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Background and Purpose: 3D pointwise encoding time reduction magnetic

resonance angiography (PETRA-MRA) is a promising non-contrast magnetic resonance

angiography (MRA) technique for intracranial stenosis assessment but it has not been

adequately validated against digital subtraction angiography (DSA) relative to 3D-time-

of-flight (3D-TOF) MRA. The aim of this study was to compare PETRA-MRA and

3D-TOF-MRA using DSA as the reference standard for intracranial stenosis assessment

before and after angioplasty and stenting in patients with middle cerebral artery

(MCA) stenosis.

Materials and Methods: Sixty-two patients with MCA stenosis (age 53 ± 12 years, 43

males) underwent MRA and DSA within a week for pre-intervention evaluation and 32 of

them had intracranial angioplasty and stenting performed. The MRAs’ image quality, flow

visualization within the stents, and susceptibility artifact were graded on a 1–4 scale (1

= poor, 4 = excellent) independently by three radiologists. The degree of stenosis was

measured by two radiologists independently on DSA and MRAs.

Results: There was an excellent inter-observer agreement for stenosis assessment on

PETRA-MRA, 3D-TOF-MRA, and DSA (ICCs > 0.90). For pre-intervention evaluation,

PETRA-MRA had better image quality than 3D-TOF-MRA (3.87± 0.34 vs. 3.38± 0.65, P

< 0.001), and PETRA-MRA had better agreement with DSA for stenosis measurements

compared to 3D-TOF-MRA (r = 0.96 vs. r = 0.85). For post-intervention evaluation,

PETRA-MRA had better image quality than 3D-TOF-MRA for in-stent flow visualization

and susceptibility artifacts (3.34 ± 0.60 vs. 1.50 ± 0.76, P < 0.001; 3.31 ± 0.64 vs.

1.41 ± 0.61, P < 0.001, respectively), and better agreement with DSA for stenosis

measurements than 3D-TOF-MRA (r = 0.90 vs. r = 0.26). 3D-TOF-MRA significantly

overestimated the stenosis post-stenting compared to DSA (84.9 ± 19.7 vs. 39.3 ±

13.6%, p < 0.001) while PETRA-MRA didn’t (40.6 ± 13.7 vs. 39.3 ± 13.6%, p = 0.18).
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Conclusions: PETRA-MRA is accurate and reproducible for quantifying MCA stenosis

both pre- and post-stenting compared with DSA and performs better than 3D-TOF-MRA.

Keywords: middle cerebral artery, pointwise encoding time reduction with radial acquisition, stent angioplasty,

magnetic resonance imaging, digital subtraction angiography

INTRODUCTION

Ischemic stroke is one of the top sources of morbidity
and mortality globally (1). Intracranial arterial stenosis is a
major cause of ischemic stroke and the incidence of middle
cerebral artery (MCA) stenosis in patients with stroke is
7.0–17.7% (2). The degree of stenosis is a critical factor
for the management of stroke patients with MCA stenosis.
Patients with high-grade stenosis (>70%) have a high risk
of recurrent stroke and aggressive medical treatment or
endovascular intervention is normally recommended for these
patients (3). Digital subtraction angiography (DSA) is considered
the gold standard for measuring stenosis, however, it is an
invasive technique with radiation exposure, risk of stroke,
and contrast-related complications (4). Other non-invasive
techniques, including computed tomography angiography (CTA)
and contrast, enhanced magnetic resonance angiography (CE-
MRA), provide accurate stenosis measurements, but are
limited due to radiation exposure and/or contrast-related
complications (5, 6). Time-of-flight (TOF) is a non-contrast
MRA technique that is commonly used for cerebral vascular
imaging, but it has limited accuracy due to flow-related
artifacts (7).

While the SAMMPRIS trial (8) showed intracranial stenting
is not superior to medical therapy, the use of stenting for
MCA stenosis remains controversial. The WEAVE trail (9)
recently demonstrated the advantage of stenting over medical
therapy in select patient populations. An accurate evaluation
of stenosis is needed for appropriate patient selection for
angioplasty and stenting (10, 11). Post-stenting arterial segment
evaluation is also important considering the re-stenosis rate
after stenting is 11.9–17.9% (12). This evaluation, however,
is challenging for CTA, CE-MRA, and 3D-TOF-MRA due to
beam hardening artifacts or magnetic susceptibility artifacts
(13–15).

Pointwise Encoding Time Reduction with Radial

Acquisition (PETRA) is a non-contrast MRA technique
that uses Arterial Spin Labeling (ASL) and UTE techniques

(16). The ultra-short TE of <100 µs significantly reduces

susceptibility artifact (17). It has been successfully used
for the evaluation of intracranial aneurysms after stent-

assisted coil embolization (18–20) and the evaluation of
other cerebral artery diseases (21, 22). Whether PETRA-MRA
can be used as an alternative angiographic technique that
approximates DSA performance has not been investigated.
We hypothesize that PETRA-MRA can evaluate MCA
stenosis more accurately than 3D-TOF-MRA when
compared to DSA for both pre-intervention evaluation and
post-intervention follow-up.

MATERIALS AND METHODS

Study Population
This study was approved by the local institutional review
board, and informed consent was obtained from all participants.
Written informed consent was obtained from the individuals
for the publication of any potentially identifiable images or
data included in this article. Patients who presented between
October 2018 and August 2019 were recruited. The inclusion
criteria were as follows: (1) patients with stroke or TIA
attributing to MCA atherosclerotic stenosis; (2) over 18 years
old; (3) underwent MRA that included PETRA-MRA and 3D-
TOF-MRA; (4) underwent DSA, with the interval between
the MRA and DSA being <1 week. Patients were excluded
if they had any of the following conditions: (1) intracranial
hemorrhage or non-atherosclerotic intracranial vasculopathy;
(2) inadequate image quality; (3) no stenosis identified; (4)
incomplete imaging dataset.

Image Acquisition
Patients with MCA stenosis underwent 3D-TOF-MRA, PETRA-
MRA, and DSA examinations within a week to identify patients
that were suitable for intracranial angioplasty and stenting
treatment. For patients who were selected for intervention, DSA
was again performed immediately after the stent placement,
and patients then underwent 3D-TOF-MRA and PETRA-MRA
within a week of intervention.

MRI Protocol
Both MRAs were performed on a 3-Tesla system (MAGNETOM
Prisma, Siemens Healthcare, Erlangen, Germany) using a 64-
channel head-neck coil.

The scan parameters for 3D-TOF-MRA were: TR/TE,
20/3.69ms; flip angle, 18◦; field of view (FOV), 200 × 160 mm2;
matrix, 320× 256; slice thickness, 0.6 mm; voxel size, 0.6× 0.6×
0.6 mm3; number of slab, 4; slices per slab, 44; acquisition time,
3min 29 s. The scan parameters of PETRA-MRA were: TR/TE,
3.32/0.07ms; flip angle, 3◦; FOV, 300 × 300mm; matrix, 320 ×

320; radial spoke, 60,000; slice thickness, 0.9 mm; voxel size, 0.9
× 0.9× 0.9 mm3; number of slab, 1; slices per slab, 320; A control
scan (bright blood) without the slice-slective saturation slab was
first acquired with an acquisition time of 3min and 29 s, and then
a labeled scan (black blood) with a saturation band proximal to
the imaging volume was acquired with an acquisition time of
5min and 51 s. The final images were subtracted from the two
datasets (Control-Label).

Digital Subtraction Angiography
Patients underwent cerebral angiography examinations on a fixed
digital angiographic system, FD 20 Artis (Phillips Healthcare,
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Best, The Netherlands). All procedures were performed with
local anesthesia. Femoral arterial access was used in all cases.
DSA acquisition protocol was performed with Omnipaque 300
contrast injection (GE Healthcare, Waukesha, WI, USA), at a
rate of 4 ml/s. During the 5-s acquisition after a delay of 1 s, a
200-degree rotation of the C-arm was performed to obtain 133
frames. Scan parameters were: FOV = 320 × 320 mm2, matrix
= 1,024 × 1,024. Four-vessel angiography was performed in
all patients. Standard anteroposterior, oblique, and lateral views
were obtained for all interrogated arteries.

Image Analysis
The maximum intensity projection (MIP) of both MRA
sequences were reconstructed by a neuroradiologist using a
dedicated workstation. The MRA datasets were anonymized and
placed in random order. Both the source images and MIPs
were used for image evaluation. Three experienced radiologists
(observer A, 8 years of experience; observer B, 5 years of
experience; observer C, 5 years of experience) reviewed the image
quality of the MRAs independently and blindly (for example,
when evaluating PETRA-MRA, 3D-TOF-MRA images were not

FIGURE 1 | Patient selection flowchart.

TABLE 1 | Comparison of PETRA-MRA/TOF-MRA and DSA in measurements of stenosis.

Mean ± SD CV (%) p* Bias LOA r# ICC

Stenosis (100%, Pre-operative)

DSA 54.5 ± 25.8 Reference Reference Reference Reference Reference Reference

PETRA-MRA 53.4 ± 27.2 4.6 0.10 1.1 (−8.3, 10.5) 0.96 0.98

TOF-MRA 62.0 ± 25.6 11.0 <0.001 −7.5 (−29.0, 13.9) 0.85 0.87

Stenosis (100%, Post-operative)

DSA 39.3 ± 13.6 Reference Reference Reference Reference Reference Reference

PETRA-MRA 40.6 ± 13.7 5.4 0.18 −1.3 (−11.9, 9.3) 0.90 0.92

TOF-MRA 84.9 ± 19.7 20.9 <0.001 −45.6 (−86.7, −4.6) 0.26 0.05

*Comparison between MRA and DSA.

#Spearman correlation.

SD, standard deviation; CV, coefficient of variation; LOA, limit of the agreement; ICC, intra-class coefficient.
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FIGURE 2 | Bland-Altman plots for the comparisons of stenosis measurements between PETRA-MRA/TOF-MRA and reference standard DSA.

present), and two experienced radiologists (observer A, 8 years
of experience; observer B, 5 years of experience) measured the
degree of stenosis on the MIPs of MRAs and DSA independently
and blindly (without knowing the patients’ clinical information,
and when evaluating one imaging modality, without seeing other

modality’s images).
For pre-intervention MRAs, the overall image quality

was reported using a previously defined four-point scale to
determine signal homogeneity, lesion conspicuity, quality of

venous signal suppression, and diagnostic confidence (21):

4 = excellent (excellent quality diagnostic information with
detailed vascular architecture, no artifacts), 3 = good (good

quality diagnostic information with adequate delineation of the

vascular architecture, minimal artifacts), 2 = poor (poor quality
diagnostic information with ordinary delineation of the vascular

architecture, moderate artifacts), and 1 = not visible (almost no

signal of the vascular architecture, severe artifacts).
After the intervention, two qualitative image scores were

used to evaluate the susceptibility artifact and in-stent flow

signal which were adopted from a previous publication (19).
The ratings of susceptibility artifact intensity were determined
using the following four-point scale: 4 = no susceptibility signal
loss; 3 = minimal signal loss; 2 = moderate signal loss, which
compromised image assessment; and 1 = severe signal loss,
which prevented image assessment. The ratings of the in-stent
flow signal were determined using the following four-point scale:
4 = excellent (excellent quality diagnostic information, nearly
equal to that of DSA); 3 = good (good quality diagnostic
information with minimal blurring or artifacts); 2 = poor
(structures were slightly visible but with significant blurring or
artifacts, not diagnostic); and 1 = arterial segments not visible
(almost no signal).

The degree of stenosis was measured according to WASID
criteria (23):

Stenosis% = (1− d/D)×100%

the d is the diameter of the lumen at themost stenotic site, and the
D is the diameter of the lumen at the proximal normal segment.
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Statistical Analyses
All statistical analyses were performed using SPSS 17.0 software
or GraphPad Prism 5. Continuous variables were expressed as
the means ± standard deviation (SD). The image quality scores
were compared using the Wilcoxon signed-rank test. Spearman’s
correlation coefficient (r) was used as a non-parametric test to
evaluate the linear association between measurements of stenosis
on MRA and DSA.

The agreement of stenosis measurements between MRA and
DSA and the inter-reader agreement was assessed using Bland–
Altman analysis and intra-class correlation coefficient (ICC)
(24), and the bias and limit of the agreement were reported.
Measurement error was quantified by the coefficient of variation
(CV) (CV= SD of difference/mean× 100%).

The performance of PETRA-MRA and 3D-TOF-MRA for the

detection of stenosis >50% and stenosis >75% was summarized

by the sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV), using DSA as the reference
standard. P < 0.05 indicated a significant difference and all
p-values were two-sided.

RESULTS

Patient Demographics and Imaging
Findings
From an initial cohort of 86 patients, 24 patients have
excluded: 6 patients had Moyamoya disease, 6 patients had
image degradation due to motion artifact, and 12 patients
had no intracranial stenosis identified. This left 62 patients
for inclusion in the final analysis. The patient selection flow
chart is shown in Figure 1. Of these patients, 30 patients
had an only pre-intervention evaluation, 23 patients had

FIGURE 3 | Spearman correlation plots for the comparisons of stenosis measurements between PETRA-MRA/TOF-MRA and reference standard DSA. For

pre-intervention evaluation, there was a better correlation in measuring stenosis between PETRA-MRA (r = 0.96, CV = 4.6%) and DSA than between 3D-TOF-MRA (r

= 0.85, CV = 11.0%) and DSA; For post-intervention evaluation, PETRA-MRA had an excellent agreement with DSA (r = 0.90, CV = 5.4%), while 3D-TOF-MRA had

a poor agreement with DSA (r = 0.26, CV = 20.9%).
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both pre- and post-intervention evaluation, and 9 patients
had only post-intervention evaluation, resulting in 53 datasets
for pre-intervention comparison and 32 datasets for post-
intervention comparison.

The time interval between MRI and DSA was 3.8 ± 2.4 days
for pre-intervention comparison, and the interval was 3.7±1.0
days for post-intervention comparison. Thirtty-five patients had
a stroke and 27 patients had a transient ischemic attack (TIA).
The interval between the initial symptom onset andMRI was 41.7
± 48.5 days, and the interval between symptom onset and DSA
was 44.9± 48.1 days.

For pre-intervention evaluation, PETRA-MRA had better
image quality than 3D-TOF-MRA (3.87 ± 0.34 vs. 3.38 ± 0.65,
P < 0.001). For post-intervention evaluation, PETRA-MRA had
better in-stent flow visualization (3.34± 0.60 vs. 1.50± 0.76, P <

0.001) and less susceptibility artifact (3.31 ± 0.64 vs. 1.41± 0.61,
P < 0.001).

The agreement between MRAs and DSA for the degree of
stenosis measurements is shown in Table 1, and the Bland-
Altman plots and Spearman correlation plots are shown in
Figures 2, 3. For pre-intervention evaluation, PETRA-MRA
showed better agreement with DSA in measuring the degree
of stenosis compared to 3D-TOF-MRA (r = 0.96 vs. r = 0.85

and measurement error/CV 4.6 vs. 11.0%). For post-intervention
evaluation, PETRA-MRA had an excellent agreement with DSA
(r = 0.90, CV = 5.4%), while 3D-TOF-MRA had a poor
agreement with DSA (r = 0.26, CV = 20.9%). For both pre-
and post-intervention, 3D-TOF-MRA overestimated the degree
of stenosis compared to DSA (62.0 ± 25.6 vs. 54.5 ± 25.8%, p <

0.001; 84.9± 19.7 vs. 39.3± 13.6%, p< 0.001, respectively), while
PETRA-MRA had comparable stenosis measurements with DSA
(53.4 ± 27.3 vs. 54.5 ± 25.8%, p = 0.10; 40.6 ± 13.7 vs. 39.3 ±

13.6%, p= 0.18, respectively).
Using DSA as the reference standard, the sensitivity,

specificity, PPV, and NPV of PETRA-MRA and 3D-TOF-MRA
for detecting stenosis >50% and stenosis >75% are presented
in Tables 2, 3. PETRA-MRA had overall better diagnostic
performance than 3D-TOF-MRA when compared with DSA as
the reference.

The examples from two patients having pre- and post-
interventional imaging are shown in Figures 4, 5.

Inter-Reader Agreement
For the pre-intervention image quality scoring, there was good
agreement among the three readers for PETRA-MRA (ICC =

0.84), but amoderate agreement for 3D-TOF-MRA (ICC= 0.66).

TABLE 2 | Evaluation of the diagnostic performance of PETRA-MRA and TOF-MRA for detecting stenosis >50% and stenosis >75% using DSA as reference for the

pre-intervention evaluation.

Pre-operative Detection of >50% stenosis Detection of >75% stenosis

DSA

(+)

DSA

(-)

Sensitivity Specificity PPV NPV DSA

(+)

DSA

(–)

Sensitivity Specificity PPV NPV

PETRA-MRA

(+)

23 0 95.8%

(76.9–99.8)*

100.0%

(85.4–100.0)

100.0%

(82.2–100.0)

96.7%

(80.9–99.8)

11 1 100.0%

(67.9–100.0)

97.6%

(85.9–99.9)

91.7%

(59.8–99.6)

100.0%

(89.3–100.0)

PETRA-MRA

(–)

1 29 0 41

TOF-MRA

(+)

23 6 95.8%

(76.9–99.8)

79.3%

(59.7–91.3)

79.3%

(59.7–91.3)

95.8%

(76.9–99.8)

11 4 100.0%

(67.9–100.0)

90.5%

(76.5–96.9)

73.7%

(44.8–91.1)

100.0%

(88.6–100.0)

TOF-MRA

(–)

1 23 0 38

*95% confidence interval shown.

PPV, positive predictive value; NPV, negative predictive value.

TABLE 3 | Evaluation of the diagnostic performance of PETRA-MRA and TOF-MRA for detecting stenosis >50% and stenosis >75% using DSA as a reference of the

post-intervention.

Post-operative Detection of >50% stenosis Detection of >75% stenosis

DSA

(+)

DSA

(–)

Sensitivity Specificity PPV NPV DSA

(+)

DSA

(–)

Sensitivity Specificity PPV NPV

PETRA-MRA

(+)

7 3 87.5%

(46.7–99.3)*

87.5%

(66.5–96.7)

70%

(35.4–91.9)

95.5%

(75.1–99.8)

0 0 0 100%

(86.7–100.0)

0 100%

(86.7–100.0)

PETRA-MRA

(–)

1 21 0 32

TOF-MRA

(+)

8 24 100.0%

(59.8–100.0)

0

(0–17.2)

25%

(12.1–43.8)

0 0 22 0 31.3%

(16.7–50.1)

0

(0–18.5)

100.0%

(65.5–100.0)

TOF-MRA

(–)

0 0 0 10

*95% confidence interval shown. PPV, positive predictive value; NPV, negative predictive value.
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FIGURE 4 | A representative case of a 63-year-old female patient who underwent stent angioplasty due to atherosclerotic stenosis of the left middle cerebral artery

(MCA) at the M1 segment (blue arrows). Pre-intervention images are shown on the top row (a) TOF-MRA, (b) PETRA-MRA, and (c) DSA. The degree of stenosis was

79.8% on TOF, 65.3% on PETRA-MRA, and 68.6% on DSA. Image quality scores of the PETRA-MRA and 3D-TOF were both 4. Post-intervention images are shown

on the bottom row (d) 3D-TOF, (e) PETRA-MRA, and (f) DSA. Post-intervention TOF-MRA had strong signal loss near the stent, and post-intervention PETRA-MRA

had mild signal loss near the stent comparing with reference DSA. PETRA-MRA had significantly higher image quality scores than those of TOF-MRA considering flow

visualization within the stents (PETRA-MRA, 4; 3D-TOF, 1) and susceptibility artifact (PETRA-MRA, 3; 3D-TOF, 1).

FIGURE 5 | A representative case of a 68-year-old female patient who underwent stent angioplasty due to atherosclerotic stenosis of the right middle cerebral artery

(MCA) at the M1 segment (blue arrows). Pre-intervention images are shown on the top row (a) TOF-MRA, (b) PETRA-MRA, and (c) DSA. The degree of stenosis was

100% on TOF (pseudo-occlusion), 79.8% on PETRA-MRA, and 86.3% on DSA. Image quality scores of the PETRA-MRA and 3D-TOF were 4 and 3, respectively.

Post-intervention images are shown on the bottom row (d) 3D-TOF, (e) PETRA-MRA, and (f) DSA. Post-intervention TOF-MRA had strong signal loss near the stent,

and post-intervention PETRA-MRA had minimal signal loss near the stent comparing with reference DSA. PETRA-MRA had significantly higher image quality scores

than those of TOF-MRA considering flow visualization within the stents (PETRA-MRA, 4; 3D-TOF, 1) and susceptibility artifact (PETRA-MRA, 4; 3D-TOF, 1).
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FIGURE 6 | Inter-observer agreement of stenosis measurements using PETRA-MRA, TOF-MRA, and DSA.

TABLE 4 | Summary of the inter-observer agreement for stenosis measurements.

Stenosis (100%) Reader 1 Reader 2 CV (%) Bias LOA ICC

DSA 48.7 ± 23.1 50.2 ± 21.9 5.7 −1.5 (−12.8, 9.7) 0.96

PETRA-MRA 48.5 ± 23.8 51.1 ± 22.6 5.7 −2.5 (−13.7, 8.6) 0.96

TOF-MRA 70.6 ± 26.0 74.5 ± 22.0 7.4 −3.9 (−18.4, 10.5) 0.94

CV, coefficient of variation; LOA, limit of the agreement; ICC, intra-class coefficient.

For the post-intervention image quality evaluation of flow
visualization, there was a good inter-reader agreement for
PETRA-MRA (ICC = 0.74) and 3D-TOF-MRA (ICC = 0.91).
For the susceptibility artifacts scoring, there was a good inter-
reader agreement for PETRA-MRA (ICC = 0.81) and 3D-TOF-
MRA (ICC= 0.87) as well.

There was an excellent inter-reader agreement for the
measurement of the degree of stenosis with PETRA-MRA (ICC
= 0.96), 3D-TOF-MRA (ICC = 0.94), and DSA (ICC = 0.96).
The Bland-Altman plots are shown in Figure 6 and results are
shown in Table 4.

DISCUSSION

This study demonstrated that PETRA-MRA had good image
quality and accurate measurement of the MCA stenosis for
both pre-and post-stenting comparing to gold standard DSA.
The performance of PETRA-MRA was significantly better
than 3D-TOF-MRA, especially after stent implementation. To
our best knowledge, this was the first study using PETRA-
MRA for the evaluation of intracranial stenosis post stent
placement. Our study showed PETRA-MRA was a promising
non-radiation non-contrast alternative to DSA for MCA stenosis
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quantification, and it was especially attractive for the routine
surveillance of patients after stent employment when multiple
scans were required.

The accurate quantification of the degree of MCA stenosis
plays an important role in the management of stroke patients
to decide the treatment strategy between medical therapy and
intervention (3). Because of the invasive nature of the reference
standard DSA, other non-invasive techniques including CTA,
CE-MRA, and 3D-TOF-MRA are often used for the initial
evaluation of the stenosis (5–7). 3D-TOF-MRA doesn’t require
the use of contrast and is free of radiation, which is promising
for clinical use, but it is vulnerable to hemodynamic fluctuations
which lead to signal voids (by phase dispersion) (7, 25). A
recent study by Tian et al. (7) evaluated 176 intracranial artery
segments with stenosis in the Circle of Willis and found 3D-
TOF-MRA overestimated stenosis compared to 3D rotational
DSA (65 ± 19 vs. 51 ± 15%, p < 0.001), and our results for the
pre-intervention evaluation reported similar findings. Compared
with 3D-TOF-MRA with a TE value around 3–5ms, PETRA-
MRA had an ultra-short TE of <100 µs. Therefore, PETRA-
MRA was less sensitive to turbulent flow artifacts around the
stenotic site.

A recent study by Shang et al. included 26 patients with
intracranial stenosis and compared the stenosis evaluation of
PETRA-MRA with 3D-TOF-MRA using CTA as a reference
(21). They found PETRA-MRA had better image quality
than 3D-TOF-MRA for signal homogeneity and venous
signal suppression, and PETRA-MRA had a better agreement
for stenosis categorization (<30, 30–69, 70–99, 100%) with
CTA than 3D-TOF-MRA had with CTA (kappa, 0.90 vs.
0.81). Our results agreed with their findings with several
advantages: (1) we had a large sample size than theirs (n =

53 vs. n = 26); (2) we used DSA as the reference standard
while they used CTA as a reference; (3) we performed
quantitative stenosis measurements while they only did
qualitative grading.

Future comparison of PETRA-MRA to other promising
advanced imaging techniques for stenosis measurement and
post-intervention evaluation may prove valuable to determine
the ideal imaging approach. Vessel wall MRI has proven to
be a valuable technique for intracranial stenosis evaluation
(7, 26, 27). Tian et al. found 3D vessel wall MRI agreed
better with DSA than 3D-TOF-MRA (r = 0.91 vs. r = 0.70).
Compared with bright blood MRA, black blood MRI did not
provide easy visualization of stenosis, but it could characterize
vessel wall features related to plaque vulnerability (28–
30).

