Sam et al., 2016b)

Lower GVR and longer delays in NAWM
that progressed into WMH (Sam et al.,
2016a)

Lower CVR in the default mode network at
mid-season and 1 month post-season
compared to pre-season baseline.
Decrease in CBF occurred only 1 month
after season (Champagne et al., 2019c)
Longitudinal reduction in GVR during
‘season compared to pre-season baseline
was associated with prolonged
‘acoumulation to high magnitude
‘acceleration events (Svaldi et al., 2020)
Predominant increase in GVR compared
to baseline during the recovery phase but
remains mostly altered despite clinical
recovery (Mutch et al., 2016b)

Higher CVR in clinically recovered patients
with history of concussions than in
athletes without (Mutch et al., 2018;
Champagne et al., 2019b)

Greater GVR than in healthy controls
measured using ASL with BH, BOLD with
BH (W et al., 2020) and BOLD with
EtCO; targeting (Ryan et al., 2018).

ASL response to fixed CO enriched air
reduced in patients with OSA compared
to healthy controls, whereas BOLD
response to fixed CO, enriched air or BH
did not show group differences (Ponsaing
etal, 2018).

Lower CVR in impaired tissue and
compared to healthy controls (Krainik

et al., 2005; Zhao et al., 2009;
Geranmayeh et al., 2015)

Higher GVR with increasing distance from
lesion (Taneja et al., 2019)

Reduced CVR associated with peri-infarct
T2 hyperintensities, greater infarct volume
and worse outcomes (Zhao et al., 2009)
Reduced CVR in the motor areas
controling the upper airway musculature
compared to healthy controls (Buterbauigh
etal., 2015).

No change in CVR upon CPAP withdrawal
(Thiel et al., 2019)

Lower GVR than healthy controls in one
study (Amyot et al., 2018)

No difference in CVR between patients.
and healthy controls in one study
(Champagne et al., 20200)

Lower GM GVR with more concussion
symptoms (da Costa et al,, 2016)

Lower CVR on ipsilateral side for low and
high grade gliomas

Lower GVR in diabetic hypertensive
patients than in only hypertensive patients
(Kario et al., 2005; Tohistiakova et a.,
2014)

Higher CVR in bilateral pre-frontal lobe in
one study (Zhou X.-H. et al,, 2015)
Increased CVR after candesartan therapy
(Kario et al., 2005)

- Cardiaindex and coronary artery disease (Anazodo et al., 2016; Jefferson et al,, 2017)

- Sickle cell disease (Leung et al., 2016a; Kosinski et al., 2017)
- Multiple sclerosis (Metzger et al., 2018; Sivakolundu et al., 2019)
- Obesity (Frosch et al., 2017; Tucker et al., 2020)

- Brain arteriovenous malformation and cerebral proliferative angiopathy (Fierstra et al., 2011a,b)

- Parkinson's disease (A-Bachari et al., 2014; Peiizzar et al., 2019)
Pathologies investigated in one study:

- End-stage renal disease (Zheng et al., 2016)

- Bipolar disorder (Urback et al., 2019)

- Late-life depression (Abi Zeid Daou et al., 2017)

- Late-onset epilepsy (Hanby et al., 2015)

- HIV (Callen et al., 2020)

- Aneurysmal subarachnoid haemorthage (Da Costa et al., 2014)

- MELAS (Rodan et al., 2015)

References

Piepgras et al., 1994; Guckel et al.,
1995; Ohnishi et al., 1996; Schreiber
et al., 1998; Hamzei et al., 2003;
Shiino et al., 2003; Grifiths et al.,
2005; Ziyeh et al., 2005; Ma et al.,
2007; Haller et al., 2008; Mandell
etal., 2008b, 2011; Chang et al.,
2009, 2013; Donahue et al., 2009,
2013, 2016; Goode et al., 2009,
2016; Galviere et al., 2010; Bokkers
et al., 2011; Conkin et al., 2011; Han
etal, 2011ab; Kimet al, 2011;
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2013, 2015; Spano et al., 2013;
Thomas B. et al., 2013; Donahue
etal,, 2014; Sam et al., 2014, 2015;
Sobezyk et al., 2014, 2015, 2016;
Bouvier et al., 2015; De Vis et al.,
2015b, 2018; Duffin et al., 2015,
2017, 2018; Faraco et al., 2015;
Noguchi et al,, 2015; Siero et al.,
2015a; Herrera et al., 2016; Strother
et al,, 2016; van Niftrik et al., 2016;
Dlamini et al., 2017, 2018; Federau
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etal,, 2017; Fierstra et ., 2018b;
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Champagne et al., 2020b
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2012; Zaca et al., 2014; Fierstra
etal, 2018a

Kario et al., 2005; Tehistiakova et al.,
2014; Zhou X.-H. et al., 2015

“Mean age” was computed by taking the average across studies of the reported mean/median age of the patients. GM, grey matter; WM, white matter; WMH, white matter hyperintensity;
NAWM, normal-appearing white matter; CPAR, continuous positive airway pressure; MELAS, Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes; HIV, Human
immunodefiency viruses; CSF, cerebral spinal fluid: NA, not applicable; OSA, obstructive sleep apnoea; BH, breath-hold.
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Age range Whole brain
%BOLD signal %CBF/mmHg
change/mmHg

<30 0.19/0.18 [0.14, 4.5 (1 study, 16
0.24] 6 studies, subjects)

94 subjects)

30-50 0221022 0.11, 464 (1 study, 16

0.28) (15 studies, subjects)
169 subjects)

>50 021/0.21 (0.15, 358/3.4 22,

0.31] 6 studes, 5.30] (4 studies,
120 subjects) 279 subjects)

The associated processing methods were linear regression, pre-vs.-post stimulus value comparison, non-linear signal modelling and frequency-based analysis.