Intracranial angioplasty and stenting are beneficial for
selected patient cohorts and have been used widely in many
experienced centers (9, 31). After stent placement, imaging
surveillance is necessary to monitor for in-stent restenosis
(12). Computed tomography angiography is limited for post-
stenting evaluation due to metal beam hardening artifact
obscuring luminal evaluation (14). Traditional MRA methods
including CE-MRA and 3D-TOF-MRA are limited due to
susceptibility artifacts that create signal voids around the stent,
overestimating the degree of stenosis (15, 32). To the best of our

knowledge, no studies have been published evaluating PETRA-
MRA for post-stenting evaluation of intracranial stenosis.
However, there have been a few studies evaluating PETRA-
MRA for stent-assistant coiling for intracranial aneurysms (15,
20). You et al. evaluated 61 patients who underwent stent-
assisted coiling of an intracranial aneurysm with zero-TE MRA
(a technique comparable to PETRA-MRA), CE-MRA, 3D-
TOF-MRA, and DSA (15). They found zero-TE MRA had
the best visualization of in-stent flow and performed better
than CE-MRA and 3D-TOF-MRA. Our study had similar
findings for post-stenting of intracranial stenosis. The ultra-
short TE or zero TE sequences, in principle, begin the signal
acquisition nearly immediately after the excitation when the
phase dispersion within the voxel is still minimal, thus there
is little image distortion and signal loss (33). As PETRA-
MRA is a non-invasive and non-radiation technique, it has
great potential for the follow up of patients after intracranial
stent placement.

Our study has several limitations. First, this is a single-center
study with a small sample size for post-stenting evaluation.
Future larger-scale multi-center studies are required to confirm
our findings. Second, we only evaluated MCA stenosis, and the
performance of PETRA-MRA in other intracranial arteries is
warranted. Third, the PETRA-MRA sequence has a long scan
time relative to 3D-TOF-MRA. Future evaluation of the impact
the PETRA-MRAhas onMRIworkflows relative to the use of 3D-
TOF-MRA would be helpful to better determine the feasibility of
its utilization in standard imaging algorithms.

CONCLUSIONS

PETRA-MRA is accurate and reproducible for quantifying MCA
stenosis both pre- and post-stenting compared with DSA and
performs better than 3D-TOF-MRA.
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Background and Aims: Statin therapy is an essential component of cardiovascular

preventive care. In recent years, various vessel wall MRI (VW-MRI) techniques have been

used to monitor atherosclerosis progression or regression in patients with extracranial

or intracranial large-artery atherosclerosis. We aimed to perform a systematic review

and meta-analysis on the effects of statin therapy on plaque evolution as assessed

by VW-MRI.

Materials and Methods: Prospective studies investigating carotid and intracranial

atherosclerotic plaques in patients on statin therapy monitored by serial VW-MRI were

systematically identified in the literature. The plaque burden and lipid-rich necrotic core

(LRNC) volume of carotid plaque and the imaging features of intracranial plaques were

extracted and summarized. For studies investigating carotid artery wall volume and LRNC

volume, combined estimates were derived by meta-analysis.

Results: The study identified 21 studies of carotid plaque and two studies of intracranial

plaque. While 16 studies investigating carotid plaques that included 780 patients by

High-resolution VW-MRI were included in the meta-analysis. There was no significant

change in carotid wall volume from baseline to 12 months. A significant change in LRNC

volume was observed at >12 months compared with baseline (Effect = −10.69, 95%

CI = −19.11, −2.28, P < 0.01), while no significant change in LRNC volume at 3–6

months or 7–12 months after statin therapy initiation in 6 studies. Increases in fibrous

tissue and calcium and reduction in neovascularization density of the plaque were seen

in 2/3 studies (including 48/59 patients), 1/3 studies (including 17/54 patients), and 2/2

studies (including 71 patients) after statin therapy, respectively. Two studies with 257

patients in intracranial atherosclerosis showed that statins could effectively decrease wall

volume and plaque enhancement volume.
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Conclusions: Collective data indicated that statins could potentially stabilize carotid

plaques by significantly reducing LRNC with 1 year of therapy as shown on serial carotid

VW-MRI. There was no significant decrease in wall volume, which nonetheless indicated

that plaque composition changes might be more sensitive to response monitoring

than wall volume. It is likely that more sensitive, clinically relevant, and preferably

quantitative indicators of therapeutic effects on intracranial vessel plaque morphology

will be developed in the future.

Keywords: vessel wall imaging, intracranial, carotid, atherosclerosis, plaque, statin

INTRODUCTION

Patients with extracranial or intracranial large-artery
atherosclerosis are treated with aggressive risk factor control to
lower their increased risk of ischemic stroke and other vascular
events. This typically involves intensive low-density lipoprotein
cholesterol (LDL-C) lowering with statin therapy. Meta-analyses
of randomized clinical trials on statin therapies have shown that
every 1 mmol/L reduction in LDL-C was associated with a 22%
reduction in major vascular events (1). Despite LDL being a good
marker for the effect of statins, residual stroke risk remains and
other markers should be investigated for better pharmacology
regime or monitoring the treatment effect (2).

A study in the Chinese population found that compared with
the ipsilateral extracranial carotid artery, greater atherosclerotic
plaque burden had a closer association with stroke severity
(National Institutes of Health Stroke Scale) in the middle
cerebral artery, suggesting that intracranial plaques deserve more
attention in stroke etiology (3).

Vessel wall MRI (VW-MRI) is a non-Invasive imaging
technique with high reproducibility and is used for characterizing
atherosclerotic plaques in extracranial carotid or intracranial
cerebral arteries (4–6), as well as plaque progression or regression
(7–9). Studies of carotid atherosclerosis revealed the plaque
characteristics shown on VW-MRI were highly consistent with
those shown on histopathology (10, 11), providing the theoretical
basis to evaluate the treatment response of atherosclerotic
plaques by this imaging technique. Monitoring atherosclerosis
with VW-MRI may enable the visual characterization of
plaque morphologic and compositional evolution. VW-MRI
studies have indicated that lowering LDL-C can remove the
cholesterol from plaques, reduce the lipid content, induce plaque
regression, even increase the plaque calcification, and therefore
stabilize plaques (12–14). Moreover, monitoring atherosclerosis
progression or regression in extracranial carotid or intracranial
cerebral arteries with VW-MRI may allow for the identification
of poor responders to standard-of-care medical therapy, who
could be helped with novel lipid-lowering therapies or enrolling
in clinical trials evaluating other endovascular treatments.

New studies have been published since the last meta-analysis
of using VW-MRI to monitor changes of carotid plaques by
Brinjikji et al. (15). The statins therapeutic response assessment
in intracranial plaque by VW-MRI has not been systematically
studied yet. Studies investigating novel techniques for vessel

plaque evaluation are ongoing and show considerable promise.
In this systematic review and updated meta-analysis, we aimed
to evaluate the effect of statins on plaque components (such
as lipid, fibrous tissue, and calcium) and plaque morphology
(such as wall volume) as monitored by serial VW-MRI. The
effects of statins in carotid plaques assessed by other advanced
MRI techniques such as dynamic contrast-enhanced MRI (DCE-
MRI), T2 mapping, and MRI targeting macrophages were also
reviewed. The selection of parameters has been discussed. Finally,
study results investigating intracranial plaques by VW-MRI after
statin therapy were summarized.

MATERIALS AND METHODS

This systematic review was performed with a standardized
protocol with reference to the Preferred Reporting Items for
Systematic reviews and Meta-Analysis (PRISMA) guidelines.
Ethical committee approval and patient consent were not
required because of their statistical nature.

Search Strategy
A comprehensive search of the PubMed, Embase, Medline, and
the Cochrane library databases from January 1st, 2000 through
December 31st, 2020 was performed. To identify eligible studies,
the following keywords were used in combination with the
Boolean operators OR and AND: “intracranial atherosclerosis”
or “intracranial plaque” or “intracranial artery stenosis” or
“intracranial artery disease” or “cerebral artery atherosclerosis”
or “carotid atherosclerosis” or “carotid plaque” or “carotid
artery stenosis” or “carotid artery disease” or “lipid-rich necrotic
core” and “high-resolution magnetic resonance imaging” or
“vessel wall imaging” or “plaque imaging” and “statin” or
“lipid-lowering treatment” or “HMG-COA (3-hydroxy-3-methyl
glutaryl coenzyme A) reductase inhibitor.” We also hand-
searched references from key articles to find any additional
studies on the use of serial carotid and intracranial plaque MRI
to monitor response to statin therapy. Scoping searches were
performed, and an iterative process was used to translate and
refine the searches. The list of articles was supplemented with
extensive cross-checking of reference lists within the included
articles. The search was performed by a senior researcher and
reviewed by a second researcher, and discrepancies in judgment
were resolved by consensus.
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Eligibility Criteria and Study Selection
Specific inclusion criteria were: (1) English language articles;
(2) all patients were on statin therapy or the results of the
statin group were separately reported; (3) patients underwent
serial vessel wall MRI to assess the response to statin therapy
of intracranial and extracranial carotid atherosclerosis; (4) use of
serial carotid or intracranial plaque MRI with dedicated surface
coils; (5) minimum field strength of 1.5 T at all time points; (6)
total sample size was > 10 patients; (7) follow-up duration was
at least 3 months; (8) necessary data were reported to calculate
the indicators of plaques. Attempts were made to contact the
corresponding author for additional data details when necessary.

Studies must report at least one of the following regarding
the plaques: (a) change in wall volume over time; (b) change in
lipid-rich necrotic core (LRNC) volume over time; (c) change in
calcium volume over time; (d) change in fibrous tissue volume
over time.

If multiple studies were thought to contain overlapping
patient cohorts and observed similar indicators, only the
study with the largest sample size was retained. Review
articles, conference abstracts, letters, comments, and case reports
were excluded.

Exclusion criteria included retrospective and cross-Sectional
studies, studies employing only imaging modalities other than
vessel wall MRI, or studies in which the results of the statin arm
could not be separated when multiple arms were involved, i.e.,
statin vs. non-Statin.

This selection strategy was prospectively chosen to provide
sufficient and accurate data for a detailed systematic review.

Methodological Quality Assessment
The methodological quality of included studies was
independently assessed by two researchers using the “Guidelines
for Assessing Quality in Prognostic Studies on the Basis of
Framework of Potential Biases” (16). Discrepancies in judgment
were resolved by consensus after discussion.

Data Extraction and Analysis
Two reviewers independently extracted data from eligible
studies, and disagreements were resolved by consensus. The
following study characteristics were extracted: (1) sample size and
demographics of study participants; (2) the regimen and dose of
statins in all arms; (3) specific MRI protocols employed; (4) the
changes in plaque imaging characteristics and in LDL-C levels at
all monitoring time points.

We did the meta-analysis of studies investigating variable
outcomes of carotid plaques at three time points: (a) 3–6
months, (b) 7–12 months, and (c) > 12 months following
statin therapy initiation. The pooled results were expressed
as an “Effect” with respective 95% CI. I2 calculated from Q
statistic was used to examine the heterogeneity among the
included studies, with I values of 0–40, 30–60, 50–90, and 75–
100% representing not important, moderate, substantial, and
considerable inconsistency, respectively (17). A random-effects
model was applicable with an I2 value of over 50%, and a fixed-
effectsmodel was applicable with an I2 value of< 50% (18).Meta-
analysis was conducted using Stata version 12 (College Station,
Texas: StataCorp LP, United States).

FIGURE 1 | Flow diagram of literature screening and selection process.
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RESULTS

Study Selection and Characteristics
The detailed study selection flow diagram is shown in Figure 1.
A total of 1,198 articles were identified after duplicates were
removed. From these, 21 articles for carotid plaque and 2 articles
for intracranial plaque were identified as eligible. Limited by the
number of eligible studies on the intracranial plaque, the meta-
analysis included only carotid plaque vessel wall MRI studies.

Table 1 summarizes the 21 included prospective clinical
studies that evaluated the changes of carotid plaques on
longitudinal VW-MRI in patients on statin therapy published
between 2000 and 2020. All studies evaluated the imaging
characteristics of the plaques at baseline. There were 12
studies which had imaging follow up at 12 months, 4 studies
at 18 months, and 9 studies at 24 months. Six studies
did the measurements based on the T1 sequence. Two studies
did the measurements based on the T2 sequence. One study did
the measurements based on the PD (proton density) sequence.
On the other hand, 12 studies did not make the corresponding
statement. Eight studies drew the measurements manually, six
studies used the automatic custom-designed image analysis tool
(CASCADE, IBMarker Company, Seattle, WA, USA) (13, 29–31,
34, 35), and one used the semiautomatic software (Vessel Mass,
Leiden University Medical Center, Leiden, Netherlands) (26). Six
studies did not make the corresponding statement. All studies
recorded the changes in the blood lipid index of the patients,
including LDL-C and/or high-density lipoprotein-cholesterol
(HDL-C). Nine studies employed plaque burden/volume as
the only imaging observation at the experimental endpoint,
one study employed LRNC as the only imaging observation,
and seven studies used both plaque burden/volume and LRNC
as observation indicators at the endpoint. In two studies
investigating vascular dynamics, the dynamic changes in the
parameters of the plaques were used as the only observation
indicators at the endpoint of the experiment. Finally, one
study employed plaque inflammation as the indicator (ultrasmall
superparamagnetic iron oxide (USPIO) uptake by macrophages)
and one employed distensibility as the only observation indicator
at the endpoint.

Table 2 summarizes the two prospective clinical studies from
2016 to 2020 evaluating treatment response to statins based on
imaging findings on longitudinal intracranial VW-MRI studies.
These studies monitored plaque burden/volume, intima-media
thickness, and plaque number at baseline and after 6 months
of statin therapy and recorded the changes of lipid panels, such
as LDL-C, HDL-C, etc. The study of Chung et al. made the
measurements based on the T2 sequence manually. There was no
corresponding statement in another study (4, 37).

Risk of Bias and Quality Assessment
The results of the quality assessment were generally satisfactory.
There were 10 studies judged to have a low risk of bias in four
assessed domains. Six studies were judged to have amoderate risk
of bias in at least one domain. Common sources of moderate risk
were study participation and study attrition. Study attrition bias
risk came from missing data points, specifically some patients

not receiving all follow-up imaging studies and/or lab values at
the prescribed time points. Five studies had a high risk of bias
in the domain of study participation resulting from a lack of
reasonable inclusion and exclusion criteria and/or rationality in
variable control. There was no study with a high risk of bias in
more than one assessed domain.

Selection of Plaque Measurements
Morphological Parameters
The study found that 16 studies employed wall area, wall
thickness, wall area index, wall volume, and lumen volume as
the morphological parameters in the clinical trials of carotid
atherosclerosis (Table 1). The wall area is defined as wall area
= vessel area – lumen area. The wall thickness is the mean
vessel wall thickness. The wall area index is defined as the ratio
of the wall area of the stenosis site to that of the reference
wall. The wall volume and lumen volume are three-dimensional
indicators (volume= area × slice thickness × the number of
slices) (4–6, 38). The interobserver and interscan intraclass
correlation coefficient (ICC) for morphological measurement
reported ranged from 0.97 to 0.99. The interobserver and
interscan mean coefficient of variation (CV) of the total wall
volume measurements were 4.6 and 3.8%, respectively, showing
good repeatability (7–9, 20–23, 33).

Compositional Parameters
Eight studies employed LRNC volume, fibrous tissue volume,
and Calcium volume as the plaque component variables assessed
on carotid VW-MRI (Table 1). The ICCs for component
measurement reported in the included studies ranged from 0.88
to 0.96 (9, 22, 33).

Other Novel Parameters
Two studies employed parameters of vascular permeability such
as transport constant (Ktrans) and fractional plasma volume
(Vp) as the endpoints of clinical medication trials. Two
studies employed USPIO-defined inflammation and stiffness as
novel parameters.

In atherosclerosis, macrophage accumulation initiates lesion
development and triggers clinical events by elaborating various
molecules that promote inflammation, plaque disruption, and
subsequent thrombus formation (39–42). To identify the plaque
inflammation activity, common parameters include USPIO
signal intensity in the plaque and compliance coefficient (24,
25). Amax and Amin were defined as the maximum and the
minimum vessel cross-sectional areas through the cardiac cycle,
respectively. The distensibility was: (Amax–Amin)/Amin∗ the
average brachial pulse pressure. The compliance coefficient was:
(Amax–Amin)/the average brachial pulse pressure (25).

Response of Atherosclerosis on Statins
Extracranial Carotid Atherosclerosis

Lipid Rich Necrotic Core Volume
Six studies extracted the change in LRNC volume. The mean
LRNC volume was 72.3 ± 35.3 mm3 at baseline and 62.3
± 34.6 mm3 at the last follow-up. There was a significant
decrease in LRNC volume at > 12 months (Effect = −10.69,
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TABLE 1 | Serial vessel wall MRI studies on effects of statin therapy on extracranial carotid atherosclerosis.

References Research

Time

N Study design Age;

Male%

Medication and

dose

Monitoring time

point

Monitored

indicators

Change trend of

monitored indicators

LDL-C levels Manufacturer;

Field strength;

Sequences

Corti et al. (5) 2001† 18 Prospective,

Statins only, one

arm

63.5 ± 9;

56%

Simvastatin

Dose unclear

Baseline, 6

months, 12

months

Plaque burden VWA and maximal VWT

decreased at 12 months

and minimal VWT

unchanged

159 ± 32 mg/dl at

baseline;

decreased by 38% at 6

weeks

GE;

1.5T;

T2W

Corti et al. (6) 2002† 21 Prospective,

Statins only, one

arm

63.5 ± 9;

57%

Simvastatin

Dose unclear

Baseline, 6

months, 12

months, 18

months, 24

months

Plaque burden VWA and maximal VWT

decreased at 12–24 months

and minimal VWT

unchanged

159 ± 32 mg/dl at

baseline;

decreased by 30–35%

at 6 weeks

GE;

1.5T;

T2W

Corti et al. (19) 1999.03–

2002.03

51 Prospective, High

vs. low dose

statins, two arms

62.6 ± 7.6 vs

62.3 ± 10.0;

NA

Simvastatin

80 vs, 20 mg/d

Baseline, 6

months, 12

months, 18

months, 24

months

Plaque burden VWA and maximal VWT

decreased at 12–24 months

and minimal VWT

unchanged, in both arms

173 ± 33 vs. 154 ± 31

mg/dl at baseline;

93 vs. 98 mg/dl at the

first 6 weeks, then no

changed, in both arms

GE;

1.5T;

T2W

Boussel et al. (20) 2004.02–

2007.08

89 Prospective,

Detailed health

questionnaire

75.4 ± 9.4;

77.5%

Statins

Dose unclear

Baseline, 12

months

Plaque

burden/volume

VW volume increased at 12

months

Unclear GE;

1.5T;

2D/3D TOF;

T1W

Adams et al. (21) 2004† 11 Prospective,

Different statins or

dose therapy, five

arms.

69;

73%

Atorvastatin 10 or

40mg, pravastatin

20mg, simvastatin

20 or 40mg

Baseline, 16

months, 24

months

Plaque

burden/volume

VW volume increased at 16

and 24 months

116 ± 39 mg/dl at

baseline, 92 ± 38

mg/dl at 16 months

GE;

1.5T;

TOF/PDW/T1W/T2W

Underhill et al. (22) 2000.01–

2004.08

33 Prospective, High

vs. low dose

statins, two arms

64.4 ± 2.9 vs.

66.5 ± 1.8;

70 vs. 53.9%

Rosuvastatin

40 or 80 vs.

5 mg/d

Baseline, 24

months

Plaque

burden/volume,

LRNC

Lumen volume, VW volume,

normalized wall index, or

mean wall thickness

unchanged;

LRNC and LRNC%

decreased and fibrous

tissue increased at 24

months, in both arms

145.0 ± 24.0 vs. 153.6

± 31.0 mg/dl at

baseline;

decreased by 59.9 ±

3.3 vs. 38.2 ± 2.4% at

24 months

GE;

1.5T;

3D TOF;

2D

PDW/T1W/T2W

Saam et al. (23) 2007† 68 Prospective;

Detailed health

questionnaire

70.3 ± 8.9;

93%

Statins

Dose unclear

Baseline, 18

months

Plaque burden Mean VWA and normalized

wall index increased and

mean lumen area decreased

at 18 months

80.6 ± 26.0 mg/dl at

baseline;

unclear at end time

point

GE;

1.5T;

3D TOF;

PDW/T1W/T2W

Tang et al. (24)* 2006.07–

2007.08

47 Prospective;

High vs. low dose

statins, two arms

70.8 ± 6.7 vs.

64.7 ± 7.6;

90 vs. 90%

Atorvastatin

80 vs. 10mg/d

Baseline, 6 weeks,

12 weeks

Inflammation USPIO-defined

Inflammation decreased in

the high dose arm at 12

weeks

97.06 vs. 87.78 mg/dl

at baseline;

decreased by 29 vs.

1% at 12 weeks

GE;

1.5T;

2D TOF/T1W/T2W

Sadat et al. (25)* 2006.07–

2007.08

47 Prospective;

High vs. low dose

statins, two arms

67 ± 2.7 vs.

72 ± 1.8;

80 vs. 75%

Atorvastatin

80 vs. 10 mg/d

Baseline, 12

weeks

Stiffness Distensibility coefficient was

higher in the high dose arm

at 12 weeks

98.61 ± 10.44 vs.

101.70 ± 5.41 mg/dl at

baseline;

67.29 ± 7.73 vs. 99.38

± 8.51 mg/dl at 12

weeks

GE;

1.5T;

2D TOF/T2W
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TABLE 1 | Continued

References Research

Time

N Study design Age;

Male%

Medication and

dose

Monitoring time

point

Monitored

indicators

Change trend of

monitored indicators

LDL-C levels Manufacturer;

Field strength;

Sequences

Sibley et al. (26) 2003.09–

2008.12

73 vs. 72 Prospective;

Statins vs. statins

plus Nicotinic acid,

two arms

72;

82%

Nicotinic acid

1,500 mg/d;

Statins

Dose unclear

Baseline, 6

months, 12

months, 18

months

Plaque

burden/volume

LRNC

VW volume decreased at 18

months;

lumen or LRNC volume

unchanged, in both arms

92.81 ± 30.94 mg/dl at

baseline;

77.34 ± 19.33 mg/dl at

18 months

GE;

1.5T;

T1W/T2W

Lee et al. (27) 2008† 24 Prospective;

Statins only, one

arm

66.0 ± 8.7;

83%

Simvastatin

10–20 or 40 mg/d;

Atorvastatin

10 mg/d

Baseline, 3

months, 12

months

Plaque burden Normalized vessel wall area

decreased at 3–12 months

112.7 ± 38.8 mg/dl at

baseline;

70.8 ± 23.1 mg/dl at

3 months.

70.8 ± 23.1 mg/dl at

12 months

Siemens;

1.5T;

T2W

Lee et al. (28) 2009† 29 Prospective;

Statins vs. statins

plus nicotinic acid,

two arms

65 ± 9;

94%

Nicotinic acid 2

g/d;

Statins

Dose unclear

Baseline, 12

months

Plaque burden Normalized vessel wall area

unchanged at 12 months, in

both arms

85 ± 23 mg/dl at

baseline;

64 ± 16 mg/dl at

6 months;

69 ± 21 mg/dl at

12 months

Siemens;

1.5T;

T2W

Migrino et al. (29) 2011† 26 Prospective;

Statins, three

arms: increase

initiation, increase,

maintain

67.8 vs. 68.8

vs. 65.7;

50 vs. 85 vs.

85%

Statins

Dose unclear

Baseline, 6

months

Plaque

burden/volume,

LRNC

Wall volume decreased in

statins increasing arms (N =

13) and unchanged in

statins maintain arm. LRNC

and LRNC% decreased at 6

months in the total arms.

86 ± 6 vs. 96 ± 8 vs.

77 ± 9 mg/dl at

baseline;

74 ± 4 vs. 73 ± 7 vs.

62 ± 6 mg/dl at 6

months

GE;

3.0T;

PDW/T1W/T2W

Zhao et al. (30) 2011† 33 Prospective;

Single therapy

(included statins

only), double

therapy, triple

therapy, seven

arms

55.0 ± 8.4;

78%

Atorvastatin

10–80 mg/d;

Niacin 2 g/d;

Colesevelam

3.8 g/d

Baseline, 12

months, 24

months, 36

months

Plaque

burden/volume,

LRNC

VW volume or VW volume

percentage decreased at

12–36 months;

LRNC and LRNC%

decreased in first 24

months;

FTV decreased and FTV%

increased in first 24 months;

Calcium and loose matrix

unchanged.

163 mg/dl at baseline;

Unclear at endpoints

GE;

1.5T;

2D

PDW/T1W/T2W

Du et al. (13)** 2009.03–

2012.02

43 Prospective;

Statins only, one

arm

60.8 ± 9.1;

78.1%

Rosuvastatin

10–80mg/d

Baseline, 3

months, 12

months, 24

months

Plaque

burden/volume,

LRNC

VW volume, VW percentage

and lumen volume

unchanged;

LRNC and LRNC%

decreased in first 3 months

125.2 ± 24.4 mg/dl at

baseline;

66.7 ± 17.3 mg/dl at 3

months;

65.5 ± 17.0 mg/dl at

12 months;

69.8 ± 16.6 mg/dl at

24 months

GE;

3.0T;

3D TOF;

PDW/T1W/T2W

(Continued)
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TABLE 1 | Continued

References Research

Time

N Study design Age;

Male%

Medication and

dose

Monitoring time

point

Monitored

indicators

Change trend of

monitored indicators

LDL-C levels Manufacturer;

Field strength;

Sequences

Du et al. (31)** 2009.03–

2012.03

43 Prospective;

Statins only, one

arm

60.8 ± 9.1;

78.1%

Rosuvastatin

5–20 mg/d

Baseline, 3

months, 12

months, 24

months

Vascularity (Vp),

vascular

permeability

(Ktrans)

Vp decreased at 3 months;

Ktrans unchanged

130 ± 24 mg/dl at

baseline;

68 ± 17 mg/dl at

3months;

68 ± 18 mg/dl at 12

months;

69 ± 7 mg/dl at

24 months

GE;

3.0T;

3D TOF;

PDW/T1W/T2W

Feng et al. (32) 2013.09–

2016.02

60 Prospective;

High vs. low dose

statins, two arms

61.3 vs. 61.0;

62.5 vs.

61.5%

Pivastatin 4 vs.

2 mg/d

Baseline, 48

weeks (12 months)

Plaque burden,

LRNC

Lumen area increased;

Normalized wall index,

Plaque thickness and Wall

area decreased;

LRNC decreased. In both

arms.

134.57 vs. 129.93

mg/dl at baseline;

unclear at endpoints

Philips;

3.0T;

3D TOF;

PDW/T1W/T2W

Alkhalil et al. (33) 2016.04–

2016.11

24 Prospective;

Statins only, one

arm

64 ± 10;

71%

Atorvastatin 80

mg/d

Baseline, 3

months

LRNC LRNC and LRNC%

decreased;

FTV unchanged;

FTV% increased

109 ± 30 mg/dl at

baseline;

unclear at endpoints

Siemens;

3.0T;

TOF/T1W/T2W

Du et al. (34)** 2016† 32 Prospective;

Statins continued

vs. Statins

discontinued, two

arms

NA;

NA

Rosuvastatin;

Atorvastatin;

Simvastatin Dose

unclear

Baseline, 24

months, 48

months

Plaque

burden/volume,

LRNC

VW volume percentage

unchanged;

LRNC and LRNC%

decreased in 24–48

months;

FTV, FTV% and Calcium

increased in 24–48 months.

124.02 ± 26.79 vs.

125.89 ± 22.85 mg/dl

at baseline;

68.19 ± 16.29 vs.

70.79 ± 17.14 mg/dl at

24 months;

93.31 ± 35.91 vs.

130.73 ± 22.08 mg/dl

at 48 months.

GE;

3.0T;

3D TOF;

PDW/T1W/T2W

Dong et al. (35) 2001.04–

2004.05

28 Prospective;

Single therapy

(included statins

only), double

therapy, triple

therapy, seven

arms

55 ± 6;

82%

Atorvastatin 10–80

mg/d;

Niacin 2 g/d;

Colesevelam

3.8 g/d

Baseline, 12

months

Vascularity (Vp),

vascular

permeability

(Ktrans)

Adventitial (K trans )

decreased at 12 months,

adventitial Vp unchanged.

163 mg/dl at baseline;

Unclear at endpoints

GE;

1.5T;

PDW/T1W/T2W

Hippe et al. (36) 2018† 86 Prospective;

Statins vs. statins

plus nicotinic acid;

ezetimibe was

used as needed,

two arms

62;

67%

Simvastatin;

nicotinic acid

1.5–2 mg/d

Baseline, 24

months

Plaque

burden/volume

VW volume percentage

increased in both arms.

74 vs. 72 mg/dl at

baseline;

69 vs. 67 md/dl at 24

months

GE/Philips;

3.0T;

NA

Arranged by research time. N, number of patients; Male%, proportion of male; PDW, proton density weighted; T1W, T1 weighted; T2W, T2 weighted; Vp, fractional plasma volume; K
trans, transfer constant; VW, vessel wall; VWT, vessel

wall thickness; VWA, vessel wall area; FTV, fibrous tissue volume; LRNC, lipid rich necrotic core; *The same patient cohort; **The same patient cohort,
†
published time.
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95%CI = −19.11, −2.28, P < 0 01). There was no significant
decrease in LRNC volume at any time points < 1 year. Moderate
heterogeneity was observed for the analysis of LRNC. The data is
summarized inTable 3. Representative Forest plots and a detailed
line chart are provided in Figures 2A, 3A.

Fibrous Tissue Volume
Only three studies had corresponding data and therefore meta-
analysis was not performed. Two studies found an increase in
fibrous tissue volume at the last follow-up. However, one study
found a decreased volume at the 24-month time point after
initiation of statin therapy and at the last follow-up. The detailed
line chart is provided in Figure 3C.

Calcium Volume
Only three studies had corresponding data and therefore meta-
analysis was not performed. One study found an increase in
calcium volume at the last follow-up. However, two studies found
a decrease and no change in calcium volume at the last follow-up,
respectively. The detailed line chart is shown in Figure 3D.

Wall Volume
All eight studies evaluated the change in wall volume. The mean
wall volume at baseline was 731.8 ± 227.1 mm3 and at the last
follow-up was 687.2 ± 225.6 mm3. There was no significant
decrease at > 12 months (Effect = −20.83, 95%CI = −46.29,
4.62, P >0.05). I-squared value was 60.7% at > 12 months
indicating substantial heterogeneity. There was no significant
decrease at any time point except the last follow-up. The data is
summarized inTable 3. Representative Forest plots and a detailed
line chart are provided in Figures 2B, 3B.

Neovascularization
Two studies with 71 total patients found a decrease in Vp or K

trans

of plaque at 3 and 12months after statin therapy initiation, which
indicated a reduction in plaque neovascularization density.

The Relationship Between LRNC Volumes and LDL Levels
We also explored the relationship between the mean LRNC
volumes and the mean LDL-C levels at various time points.
Although several previous studies found that changes in the
LRNC were significantly correlated with LDL-C levels (22, 32,
36), the reported LRNC volume changes varied across the
reviewed studies, possibly due to the different study populations,
designs, and statin regimens. The bubble chart showing the
results across included studies is shown in Figure 4.

Intracranial Atherosclerosis
In the evaluation of 77 patients with symptomatic acute ischemic
stroke treated with high-dose statins (Atorvastatin 40–80mg
or rosuvastatin 20mg), the study of Chung et al. found that
high-dose statins could effectively decrease plaque enhancement
volume, wall area index, and degree of stenosis. Longer duration
(more than 1 month) of statin treatment and higher reduction
of LDL-C were associated with decreased plaque enhancement
volume (4, 38). Another study by Chen et al. compared the
efficacy and safety of different statins in the treatment of
intracranial atherosclerotic plaques involving middle cerebral
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TABLE 3 | Results of meta-analysis.

Number of studies Effect (95% CI) I² Effect (95% CI) I² Effect (95% CI) I²

3–6 months (mm3) 7-12 months (mm3) >12 months (mm3)

LRNC volume 6 −5.01 (-17.65, 7.64) 0 −11.49 (-34.76, 11.77) 0 −10.69 (-19.11,−2.28) 54.7

Wall volume 8 - - −10.0 (-130.6, 110.6) - −20.83 (-46.29, 4.62) 60.7

FIGURE 2 | Change in LRNC volume and Wall volume at > 12 months: (A) forest plot of change in LRNC volume at > 12 months; (B) forest plot of change in Wall

volume at > 12 months.

arteries and found that different statins could significantly reduce
blood lipid levels, intima-media thickness, plaque number, and
wall volume, but rosuvastatin and atorvastatin had more effective
anti-inflammatory and plaque stabilizing effects than simvastatin
and pravastatin (37).

DISCUSSION

This updated meta-analysis of patients who received serial
carotid plaque imaging while on statin therapy demonstrated a

significant reduction in LRNC volume only with > 1 year of
therapy, whereas wall volume did not change significantly at
any time points. It suggested that VW-MRI could visualize the
changes of plaque components and morphology in vivo after
statin therapies, and the former could be a more sensitive marker
of therapeutic response. Increasing LRNC size was associated
with the development of new ulceration, fibrous cap rupture,
increasing plaque burden, as well as ischemic stroke events (43–
46). Therefore, LRNC size was a good target for the evaluation of
therapeutic response. A review of studies that monitored changes
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FIGURE 3 | (A) The line chart of LRNC volume, (B) The line chart of wall volume, (C) The line chart of fibrous tissue volume, (D) The line chart of calcium volume. BL

= Baseline. The bars mean 95% CI.

FIGURE 4 | The bubble chart about the relationship between mean LRNC

volumes and mean LDL-C levels.

of intracranial atherosclerotic plaques by VW-MRI suggested
that changes in multiple parameters such as decreased plaque
number, wall volume, and plaque enhancement volume could be
readily detected.

Compared with the meta-analysis by Brinjikji et al. (15) which
also explored the change of plaque characteristics after statin
therapies, our analysis provided additional information listed
below. (1) One new prospective study with both vessel wall and
LRNC data were included (34); (2) we summarized the change
in plaque components such as fibrous tissue and calcium in

addition to LRNC volume and wall volume; (3) the relationship
between mean LRNC volumes and mean LDL-C levels were
plotted; (4) given the technical developments in plaque imaging,
a review of advanced MRI techniques including T2 mapping and
DCE was performed and the established indicators for therapy
monitoring of atherosclerotic plaques were summarized; (5) the
results derived from studies of intracranial atherosclerosis were
also summarized.

Carotid Atherosclerosis
Two of three studies showed a significant increase in fibrous
tissue volume of carotid plaques after 2 years of statin treatment.
The timing of the change suggested that the decrease in the LRNC
volume probably preceded the increase in fibrous tissue volume,
which could be consistent with the proposed mechanism that the
LRNC component might be replaced by fibrous tissue after statin
treatment (15).

Calcium volume did not change significantly at any time
points including for follow-up duration as long as 3 years (30).
Sun et al. (44) reported that high plaque calcification content
was not associated with poor prognosis in AIM-HIGH. Calcium
might not be the crucial component to evaluate in carotid
plaques when a therapeutic response of statins is being assessed
by VW-MRI.

The study of Hellings et al. (47) found that carotid
plaque features including IPH and intraplaque vessel formation
identified in endarterectomy specimens were associated with
future cardiovascular events in 818 patients who underwent
carotid endarterectomy. Currently, advanced MRI techniques
such as DCE MRI and USPIO enhanced MRI show unique
advantages in characterizing plaque micro-vascularization and
inflammation. These parameters could be further explored in

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 October 2021 | Volume 8 | Article 74293524

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhou et al. Vessel Wall MRI in Atherosclerosis

future prospective studies to monitor the effects of therapy on
plaque morphology (48–51).

Intracranial Atherosclerosis
Because of the unique structure and environment, intracranial
arteries receive nutrient supply directly from cerebrospinal
fluid and have fewer vasa vasorum than carotid arteries (52).
Fewer vasa vasorum, however, makes intracranial arteries more
vulnerable to hypoxic injury. The hypoxic environment caused
by pathological wall thickening in atherosclerosis can stimulate
angiogenic factors (e.g., vascular endothelial growth factor) that
consequently promote neovascularization (53–55). Statins can
reduce the release of vascular endothelial growth factors through
anti-inflammatory effects, thereby reducing neovascularization
and plaque enhancement volume on MRI seen in carotid
plaque (35, 56). These observations suggest that statins might
have different mechanisms to stabilize intracranial plaques than
extracranial ones, and the assessment of intracranial plaque
changes requires further investigation, which is indeed necessary
given the crucial role that intracranial atherosclerosis plays in
stroke development. Notably, a recent study on intracranial
atherosclerosis indicated that 35% of patients had a poor response
to statin therapy; post-Treatment VW-MRI showed no change
or increased plaque enhancement volume and increased degree
of stenosis. The study suggested that these patients might
need to choose alternative therapeutic options such as PCSK9
inhibitors or a combination with ezetimibe to lower lipid
levels (4).

Regarding the selection of measurements on imaging, several
clinical studies provide a theoretical basis and report practical
experience for the assessment of responses to statin therapy
in extracranial atherosclerosis, however, the clinical studies
investigating intracranial atherosclerotic plaques are relatively
few, with a limited assessment of VW-MRI characteristics. The
consensus of experts of the American Society of Neuroradiology
on intracranial vessel wall imaging along with a recent meta-
analysis indicates that intracranial plaque enhancement, positive
remodeling, and plaque irregularity are associated with increased
risk of stroke (57, 58). These features are therefore highly relevant
when assessing and validating response to therapy. Furthermore,
evaluation of plaque compositional characteristics in addition to
morphological features on VW-MRI might be clinically relevant
as suggested by the imaging features of carotid plaques. Given the
unique role of neovascularization in the pathogenesis of vessel
plaques, other novel techniques to assess neovascularization
should be developed.

Imaging Techniques
The standard multi-contrast black blood MRI (fast-spin-echo
based) for carotid vessel wall imaging has been widely used for
the evaluation of plaque morphology, and the sequences are
widely available on the major commercial scanners at both 1.5
and 3T. All included studies used specific neck surface coils to
improve the image signal-to-noise ratio/resolution. However, the
neck surface coils are not widely available in clinical radiology
departments and a separate purchase is required. Without using

neck surface coils, the clinical head-neck or neurovascular coils
produce noisier images which limit the image resolution and
therefore limit the measurement accuracy of plaque morphology.
This is a major barrier for clinical translation and multi-
center trials.

In the past decade, 3D fast-spin-echo sequences with variable
flip angle train (product sequence in all major vendors, termed
SPACE in Siemens, CUBE in GE, and VISTA in Philips)
have been widely used for carotid vessel wall imaging due
to its high scan efficiency, isotropic resolution, and intrinsic
blood suppression (59, 60). Such 3D techniques allow high-
resolution imaging using clinical neurovascular coils (61), which
significantly improve their feasibility in a clinical setting.

While the evaluation of plaque volume and LRNC volume
using standard multi-contrast black blood MRI is the most
popular and feasible approach, more advanced but less popular
methods including T2 mapping, DCE and USPIO-MRI have
their unique advantages. The T2 mapping method provides
quantitative analysis of the plaque component and is more
reproducible across scanners and centers. The DCE method
provides unique information on the vasa vasorum, which is an
important factor in plaque vulnerability. USPIO-MRI provides
unique information of the vessel function and inflammation
(macrophage activity). However, their disadvantages are also
apparent. For the T2 mapping and DCE techniques, specific
sequences are required, and specific post-Processing is required,
too. Thus, only a few research centers performed such analysis.
The USPIO contrast is off-label for medical imaging usage.
Thus, despite that its safety profile is comparable to gadolinium,
it is not widely available for imaging, and only a few
centers performed USPIO MRI (62). In addition, to visualize
inflammation, two imaging sessions (1–3 days apart) are required
to enable macrophages to uptake the contrast agent. There is
still a big gap to fill before these novel techniques can be
used more widely. Better sequences and easier post-Processing
pipelines will improve the availability of these techniques in
the future.

CONCLUSION

Collective data indicated that statin therapy could stabilize
carotid plaques by significantly reducing LRNC of therapy
as shown on serial carotid VW-MRI. Future studies and
clinical practice could focus on changes in plaque characteristics
(such as components) rather than morphological features.
It is expected that more sensitive, clinically relevant, and
preferably quantitative indicators to monitor therapeutic effects
on intracranial plaques will be developed. VW-MRI may play an
important role in assessing and guiding clinical statin therapies
in the future.
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Despite the devastating consequences of aneurysmal subarachnoid hemorrhage (SAH),

the mechanisms underlying the formation, progression, and rupture of intracranial

aneurysms (IAs) are complex and not yet fully clear. In a real-world situation, continuously

observing the process of aneurysm development in humans appears unrealistic, which

also present challenges for the understanding of the underlying mechanism. We reported

the relatively complete course of IA development in two real patients. On this basis,

computational fluid dynamics simulation (CFD) was performed to evaluate the changes

in hemodynamics and analyze the mechanism underlying the formation, progression,

and rupture of IAs. Our results suggested that the formation and progression of IAs

can be a dynamic process, with constantly changing hemodynamic characteristics. CFD

analysis based on medical imaging provides the opportunity to study the hemodynamic

conditions over time. From these two rare cases, we found that concentrated

high-velocity inflow jets, flows with vortex structures, extremely high WSS, and a very

steep WSSG were correlated with the formation of IAs. Complex multi-vortex flows

are possibly related to IAs prior to growth, and the rupture of IAs is possibly related

to low WSS, extreme instability and complexity of flow patterns. Our findings provide

unique insight into the theoretical hemodynamic mechanism underlying the formation

and progression of IAs. Given the small sample size the findings of this study have to be

considered preliminary and exploratory.

Keywords: intracranial aneurysms, natural history, hemodynamic analysis, dynamic changes, computational fluid

dynamics

INTRODUCTION

Intracranial aneurysms (IAs) are a common neurovascular disease with an estimated prevalence
of 3–5% in the general population (1–3). Most cases of non-traumatic subarachnoid hemorrhage
(SAH), which is a devastating condition with high rates of mortality andmorbidity, is caused by the
rupture of IAs (4–6). The natural history of aneurysmal formation, growth, and eventual rupture
are thought to be closely related to the progressive degradation of the vascular wall in response
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to abnormal hemodynamics, especially, the wall shear stress
(WSS) computed by computational fluid dynamics (CFD)
analysis (7–10). Abnormally low or high WSS at aneurysm
regions are both commonly seen on explanation of evolution of
IAs (8, 11).

In a real-world situation, it is extremely rare for imaging
examinations to capture the continuous progression fromnormal
cerebral arteries to aneurysmal formation and subsequent growth
and rupture in humans. It is rare to have 3D imaging of the
normal artery before the development of intracranial aneurysm,
and then such an aneurysm ruptured during imaging follow up.
Therefore, most of the explorations can only focus on a certain
stage in the development of IAs, such as the morphological or
hemodynamic analysis of the rupture risk of IAs (10, 12–15). In
addition, there are differences in hemodynamic analysis methods
and CFD modeling used in different studies, which leads to poor
comparability between the quantitative results of hemodynamics.
Thus, currently, the hemodynamic mechanism of the formation,
progression and rupture of IAs is not conclusively understood,
and contradictory findings are frequently seen.

In this study, we reported a relatively complete progression
from normal intracranial arteries to aneurysmal formation,
growth, and even rupture in real patients. Furthermore, we
performed hemodynamic analysis on these patients with the
aim of assessing the changes in hemodynamics to provide a
theoretical basis for the underlying mechanism of the formation
and progression of IAs.

CASE DESCRIPTION

Here, we report two patients. (1) The first patient was a 56-
year-old female with a history of hypertension and coronary
heart disease who presented with a 10-day history of limb
weakness (November 18, 2014). Cranial magnetic resonance
imaging (MRI) and magnetic resonance angiography (MRA)
assessments did not reveal obvious abnormalities (Figure 1A,
Baseline), and the patient’s symptoms resolved spontaneously
without any interventions. MRA reexamination of the patient 4
years later (October 9, 2018) showed a newly formed saccular
aneurysm with a diameter of 3.2mm in the left posterior
communicating artery (Figure 1A, Formation). Nevertheless,
due to the small size of the aneurysm, the patient opted
for follow-up observation. She was diagnosed with acute
SAH by cranial computed tomography (CT) performed in
response to a sudden headache 4 months later (February
14, 2019). CT angiography (CTA) showed that the aneurysm
had significantly increased in size, reaching a diameter of
6.9mm (Figure 1A, Rupture). Microsurgical clipping of the
aneurysm was immediately performed, and the patient recovered
well in the ward postoperatively. (2) The second patient
shared some similarities with the first in terms of the
developmental process of the aneurysm. Patient 2 was a 47-year-
old female who underwent MRA assessment due to dizziness
on November 13, 2016; the assessment did not detect any
obvious abnormalities. A newly formed basilar tip aneurysm
and aneurysmal enlargement were observed in the follow-up

MRA examinations performed on October 9, 2018 (Figure 1B,
Formation), and June 7, 2020 (Figure 1B, Growth; from 2.1
to 3.8mm in diameter), respectively. The patient eventually
received successful endovascular treatment after aneurysmal
enlargement occurred.

IMAGE ACQUISITION AND
RECONSTRUCTION

For this study, all the three-dimensional (3D) TOF- MRA
were performed on the same 3.0 T Siemens scanner (Erlangen,
Germany) in the same department except the Patient 1
had undergone 3D CTA at the third follow-up due to the
acute rupture of aneurysm. Examinations for TOF-MRA were
performed with the following parameters: TR, 20ms; TE, 3.6ms;
slice thickness, 0.7mm; field of view, 210mm; flip angle, 18◦;
number of slices, 140; total acquisition time, 3:17min; and voxel
size, 0.3× 0.3× 0.7 mm.

Growth of aneurysm was defined as a size increase of at least
1.0mm in any dimension on angiographic or cross-sectional
imaging (16). The tomographic data and the morphological
parameters of the enrolled patients were recorded based on the
Computer-Assisted Semi-Automated Measurement (CASAM)
(17). CFD analysis was applied to assess these vessels and
aneurysms to assess the differences in hemodynamics.

The methods used for image reconstruction and CFD
simulation of hemodynamic studies were the same as described
in our previous publications (18–21). CFD results are depended
on the quality of image segmentation process. To maintain
the consistency of the models within the same patient, we
performed image registration and fusion via 3D Slicer (version
4.5.0), then an iterated select threshold value was applied for
image segmentation to the same patient. In the subsequent
thresholding step, we used theMimicsMedical software (Version
19.0, Materialize, Leuven, Belgium) to segment the models in
order to preserve the length and shape of the vessel, while only
the aneurysm or region of aneurysm formation was different
(22). In the end, we saved the segmented surface geometry in
the Standard Tessellation Language format as the input for the
next step.

CFD MODELING AND HEMODYNAMICS
ANALYSIS

Each 3D aneurysm model was subdivided into aneurysm
sac and parent artery regions before meshing. Then, each
3D model geometry was imported into the ICEM CFD
software (ANSYS Inc., Canonsburg, Pennsylvania, USA).
Different mesh sizes we set for different parts. For the
inlet, outlet, and sac part, we set 0.1mm that meets most
aneurysms’ size, and 0.3mm was set for the parent artery
part. The total of finite volume tetrahedral element grids are
approximately 1 million with four layers of prism elements for
CFD simulations.

After meshing, ANSYS CFX 18.0 (ANSYS Inc.) was then
used for hemodynamic simulation. A Newtonian fluid was
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FIGURE 1 | (A) Patient 1 is a 56-year-old female. No significant abnormalities were observed by the baseline MRA. MRA reexamination about 4 years later showed a

newly formed saccular aneurysm with a diameter of 3.2mm in the left posterior communicating artery. CTA showed that the aneurysm had significantly increased in

size, reaching a diameter of 6.9mm. (B) Patient 2 is a 47-year-old female. No significant abnormalities were observed by the baseline MRA. A newly formed basilar tip

aneurysm and aneurysmal enlargement were observed in the subsequent MRA examinations at follow-up (from 2.1 to 3.8mm in diameter). Registration of 3D

surfaces with different degrees of transparency showed changes on continuous follow-up angiography.

assumed, and a density of 1,060 kg/m3 and a dynamic viscosity
of 0.0035N s/m2 were modeled. The vessel wall was assumed
to be rigid with a no-slip boundary. Because the patient-
specific boundary conditions were not available, the inflow
boundary condition was a representative pulsatile velocity profile
obtained from the averaged normal human (23). A traction-
free boundary condition was applied to all outlets (24). Initial
pressure and velocity were set to zero. Three cardiac cycles
were simulated to minimize transient numerical errors. Results
from the third simulated cardiac cycle were collected as output
for the final analyses. Validation of these methods (consistency,
reliability) has been demonstrated in our previous publication
(18, 19).