Grey matter

%BOLD signal
change/mmHg

0.35/0.26 [0.05,
1.80] (17 studies,
294 subjects)
0.26/0.26 (0.14,
0.44] (10 studies,
127 subjects)
0.36/0.36 (0.13,
1.30) (6 studies,
124 subjects)

%CBF/mmHg

3.69/3.6[1.9, 6.6]
(7 studies, 124
subjects)
3.60/3.28 [2.40,
5.11] (3 studies,
45 subjects)
2.12/2.13[2.10,
2.15] (2 studies,
21 subjects)

White matter

%BOLD signal
change/mmHg

0.12/0.12 [0.03,
0.29] (12 studies,
236 subjects)
0.12/0.13 (008,
0.18] (8 studes,
101 subjects)
0.13/0.12 (0.0,
0.33) (5 studies,
117 subjects)

%CBF/mmHg

1.1 (1 study, 18
subjects)
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Records idenified through Additional records identiied
database searching through manual search
(n=732) (n=24)

[

Records after duplicates removed
(n=580)

Records screened
(n =580)

Full-text articles
assessed for eligibiity [——>
(n =249)

1

Studies included in
qualtative synthesis

Records excluded
(n =131 conference abstracts,
34 reviows, n = 27 case
reports and editors’ notes, n
1 not accessible due to Covid-
19 restictions, n = 2 rodent
research, n = 14 non-brain
studies, n = 71 papers using
other imaging modalities, n =
51 papers not measuring CVR)

Fulltext articles excluded
(n= 6 papers using other
imaging modalites, n =

papers not measuring CVR)
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S(t) = mCVR x PETCO,(t) + a x t + b(t) + e(t) (1)
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1.5T CVR 3T CVR

White matter Subcortical gray matter White matter Subcortical gray matter

Log transformed WMH volume B = —0.033 (—0.065, —0.001) B =—-0.055(—0.144, 0.035) B =—-0.024 (-0.049, 0.002) B =-0.013(-0.061, 0.036)

(norm to ICV) p =0.045 p=0.211 p=0.069 p=0.578

Periventricular Fazekas score B =-0.017 (-0.033, —0.002) B =-0.030(-0.075, 0.015) B =-0.013(-0.026, —0.001) B =-0.011(-0.035, 0.012)
p =0.034 p=0.173 p=0.043 p=0.320

Deep Fazekas score B =-0.011 (-0.026, 0.005) B =-0.015(-0.057, 0.026) B =-0.008 (-0.020, 0.005) B =-0.004 (-0.025, 0.018)
p=0.160 p =0.444 p=0.201 p=0.727

Total Fazekas score B =-0.007 (-0.015, 0.001) B =-0.012(-0.034, 0.011) B =-0.005(-0.012, 0.001) B =-0.004 (-0.016, 0.008)
p=0.073 p=0.281 p=0.093 p =0.503

SVD score (high vs. low) B =-0.004 (—0.031, 0.024) B =-0.001(-0.071, 0.070) B =-0.013 (-0.033, 0.008) B =-0.011(-0.046, 0.025)
p=0.782 p=0.983 p=0.197 p=0.519

Results presented as unstandardized B-values (effect size, change in CVR in %/mmHg per unit change in the independent variable), confidence interval and p-value
without multiple comparison correction. Small vessel disease (SVD) score dichotomized as high, >1, and low, <1.
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SVD score SVD score 24 All patients

0-1(n=28) (n =10) (n=18)
Age at visit 63+7 65+7 64 +7
Male 100% (8) 60% (6) 77.8% (14)
Diabetes 12.5% (1) 0% (0) 5.6% (1)
Hypertension 62.5% (5) 100% (10) 83.3% (15)
Systolic blood 137+ 12 140+ 13 138 £ 12
pressure
Diastolic blood 89+5 89+ 10 89+8
pressure
WMH volume (ml), 6.55 (7.84) 1411 (22.71) 11.26 (11.34)
median (IQR)
WMH volume (% of 0.45 (0.53) 1.01 (1.22) 0.80 (0.74)
ICV), median (IQR)
Deep Fazekas 1 1:5 1
(median)
Periventricular 1 2 1
Fazekas (median)
Total Fazekas score 2 3.5 2
(median)
Lacunar subtype 50% (4) 70% (7) 61.1% (11)
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BLOCK-HC

RAMP-HC
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Paradigm
BLOCK-HC

RAMP-HC

BLOCK BOOST HC+HO

(N =9,5 female)

Parameters
Baseline
Delta
Baseline
Min

Max

Delta

(N =7,3 female)

Parameters
Baseline
Delta
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Min

Max
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Baseline
Delta

Values are in mean + standard deviation.