To analyze the hemodynamics changes that occur during the
formation and progression of IAs, vital hemodynamic parameters
including WSS, wall shear stress gradient (WSSG), pressure
and energy loss (EL) were calculated based on the simulated
pulsatile flow simulations (18, 19). Normalized wall shear stress
(NWSS) and normalized pressure (NP), defined as the WSS and
pressure of the aneurysm wall divided by that of the parent
artery wall, respectively, were calculated (25, 26). The region of
aneurysmal formation was marked by the registration technique
through comparative cross-sectional imaging before and after
aneurysm formation.

RESULTS

The qualitative hemodynamic analysis revealed that, prior to
aneurysm formation, the regions featured concentrated high-
velocity inflow jets (Figure 2D) or flows with vortex structures
(Figure 2B). A complex multi-vortex flow is associated with
aneurysms prior to growth (Figures 2B,D), and the future

aneurysm rupture is related to extreme instability and complexity
of blood flow patterns (Figure 2B).

As shown in Figures 2, 3, the results from quantitative
hemodynamic analysis indicated that the WSS, WSSG, and
pressure in the regions prior to aneurysm formation were
significantly higher than those in the parent artery. Compared
with the parent artery, the value of NWSS and NP of regions
prior to aneurysm formation are larger. In the progression from
normal vessels to aneurysmal formation, the WSSG and EL
increased in both patients. As the aneurysm further grew, the
WSS and WSSG decreased, and the pressure and EL increased
(Patient 2, Figure 3B). As shown in Figure 3A, the WSS and
WSSG of ruptured aneurysms were decreased, and the EL was
increased (Patient 1, Figure 3A). The detailed numerical results
from hemodynamic analysis of patients are summarized in
Table 1.

DISCUSSION

In this study, we reported a relatively complete progression from
normal intracranial arteries to aneurysmal formation and growth
in two real patients. Patient 1 experienced even rupture at the
third follow-up. Furthermore, we investigated the changes in
hemodynamics with the aim of providing a theoretical basis for
the underlying mechanism of the formation and progression of
IAs. The results of this study indicated that the formation and
progression of IAs can be a dynamic process, with constantly
changing hemodynamic characteristics.

Very few subjects had prophylactic cerebrovascular imaging
examination prior to the formation of an aneurysm; thus,
previous studies assessing the hemodynamic characteristics in
the regions before aneurysmal formation usually did so after
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FIGURE 2 | This figure illustrates the change in hemodynamic parameters during the formation, progression and rupture of IAs. The WSS distribution (A,C) and flow

velocity profile (B,D) were shown, respectively. The area within the yellow line is the region of aneurysmal formation marked by the registration technique. Prior to

aneurysm formation, the regions feature flows with vortex structures (B, short white arrow). In the impact region (D, Baseline, red arrows) of the concentrated

high-velocity inflow jet (D, Baseline, long white arrow indicates blood flow direction), a newly formed basilar tip aneurysm was visible on follow-up angiography (D).

Affected by vortex flow after the formation of the aneurysm (D, Formation, white short arrow), the main direction of flow shifted (D, Formation, from the original dotted

arrow to the long white arrow), causing saccular dilatation in the new impact region (D, Formation, red arrows), and the size of the aneurysm increased (D, Growth). A

complex multi-vortex flow is associated with future aneurysm growth, and rupture is related to extreme instability and complexity of blood flow patterns.

virtually removing the aneurysms and reconstructing the parent
artery, thereby restoring an image of the normal artery before
aneurysmal formation (27–29). However, the geometry of the
parent artery can change after the aneurysm formation. In the
present study, the results from real patients revealed that the
regions of future aneurysm formation featured concentrated
high-velocity inflow jets or flows with vortex structures.
Consistent with findings from previous virtual studies (14, 30),
the WSS, WSSG, and pressure at the future aneurysm sites were
significantly higher than those in the parent artery. Narrowing
proximal vessel leads to flow acceleration that accentuates WSS
and spatial gradients at the bifurcation apex of Patient 2, large

branch angles and proximal parent vessel tapering may increase
the risk of IA formation (31, 32).

The contribution of hemodynamics to the progression of
IAs is complex and controversial, and both high-WSS and
low-WSS theories have been proposed to explain the growth
and rupture of IAs (8, 33–35). The hemodynamic results of
natural history data revealed that the hemodynamic parameters
of IAs have constantly changed with the development of the
aneurysm, and increasing or decreasing tendency presented in
different stages of development. It implies that the formation
and progression of IAs could be a dynamic process in which
the hemodynamic characteristics are constantly changing. The

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 January 2022 | Volume 8 | Article 77553632

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhai et al. Hemodynamics Changes in Developing IAs

FIGURE 3 | (A,B) Display the trends in the main hemodynamic parameters of patient 1 and patient 2, respectively, during continuous follow-up angiography. WSS,

wall shear stress; WSSG, wall shear stress gradient; EL, energy loss.

TABLE 1 | The hemodynamic parameters result of included patients.

Patient no. Subject Mean WSS (Pa) Mean NWSS Mean WSSG

(Pa/mm)

Mean pressure

(Pa)

Mean NP Energy loss (W)

Patient 1 Parent artery 6.0 1 372.2 230.0 1 –

Patient 1 Baseline 8.5 1.4 564.7 281.9 1.2 5.12E-06

Patient 1 Formation 6.3 0.9 609.4 317.5 1.2 7.33E-06

Patient 1 Rupture 3.8 0.6 268.9 316.4 1.1 8.74E-06

Patient 2 Parent artery 5.7 1 555.2 313.5 1 –

Patient 2 Baseline 10.7 1.9 1,262.3 438.6 1.4 1.44E-05

Patient 2 Formation 11.3 2.0 1,284.8 435.7 1.4 2.17E-05

Patient 2 Growth 8.7 1.4 1,016.0 570.1 1.3 2.42E-05

WSS, wall shear stress; WSSG, wall shear stress gradient; NWSS, normalized wall shear stress; NP, normalized pressure.

complex interactions of hemodynamics in the progression of
IAs are difficult to accommodate within high-WSS, low-WSS,
or any other single existing theories. In light of previous
work and our present results, we inferred that in the early
stages of aneurysm formation and development, the WSS and
WSSG of the aneurysm, which are higher than those of the
parent artery, may continue to increase in the short term.
The hemodynamic energy of the blood flowing through the
aneurysm sac acts on the aneurysm wall. As the size of the
aneurysm continues to grow, the energy loss of the blood
flow through the aneurysm gradually increases, and the WSS
and WSSG subsequently decrease. Low WSS was considered
to be associated with aneurysm rupture (14, 36). As a result
of degenerative remodeling, the aneurysm wall becomes too
fragile to resist the stress of blood flow, and the aneurysm
ultimately ruptures.

LIMITATION

The primary limitation of this study was the small sample
size, and the follow-up time varies. As the natural history

data from developing IAs is very rare, the present study
was only able to include two cases. Second, the image of
Patient 1 after aneurysm ruptured was performed using CTA
instead of MRA, which may lead to biased results. In addition,
owing to the missing of patients’ specific inflow conditions,
the inflow boundary condition was a representative pulsatile
velocity profile. But the intra-individual flow variation and the
variation on subsequent hemodynamic simulations using the
inlet flow as a boundary condition in serially acquired 2D
phase-contrast MR data were considered relatively small for
hemodynamics patterns (big for absolute values) (37). Common
limitations for the hemodynamic simulations are a Newtonian
fluid and have rigid walls for modeling blood vessels, which
could lead to biased results. The additional limitation seems
to be homeostasis, lipid status and medical treatment from the
same patient over different periods, but in case of describing
two cases, only the statistical impact of these clinical factors is
very difficult to measure. Nevertheless, even limitations exist,
this study based on rare and precious data inspires researchers
for understanding the underlying hemodynamic mechanism of
IAs development.
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CONCLUSION

The formation and progression of IAs can be a dynamic process,
with constantly changing hemodynamic characteristics. CFD
analysis based on medical imaging provides the opportunity
to study the hemodynamic conditions over time and is a
promising tool to study the pathology of intracranial aneurysm
in vivo. Concentrated high-velocity inflow jets, flows with
vortex structures, extremely high WSS, and a very steep
WSSG were correlated with the formation of IAs in the
two cases. Complex multi-vortex flows are possibly related
to IAs prior to growth, and the rupture of IAs is possibly
related to low WSS, extreme instability and complexity of
flow patterns. Our findings provide unique insight into the
theoretical hemodynamic mechanism underlying the formation
and progression of IAs. Owing to the small sample size,
the findings of this study have to be considered preliminary
and exploratory.
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Background and Purpose: Aneurysm wall enhancement (AWE) is correlated with the

rupture and growth risk of unruptured intracranial aneurysms (UIAs). Pyroptosis is a

proinflammation mode of lytic cell death, mediated by pyroptosis-related proteins, i.e.,

gasdermin D and interleukin 1 β (IL-1β). Integrating serum cytokines and histology, this

study aimed to investigate the correlation between AWE and pyroptosis in UIAs.

Methods: UIA patients receiving microsurgical clipping were prospectively enrolled from

January 2017 and June 2020. UIA samples were collected, as well as the corresponding

blood samples. In this study, high-resolution magnetic resonance was employed to

identify the AWE. The serum 46-cytokines examination and the histological analysis

were conducted to determine pyroptosis, CD68 and MMP2. The IL-1 ra/beta ratio was

determined by complying with the serum IL-1β and IL-1.ra. A comparison was drawn

in the differences between UIAs with and without AWE. Lastly, the correlation between

inflammation in UIA samples and serums was investigated.

Results: This study included 34 UIA patients. The serum proinflammatory cytokines

[IL-1β (P < 0.001) and TNF-α (P < 0.001)] were up-regulated, and serum anti-

inflammatory cytokine (IL-1.ra, P = 0.042) were down-regulated in patients with

AWE UIAs. The patients with AWE UIAs achieved a higher IL-1.ra/beta ratio (P

< 0.001). The multivariate logistic analysis demonstrated IL-1β [odds ratio (OR),

1.15; 95% confidence interval (CI), 1.02–1.30; P = 0.028] and IL-1.ra (OR,

0.998; 95% CI, 0.997–1.000; P = 0.017) as the risk factors correlated with the

AWE. IL-1.ra/beta ratio achieved the highest predictive accuracy [area under the

curve (AUC), 0.96] for AWE, followed by IL-1.ra (AUC, 0.90), IL-1β (AUC, 0.88)

and TNF-α (AUC, 0.85). As compared with the UIAs without AWE, the AWE

UIAs were manifested as a severer wall remodeling, with higher relative levels of
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pyroptosis-related proteins, CD68 and MMP2. The serum IL-1β, IL-1.ra and IL-1.ra/beta

ratio had a positive correlation with the relative levels of pyroptosis-related proteins, CD68

and MMP2 in UIA tissues.

Conclusion : The serum IL-1β and IL-1.ra were correlated with the AWE. More

pyroptosis-related proteins were identified in UIAs with AWE. The serum IL-1β and IL-1.ra

were correlated with the pyroptosis-related proteins in aneurysm tissues.

Keywords: unruptured intracranial aneurysm, aneurysm wall enhancement, pyroptosis, serum cytokines, IL-1

INTRODUCTION

Intracranial aneurysm is the major cause of non-traumatic
subarachnoid hemorrhage. The rupture or growth risk of
unruptured intracranial aneurysms (UIAs) is critical to clinical
decision-making. Aneurysm wall enhancement (AWE) is
considered a sign of rupture, growth and symptoms (1–5).
Inflammation infiltration and aneurysm wall remodeling are
recognized as two vital pathological characteristics of the wall of
ruptured intracranial aneurysm (6). As revealed from existing
studies, the inflammation is severer in the aneurysm wall of
UIAs with AWE as compared with UIAs without AWE (7, 8).
As revealed by the fact above, the pathological features of UIAs
with AWE may be close to those of the ruptured intracranial
aneurysms. Though strong AWE may indicate a high risk of
aneurysm rupture or growth, the mechanism of AWE and the
correlation between AWE and the characteristics of systematic
inflammation have not been clarified.

Pyroptosis is a proinflammation mode of lytic cell death,
which is mediated by Gasdermin D (GSDMD) and interleukin
1β (IL-1β) (9). Caspase-1 is capable of cleaving pro-IL-1β to
the bioactive cytokine and cleaving the pro-GSDMD to GSDMD
products. In addition, the GSDMD products can create pores to
mediate IL-1β efflux and mitigate the subsequent inflammation
(10). Pyroptosis is of high significance to numerous acute
and chronic inflammation diseases (11, 12). Since the UIAs
with AWE are generally manifested as massive inflammation
infiltration, a hypothesis has been proposed that pyroptosis may
be related to AWE.

This study conducted the analysis integrating serum cytokines
and the histological analysis, which aimed to clarify the
correlation between AWE, pyroptosis in aneurysm tissues and
systematic inflammation conditions.

METHODS

Study Population
We prospectively enrolled UIA patients between January
2017 and June 2020. The inclusion criteria included: (1)
saccular and single UIA; (2) the aneurysm size >5mm (the

Abbreviations: UIA, unruptured intracranial aneurysm; AWE, aneurysm wall

enhancement; TIA, transient ischemic attack; MCA, middle cerebral artery; ICA,

internal carotid artery; AcomA, anterior communicating artery; ACA, anterior

cerebral artery; AR, aspect ratio; SR, size ratio; IL-1β, interleukin 1 β; IL-1. ra,

interleukin 1 ra; TNF-α, tumor necrosis factor-α; GSDMD, gasderimin D; MMP2,

matrix metalloproteinase-2.

size of UIA sufficiently large for resection after clipping);
(3) vessel wall magnetic resonance imaging scans performed
preoperatively to detect the AWE of UIAs; (4) UIAs were
treated by microsurgical clipping. The exclusion criteria are
presented below: (1) patients with other intracranial tumors
(e.g., pituitary adenoma) and cerebrovascular malformation
(e.g., arteriovenous malformation); (2) patients with dissecting,
traumatic, thrombotic or infectious UIAs; (3) patients with
a family history of UIAs, polycystic kidney or systematic
disease (e.g., lupus); (4) patients receiving special treatment in
other medical institutions before the admission to the authors’
institution. Lastly, 34 patients harboring 34 UIAs were included
in this study.

The demographic information (e.g., age, gender, smoking
history and alcohol abuse history) comorbidities [e.g.,
hypertension, dyslipidemia, diabetes mellitus and transient
ischemic attacks (TIA)] and medication (aspirin and
antihyperlipidemic drugs) were acquired from electronic
medical records.

We defined patients taking aspirin (e.g., standard and low-
dose aspirin) at least three times per week as aspirin users
(13). The patients treated with standard antihyperlipidemic drugs
were considered the antihyperlipidemic drug users. Based on
the alcohol consumption, the included patients were classified as
regular alcohol abuse (drink once or more per week) and others
(14). Based on the smoking condition, patients were classified
into current smokers and others (15).

Radiological Characteristics
Computed tomography angiography (CTA) was routinely
performed before the surgery. The aneurysm size, height,
diameter of neck and diameter of the parent artery were
determined by complying with CTA by two independent
investigators (YSZ and QYL, who work as vascular
neurosurgeons for over 5 year, and were blind to clinical
information). The mentioned characteristics were measured
twice by the respective investigator, and the average of the
respective investigator was then averaged for the in-depth
analysis. Subsequently, the aspect ratio (AR) and the size
ratio (SR) were determined following the previous study by
the authors (16). AR denotes the ratio of aneurysm size and
aneurysm neck diameter, and SR represents the ratio of aneurysm
height and diameter of the parent artery.

The same investigators (YSZ and QYL) recorded the UIAs
with and without AWE based on vessel wall magnetic resonance
imaging scans. The routine sequences of vessel wall magnetic
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resonance imaging scans consisted of pre-contrast and post-
contrast T1-weighted, as well as time-of-flight (TOF). All
images were acquired using the same magnetic resonance image
workstation (Siemens, Germany). TOF was used to locate the
UIAs with a repetition time (TR)/echo time (TE) of 3.43/21ms,
a layer thickness of 0.60mm, a field of view of 220 × 200mm,
52 slices, resolution of 384 × 256 under a scan time of 6min 8 s.
Vessel wall sequence was used to identify the AWEwith TR/TE of
900/20ms, a layer thickness of 0.65mm, a field of view of 230 ×
195mm, 240 slices, resolution of 384 × 384 under a scan time of
8min 4 s. By referencing the existing study (3), the investigators
identified the UIAs with AWE when the aneurysm wall was
presented to be partial (the partial aneurysm wall enhanced)
and circumferential (the whole aneurysm wall enhanced) AWE
by comparing the pre-contrast images with the post-contrast
images. Figure 1A presents the representative cases.

Serum Cytokines Detection and
Histological Analysis
Figure 1B gives the diagram of analysis. After the vessel
wall magnetic resonance imaging scans, the blood sample
was acquired from the respective patient for the serum
cytokines examination preoperatively. The cytokines were
detected through a serum 46-cytokines examination (Wayenbio
corporation, Shanghai, China) using Bio-Plex Human Cytokines
Screening Panel (Bio-Rad corporation, Hercules, American).
Serum samples were centrifuged for 10min at 15,000 rpm.
The supernate was collected and diluted using the standard
diluent. Then, Microbeans were diluted using the Assay Buffer
and incubated with samples for 30min. Finally, each sample
was mixed with Detection Antibody and then detected by
Bio-Plex MAGPIX system (Bio-Rad corporation, Hercules,
American). The function of each cytokine was summarized in
Supplementary Table 1. The fold change (FC) of UIAs with
AWE to those without AWE was determined. The cytokines with
FC >2 and P < 0.05 were defined as the significantly different
cytokines. The IL-1 ra/beta ratio was calculated by:

IL− 1 ra/beta ratio =
(serum IL− 1.ra)

(serum IL− 1β)

The result of serum 46-cytokines examination was further
validated using the Ella workstation (Biotechne corporation,
Shanghai, China). The Simple Plexes were purchased from the
Biotechne corporation, which was incubated using the primary
antibodies, including IL-1β, interleukin 1 ra (IL-1.ra), tumor
necrosis factor-α (TNF-α) and interleukin 10 (IL-10) (R&D
Systems, Biotechne corporation, Shanghai, China).

The protein-to-protein interaction (PPI) analysis was
performed based on STRNG database (https://www.string-db.
org/).

Subsequently, the dome of UIAs was resected after the
appropriate clipping for the histological analysis. After the
dehydration and the embedding, the sections were first
stained with H-E (Hematoxylin-Eosin) and Masson (Solabrio,
Beijing, China). In addition, the EVG (Verhoeff Van Gieson)
staining was performed by Raisedragon’s corporation (Beijing,

China). For immunofluorescence, after antigen retrieval and
permeabilization, the sections were blocked with ProteinBlock
(Abcam corporation, Cambridge, UK) and then incubated with
primary antibodies at 4◦C overnight, including rabbit anti-
CD68 (ab125212, Abcam corporation, Cambridge, UK) at 1:500,
mouse anti-MMP2 antibody (ab86607, Abcam corporation,
Cambridge, UK) at 1:500, rabbit anti-IL-1β antibody (ab9722,
Abcam corporation, Cambridge, UK) at 1:300, Alexa Fluor R©

488 Anti-IL-1.ra antibody (ab252007, Abcam corporation,
Cambridge, UK) at 1:500, as well as rabbit anti-GSDMD
antibody (ab219800, Abcam corporation, Cambridge, UK)
at 1:500. Subsequently, the sections were incubated with
secondary antibodies (Alexa Fluor R© 488 Goat anti-mouse IgG,
Abcam corporation, Cambridge, UK, and Alexa Fluor R© 594
Goat anti-rabbit IgG, Abcam corporation, Cambridge, UK)
at 1:500. Lastly, the sections were sealed with the DAPI
(4’,6-diamidino-2-phenylindole)-containing mounting medium
(ZSGB-BIO corporation, Beijing, China). In this study, the
sections with identical conditions and set integration times
were scanned under the microscopy workstation (InvitrogenTM

EVOSTM FL Auto 2, Thermofisher scientific corporation,
Massachusetts, USA). All fluorescence channels of the whole
sample were automatically recorded for further analysis. The
Image J 1.8.0 (https://imagej.en.softonic.com/) was employed to
measure the integrated optical density (IOD) and count the cell
number by complying with the DAPI image. As for cell number
count, we firstly transferred the DAPI image into 8-bit image,
and then adjusted the threshold of Black and White model to
select cells. After the holes filling and watershed processes, the
cell number was semi-automatically analyzed using the Analyze
Particles model. The ratio of IOD to cells was used for the
subsequent analysis.

Based on the H-E staining and by referencing previous
studies (17, 18), three random sections were classified for
aneurysm wall types by two investigators (JW and PL) blinded
to clinical information. To be specific, the sections were (1)
type I, described as endothelialized wall with organized smooth
muscle cells, (2) type II&III, defined as a thickened wall with
disorganized smooth muscle cells or hypocellular wall with
intimal hyperplasia or luminal thrombosis, as well as (3) type
IV, i.e., an extremely thin thrombosis-lined hypocellular wall.
The discrepancies were solved by consulting a senior author
(SW). The severest remodeling type in three random sections was
taken for further analysis. We defined the type II&III and type
IV aneurysm wall as AWR wall (17). The atherosclerosis area
was measured based on the Masson staining according to our
previous study (17). The atherosclerotic area was stained red, and
the non-atherosclerotic area was stained blue. Atherosclerosis
area was defined as the ratio of red area to blue area+ red area.

Statistical Analysis
Statistical analyses were conducted by applying SPSS 22.0 (IBM
corporation, American) and GraphPad Prism 8 (GraphPad
Software, American). The measured data were expressed as
number and percentage [n (%)], and the continuous data were
manifested as median and inter-quartile range [m (IQR)]. The
inter-observer agreement between two investigators in assessing

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 January 2022 | Volume 9 | Article 81878938

https://www.string-db.org/
https://www.string-db.org/
https://imagej.en.softonic.com/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liu et al. Serum IL-1 Is Related to the AWE

FIGURE 1 | The diagram of analysis. (A) Four representative cases of UIAs with and without AWE. To be specific, the pre-contrast and post-contrast statues of UIAs

were presented. (B) The diagram of analysis. Preoperatively, the appropriate UIA patients would receive high-resolution magnetic resonance examinations. The blood

samples of the mentioned patients would be tested with the 46-cytokines examination. After appropriate clipping, the UIAs would be resected for the histological

analysis. (C) The flow chart of patient enrollment. This study finally recruited 34 UIA patients. UIA, unruptured intracranial aneurysm; AWE, aneurysm wall

enhancement.

the morphological parameters (irregular shape, aneurysm size,
AR and SR) was evaluated with Cohen’s kappa and intraclass
correlation coefficients; values of 0.60–0.80 and >0.80 were,
respectively, considered to be of substantial and excellent
inter-observer agreement. The logistic model was conducted
to investigate the risk factors for the AWE. The parameters
with statistical significance in univariate analysis were then
input into multivariate logistic analysis. The multivariate logistic
analysis was performed using a backward model. The result

included odds ratio (OR) and 95% confidence interval (CI)
The receiver operator characteristic curve was plotted, and the
area under the curve (AUC) was generated to examine the
predictive accuracy of parameters to AWE. The correlation
analysis was conducted with Pearson’s method. The coefficient
(R) was adopted to assess the strength of correlation. The
correlation with R > 0.50 and P < 0.05 was recognized as a
strong correlation. A two-tailed P-value< 0.05 was assumed with
statistical significance.
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TABLE 1 | The clinical and radiological information of patients and UIAs.

Characteristics With AWE

n = 14

Without AWE

n = 20

P value

Age-m (IQR)-years 52 (46–67) 59 (50–63) 0.592

Male-no. (%) 7 (50.0%) 6 (30.0%) 0.341

Comorbidities-no. (%)

Hypertension 5 (35.7%) 10 (50.0%) 0.500

Dyslipidemia 1 (7.1%) 0 (0.0%) 0.743

Diabetes mellitus 1 (7.1%) 1 (5.0%) 0.931

Coronary heart diseases 4 (28.6%) 1 (5.0%) 0.259

TIA/ischemic stroke 2 (14.3%) 1 (5.0%) 0.666

Current smoking-no. (%) 4 (28.6%) 5 (25.0%) 0.877

Regular alcohol abuse-no. (%) 1 (7.1%) 1 (5.0%) 0.931

Medication using-no. (%)

Aspirin 1 (7.1%) 2 (10.0%) 0.904

Antihyperlipidemics 2 (14.3%) 5 (25.0%) 0.616

Site-no. (%) 0.743

MCA 10 (71.4%) 13 (65.0%)

ICA 2 (14.3%) 3 (15.0%)

AcomA/ACA/posterior 2 (14.3%) 4 (20.0%)

Irregular shape-no. (%) 7 (50.0%) 6 (30.0%) 0.341

Aneurysm size-m (IQR)-mm 6.8 (5.4–8.1) 6.0 (5.0–7.2) 0.416

AR-m (IQR) 1.4 (1.3–2.1) 1.2 (0.9–1.5) 0.053

SR-m (IQR) 2.1 (1.2–2.5) 1.9 (1.5–2.6) 0.796

UIA, unruptured intracranial aneurysm; AWE, aneurysm wall enhancement; TIA, transient

ischemic attack; MCA, middle cerebral artery; ICA, internal carotid artery; AcomA, anterior

communicating artery; ACA, anterior cerebral artery; AR, aspect ratio; SR, size ratio.

RESULTS

The Characteristics of Patients and UIAs
On the whole, 34 UIA patients were included here (Figure 1C).
Table 1 lists the characteristics of patients and UIAs. Of 34
included patients, 13 were male and 21 were female, with age
ranging from 25 to 70. AWE was identified in 14 (41.2%)
UIAs. 5 (35.7%) patients with AWE and 10 (50.0%) patients
without AWE suffered from hypertension. 23 (67.7%) UIAs
were sited in the middle cerebral artery, 5 (14.7%) were in the
internal carotid artery, and 6 (17.6%) were in other arteries. The
irregular rate of UIAs with AWE exceeded that of UIAs without
AWE (50.0 vs. 30.0%). Inter-observer agreement between two
investigators in the assessment of the morphological parameters
was good (Supplementary Table 2). Furthermore, the difference
was not identified in age, gender, dyslipidemia, diabetes mellitus,
coronary heart diseases, TIA/ischemic stroke, aspirin taking,
antihyperlipidemic drugs taking, smoking history, alcohol abuse,
site, aneurysm size, irregular shape, AR and SR (all P > 0.05).

Serum Cytokines Between UIAs With and
Without AWE
Forty-six cytokines between UIAs with and without AWE
were found (Figure 2A; Supplementary Table 3). The
proinflammatory cytokines were up-regulated progressively,
whereas anti-inflammatory cytokines were down-regulated
gradually in patients with AWE UIAs (Figure 2B). Four
cytokines, i.e., IL-1β (P < 0.001), IL-1.ra (P = 0.042), IL-4 (P

= 0.007) and TNF-α (P < 0.001), were significantly different
between UIAs with AWE and without AWE (Figure 2C). Of the
mentioned cytokines, IL-1β and TNF-α were proinflammatory,
and IL-1.ra was anti-inflammatory (Figure 2D). Figure 2E

presents the percentage of AWE in each IL-1β and IL-1.ra level.
IL-1β and IL-1.ra were integrated, and a new biomarker was
promoted, termed IL-1.ra/beta ratio. The UIAs without AWE
had a higher IL-1.ra/beta ratio as compared with UIAs with
AWE (Figure 2F). The predictive accuracy of serum cytokines
to AWE was tested. As indicated by the result, IL-1.ra/beta ratio
had the highest accuracy (AUC, 0.96), followed by IL-1.ra (AUC,
0.90), IL-1β (AUC, 0.88) and TNF-α (AUC, 0.85); however,
an appropriate predictive accuracy of IL-10 to AWE was not
identified (AUC, 0.66) (Figure 2G; Supplementary Table 4). For
the IL-1β, IL-1.ra and TNF-α participated in the inflammation-
related process, we mainly focused on these cytokines in the
subsequent analysis.

The levels of IL-1β, IL-1.ra and TNF-α were further measured
using the Ella workstation. As reported previously, IL-10, an anti-
inflammatory factor, was significantly down-regulated in patients
with AWEUIAs (19). IL-1β, IL-1.ra and TNF-αwere significantly
different between UIAs with and without AWE (Figures 2H,J),
whereas IL-10 had no statistical significance (Figure 2K). Table 2
lists the result of rgw logistic analysis. As indicated by the
univariate logistic analysis, IL-1β, IL-1.ra, TNF-α and IL-4 were
risk factors for the AWE. The multivariate logistic analysis
demonstrated IL-1β (OR, 1.15; 95% CI, 1.02–1.30; P = 0.028)
and IL-1.ra (OR, 0.998; 95% CI, 0.997–1.000; P = 0.017) as the
independent risk factors correlated with the AWE. The results
remained consistent after being regulated. IL-1β and IL-1.ra were
serummarkers of pyroptosis; thus, it was assumed that AWEmay
be correlated with the pyroptosis in the aneurysm wall.

Pyroptosis and Inflammation in the
Aneurysm Wall Between UIAs With and
Without AWE
To examine the correlation more specifically between the AWE
and pyroptosis in the aneurysm wall, we performed histological
analysis on UIA tissue samples. Here, as compared with UIAs
without AWE, a higher aneurysm wall remodeling ratio (14/20
in UIAs without AWE, and 14/14 in UIAs with AWE), severer
inflammation (CD68 and MMP2) and larger atherosclerosis
area could be found in UIAs with AWE (Figures 3A–D). The
EVG staining detected reduced elastic fibers in UIAs with and
without AWE, whereas there was no significant difference. The
pyroptosis-related proteins (IL-1β, IL-1.ra and GSDMD) and the
inflammatory factors were further detected in UIAs. As indicated
from the result, MMP2 and CD68 were both higher in UIAs with
AWE. furthermore, the UIAs with AWE had a higher relative
level of IL-1β and GSDMD, and a lower relative level of IL-1.ra,
as compared with UIAs without AWE (Figures 3E–K).

The Correlation of Inflammatory Factors in
UIA Tissues and Serum Cytokines
According to Figures 4A,B, the relative level of serum IL-1β
was positively correlated with the relative level of IL-1β in UIA
tissues (R = 0.79, P < 0.001), the same as the serum IL-1.ra (R
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FIGURE 2 | The serum cytokines between UIAs with and without AWE. (A) The heatmap of serum cytokines between UIAs with and without AWE. Forty-six serum

cytokines were identified in this study. (B) The proinflammatory cytokines were up-regulated in patients with AWE UIAs, whereas the anti-inflammatory cytokines were

up-regulated in patients without AWE UIAs. (C) The volcano plot of the different cytokines in respect of UIAs with and without AWE. FC >2 and P-value < 0.05 were

adopted to identify the significantly different cytokines. IL-1β, TNF-α and IL-4 were signnificantly up-regulated, whereas IL-1.ra was significantly down-regulated, in

(Continued)
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FIGURE 2 | patients with AWE UIAs. (D) The summary of the function of significantly different cytokines. The black circles indicated the cytokines of interest. (E) The

heatmap of the AWE percentage in the respective IL-1β and IL-1.ra level. The levels of IL-1β and IL-1.ra were separated using the interquartile range. (F) The

histograms of IL-1.ra/beta ratio for UIAs with and without AWE. (G) The receiver operating characteristic curves of IL-1β, IL-1.ra, IL-10, TNF-α and IL-1.ra/beta ratio to

AWE. (H–K) The histograms of IL-1β, IL-1.ra, TNF-α and IL-10 in respect of UIAs with and without AWE. nsP > 0.05; *P < 0.05; **P < 0.01. UIA, unruptured

intracranial aneurysm; AWE, aneurysm wall enhancement; FC, fold change; IL-1β, interleukin 1β; IL-1.ra, interleukin 1.ra, TNF-α, tumor necrosis factor-α; IL-10,

interleukin 10.

TABLE 2 | The logistic analysis for factors related to the AWE.

Parameters Univariate Multivariate† Adjusted‡

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

IL-1.β 1.17 (1.06–1.29) 0.002 1.15 (1.02–1.30) 0.028 1.16 (1.00–1.33) 0.046

IL-1.ra 0.998 (0.997–0.999) 0.004 0.998 (0.997–1.000) 0.017 0.999 (0.997–1.000) 0.038

IL-4 2.06 (1.11–3.82) 0.022 Omitted Omitted

TNF-α 1.03 (1.01–1.06) 0.010 Omitted Omitted

†the multivariate analysis was performed using forward logistic model. ‡the result was adjusted by age, gender, hypertension, dyslipidemia, diabetes mellitus, aspirin, antihyperlipidemics

and aneurysm size. AWE, aneurysm wall enhancement; OR, odds ratio; CI, confidence interval.

= 0.45, P < 0.001) and IL-1.ra/beta ratio. Moreover, according
to Figure 4C, the serum IL-1β, IL-1.ra and IL-1.ra/beta ratio
were correlated with the relative levels of GSDMD, CD68 and
MMP2 in UIA tissues. However, the correlation of IL-4 or TNF-
α and the inflammatory factors (CD68 and MMP2) in UIA
tissues were not significant. The result of correlation analysis
was summarized in Supplementary Table 5. As revealed from
the protein-to-protein interaction analysis based on STRING
database (Supplementary Figure 1), GSDMD can interact with
the IL-1β, and with the IL-1.ra indirectly; the serum IL-1β can
activate the IL-1 receptor, and induce pyroptosis and subsequent
inflammation; IL-1.ra can inhibit the combination of IL-1β and
IL-1 receptors. Thus, the biological efficacy of IL-1β and IL-1.ra
is antagonistic.

DISCUSSION

Pyroptosis is critical to numerous inflammation diseases. This
study first investigated the correlation between AWE and
pyroptosis. Integrating the serum cytokines and the histological
analysis, this study found that the proinflammatory cytokines
(IL-1β, IL-4 and TNF-α) were up-regulated, and the anti-
inflammatory cytokine (IL-1.ra) was down-regulated, in patients
with UIAs showing AWE. The IL-1.ra/beta ratio had the
highest predictive accuracy for AWE. The subsequent analysis
showed that serum IL-1β and IL-1.ra were correlated with
the relative levels of pyroptosis-related proteins and the
inflammatory factors in UIA tissues. The pyroptosis-related
proteins, e.g., IL-1β, IL-1.ra and IL-1.ra/beta ratio, may serve
as a potential biomarker to predict the aneurysm rupture
or growth.

Aneurysm rupture and growth are the conflicts of vascular
protective factors and damage factors (20). The strong AWE
is considered the sign of severe inflammation in the aneurysm
wall. Existing studies revealed the correlation of AWE and
atherosclerosis, and inflammatory cell invasion (7, 8, 21, 22).
In this study, our findings from histological analysis complied

with existing studies. The UIAs with AWE, compared with
those without AWE, showed higher levels of MMP2 and
CD68. In addition, the UIAs with AWE had the manifestation
of a severe wall remodeling (Type II&III, or Type IV),
with the general manifestations of inflammation infiltration,
luminal thrombus and extremely thin hypocellular wall. The
severe inflammation and wall remodeling suggested that the
pathological characteristics of UIAs with AWE were similar to
the ruptured aneurysms.

IL-1β, which is secreted after the cleavage and activation
of GSDMD by caspase-1, significantly affects pyroptosis.
As reported by existing studies, the IL-1β increased in
atherosclerotic and infectious diseases (10–12, 23–26), in which
the inflammation have essential significance. As opposed to the
mentioned finding, the IL-1.ra can competitively combine the
IL-1β receptor (27, 28), thereby reducing the biological effect of
IL-1β, and it can act as an anti-inflammatory factor. According
to this study, in patients with AWE UIAs had the up-regulated
serum IL-1β and the down-regulated serum IL-1.ra. As revealed
by the PPI analysis, GSDMD could interact with IL-1β and IL-
1.ra. Moreover, high accuracy of IL-1β and IL-1.ra predictions
was achieved for AWE. Notably, the levels of serum IL-1β and IL-
1.ra were correlated with the relative levels of GSDMD, MMP2
and CD68 in aneurysm tissues. Impacted by the consistent
comorbidities of the included patients, serum IL-1β/IL-1.ra and
IL-1β/IL-1.ra in UIA tissues were found to have probably a
consistent trend and could indicate the inflammatory condition
of aneurysm wall (Figure 4D). According to the mentioned facts,
pyroptosis may be critical to the process of UIAs. However, the
in vivo and in vitro studies should be conducted to confirm the
assumption above.

In this study, the serum IL-1β and IL-1.ra were further
integrated, and a novel biomarker, termed as serum IL-1.ra/beta
ratio, was promoted. This biomarker could reflect the conflict of
damage and repairment in the aneurysm wall. This study further
demonstrated the predictive accuracy of IL-1.ra/beta ratio for
AWE, and IL-1.ra/beta ratio was significantly correlated with the
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FIGURE 3 | The GSDMD and the inflammatory factors in UIAs with and without AWE. (A,B) Two representative cases of histological analysis for UIAs with and without

AWE. The H-E staining indicated a severe wall remodeling and inflammation infiltration in the UIAs with AWE. The Masson staining showed that atherosclerosis was

more significantly changed in the UIAs with AWE. The EVG staining reported the reduced elastic fibers in the UIAs with and without AWE. The scale bar corresponded

to 100µm. (C) The histograms of aneurysm wall remodeling between UIAs with and without AWE. Thus, it was known that all UIAs with AWE were manifested as

significant wall remodeling (type II & III, or type IV). The red box indicated the number of aneurysm wall remodeling. (D) The atherosclerosis area between UIAs with

and without AWE. The UIAs with AWE had a larger atherosclerosis area compared with UIAs without AWE. (E,F) The IL-1β, IL-1.ra, GSDMD, CD68 and MMP2 in UIA

tissues were detected in this study. The scale bar corresponding to 40µm. (G–K) The box plot of the relative levels of IL-1β, IL-1.ra, MMP2, CD68 and GSDMD for

UIAs with and without AWE. *P < 0.05; **P < 0.01. UIA, unruptured intracranial aneurysm; AWE, aneurysm wall enhancement; GSDMD, gasdermin D; MMP2, matrix

metalloproteinase-2; IL-1β, interleukin 1β; IL-1.ra, interleukin 1.ra.

relative level of GSDMD in aneurysm tissues. Accordingly, IL-
1.ra/beta ratio is considered to be a potential biomarker to predict
the rupture or growth risk of UIAs, which should be explored
in depth.

This study had several limitations. First, the source of serum
cytokines might be variable. The regulated levels of serum IL-
1β and IL-1.ra might be also attributed to other comorbidities.
Although we took many other comorbidities into consideration,
this problem would still limit our conclusion. Second, the
resectable UIAs should exhibit a certain volume. In this current
study, we only included UIAs >5mm and included only 34
UIAs. The selection bias and the limited sample size might
limit the conclusion of this study. Third, not all the aneurysms
were entirely resected, which demonstrated that the pathological
characteristics might not reflect the entire condition of UIAs.
However, regardless of the mentioned limitations, this study
suggested the correlation between AWE and pyroptosis in
UIA tissues, and the pyroptosis-related factors might serve as

potential biomarkers to predict the rupture or growth risk
of UIAs.

CONCLUSION

This study first indicated the correlation between AWE and
pyroptosis in UIA tissues. The pyroptosis-related cytokines (IL-
1β and IL-1.ra) were the serum cytokines correlated with the
AWE. More pyroptosis-related proteins were identified in UIAs
with AWE. The serum IL-1β, IL-1.ra and IL-1.ra/beta ratio
was correlated with the relative levels of pyroptosis-related
proteins and the inflammatory factors in UIA tissues. The factors
correlated with pyroptosis (e.g., IL-1.ra/beta ratio) may serve as
biomarkers correlated with aneurysm vulnerability.
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FIGURE 4 | The relationship between inflammatory factors in tissue samples and serum cytokines. (A) The relationship of IL-1β and IL-1.ra between serum and UIA

tissues. (B) The heatmap shows the correlation of IL-1β and IL-1.ra between serum and UIA tissues. (C) The heatmap presents the correlation of serum IL-1β/IL-1.ra

and CD68, MMP2 in UIA tissues. (D) There may be a correlation between systematic proinflammatory cytokines and proinflammatory factors in UIA tissues. The IL-1β

can activate the IL-1 receptor, and induce pyroptosis and subsequent inflammation. IL-1.ra can block the combination of IL-1β and IL-1 receptors. This biological

process may be the mechanism of AWE, which could result in a massive inflammation infiltration. Therefore, we assumed that factors correlated with pyroptosis, e.g.,

IL-1.ra/beta ratio, may be a potential biomarker to predict aneurysm rupture or growth. UIA, unruptured intracranial aneurysm; GSDMD, gasdermin D; IL-1β,

interleukin 1β; IL-1.ra, interleukin 1.ra.
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Background: Aortic pulse wave velocity (PWV) enables the direct assessment of aortic

stiffness, which is an independent risk factor of cardiovascular (CV) events. The aim of

this study is to evaluate the association between aortic PWV and CV risk model classified

into three groups based on the Framingham risk score (FRS), i.e., low-risk (<10%),

intermediate-risk (10∼20%) and high-risk (>20%).

Methods: To noninvasively estimate local PWV in an abdominal aorta, a

high-spatiotemporal resolution PWV measurement method (>1 kHz) based on wide

field-of-view ultrafast curved array imaging (ufcPWV) is proposed. In the ufcPWV

measurement, a new aortic wall motion tracking algorithm based on adaptive reference

frame update is performed to compensate errors from temporally accumulated

out-of-plane motion. In addition, an aortic pressure waveform is simultaneously

measured by applanation tonometry, and a theoretical PWV based on the Bramwell-Hill

model (bhPWV) is derived. A total of 69 subjects (aged 23–86 years) according to the

CV risk model were enrolled and examined with abdominal ultrasound scan.

Results: The ufcPWV was significantly correlated with bhPWV (r = 0.847, p < 0.01),

and it showed a statistically significant difference between low- and intermediate-risk

groups (5.3 ± 1.1 vs. 8.3 ± 3.1 m/s, p < 0.01), and low- and high-risk groups

(5.3 ± 1.1 vs. 10.8 ± 2.5 m/s, p < 0.01) while there is no significant difference

between intermediate- and high-risk groups (8.3 ± 3.1 vs. 10.8 ± 2.5 m/s, p = 0.121).

Moreover, it showed a significant difference between two evaluation groups [low- (<10%)

vs. higher-risk group (≥10%)] (5.3 ± 1.1 vs. 9.4 ± 3.1 m/s, p < 0.01) when the

intermediate- and high-risk groups were merged into a higher-risk group.

Conclusion: This feasibility study based on CV risk model demonstrated that the aortic

ufcPWVmeasurement has the potential to be a new approach to overcome the limitations

of conventional systemic measurement methods in the assessment of aortic stiffness.

Keywords: arterial stiffness, framingham risk score (FRS), abdominal aorta, pulse wave velocity (PWV), ultrafast

ultrasound imaging
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INTRODUCTION

The elasticity of proximal large arteries is determined by a high
elastin to collagen ratio, and the increase in arterial stiffness is
mostly caused by the progressive elastic fiber degeneration (1, 2).
The physical stiffening of arteries eventually increases the risk
of cardiovascular (CV) disease, such as systolic hypertension,
coronary artery disease, myocardial infarction and stroke (3–
5). Aortic pulse wave velocity (PWV) has been considered
as one of the most reliable clinical parameters for evaluating
arterial stiffness, blood pressure, therapeutic efficacy and CV risk
stratification in patients (6, 7). It depends not only on structural
changes associated with the elastic modulus of the wall affecting
wave propagation but also on aortic pressure, which has a strong
direct relationship to stiffness (3).

The PWV is defined by the speed at which a forward pressure
wave is transmitted from the aorta through the vascular tree. To
estimate PWV (e.g., a few meters per second), the propagating
distance and the time of the arterial waveform passing between
the two sites are measured, and the carotid-femoral PWV is
currently being regarded as the gold standard method (8–10).
However, these systemic or regional PWVmeasurements cannot
accurately assess biomechanical properties of vessel segments
so that the invasive methods using a pressure catheter are still
required for the assessment of local aortic compliance (11, 12).
Therefore, several local based PWV measurement techniques
have been introduced to noninvasively evaluate aortic segments
along the arterial tree.

Cardiovascular magnetic resonance (CMR) based PWV
assessment substantially reduces errors by using accurate aortic
length and transit times between flow waves (13, 14). Doppler
ultrasound or pulse wave imaging with electrocardiogram (ECG)
synchronization allows the estimation of PWV values using the
time delay between two close positions during a cardiac cycle
along the vessels (15–17). However, these approaches suffer from
a relatively low frame rate compared to PWV. To improve
accuracy diminished by limited temporal resolution, a plane wave
transmission based ultrafast PWV measurement method was
recently proposed and it showed a real-time direct measurement
of local PWV with high spatiotemporal resolution (18–21).
With the advantages of simplicity and accessibility, it has been
extensively studied for various clinical usages, such as carotid
stiffness assessment (22–27).

From the previous studies, a local PWV measurement
technique based on high spatiotemporal resolution is strongly
required, and the ultrafast PWV measurement for aortic
segments in human abdomen are still rarely studied due to low
accessibility and technical limitations, such as a deep and wide
field-of-view (FOV). Here, we propose a high spatiotemporal
resolution aortic PWV measurement method based on wide
FOV ultrafast curved array imaging (28) using diverging wave
transmission (ufcPWV). In addition, a new aortic wall motion

Abbreviations: PWV, pulse wave velocity; CV, cardiovascular; FRS, Framingham

risk score; ECG, electrocardiogram; FOV, field-of-view; CMR, Cardiovascular

magnetic resonance; ufcPWV, ultrafast curved array imaging; bhPWV, theoretical

PWV based on the Bramwell-Hill model.

tracking algorithm based on adaptive reference frame update
was also conducted to compensate errors from temporally
accumulated out-of-plane motion. Using the proposed method,
a feasibility study to investigate the correlation between PWV
for abdominal aorta and a CV risk model was performed. The
aortic central pressure waveform was simultaneously measured
by the applanation tonometer, and a theoretical PWV based
on Bramwell-Hill model (bhPWV) (29) was derived. The CV
risk model was classified into three groups based on the
Framingham risk score (FRS), which is one of the scoring
systems used to estimate the 10-year CV risk (30), i.e., low-
risk (<10%), intermediate-risk (10∼20%) and high-risk (>20%).
We hypothesized that aortic ufcPWV is associated with the
Framingham risk model.

MATERIALS AND METHODS

Study Protocol
The CV risk model was classified into three groups based
on the Framingham risk score (FRS), i.e., low-risk (<10%),
intermediate-risk (10∼20%) and high-risk (>20%). The study
was approved by the Institutional Review Board of the Clinical
Trials Center of Yonsei University Health System, and the written
informed consent was obtained from all patients. 31 patients
for each risk group (total 93 patients) were recruited, but a few
patients in the intermediate- and high-risk groups were excluded
due to the poor image quality or incomplete scanning of the
abdominal aorta. The study population’s characteristics of the
remaining 69 patients were presented in Table 1. The population
contained a wide range of age, i.e., 23–86 years, and the heart
rate and blood pressure were within normal range. FRS showed
a significant difference between each risk groups. Abdominal
ultrasound scans in longitudinal and transverse views were
performed by the commercialized ultrasound research platform
(E-Cube 12R, Alpinion Medical Systems Co., Ltd., Anyang-si,
Gyeonggi-do, Korea) using a convex array transducer (C1-6,
Alpinion Medical Systems Co., Ltd., Anyang-si, Gyeonggi-do,
Korea). The radiofrequency (RF) data of three cardiac cycles were
captured based on a real-time ultrafast curved array imaging (28)
at a frame rate of 1 kHz. The acoustical energy was measured
and set under FDA safety limit (mechanical index (MI) <1.9 and
spatial peak time average intensity (Ispta) <720 mW/cm2).

A Real-Time Ultrafast Curved Array
Imaging
To assess pulse wave velocities (PWVs) in aortas, the recently
proposed ultrafast curved array imaging technique (28), which
provides high spatiotemporal resolution with a wide field-of-view
(FOV) for abdominal applications, was employed as illustrated in
Figure 1A. For a diverging wave transmission, the virtual source
was located in a circular line with the radius of the curved array
transducer to obtain a wide FOV and 3-tilted diverging waves in
linear increments ranging from −12 to +12 were utilized (the
frame rate >1 kHz). The ultrafast curved array imaging based on
diverging wave transmissions was implemented in the ultrasound
research scanner for a real-time scanning and a full scanline RF
data acquisition.
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TABLE 1 | Baseline characteristics and measurements of the study population (n = 69) classified by Framingham risk model.

All

(n = 69)

Low-risk

(n = 31)

Intermediate-risk (n

= 22)

High-risk

(n = 16)

p

Sex, male/female 48/21 18/13 14/8 16/0

Age, years 54.0 ± 18.1 40.5 ± 16.2 61.9 ± 10.9a 69.1 ± 8.9b <0.001

Body mass index, kg/m2 24.0 ± 2.8 23.2 ± 3.0 24.8 ± 2.8 24.6 ± 2.0 0.105

Heart rate, beats/min 75.0 ± 11.7 74.1 ± 12.3 75.5 ± 10.1 73.9 ± 13.1 0.891

Systolic blood pressure,

mmHg

126.6 ± 15.4 124.7 ± 17.2 128.8 ± 10.7 127.0 ± 17.6 0.635

Diastolic blood pressure,

mmHg

76.3 ± 11.1 74.9 ± 11.7 78.5 ± 10.5 76.1 ± 11.0 0.519

Total cholesterol, mg/dL 169.0 ± 38.9 169.7 ± 31.1 167.9 ± 49.3 168.8 ± 39.1 0.986

HDL cholesterol, mg/dL 53.5 ± 13.0 54.5 ± 12.5 55.0 ± 13.2 49.7 ± 13.6 0.407

Hypertension, n (%) 39 (57%) 7 (23%) 20 (91%) a 12 (75%) b <0.001

Current smoker, n (%) 10 (14%) 4 (13%) 3 (14%) 3 (19%) 0.862

Diabetes mellitus, n (%) 16 (23%) 0 (0%) 4 (18%) 12 (75%) b,c <0.001

FRS 14.4 ± 13.9 3.6 ± 2.5 13.9 ± 2.6a 36.1 ± 10.5b,c <0.001

FRS, Framingham risk score.