Age: 30 + 9 years

PerC0O/0; (mmHg)
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8+1/6%6
35+6/112+11
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51+5/120+ 16
22+£6/9£9
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1.5T MRI acquisition > Voxelwise CVR processing Manual ROI segmentation Manual ROI segmentation Regional CVR processing
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[HCO3™] = KC*PCO2/[H*]

(1)
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Characteristics Al
Sex: Male/Female, n 22/56
Hypertension, n 38

Type 2 Diabetes, n 12
Race: White/Black or AA, n 67/11

BMI 27.29 (5.12)
MMSE score 28.41(1.43)
Age, years 69(7.18)
Years of education, years 15.6(2.45)
Hypercapnic CVR in gray matter, %/mmHg 2.22(0.71)
Hypercapnic CVR in white matter, 9%/mmHg 1.94 (0.75)
Baseline CBF in gray matter, mmHg 35,87 (9.66)
Baseline CBF in white matter, mmHg 19.75 (6.03)

Mmci

9/15
15
4
20/4
2676 (6.37)
27.71(1.55)
715 (7.25)
14.13 (2.03)
2.09(0.76)
1.76(0.74)
33.42 (6.88)
1873 (4.28)

Normal cognition Statistical test
between MCl and
normal cognition

13/41 p=03454
23
8
arr
27.71 (5.14)
2874 (1.28)
67.72 (6.96)
16.20 (2.40)
227 (0.68)
2.03(0.75)
36.97 (10.54)
2020 (6.64) p 02460

Values are means (5.0.) or numbers. Chi-squared test and t-test were used for categorical variables and quantitative variables, respectively, for statistical tests between mild cognitive

impairment (MCI) and normal cognition groups.
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[H*] (nM/L) = Function of (PCO,, [SID]} )
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(A) 1.5T (Signa HDxt)

Sequence GE-EPI BOLD 3D IR-SPGR T1-w T2-w Propeller FLAIR GRE
TR (ms) 3,000 9.6 7,000 8,000 900
TE (ms) 45 4.0 90 100 15

Tl (ms) — 500 - 2,000 -
Flip angle (°) 90 8 — — 20
Field of view (cm) 25.6 x 25.6 25.6 x 25.6 24 x 24 24 x 24 24 x 24
Acquisition matrix 64 x 64 192 x 192 320 x 256 384 x 256
Slice thickness (mm) 4 1.3 4 4 4
Number of slices 36 160 36 36 36
Other — — 1.5 signal averages, matrix size 384 — —
(B) 3T (Siemens Verio)

Sequence GE-EPI BOLD 3D MPRAGE T1-w T2-w BLADE FLAIR BLADE GRE
TR (ms) 3,000 2,300 11,400 9,100 600
TE (ms) 30 2.98 120 125 10

Tl (ms) — 1,100 - 2,512 —
Flip angle (°) 90 9 — 130 15
Field of view (cm) 19.2 x 19.2 25.6 x 25.6 24 x 24 24 x 24 24 x 24
Acquisition matrix 64 x 64 256 x 256 384 x 384 256 x 256 320 x 256
Slice thickness (mm) 3 1 3 3 3
Number of slices 48 256 48 48 48

Other

GE-EPI, gradient-echo echo-planar imaging; IR-SPGR, inversion recovery spoiled gradient echo, MPRAGE, magnetization prepared-rapid gradient echo; FLAIR, fluid-
attenuated inversion recovery; GRE, gradient recalled echo.
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[SID] = 5.5 + Gain*(([H] —40) + 2) @)
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CBF = 25 + 100/(1 + exp(—([H"] —40.2)/0.34))  (3)
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Variable ANOVA Post-hoc test of trends
F(9,81) P Lineal Quadratic
T p T p
CBF 9.48  0.0049* -8.78 <0.001 2.59 0.011
CcO2 2.56 0.0121  —-3.35  0.001 2.89 0.005
Breathing rate NS
Breathing amplitude ~ 3.31 0.0018 1.96 0.05 —4.57 <0.001

*corrected with Greenhouse-Geisser epsilon. NS, non significant.
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Brain tissue Boxcar model with Boxcar model with
mean PETCO2 adjusted PETCO2
Mean GM CVR (mL/min/100 g)/mmHg 4.53(2.34) 3.81 (1.79)
Mean WM CVR (mL/min/100 g)/mmHg 3.10(1.68) 2.69 (1.41)
p-value (Difference between GM and WM) <0.0001 <0.0001

Ramp model with
mean PETCO2

7.88(3.26)
5.26 (2.25)
<0.0001

Ramp model with
adjusted PETCO2

7.16 (2.81)
4.75 (1.96)
<0.0001

Data are shown as mean (standard deviation). Statistically significant differences were obtained between GM and WM in all models used. P-values have been corrected

for multiple comparisons using Bonferroni.
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