The subjects were classified into three risk groups according to FRSs: low risk (<10%), intermediate risk (10–20%), and high risk (>20%).

Values are means ± SD.
aStatistically significant difference (p < 0.05) between Low risk and Intermediate risk after Bonferroni correction.
bStatistically significant difference (p < 0.05) between Low risk and High risk after Bonferroni correction.
cStatistically significant difference (p < 0.05) between Intermediate risk and High risk after Bonferroni correction.

Adaptive Reference Frame Update Based
Speckle Correlation
For PWV measurements, vessel wall motion tracking (speckle
correlation) is usually conducted, and the selection of a reference
frame is crucial to accurately estimate arterial wall motion. In
addition, the out-of-phase motion or unexpected noise may
disrupt highly accurate motion estimation, and the unwanted
errors (e.g., drift errors) are typically accumulated with a
common fixed reference or interframe-based motion estimation
methods (31–33). As illustrated in Figure 1B, to improve the
performance of vessel wall motion tracking, an adaptive reference
frame update (ARFD)-based speckle correlation is proposed, and
the flow chart of the proposed ARFD is described in Figure 1C.
In the ARFD, the reference frame is dynamically updated in
accordance with the correlation coefficient determined by a
threshold value (e.g., 0.9 in Figure 1B). By applying the proposed
ARFD method to the vessel wall motion estimation, the intrinsic
error or bias from out-of-plane motion or scanning can be
properly compensated, and it enables more robust Lagrangian
speckle correlation (34) with a minimal accumulation of errors,
as shown in Figure 1B. For vessel wall motion tracking, the axial
displacement in the anterior or posterior wall was measured by
using the time domain phase shift estimation based on the 1-D
cross-correlation. The window size of 8λwas used for the motion
tracking within the search range of 9 times the window size, and
the window overlap was 90%.

Pulse Wave Velocity Imaging and
Measurement
Based on the ultrafast curved array imaging and ARFD-
based speckle correlation algorithm, the aortic ultrafast PWV

(ufcPWV) imaging and measurement was conducted. To do
this, a high-spatiotemporal resolution pulse wave-induced wall
displacement was estimated. Anterior or posterior vessel wall
segmentation was first performed, and the distance of the vessel
wall was calculated. Then, the wall velocity waveformwas derived
from the estimated displacement using a 9-point Savitzky-Golay

digital differentiator for the temporal derivative (35). Therefore,

the 2-D spatiotemporal wall velocity variation map (i.e., PWV
imaging), which depicts the pulse wave propagation, was

produced for a PWV measurement, as illustrated in Figure 1D.

To measure a PWV along the vessels, the time-distance plot was

first generated using the 50% upstroke points of the forward
wave (e.g., the black circles on A, B and C velocity waveforms

in Figure 1D) (systolic foot) as the tracking feature in the

wall velocity waveform. Then, a linear regression fitting on the
detected upstroke points was conducted for PWV calculation

(PWV = 1distance/1time) as described in Figure 1D. The
PWVs of three cardiac cycles (i.e., data acquisition time of 3.0

sec) were measured and averaged for each case.

Local Pulse Wave Velocity Measurement
by Bramwell-Hill Equation
To investigate the association and agreement between the
direct PWV measurement (ufcPWV) and theoretical PWVs
derived from arterial distensibility, a local aortic PWV was
obtained with the Bramwell-Hill equation (bhPWV) (36). The
Bramwell-Hill model describes the relation between vascular
wall stiffness expressed in arterial distensibility and the PWV.
Aortic distensibility can be defined as the relative change in vessel
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FIGURE 1 | An overall schematic representation of aortic ultrafast pulse wave velocity (PWV) assessment procedure. (A) Real-time scanning and a full scanline RF

data acquisition using ultrafast curved array imaging based on diverging wave transmissions. For a diverging wave transmission, the virtual source was located in a

circular line with the radius of the curved array transducer and the steering angle (θ ). (B) Aortic wall motion tracking (speckle correlation) based on a new adaptive

reference frame update (ARFD) method. By dynamically updating the reference frame in accordance with the correlation coefficient, the intrinsic error or bias (e.g., drift

error) from out-of-plane motion or scanning is compensated. (C) The flow chart of the ARFD implementation. (D) Aortic ultrafast PWV (ufcPWV) imaging and

calculation (PWV = 1distance/1time) based on the time-distance plot for the 50% upstroke marker of the forward wave.

diameter over local pulse pressure (29):

bhPWV =

√

Ad · PP

ρ · 1A
(1)

where Ad is the cross-sectional area in diastole, and A is the
difference of the cross-sectional area between systole and diastole
in the cardiac cycle. To measure the cross-sectional area of aortic
vessel, the envelope image in the transversal view was utilized
and the diameter was calculated assuming a circular shape. ρ

is the blood density (1060 kg/m3), and PP is the local pulse
pressure. To noninvasively measure the local PP in aorta, the
arterial applanation tonometry (SphygmoCor, AtCor Medical,

Sydney, NSW, Australia) was performed and the central blood
pressure waveform was obtained.

Data Analysis
Data from a total of 69 patients were processed, and a statistical
analysis was performed to examine differences between each risk
groups. The initial three evaluation groups were further classified
into two evaluation groups by merging the intermediate- and the
high-risk groups into a higher-risk group [i.e., low-risk (<10%, n
= 31) and higher-risk (≥10%, n = 38)]. The signal and image
processing were externally conducted with MATLAB R2019b
(The MathWorks, Natick, Massachusetts, USA). The coefficient
of determination (r2) in linear regression was evaluated to
indicate the reliability of PWV calculation (Figure 1D) (37).
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The statistical data assessment was also conducted with the
statistics analysis software (SPSS, IBM, Armonk, NY, USA).
For the three evaluation groups, the Kruskal-Wallis one-way
analysis of variance (ANOVA) test was performed in accordance
with normality and homogeneity of variance, and a significance
probability was corrected by the Bonferroni post-hoc analysis.
To demonstrate a difference between two evaluation groups,
the Welch’s t-test was conducted in the similar way with
the three evaluation groups. The association and agreement
between ufcPWV and bhPWV were also analyzed and the
relationships were determined by calculating the Pearson’s
correlation coefficient (r).

RESULTS

Correlation Between ufcPWV and bhPWV
Measurement
The association between the ufcPWV and the bhPWV was
evaluated for all subjects (n = 69). As illustrated in Figure 2A,
the ufcPWV was significantly correlated with bhPWV measured
via Bramwell-Hill model (r = 0.85, p < 0.01). Figure 2B

represents the Bland-Altman plot to assess the agreement
between the ufcPWV and the bhPWV, and they showed a
nonsignificant difference between the two measurements (the
limits of agreements:−2.7–3.8 m/s).

Comparison Between CV Risk Groups
In the analysis of the three evaluation groups (low- (n = 31),
intermediate- (n= 22) and high-risk (n= 16);Table 1) according
to Framingham risk score, the bhPWV showed a statistically
significant difference, i.e., low- and intermediate-risk (5.1 ± 0.9
vs. 7.7± 2.0 m/s, p < 0.01), low- and high-risk groups (5.1± 0.9
vs. 9.8± 2.5m/s, p< 0.01) and intermediate- and high-risk group
(7.7 ± 2.0 vs. 9.8 ± 2.5 m/s, p < 0.01), respectively, as illustrated
in Figure 2C. For the ufcPWV measurement, as illustrated in
Figure 2D, it showed a statistically significant difference between
low- and intermediate-risk (5.3 ± 1.1 vs. 8.3 ± 3.1 m/s, p
< 0.01), and low- and high-risk groups (5.3 ± 1.1 vs. 10.8
± 2.5 m/s, p < 0.01) while there is no significant difference
between intermediate- and high-risk group (8.3±3.1 vs. 10.8±2.5
m/s, p=0.121).

To further analyze the differences between the CV riskmodels,
two modified evaluation groups consisting of the low-risk group
(<10%, n = 31) and the higher-risk group (≥10%, n = 38;
the intermediate and the high-risk), were analyzed in the same
manner. Figures 2E,F show the comparison results using the
ufcPWV based on the ultrafast curved array imaging and the
bhPWV measured via the Bramwell-Hill equation, respectively.
As illustrated in Figures 2E,F, there was a statistically significant
difference between low- and higher-risk group in both the
bhPWV (5.1 ± 0.9 vs. 8.6 ± 2.4 m/s, p < 0.01) and the ufcPWV
measurements (5.3± 1.1 vs. 9.4± 3.1 m/s, p < 0.01).

Association of ufcPWV With Framingham
Risk Score
A significant correlation was found between the ufcPWV and
FRS (r = 0.41, p < 0.05; Figure 3A) in the low-risk case while

there were no correlation in the intermediate- and high-risk
groups, as shown in Figures 3B,C. The linear fitting between the
ufcPWV and FRS in the low-risk case showed an increase of 0.19
m/s in ufcPWV per 1-FRS. Moreover, the ufcPWV in the case
of the higher-risk group combined with the intermediate and the
high-risk subjects was also significantly correlated with the FRS (r
= 0.44, p < 0.01) as described in Figure 3D, and the linear fitting
indicated an increase of 1.0 m/s per 10-FRS.

Association of ufcPWV With Systolic Blood
Pressure
The relation of ufcPWV to systolic blood pressure (Table 1),
which is a classic measure of arterial stiffness, was additionally
assessed, as illustrated in Figure 4. Figure 4A represents the
relation between ufcPWV and systolic blood pressure for all
subjects (n = 69), and it showed a significant correlation (r
= 0.26, p < 0.05) between the two clinical parameters. To
further analyze the association according to the CV risk model,
systolic blood pressures for the three evaluation groups were
respectively evaluated. As shown in Figures 4B–D, the ufcPWV
was significantly correlated with the systolic blood pressure in the
intermediate and high-risk groups, respectively, (r= 0.47 and r=
0.45, all p < 0.05) while the low-risk group showed no significant
association (r = 0.10, p= 0.60).

DISCUSSION

Pulse waves are propagated through arteries, and PWV is
affected by the mechanical properties in the pathological process
of arterial wall changes along the arterial system. Therefore,
PWV is not constant and varies from one location to another
since the geometrical and mechanical properties vary along
the arterial tree, and there are differences between central
elastic arteries and more peripheral, muscular arteries. For these
reasons, the importance of measuring local PWV is increasing
in contrast to measuring systemic PWV, which can only be
estimated an averaged PWV. For example, aortic PWV, which
is one of the most reliable clinical parameters for evaluating
arterial stiffness, has been generally measured in two different
sites (e.g., carotid and femoral arteries). The carotid-femoral
PWV measurement is currently accepted as the gold-standard
technique for arterial stiffness assessments. For carotid-femoral
PWV measurements, several tonometry techniques based on
pressure sensors with ECG gating (e.g., PulsePen, Complior and
SphygmoCor) have been widely used in research and clinical
settings (11). However, distance measurements of the pulse
wave pathway are approximately estimated with the sensor
location on the body surface, thus causing a crucial systemic
error in the PWV measurements. To overcome this limitation,
local PWV measurement methods through direct visualization
of local vessels have been introduced based on ultrasound or
MRI imaging techniques. The ultrasound technique allows the
determination of the PWV by estimating the time delay between
the diameter waveforms at two close positions in a local site,
e.g., Doppler-derived PWV, flow-area method and pulse wave
imaging (15–17, 38). The MRI-based PWV estimation uses
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FIGURE 2 | (A) Correlation and (B) agreement assessment between the ufcPWV based on the ultrafast curved array imaging and the bhPWV measured via

Bramwell-Hill equation (solid line indicates the mean difference between the two measurements and dashed lines represent mean ± 1.96SD). Comparisons between

the three evaluation groups [i.e., low- (<10%), intermediate- (10∼20%) and high-risk (>20%)] based on Framingham risk score from (C) the bhPWV and (D) the

ufcPWV measurement. Comparisons between the two evaluation groups [i.e., low- (<10%) vs. higher-risk (≥10%)] from (E) the bhPWV and (F) the ufcPWV

measurement. ** indicates p < 0.01.

the accurate and direct measurement of the path length of
pulse waves between two imaging levels and provides aortic
vascular parameters (aortic distensibility, aortic compliance,
aortic elastic modulus and aortic stiffness index) (39, 40). These
imaging-guided PWVmeasurements take advantage of the direct
measurement for the pulse wave pathway and can avoid the
systemic error induced by the coarse estimation of distance.

A major advantage of the local measurement of PWV
is that a direct measurement of local vessels is strongly
related to wall stiffness. In the early stage of arterial stiffness,
the elastic properties are affected by locally scattered fibrous

spots on the arterial wall, and the heterogeneous structure of
arterial walls at different sites produces different functional
properties between vessel segments. Regarding strongly localized
wall heterogeneity, arterial wall mechanical properties can be
dramatically altered within a small region (from a fewmillimeters
to a few centimeters), e.g., abdominal aortic aneurysms or arterial
plaques. However, the most current PWV measurements (e.g.,
carotid-femoral PWV) cannot assess biomechanical properties
in local vessels, and they cannot directly evaluate the arterial
stiffness of vessel segments due to the accessibility and the
limited temporal resolution of the techniques. The temporal
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FIGURE 3 | Correlation between the ufcPWV based on ultrafast curved array imaging and Framingham risk score in the case of (A) the low-risk model, (B) the

intermediate-risk model, (C) the high-risk model and (D) the higher-risk model combined with the intermediate and the high-risk groups.

resolution (i.e., frame-rate) is the most significant technical
factor in the PWV measurements. To properly snapshot the
accelerated pulse wave (5∼10 m/s), data acquisition rates must
be increased relative to the PWV. However, the accuracy and
reliability of the PWV measurement approaches usually suffer
from an inherent technical tradeoff between spatial resolution
(image quality) and temporal resolution (frame rate). Inaccurate
measurements imposed by frame-rate limitations can increase
errors as the PWV increases by arterial stiffening. Therefore, a
high-frame-rate-based accurate PWV measurement technique is
still required.

The FRS, which estimates the 10-year CV risk of an
individual, is calculated based on a variety of risk factors
such as age, smoking history, diabetes mellitus, systolic blood
pressure, HDL-C concentration. The FRS is considered as a
useful tool for quantitative assessment of the risk for CV
disease in the general populations (30, 41–43) and it can be
closely related to PWV since both FRS and PWV are widely
used as surrogate markers to predict future CV disease by
quantifying total CV risk. However, the correlation between
FRS and PWV is rarely reported although it has potentials to
develop into a more powerful biomarker for CV risk prediction
(6, 44–46).

In this article, we investigated the association between the
Framingham risk model classified with FRS and aortic PWV.
To measure local PWV in a specific aortic segment (i.e.,
abdominal aorta) with high spatiotemporal resolution (>1 kHz),
wide field-of-view ultrafast curved array imaging based PWV
measurement method (ufcPWV) was proposed (Figure 1). In
the result for the three risk groups (Figure 2), the ufcPWV
showed a statistically significant difference between low- and
intermediate-risk, and low- and high-risk groups, but there
is no significant difference between intermediate- and high-
risk groups. To compensate this factor, two evaluation groups
consisting of the low- (FRS<10%) and the higher-risk group
(FRS ≥ 10%) were additionally assessed, and it showed a highly
significant difference in both bhPWV and ufcPWV (Figure 2).
The additional analysis to investigate the direct correlation
between FRS and ufcPWV was performed, and only the low-
and the higher-risk groups showed a significant correlation with
different increments of PWV (Figure 3). The direct association
between FRS and aortic PWV should be more investigated with
large populations.

The association between aortic PWV and systolic blood
pressure among the clinical parameters (Table 1) was
additionally evaluated since the systolic blood pressure is
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FIGURE 4 | Correlation of the ufcPWV based on ultrafast curved array imaging with systolic blood pressure (Table 1) for (A) all subjects (n = 69) and individual CV risk

groups [(B) low-, (C) intermediate- and (D) high-risk].

one of the mostly contributing factors to PWV (47). In the
assessment for all subjects, the ufcPWV and systolic blood
pressure showed a significant relationship, as illustrated in
Figure 4A. However, in the analysis according to the CV
risk model, only the intermediate and high-risk groups
showed a significant association between the two parameters
although the groups of the systolic blood pressure showed
no significant differences (Table 1). It means that aortic
PWV in higher risk group may be correlated with CV risk
independently of the systolic blood pressure, but it should
be investigated with more obvious control groups as well as
large populations.

One of the limitations of this study is the lack of comparison
with carotid-femoral PWV based on tonometry, which is the
most validated technique to estimate arterial stiffness and
correlated with CV risk (48). A validation study between
carotid-femoral PWV and local ufcPWV may further improve
an aortic PWV as a useful biomarker for predicting CV
risk. The other limitation is that any tags for the same
scanning site (i.e., abdominal aorta) were not utilized during
examinations although patients in the supine position were
basically scanned by experienced sonographers. In addition,
there was no assessment of intra- and inter-observer variability in
PWV measurements. A number of data sets in the intermediate-
(n = 9) and the high-risk (n = 15) groups (Table 1) were
excluded due to poor image quality or a history of CV

disease. The main cause for the deterioration of image quality
may be due to the degradation in receive beamforming since
a thick layer of fat in obese patients incurs severe phase
aberration. Furthermore, linear regression with r2 <0.5 was
considered unreliable and the corresponding PWV estimate
would be rejected.

For the future PWV measurements, relatively inexpensive
techniques with fewer approximations, leading to an accurate
evaluation, will be needed for the more efficient diagnostic
tool in detecting CV diseases in early stages. In addition,
highly accurate PWV measurements and direct arterial stiffness
assessments may also improve the management of the process
of CV risks or the monitoring of therapy in patients
with conditions such as isolated systolic hypertension. In
future work, aortic PWVs in different segmental regions
(e.g., ascending aorta, arch of aorta and descending aorta)
will be measured and evaluated in various clinical settings
(e.g., atherosclerosis).

CONCLUSION

In this paper, a high-spatiotemporal resolution aortic PWV
measurement method based on ultrafast curved array imaging
(ufcPWV) was proposed and it showed the association with
Framingham risk model. This feasibility study demonstrated
that the ufcPWV measurement has the potential to be a
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new approach to overcome the limitations of conventional
systemic measurement methods in the assessment of
aortic stiffness.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institutional Review Board of the
Clinical Trials Center of Yonsei University Health System
(IRB number: 1-2019-0065). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

JK and KH performed the theoretical and experimental analyses
and implementation of the in vivo study. JH and G-RH designed
the clinical study protocol and obtained data from patients.
G-RH and YY supervised the study. JK, G-RH, and YY wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korean government (MSIT)
(NRF-2021R1A2C3006264) and the Korea Medical Device
Development Fund grant funded by the Korea government (the
Ministry of Science and ICT, the Ministry of Trade, Industry and
Energy, the Ministry of Health & Welfare, and the Ministry of
Food and Drug Safety) (Project Number: 202011A01).

REFERENCES

1. Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology, and

therapy of arterial stiffness. Arterioscler Thromb Vasc Biol. (2005) 25:932–

43. doi: 10.1161/01.ATV.0000160548.78317.29

2. Shirwany NA, Zou MH. Arterial stiffness: a brief review. Acta Pharmacol Sin.

(2010) 31:1267–76. doi: 10.1038/aps.2010.123

3. Cohn JN. Arterial stiffness, vascular disease, and risk of cardiovascular events.

Circulation. (2006) 113:601–3. doi: 10.1161/CIRCULATIONAHA.105.600866

4. Sun Z. Aging, arterial stiffness, and hypertension. Hypertension. (2015)

65:252–6. doi: 10.1161/HYPERTENSIONAHA.114.03617

5. Mattace-Raso FUS, van der Cammen TJM, Hofman A, van Popele NM,

Bos ML, Schalekamp MADH, et al. Arterial stiffness and risk of coronary

heart disease and stroke: the Rotterdam Study. Circulation. (2006) 113:657–

63. doi: 10.1161/CIRCULATIONAHA.105.555235

6. Blacher J, Asmar R, Djane S, LondonGM, SafarME. Aortic pulse wave velocity

as a marker of cardiovascular risk in hypertensive patients. Hypertension.

(1999) 33:1111–7. doi: 10.1161/01.HYP.33.5.1111

7. Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L,

Kupelian V, Simonsick EM, et al. Elevated aortic pulse wave

velocity, a marker of arterial stiffness, predicts cardiovascular

events in well-functioning older adults. Circulation. (2005)

111:3384–90. doi: 10.1161/CIRCULATIONAHA.104.483628

8. Salvi P, Scalise F, Rovina M, Moretti F, Salvi L, Grillo A, et al.

Noninvasive estimation of aortic stiffness through different approaches.

Hypertension. (2019) 74:117–29. doi: 10.1161/HYPERTENSIONAHA.119.

12853

9. Rajzer MW, Wojciechowska W, Klocek M, Palka I, Brzozowska-

Kiszka M, Kawecka-Jaszcz K. Comparison of aortic pulse wave

velocity measured by three techniques: Complior, SphygmoCor and

Arteriograph. J Hypertens. (2008) 26:2001–7. doi: 10.1097/HJH.0b013e32830

a4a25

10. Bortel LMV, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank JK, Backer

TD, et al. Expert consensus document on the measurement of aortic stiffness

in daily practice using carotid-femoral pulse wave velocity. J Hypertens. (2012)

30:445–8. doi: 10.1097/HJH.0b013e32834fa8b0

11. Pereira T, Correia C, Cardoso J. Novel methods for pulse

wave velocity measurement. J Med Biol Eng. (2015) 35:555–

65. doi: 10.1007/s40846-015-0086-8

12. Styczynski G, Rdzanek A, Pietrasik A, Kochman J, Huczek Z, Sobieraj P,

et al. Echocardiographic assessment of aortic pulse-wave velocity: validation

against invasive pressure measurements. J Am Soc Echocardiogr. (2016)

29:1109–16. doi: 10.1016/j.echo.2016.07.013

13. Wentland AL, Grist TM, Wieben O. Review of MRI-based measurements of

pulse wave velocity: a biomarker of arterial stiffness. Cardiovasc Diagn Ther.

(2014) 4:193–206. doi: 10.3978/j.issn.2223-3652.2014.03.04

14. Ohyama Y, Ambale-Venkatesh B, Noda C, Kim JY, Tanami Y, Teixido-

Tura G, et al. Aortic arch pulse wave velocity assessed by magnetic

resonance imaging as a predictor of incident cardiovascular events: The

MESA (Multi-Ethnic Study of Atherosclerosis). Hypertension. (2017) 70:524–

30. doi: 10.1161/HYPERTENSIONAHA.116.08749

15. Calabia J, Torguet P, Garcia M, Garcia I, Martin N, Guasch B, et al.

Doppler ultrasound in the measurement of pulse wave velocity:

agreement with the Complior method. Cardiovasc Ultrasound. (2011)

9:13. doi: 10.1186/1476-7120-9-13

16. Nandlall SD, Konofagou EE. Assessing the stability of aortic

aneurysms with pulse wave imaging. Radiology. (2016) 281:772–

81. doi: 10.1148/radiol.2016151407

17. Li RX, Apostolakis IZ, Kemper P,McGarryMDJ, Ip A, Connolly ES, et al. Pulse

wave imaging in carotid artery stenosis human patients in vivo. Ultrasound

Med Biol. (2019) 45:353–66. doi: 10.1016/j.ultrasmedbio.2018.07.013

18. Couade M, Pernot M, Messas E, Emmerich J, Hagègec A, Fink M,

et al. Ultrafast imaging of the arterial pulse wave. IRBM. (2011) 32:106–

8. doi: 10.1016/j.irbm.2011.01.012

19. Apostolaski IZ, McGarry MDJ, Bunting EA, Konofagou EE. Pulse wave

imaging using coherent compounding in a phantom and in vivo. Phys Med

Biol. (2017) 62:1700–30. doi: 10.1088/1361-6560/aa553a

20. Couade M, The advent of ultrafast ultrasound in vascular imaging: a review. J.

Vasc. Diag. Interv. (2016) 4:9–22. doi: 10.2147/JVD.S68045

21. Goudot G, Papadacci C, Dizier B, Baudrie V, Ferreira I, Boisson-Vidal C, et al.

Arterial stiffening with ultrafast ultrasound imaging gives new insight into

arterial phenotype of vascular Ehlers-Danlos mouse models. Ultraschall Med.

(2019) 40:734–42. doi: 10.1055/a-0599-0841

22. Li X, Jiang J, Zhang H, Wang H, Han D, Zhou Q, et al. Measurement of

carotid pulse wave velocity using ultrafast ultrasound imaging in hypertensive

patients. J Med Ultrason. (2001) 44:183–90. doi: 10.1007/s10396-016-0755-4

23. Mirault T, Pernot M, Frank M, Couade M, Niarra R, Azizi M, et al. Carotid

stiffness change over the cardiac cycle by ultrafast ultrasound imaging in

healthy volunteers and vascular Ehlers-Danlos syndrome. J Hypertens. (2015)

33:1890–6. doi: 10.1097/HJH.0000000000000617

24. Zhu ZQ, Chen LS, Wang H, Liu FM, Luan Y, Wu LL, et al.

Carotid stiffness and atherosclerotic risk: non-invasive quantification

with ultrafast ultrasound pulse wave velocity. Eur Radiol. (2019)

29:1507–17. doi: 10.1007/s00330-018-5705-7

25. Yin LX, Ma CY, Wang S, Wang YH, Meng PP, Pan XF, et al.

Reference values of carotid ultrafast pulse-wave velocity: a prospective,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 January 2022 | Volume 9 | Article 74909854

https://doi.org/10.1161/01.ATV.0000160548.78317.29
https://doi.org/10.1038/aps.2010.123
https://doi.org/10.1161/CIRCULATIONAHA.105.600866
https://doi.org/10.1161/HYPERTENSIONAHA.114.03617
https://doi.org/10.1161/CIRCULATIONAHA.105.555235
https://doi.org/10.1161/01.HYP.33.5.1111
https://doi.org/10.1161/CIRCULATIONAHA.104.483628
https://doi.org/10.1161/HYPERTENSIONAHA.119.12853
https://doi.org/10.1097/HJH.0b013e32830a4a25
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1007/s40846-015-0086-8
https://doi.org/10.1016/j.echo.2016.07.013
https://doi.org/10.3978/j.issn.2223-3652.2014.03.04
https://doi.org/10.1161/HYPERTENSIONAHA.116.08749
https://doi.org/10.1186/1476-7120-9-13
https://doi.org/10.1148/radiol.2016151407
https://doi.org/10.1016/j.ultrasmedbio.2018.07.013
https://doi.org/10.1016/j.irbm.2011.01.012
https://doi.org/10.1088/1361-6560/aa553a
https://doi.org/10.2147/JVD.S68045
https://doi.org/10.1055/a-0599-0841
https://doi.org/10.1007/s10396-016-0755-4
https://doi.org/10.1097/HJH.0000000000000617
https://doi.org/10.1007/s00330-018-5705-7
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kang et al. Noninvasive Aortic Ultrafast PWV Measurement

multicenter, population-based study. J Am Soc Echocardiogr. (2021) 34:629–

41. doi: 10.1016/j.echo.2021.01.003

26. GoudotG, Mirault T, Khider L, Pedreira O, Cheng C, Porée J, et al. Carotid

Stiffness Assessment With Ultrafast Ultrasound Imaging in Case of Bicuspid

Aortic Valve. Front. Physiol. (2019) 23:1330. doi: 10.3389/fphys.2019.01330

27. Yang W, Wang Y, Yu Y, Mu L, Kong F, Yang J, et al. Establishing normal

reference value of carotid ultrafast pulse wave velocity and evaluating

changes on coronary slow flow. Int J Cardiovasc Imaging. (2020) 36:1931–

9. doi: 10.1007/s10554-020-01908-3

28. Kang J, Go D, Song I, Yoo Y. Wide field-of-view ultrafast curved array

imaging using diverging waves. IEEE Trans Biomed Eng. (2020) 67:1638–

49. doi: 10.1109/TBME.2019.2942164

29. Westenberg JJM, van Poelgeest EP, Steendijk P, Grotenhuis HB, Jukema

JW, de Roos A. Bramwell-Hill modeling for local aortic pulse wave velocity

estimation: a validation study with velocity-encoded cardiovascular magnetic

resonance and invasive pressure assessment. J Cardiovasc Magn Reson. (2012)

14:2. doi: 10.1186/1532-429X-14-2

30. D’Agostino Sr RB, Vasan RS, Pencina MJ, Wolf PA, Cobain M,

Massaro JM, et al. General cardiovascular risk profile for use in

primary care: the framingham heart study. Circulation. (2008)

117:743–53. doi: 10.1161/CIRCULATIONAHA.107.699579

31. Taki H, Yamakawa M, Shiina T, Sato T. Compensation technique for the

intrinsic error in ultrasound motion estimation using a speckle tracking

method. Japanese J Appl Phy. (2015) 54:07HF03. doi: 10.7567/JJAP.54.07HF03

32. Voigt JU, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann

R, et al. Definitions for a common standard for 2D speckle tracking

echocardiography: consensus document of the EACVI/ASE/Industry Task

Force to standardize deformation imaging. J Am Soc Echocardiogr. (2015)

28:183–93. doi: 10.1016/j.echo.2014.11.003

33. Ye X, Liu Z, Ma Y, Song Y, Hu L, Luo J, et al. A novel

normalized cross-correlation speckle-tracking ultrasound algorithm

for the evaluation of diaphragm deformation. Front Med. (2021)

8:612933. doi: 10.3389/fmed.2021.612933

34. Maurice RL, Bertrand M. Lagrangian speckle model and tissue-

motion estimation—theory. IEEE Trans Med Imag. (1999)

18:593–603. doi: 10.1109/42.790459

35. Luo J, Ying K, He P, Bai J. Properties of Savitzky-Golay digital differentiators.

Dig Sig Proc. (2005) 15:122–36. doi: 10.1016/j.dsp.2004.09.008

36. Bramwell JC, Hill AV. The velocity of the pulse wave in man. Proc R Soc Lond

B. (1922) 93:298–306. doi: 10.1098/rspb.1922.0022

37. Huang C, Guo D, Lan F, Zhang H, Luo J. Noninvasive measurement of

regional pulse wave velocity in human ascending aorta with ultrasound

imaging: an in-vivo feasibility study. J Hypertens. (2016) 34:2026–

37. doi: 10.1097/HJH.0000000000001060

38. Rabben SI, Stergiopulos N, Hellevik LR, Smiseth OA, Slørdahl

S, Urheim S, et al. An ultrasound-based method for determining

pulse wave velocity in superficial arteries. J Biomech. (2004)

37:1615–22. doi: 10.1016/j.jbiomech.2003.12.031

39. van der Meer RW, Diamant M, Westenberg JJM, Doornbos J, Bax JJ, de Roos

A, et al. Magnetic resonance assessment of aortic pulse wave velocity, aortic

distensibility, and cardiac function in uncomplicated type 2 diabetes mellitus.

J Cardiovasc Magn Reson. (2007) 9:645–51. doi: 10.1080/10976640601093703

40. Joly L, Perret-Guillaume C, Kearney-Schwartz A, Salvi P, Mandry D, Marie

PY, et al. Pulse wave velocity assessment by external noninvasive devices

and phase-contrast magnetic resonance imaging in the obese. Hypertension.

(2009) 54:421–6. doi: 10.1161/HYPERTENSIONAHA.109.133645

41. Wannamethee SG, Shaper AG, Lennon L, Morris RW. Metabolic syndrome

vs framingham risk score for prediction of coronary heart disease,

stroke, and type 2 diabetes mellitus. Arch Intern Med. (2005) 165:2644–

50. doi: 10.1001/archinte.165.22.2644

42. Fowkes FGR, Murray GD, Butcher I, Heald CL, Lee RJ, Chambless

LE, et al. Ankle brachial index combined with framingham

risk score to predict cardiovascular events and mortality: a

meta-analysis. JAMA. (2008) 300:197–208. doi: 10.1001/jama.30

0.2.197

43. de Ruijter W, Westendorp RGJ, Assendelft WJJ, den Elzen WPJ, de Craen

AJM, le Cessie S, et al. Use of Framingham risk score and new biomarkers

to predict cardiovascular mortality in older people: population based

observational cohort study. BMJ. (2009) 338:a3083. doi: 10.1136/bmj.a3083

44. Yamashina A, Tomiyama H, Arai T, Hirose K, Koji Y, Hirayama Y,

et al. Brachial-ankle pulse wave velocity as a marker of atherosclerotic

vascular damage and cardiovascular risk. Hypertens Res. (2003) 26:615–

22. doi: 10.1291/hypres.26.615

45. Kim YK, Kim D. The relation of pulse wave velocity with

framingham risk score and SCORE risk score. Korean Circ J. (2005)

35:22–9. doi: 10.4070/kcj.2005.35.1.22

46. Park KH, Kim MK, Kim HS, Park WJ, Cho GY, Choi YJ. Clinical

significance of framingham risk score, flow-mediated dilation and pulse

wave velocity in patients with stable angina. Circ J. (2011) 75:1177–

83. doi: 10.1253/circj.CJ-10-0811

47. Kim EJ, Park CG, Park JS, Suh SY, Choi CU, Kim JW, et al. Relationship

between blood pressure parameters and pulse wave velocity in normotensive

and hypertensive subjects: invasive study. J Hum Hypertens. (2007) 21:141–

8. doi: 10.1038/sj.jhh.1002120

48. Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin

EJ, et al. Aortic pulse wave velocity improves cardiovascular event

prediction: an individual participant meta-analysis of prospective

observational data from 17,635 subjects. J Am Coll Cardiol. (2014)

63:636–46. doi: 10.1016/j.jacc.2013.09.063

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Kang, Han, Hyung, Hong and Yoo. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 January 2022 | Volume 9 | Article 74909855

https://doi.org/10.1016/j.echo.2021.01.003
https://doi.org/10.3389/fphys.2019.01330
https://doi.org/10.1007/s10554-020-01908-3
https://doi.org/10.1109/TBME.2019.2942164
https://doi.org/10.1186/1532-429X-14-2
https://doi.org/10.1161/CIRCULATIONAHA.107.699579
https://doi.org/10.7567/JJAP.54.07HF03
https://doi.org/10.1016/j.echo.2014.11.003
https://doi.org/10.3389/fmed.2021.612933
https://doi.org/10.1109/42.790459
https://doi.org/10.1016/j.dsp.2004.09.008
https://doi.org/10.1098/rspb.1922.0022
https://doi.org/10.1097/HJH.0000000000001060
https://doi.org/10.1016/j.jbiomech.2003.12.031
https://doi.org/10.1080/10976640601093703
https://doi.org/10.1161/HYPERTENSIONAHA.109.133645
https://doi.org/10.1001/archinte.165.22.2644
https://doi.org/10.1001/jama.300.2.197
https://doi.org/10.1136/bmj.a3083
https://doi.org/10.1291/hypres.26.615
https://doi.org/10.4070/kcj.2005.35.1.22
https://doi.org/10.1253/circj.CJ-10-0811
https://doi.org/10.1038/sj.jhh.1002120
https://doi.org/10.1016/j.jacc.2013.09.063
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


CASE REPORT
published: 04 March 2022

doi: 10.3389/fcvm.2022.792531

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 March 2022 | Volume 9 | Article 792531

Edited by:

Luca Saba,

Azienda Ospedaliero-Universitaria

Cagliari, Italy

Reviewed by:

David C. Rotzinger,

Centre Hospitalier Universitaire

Vaudois (CHUV), Switzerland

Kenichiro Otsuka,

Massachusetts General Hospital and

Harvard Medical School,

United States

Konstantin V. Zavadovsky,

Cardiology Research Institute, Tomsk

National Research Medical Center

(RAS), Russia

Filippo Cademartiri,

Gabriele Monasterio Tuscany

Foundation (CNR), Italy

*Correspondence:

Hui Zhou

huistanzhou@csu.edu.cn

Specialty section:

This article was submitted to

Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 10 October 2021

Accepted: 31 January 2022

Published: 04 March 2022

Citation:

Wang Y, Zhou H, Hu P, Zhao J, Mao Y,

Li Z and Zhao X (2022) Case Report:

Dual-Energy Computed Tomography

of Cardiac Changes in IgG4-Related

Disease.

Front. Cardiovasc. Med. 9:792531.

doi: 10.3389/fcvm.2022.792531

Case Report: Dual-Energy Computed
Tomography of Cardiac Changes in
IgG4-Related Disease

Ying Wang 1,2, Hui Zhou 1,2*, Ping Hu 1,2, Jie Zhao 1,2, Yitao Mao 1,2, Zhixiao Li 1,2 and Xi Zhao 3

1Department of Radiology, Xiangya Hospital, Central South University, Changsha, China, 2National Clinical Research Center

for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha, China, 3 Siemens Healthineers China,

Shanghai, China

Background: Dual-energy computed tomography (DECT) is used in coronary plaque

characterization, myocardial perfusion imaging, and pulmonary embolism diagnosis;

however, there is no relevant research on DECT in IgG4-related diseases (IgG4-RD)

involving the coronary artery. We are the first to report DECT findings of cardiac

morphology and function in IgG4-RD.

Patient Findings: Multimodality cardiovascular imaging from a 63-year-old male

patient, who presented with IgG4-related pancreatitis, was analyzed. An iodine map and

spectral curves were obtained from the DECT, which can help to distinguish between

non-calcified plaques and IgG4 lesions of the coronary artery, noninvasive FFRCT

(fractional flow reserve derived from coronary computed tomography angiography) and

ECV (extracellular volume fraction) demonstrated myocardial ischemia and myocardial

fibrosis, respectively.

Conclusion: The DECT can detect coronary artery tumor-like lesions caused by

IgG4-RD and simultaneously assess the morphological, functional, and histological

characteristics of the myocardium. This may help to guide individualized and timely

treatment and avoid potentially life-threatening complications.

Keywords: dual energy computed tomography (DECT), coronary computed tomography angiography (CCTA),

myocardial ischemia (MI), myocardial fibrosis (MF), IgG4-related disease (IgG4-RD), coronary heart disease

BACKGROUND

It is now generally believed that IgG4-related diseases (IgG4-RD) are systemic diseases that
can affect multiple organs. Numerous studies have shown that coronary artery involvement is
related to poor prognosis due to life-threatening complications such as myocardial infarction and
aneurysmal rupture (1). Since it is difficult to obtain a coronary artery tissue biopsy, imaging plays
an important role in the assessment of IgG4-related coronary disease. However, no imagingmethod
can simultaneously distinguish IgG4 lesions from non-calcified plaques and analyze myocardial
function. Considering the current applications of dual-energy computed tomography (DECT) in
heart diagnostics, we present the first report of DECT findings in IgG4-related coronary disease.
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CASE PRESENTATION

A 63-year-old male presented with abdominal pain was admitted
to our hospital. Laboratory examination showed that IgG4
(19.3 g/L) was elevated at nearly 8 times the upper limit of
normal. Abdominal CT demonstrated a pancreatic mass and
soft tissue lesions around the abdominal aorta and biliary tree.
After completing a series of examinations and multidisciplinary
discussions, the patient had a cumulative score of 38 points
according to the inclusion criteria of the 2019 ACR/EULAR
Classification Criteria for IgG4-RD (2) and was diagnosed with
IgG4-RD. His past medical history included hypertension, type
II diabetes, coronary artery disease with stable angina, and a
splenectomy due to trauma. Coronary computed tomography
angiography (CCTA) was conducted via DECT (SOMATOM
Drive, Siemens Healthineers, Forchheim, Germany) and Syngo.
Via workstation, “CT coronary artery,” “CT dual-energy,” and
“CT cardiac function,” tools were used for measuring under
the guidance of professional engineers. The circular regions
of interest (ROI) were manually drawn to ensure that the
ROIs were in the center of the lesions based on multiplanar
three-dimensional reconstruction. The intra-observer and inter-
observer intraclass correlation efficient (ICC) were 0.90 and 0.96,
respectively. Themeasurements of deep learning-based fractional
flow reserve derived from coronary computed tomography
angiography (FFRCT) were performed by an independent core
laboratory at Keya Medical (3).

The CCTA showed multiple coronary arteries with moderate

to severe stenosis lesions (Figures 1B–D); the left anterior-

descending branch (LAD) was the most severely affected,
which had 75–99% stenosis, the diagonal branch had 90%
stenosis, the left circumflex branch (LCX) had 75–90% stenosis,
and the right coronary artery (RCA) had 50–90% stenosis,
which was confirmed via invasive coronary angiography (ICA)

(Figures 1F–H). Interestingly, this patient had both non-calcified
plaques and a lot of tumor-like lesions around the triple vessels
(Figure 1A). The latter lesions might be caused by IgG4-RD,
which were neglected during ICA. As we have known, IgG4-RD
causes periarteritis that is predominantly affecting the adventitia,

while the intima and media are less involved (1). However, non-
calcified plaques are primarily located inside the lumen because
it initially occurs in the intima of the coronary artery. The plaque
inside the proximal LADwas easier to distinguish from the IgG4-
related infiltration surrounding the coronary artery; therefore,
we chose this area to measure the two lesions (Figure 1I). The
mean CT attenuation value of the tumor-like lesion in proximal
LADwas 38 HU in non-contrast images (Tube Voltage 100 keV),
which was like the fibrous fatty plaque (45HU) located on the
same slice of CT axial images. During the delayed contrast phase,
the mean CT attenuation of the non-calcified plaque was 64 HU,
while the tumor-like lesion was 100 HU. Combining with their
enhanced features, we can further determine the non-calcified

plaques and the IgG4-related infiltrates.
Firstly, we compared the iodine density of different lesions

in LAD. In the arterial phase, tumor-like lesions took up more
iodine than the non-calcified plaques, and the gap was widened
with time (Figures 1I,N). The absolute and normalized iodine

concentrations of the non-calcified plaques were 0.9 mg/ml
and 5.2%; the IgG4-related components were 2.2 mg/ml and
12.8%, respectively. Normalized iodine concentration = plaque
iodine concentration/aortic iodine concentration. Secondly, we
compared the iodine density in different myocardial segments
based on AHA segmentation (Figure 1L). The concentration
of myocardial iodine, supplied by each coronary artery, can
be seen on a Bull’s eye plot (Figure 1K). The mid-anterior
wall supplied by LAD had the least iodine deposits, indicating
critical myocardial ischemia. The results of FFRCT arrived at
the same conclusion (Figure 1E). The most severely affected
myocardium is supplied by LAD, followed by RCA and LCX.
Referencing the FFRCT threshold of myocardial ischemia (0.8),
the FFRCT value of the LAD was 0.58, which was much lower
than LCX (0.75) and RCA (0.74). Subsequently, we calculated
the myocardial ECV values. The iodine density-derived ECV was
calculated as follows: ECV (%) = (1 − hematocrit) × (iodine
density in myocardium)/(iodine density in the blood) ×100%.
The IgG4-related component had higher ECV values compared
to the non-calcified plaques (Figure 1O); the values of the mid-
cavity myocardium are shown in Figure 1P. Meanwhile, the
cardiac function analysis in CT showed that left ventricle ejection
fraction (LVEF) was 72%, left ventricle end-diastolic volume
index (LVEDVI) was 72 ml/m2, LV mass index was 82 g/m2,
right ventricle ejection fraction (RVEF) was 44%, and the right
ventricle end-diastolic volume index (RVEDVI) was 104 ml/m2,
which suggested the normal biventricular volume and function.
In addition, we made energy spectrum curves and calculated
the slope values (Figures 1J,M). The CT values and the energy
spectrum curves of the non-calcified plaques, the IgG4-related
lesions, and the descending aorta weremeasured at the same level
in the arterial and delayed stage. The CT values corresponding to
70 and 40 keV single energy points were selected as the reference
points within the energy spectrum curve. The slope of the energy
spectrum curve was calculated by the formula “(40–70 Kev)/(70–
40),” 40, and 70 Kev, which were the CT values of the 40 and 70
keV energy points, respectively. The curves of the non-calcified
plaques and the IgG4-related components were well-separated.
In the arterial phase, the slopes of the non-calcified plaques and
the IgG4 substance were 4 and 5.3, respectively, while, in the
delayed contrast phase, the corresponding values were 1.3 and
2, respectively.

Through the comprehensive analysis of the patient’s
cardiac examination, he had indications of coronary stent
implantation; however, considering the patient’s older age,
multiple complications, and high anesthesia risk, after
multidisciplinary discussion and full communication with
the patient and his family members, stent implantation was
postponed, and the corticosteroid therapy (prednisone) was
chosen as the first treatment. Other main treatments and
corresponding medications included anticoagulation and
antithrombosis (aspirin and clopidogrel), lowering lipid
(atorvastatin), controlling blood sugar (metformin), controlling
blood pressure, and protecting myocardium (irbesartan,
metoprolol, and isosorbide mononitrate), etc. Meanwhile, the
patient has been treated with particular caution and strict
follow-up. The IgG4 level decreased from 19.3 to 3 g/L under
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FIGURE 1 | Multimodality imaging of IgG4-RD involving the coronary artery. (A) 3D volume-rendered-reconstructed CCTA demonstrates tumor-like lesions involving

the RCA, LAD, and LCX (a green arrow). (B–D) Curved planar reformation of the CCTA. The red arrow indicates the most severe stenosis. The short yellow line shows

(Continued)
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FIGURE 1 | the obvious arterial wall thickening within three vessels. (E) Myocardial ischemia shown by Fractional Flow Reserve (FFR) derived from CCTA. About 0.8 is

the threshold for myocardial ischemia. (F–H) Invasive coronary angiogram. The red arrow shows the most severity stenosis corresponding to (B–D). (I) Iodine density

of non-calcified plaques and the IgG4 substance located in the proximal LAD in the arterial phase. (N) is the corresponding histogram. (J) The energy spectral curve in

the arterial phase. Green: a non-calcified plaque; purple: An IgG4 substance; peach: septal myocardium. The reference points (40 and 70 Kev) are marked as a

red-dotted line. (K) Bully’s eye indicating iodine density in different myocardial segments. The blue, yellow, and red areas represent the myocardium dominated by LAD,

LCX, and RCA, respectively. Bold number represents mid-anterior myocardium, which has the least iodine deposits. (L) Iodine density within mid-cavity myocardium.

(P) is the corresponding histogram. (M) An energy spectral curve in the delayed contrast phase. White: a non-calcified plaques; yellow: an IgG4 substance; orange:

septal myocardium. The reference points (40 Kev and 70 Kev) are marked as a red-dotted line. (N) Iodine density of the non-calcified plaques and the IgG4 substance

in the arterial and delayed contrast phases. (O) ECVCT of the non-calcified plaques and the IgG4 substance. (P) ECVCT of the mid-cavity myocardium.

systemic therapy within 7 months. The mass in the pancreas and
soft tissue lesions around the biliary tree were reduced in size.

DISCUSSION

Given that IgG4-related coronary artery disease has fatal
consequences, differential diagnosis has significant clinical
importance. Because pathological findings of the coronary artery
are hard to obtain, imaging plays a vital role in diagnosis
due to its non-invasiveness and repetitiveness. Intravascular
ultrasound, CCTA, and 18FDG-PET/CT are used to evaluate
the lesions according to morphology. There are three types of
coronary artery involvement: stenotic, aneurysmal, and diffuse
wall thickening. As our case shows, the typical “mistletoe sign” in
CCTA is a characteristic radiologic finding in IgG4-RD involving
the coronary artery (4). However, the assessment of the disease’s
morphology and myocardial function cannot be performed
concurrently using a single modality image. In our case, DECT
solves this problem well. Iodine density mapping and spectral
curve analysis can be used to analyze the components of IgG4-
related coronary artery disease; FFRCT and ECV can evaluate the
degree of myocardial ischemia and myocardial fibrosis and may
better guide clinical diagnosis and treatment.

The coronary plaque characteristics can be evaluated by
measuring the CT attachment values; however, it is difficult
to distinguish the tumor-like lesions from the non-calcified
plaques on plain CT scans due to their similar CT attenuation
values. The CCTA can detect periarteritis as a non-smooth
soft tissue thickening around the arteries. One previous study
shows that increasing iodine density after enhancement is
related to perivascular inflammation (5). Coronary arteritis and
periarteritis in IgG4-RD are primarily associated with adventitia,
consisting of IgG4-positive plasma cell infiltration and fibrosis.
The primary reason for the increase of iodine density within
the tumor-like lesions after enhancement may be explained
by coronary perivasculitis caused by IgG4-RD, which provides
more information to help make a distinction. In recent years,
intraluminal abnormalities and coronary artery aneurysms of
IgG4-RD have been concerned (6, 7). We speculate that IgG4-RD
induced coronary arteritis and vascular endothelial cell injury can
lead to thrombosis and secondary lumen stenosis.

At the time of coronary angiography, FFR is the gold standard
in evaluating hemodynamic significance of moderate coronary
stenosis; however, FFRCT offers a non-invasive and economical
assessment. FFRCT values less than or equal to 0.8 are considered
as the threshold of myocardial ischemia (8). Myocardial fibrosis

is an important indicator of myocardial damage and cardiac
dysfunction. The ECV has been proved to correlate significantly
with diffuse fibrosis within the myocardium (9). Emerging
studies have found that, for detecting myocardial ECV changes,
DECT is as useful as MRI (10). In our case, myocardial ischemia
already existed in the rest situation, myocardial fibrosis has also
occurred, and LAD contained the most severe lesions regardless
of the non-calcified plaques or the IgG4-RD. It is interesting to
note that the most obvious decrease of FFRCT value was in the
mid and distal LAD, but the most obvious decrease of iodine
deposition was in the mid-anterior segment.We estimate that the
collateral circulation formation in different segments is not alike,
and the mid-segment may have the worst collateral circulation.

Since the previous study demonstrated that steroid therapy
might lead to mild regression of the coronary stenosis on CCTA
(11), it may also be possible to evaluate the efficacy of coronary
periarteritis by comparing the changes of iodine deposition
within the tumor-like lesions before and after steroid treatments,
thus, providing clinical insight into the characterizations
of plaques with an emphasis on the importance of early
therapeutic intervention in IgG4-RD involving coronary arteries,
such as corticosteroid therapy, surgery, immunomodulators,
and immunosuppressants.

There are still some shortcomings in this study. Stress
perfusion cannot be performed due to the lack of vasodilators and
more cases, and prospective studies are needed to further validate
our findings.

CONCLUSION

The DECT provides a valuable basis for comprehensive
assessments of IgG4-related infiltration, plaque composition,
coronary stenosis, hemodynamic abnormality, cardiac function,
and myocardial perfusion by one-step cardiac CT examination,
especially for patients with MRI contraindications. Moreover,
this wide range of information is beyond the reach of ICA. It is
promising to be translated into clinical practice to improve the
diagnosis and treatment of coronary artery disease of patients
with IgG4-RD.
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Arterial stiffness is an important measure of vascular aging and atherosclerosis. Though

it is measured in many well-known epidemiologic cohort studies, arterial stiffness is often

overlooked in routine clinical practice for a number of reasons including difficulties in

measurement, variations in definition, and uncertainties surrounding treatment. Central

arterial stiffness, a surrogate for aortic stiffness, is the most commonly measured marker

of arterial stiffness. In addition to central stiffness, there are also a number of ultrasound

based techniques to measure local vascular stiffness, including carotid stiffness. There

is evidence that both local carotid stiffness and central arterial stiffness measures are

associated with multiple cerebrovascular processes, including stroke and cognitive

dysfunction. Mechanistic explanations supporting this association include increased flow

load experienced by the cerebral microvasculature leading to cerebral parenchymal

damage. In this article, we review definitions of carotid artery stiffness measures and

pathophysiologic mechanisms underpinning its association with plaque development

and downstream cerebral pathology. We will review the evidence surrounding the

association of carotid stiffness measures with downstream manifestations including

stroke, cerebral small vessel disease detected on brain MR such as white matter

hyperintensities and covert brain infarctions, brain atrophy, and cognitive dysfunction.

With consistent definitions, measurement methods, and further scientific support,

carotid stiffness may have potential as an imaging-based risk factor for stroke and

cognitive decline.

Keywords: carotid artery disease, cerebrovascular disorders, cognitive dysfunction,magnetic resonance imaging,

stroke

INTRODUCTION

Diseases of the carotid artery are a major cause of worldwide morbidity and mortality, with carotid
atherosclerosis accounting for nearly 1 in 5 acute ischemic strokes (1). Though stroke risk from
carotid disease is most directly caused by wall thickening and plaque formation, the stiffening
of the arterial wall likely plays an important role in the deleterious effects of carotid vascular
disease (2). Though not routinely measured in clinical practice, arterial stiffness may play a role
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in downstream cerebrovascular ischemia, including contributing
to stroke, cognitive impairment, and overall mortality (3–5).
The exact role of arterial stiffness in contributing to these
diseases is unclear as arterial stiffness increases with age and
is associated with many conditions which are also associated
with increased cardiovascular risk, such as hypertension, diabetes
mellitus, and hypercholesterolemia. In addition to its association
with downstream cognitive deficits, arterial stiffening may also
potentiate the development of plaque (6), and may therefore play
an under recognized role in increasing stroke risk.

Though arterial stiffness is not commonlymeasured in routine
clinical practice, it has been well-studied in part because of
its inclusion in multiple large epidemiologic cohort studies (7–
9). Most commonly, arterial stiffness is a general term used
to describe central arterial stiffness calculated via non-invasive
techniques, usually pulse wave velocity (10). There are a number
of methods used to measure arterial stiffness and the rigidity of
a vessel wall both locally and systemically. The use of multiple
techniques in various vascular beds accounts for some of the
confusion regarding measuring stiffness measures (11). One of
the barriers to widespread clinical adoption of arterial stiffness
measurement is the lack of specific and uniform definitions and
methods of measurement.

In this article, we will review common methods for measuring
arterial stiffness including definitions of the most common
measures of stiffness. We will also review mechanisms by which
arterial stiffness may contribute to cerebrovascular ischemia,
cognitive function, and carotid plaque formation.

ARTERIAL STIFFNESS DEFINITIONS AND
MEASUREMENTS

Arterial stiffness is a general term to describe rigidity of
the arterial walls. It is frequently assessed by measuring the
velocity of a given pulse-wave in a specific vessel segment
(12), though “stiffness” is also used more generally for direct
measures of wall rigidity. There is further confusion surrounding
the terminology because some stiffness measurements can be
used in both local and systemic vascular beds and at times
stiffness terms are used interchangeably. There is no single,
unanimously agreed upon measurement to describe stiffness.
Instead, there are several specific vascular wall properties or
other pressure-related measurements which act as surrogates for
stiffness. Further clouding the picture, the definition of arterial
stiffness depends on whether local or central stiffness is being
measured. We have searched the literature using PubMed for all
articles referencing arterial and carotid stiffness published after
1990 in the English language. We considered studies including
randomized controlled trials and retrospective and prospective
cohort studies. We will briefly discuss the definitions of some of
the most commonly acquired measures of arterial wall properties
and their means of measurement (Table 1; Figure 1).

Pulse Wave Velocity
Pulse wave velocity (PWV) is perhaps the most commonly used
and most well-known technique to evaluate arterial stiffness.

PWV is a measure that evaluates the propagation of a wave
through the vasculature by taking simultaneous recordings at
two separate sites. The PWV increases as arterial stiffness
increases. Carotid-femoral PWV (cfPWV) is often considered
the gold standard of measuring central artery stiffness and is
recommended by the American Heart Association with the
highest level of supporting evidence as a method for evaluating
arterial stiffness (13). This usually non-invasive method requires
simultaneous measurement of pressure waves at two points
across the body, in the case of cfPWV, the carotid and femoral
arteries. The basic principal of PWV measurement involves
recording pressure waves at two sites and then calculating
transit time between those sites to determine PWV. This
measurement can be accomplished with the help of a number of
devices including applanation tonometers, echotracking devices,
mechanotransducers, or Doppler probes (10).

One major limitation of cfPWV is that it is based on models
for wave propagation through the arterial tree, which may not
accurately reflect true stiffness, especially in aging arteries (10).
cfPWV is a measure of central arterial stiffness and though
the carotid artery is one of the main arteries measured, it is
a surrogate measure for aortic stiffness, rather than a direct
measure of carotid stiffness. Besides not being a direct measure of
carotid stiffness, other limitations with using cfPWV include the
difficulty in precisely measuring distances between arterial sites
of measurement, especially in obese patients (10). Despite these
limitations, cfPWV is the most commonly performed measure
of arterial stiffness and has been routinely performed in many
epidemiologic cohort studies. In fact, it serves as the primary
method for measurement of many of the frequently cited studies
describing arterial stiffness.

Cardio-Ankle Vascular Index
Cardio-Ankle Vascular Index (CAVI) is another type of systemic
measure of arterial stiffness which differs from PWV in that it
is not dependent on blood pressure measurement (14). CAVI
is a non-invasive method for measuring stiffness in the aorta,
femoral, and tibial arteries and is strongly associated with the
stiffness parameter ß (15). Further, there is evidence that CAVI
is strongly associated with stroke and other cardiovascular events
(16, 17). While not routinely used in clinical practice, CAVI is
another non-invasive measure of arterial stiffness which may
provide valuable information regarding cardiovascular risk.

Local Stiffness Measures
Though PWV is the most commonly performed measure of
central arterial stiffness, there are several measures for direct,
local measurement of stiffness. Most of these measures of
local arterial stiffness are determined via ultrasound techniques.
Ultrasound is frequently performed throughout the cardiac
cycle to determine changes in vessel diameter in diastole and
systole. In addition to measuring luminal diameter to determine
changes in volume throughout the cardiac cycle, ultrasound
can also be used to measure wall thickness which can be used
to determine the elastic properties of the arterial wall. Since
most local stiffness measurement calculations require pressure
measurements, local blood pressure measurements obtained
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TABLE 1 | Overview of arterial stiffness measurement techniques.

Measure Definition Equation Type of measure Notes

Compliance For a given pressure

change, the absolute

change in arterial lumen

area in systole

1D/1P Local measure of

stiffness

Higher compliance

indicates more arterial

stiffness

Distensibility For a given pressure

change, the relative

change in arterial lumen

area in systole

1D/1PxD Local measure of

stiffness

Accounts for arterial size

Young’s Elastic

modulus

The pressure change

necessary for theoretical

100% stretch per unit

area

1PxD/(1Dxh) Local measure of

stiffness

Can account for wall

thickness, such as

intima-media thickness

in the carotid artery

Pulse wave velocity Velocity of travel of a

pulse along a specific

artery length

Distance/1t Central measure of

stiffness

Most common

measurement of arterial

stiffness; surrogate for

aortic stiffness

P, pressure; D, diameter; h, wall thickness; t, time.

FIGURE 1 | Schematic representation of changes to an artery wall in diastole compared to systole. The change in the diameter of the lumen is used in all local

stiffness measurements.

via applanation tonometers are often calibrated to brachial
pressures measured with standard sphygmomanometer. Given
the lack of precise measurements on ultrasound, some studies
utilize specific echotracking techniques to measure the lumen
diameters which can provide more detailed measurements than
ultrasound techniques (10). Local measurements of arterial
stiffness can more directly measure arterial stiffness, rather
than PWV which relies on assumptions from circulatory
models and does not provide site-specific stiffness information.
We will review several of the most common measures of
local stiffness.

Compliance
Compliance is a local measure of stiffness and can be used
to directly measure carotid arterial wall stiffness. Compliance

is defined as the ratio of any volume change (i.e., arterial
lumen area) for a given pressure change. (1D/ 1P cm/mm
Hg). Compliance is an inverse measure of stiffness, meaning
the greater the compliance, the lower the arterial stiffness.
Larger arteries with higher cross-sectional volumes can general
accommodate more volume for a given pressure change
compared to smaller arteries.

Distensibility
Distensibility is another local measure of stiffness. It is
similar to compliance but can be more useful when
comparing arteries of different sizes across the arterial
tree. It is defined as the relative change in arterial lumen
diameter or area for given pressure change [1D/ (1P
x 1D)].
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Elastic Modulus
Elastic modulus is another measure of stiffness that is defined as
the pressure change necessary for theoretical 100% stretch (1P
x 1D)/ (1D). Young’s elastic modulus is more commonly used
and is defined as elastic modulus per unit area. Young’s elastic
modulus is used to measure elastic properties of a given vessel
and can take the arterial wall thickness into account, including
intima-media thickness in the carotid artery. Accounting for wall
thickness is important, especially in the setting of atherosclerosis
and plaque.

One of the reasons that arterial stiffness measures are
not commonly performed in clinical practice is the difficulty
in identifying the ideal measure for stiffness. While PWV
is currently the simplest non-invasive method for measuring
arterial stiffness, it has several limitations as discussed above,
including inability to provide local stiffness measurement.
In order for measures of arterial stiffness to become more
mainstream, more uniformity in measurement techniques,
definitions, and clinical application are necessary.

MECHANISMS BY WHICH ARTERIAL
STIFFENING IMPACTS THE BRAIN

Arterial stiffness is a prominent feature of aging, but also a result
of many systemic processes including atherosclerosis, diabetes,
and even chronic renal disease. Stiffening is the product of
complex interactions on the vessel wall, including hemodynamic
forces, extrinsic effects such as hormonal changes and salt intake,
and structural changes to the wall itself (18). Variations in the
amount of collagen and elastin proteins within the arterial wall
that occurs with aging can lead to structural alterations in the
integrity of all layers of the vessel wall. In addition, smooth
muscle tone changes, mediated by multiple factors including
angiotensin II and nitric oxide, also result in changes to vascular
compliance through changes in the media (18). Endothelial
dysfunction may also play a role in the development of arterial
stiffness via local reactive oxygen species. These complex diverse
processes occur as a result of natural aging and are likely hastened
by cardiovascular risk factors.

The exact role that carotid stiffness plays in the development
of cerebrovascular ischemia and atherosclerosis is still under
investigation. Given the shared risk factors for arterial stiffness
and stroke, it is difficult to disentangle the complex relationship
between stiffness, cardiovascular risk factors, and stroke.
Still, one widely proposed link between arterial stiffness and
cerebrovascular ischemia may be that arterial stiffness causes
large arteries to become less responsive to normal pulsatile
flow. This inability to respond to fluctuations of blood pressure
throughout the cardiac cycle may result in more continuous
perfusion, rather than pulsatile perfusion. Ultimately, more
continuous perfusion results in increased flow load experienced
by end-organs, especially the cerebral parenchyma (19, 20). The
brain parenchyma is particularly susceptible to the increased flow
load due to its overall low impedance leading to deep penetration
of the flow load into the cerebral microvasculature (21). These
alterations in the cerebral microvasculature appear to lead to

FIGURE 2 | Potential mechanisms for the role of arterial stiffness in the

development of stroke and dementia.

parenchymal damage including ischemia and hemorrhage and
other markers of small vessel disease. Eventually, this end-organ
damage may manifest in a number of ways including stroke,
cognitive dysfunction, or cerebral small vessel disease evident on
brain imaging (Figure 2) (22).

Another potential mechanism by which arterial stiffness leads
to stroke is through the development of plaque formation,
specifically the formation of vulnerable plaque features (6).
Emerging evidence suggests that arteries with increased stiffness
may lead to increased shear strain in the adventitial layer.
This increased strain may precipitate a local inflammatory
reaction that facilitates plaque formation. Specifically, certain
local stress signals and inflammatory responses, such as radical
oxidants, growth factors and other pro-inflammatory cytokines
can contribute to local endothelial dysfunction leading to
increased angiogenesis and atherosclerotic plaque formation
(18). Other studies have shown that increased arterial stiffness as
measured by PWV is associated with increased calcified plaque
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(23). Further, there is a complex association between central
arterial stiffness and aortic plaques with evidence that aortic
plaques are also associated with downstream effects, including
decreased brain volume and brain infarctions (24, 25). The exact
relationship between arterial stiffness and the development of
atherosclerotic plaque is a topic of considerable interest given that
a more complete understanding of plaque formation may open
new avenues for treating carotid atherosclerosis. This complex
association may be more fully elucidated with the help of newer
imaging technologies, such as optical coherence tomography,
which allows for in vivo characterization of plaque as well as
collagen and smooth muscle cells (26–29). This technology and
others may help in furthering our mechanistic understanding of
arterial stiffness.

Similarly, arterial stiffness may contribute to cerebral small
vessel disease. Given the increased flow load experienced by
the cerebral microvasculature in the setting of increased arterial
stiffness, there is evidence of cerebral microvascular dysfunction
and damage which can be detected on brain magnetic resonance
(MR) imaging. The sequelae of cerebral microvascular damage
can be seen as white matter hyperintensities, covert brain
infarctions and cerebral microbleeds on MR. In addition, the
increased flow load from altered cerebral microvascular flow
leading to microstructural damage is thought to contribute to
brain parenchymal atrophy, which is considered another marker
of cerebral small vessel disease (30).

In addition to overt ischemia such as stroke, there is also
evidence of downstream cognitive dysfunction in those with
increased arterial stiffness. The microvascular damage from
constant high flow loads leading to cerebral small vessel disease
may in turn lead to cognitive impairment and dementia, given
the very strong association between markers of cerebral small
vessel disease and cognitive dysfunction (31–34). In addition
to worsening cerebral small vessel disease, arterial stiffness may
contribute to cognitive dysfunction by impaired blood flow
leading to cerebral hypoperfusion, which may promote amyloid
ß deposition (35). Another possibility is that arterial stiffness may
impair amyloid clearance via decreased perivascular drainage of
amyloid ß, leading to increased amyloid deposition which is seen
in Alzheimer’s disease (36–38).

EVIDENCE SUPPORTING A SHARED LINK
BETWEEN ARTERIAL STIFFNESS AND
BRAIN DISEASE

Stiffness and Stroke
Arterial stiffness may lead to stroke both because of increased
flow load on the cerebral vasculature and due to accelerated
development of rupture-prone atherosclerotic plaque in the
carotid artery. Meta-analyses and individual-participant level
data from epidemiologic cohorts demonstrate strong evidence
of an association between central arterial stiffness and incident
stroke (5, 39), including a study showing an association between
central arterial stiffness and stroke independent of aortic plaque
(24). There have also been several studies evaluating the
association between local measures of carotid stiffness and

incident stroke. A systematic review and meta-analysis of 22,472
participants found that greater carotid stiffness is associated
with incident stroke (HR = 1.18; 95% CI 1.05–1.33), even
when adjusting for cardiovascular risk factors (40, 41). When
evaluating individual patient data and adjusting for cfPWV, a
measure of central arterial stiffness, carotid stiffness was still
statistically significantly associated with stroke.

Another study using a large epidemiologic cohort found that
the addition of carotid distensibility measures improved ischemic
stroke risk prediction (42). Accounting for baseline measures
of carotid stiffness improved risk prediction beyond standard
clinical markers for stroke risk and Framingham stroke risk score
factors (40, 42). These findings suggest that carotid stiffness may
be used as a tool for stroke risk stratification and prediction.
Further confirmatory studies of this association are important,
as is exploration of preventative and treatment methods of
mitigating carotid stiffness.

Arterial stiffness also has a complex association with atrial
fibrillation, which is the most common chronic arrhythmia and a
strong predictor of stroke and mortality (43, 44). Several studies
have shown that having high arterial stiffness and high pulsatile
load increase the likelihood of developing atrial fibrillation (45–
47). Conversely, having atrial fibrillation may itself lead to
hemodynamic alterations including altered flow load leading
to downstream effects (48). The relationship between atrial
fibrillation and arterial stiffness warrants further evaluation to
characterize this complex association, especially because atrial
fibrillation is a treatable cause of ischemic stroke.

Stiffness and Brain volume
Generalized cerebral parenchymal volume loss and hippocampal
volume loss are commonly encountered findings on routine
brain imaging. In addition to being closely associated with
advancing age, low cerebral parenchymal volume is also
associated with Alzheimer’s disease, stroke, and generalized
cognitive dysfunction (49). Multiple studies have shown a strong
association between low carotid distensibility (or high carotid
stiffness) with baseline lower total brain and cortical gray matter
volume (22, 50). In addition to being associated with baseline
lower cerebral volumes, there is evidence that carotid stiffness is
associated with future lower parahippocampal and hippocampal
volumes. Though the cause for this association is unclear, it
is possible that arterial stiffness leads to generalized cerebral
hypoperfusion which then, in turn, leads to atrophy. Another
potential explanation is that high pressure pulsatility from
arterial stiffness is transmitted to the cerebral microvasculature
leading to microvascular dysfunction and damage in the brain,
micro- and macrostructural neuronal damage, and ultimately
leading to lower brain volumes (22, 51).

There are also a number of studies correlating aortic and
central arterial stiffness with decreased parenchymal brain
volume (52–54) though it is unclear if these studies can be
generalized to carotid artery stiffness. In one of these studies,
greater central arterial stiffness (cfPWV) was associated with
lower volumes in signature Alzheimer’s disease regions (53).
There are several studies in large epidemiologic cohorts which
have demonstrated the association between measures of arterial
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stiffness, as measured by cfPWV, to low total brain and
hippocampal volumes, indicating a potential association with
cognitive dysfunction.

Stiffness and Markers of Cerebral Small
Vessel Disease
Several markers of cerebral small vessel disease evident on
routine brain imaging, including white matter hyperintensities
(WMH), covert brain infarctions (CBI), and cerebral microbleeds
(CMBs) are associated with mortality, stroke, cognitive
dysfunction, and dementia (31, 32, 34, 55, 56). There is mixed
evidence of an association between carotid artery stiffness and
increased burden of cerebral small vessel disease. In a large
epidemiologic cohort, baseline carotid artery stiffness was found
to be associated with WMH 20 years later (8). Another small
study found that local carotid stiffness measures were associated
with MRI markers of cerebral small vessel disease (57). Other
studies have also shown that increased arterial stiffness is
associated with CMBs (58). All of these studies point to a
potential association of carotid artery stiffness to downstream
markers of cerebral small vessel disease, however, other cohorts
found no association between carotid stiffness measures and
markers of cerebral small vessel disease (59).

Despite the uncertainty surrounding the contribution of local
carotid stiffness to markers of small vessel disease, there is
stronger evidence of central arterial stiffness being associated
with markers of cerebral small vessel disease, including white
matter hyperintensities (53, 54). There are several systematic
reviews and meta-analyses confirming the association between
arterial stiffness, measured using multiple methods but most
commonly with cfPWV, with white matter hyperintensities,
cerebral microbleeds, and cerebral infarctions (4, 9, 60). Another
study found that central arterial stiffness (cfPWV) was associated
with overall burden of cerebral small vessel disease including
lacunar infarctions and enlarged perivascular spaces in the basal
ganglia (61).

Stiffness and Cognitive Dysfunction
Several studies show that markers of central arterial stiffness
are independent predictors of cognitive dysfunction. A recent
cohort study found that higher central arterial stiffness (cfPWV)
was associated with cognitive dysfunction and that association
was in part mediated by markers of cerebral small vessel
disease on brain MR (59). Data from the Framingham Heart
Study suggest that central arterial stiffness, as measured by
cfPWV, is an independent predictor of incident mild cognitive
impairment within the entire cohort and incident dementia in
the non-diabetic participants (62). Another longitudinal study
found that increased central arterial stiffness (cfPWV) was
associated with more pronounced cognitive decline in a cohort
of institutionalized patients (63). Other longitudinal studies
evaluating aortic stiffness have also confirmed an association with
cognitive decline (64, 65). Other smaller studies have shown
a cross-sectional association of central arterial stiffness with
cognitive dysfunction (66–69).

The data supporting a link between carotid stiffness is less
clear than for central arterial stiffness. For example, several
studies have shown that carotid stiffness via distensibility or
compliance measures is associated with cognitive dysfunction
(70–75). Other studies have found no association between
measures of carotid stiffness and cognitive dysfunction (7,
76). For example, one of the largest and most recent studies
found no association between carotid distensibility and cognitive
dysfunction after adjusting for potential confounders (59). The
question of the association between direct measures of carotid
stiffness and cognitive dysfunction is not definitively answered
and future longitudinal studies would be helpful in elucidating
this association.

One of the possible explanations for the association between
central arterial stiffness and cognitive dysfunction, specifically
Alzheimer’s dementia is the thought that there is decreased
clearance of amyloid protein, leading to disproportionate
accumulation and the development of Alzheimer’s dementia
(36). Those individuals with higher central arterial stiffness
(cfPWV) have been found to have worse performance of
cognitive testing (53). Arterial stiffness as measured centrally
with hcPWV (heart-carotid) was shown to be associated with
lower brain volumes and higher white matter hyperintensity
burden, but also greater amyloid-β deposition with an OR
of 1.31 (95% CI 1.01–1.71) (54). One study following a
large epidemiologic cohort, the Rotterdam study, found
an association with PWV and poorer performance on
the Stroop test but not on other cognitive tests (7). The
study found no association between either central arterial
stiffness (cfPWV) and carotid distensibility and cognitive
dysfunction and dementia (7). Another study has shown that
carotid stiffness specifically, rather than aortic stiffness, was
independently associated with amyloid-β burden in patients
with amnestic mild cognitive impairment after adjusting for
confounders (77).

CONCLUSION

Arterial stiffness, a specific measure of wall rigidity, can be
measured both centrally in the aorta and locally in certain
vascular beds such as the carotid artery. Having increased carotid
stiffness is associated with multiple downstream effects including
cardiovascular disease, stroke, and cognitive dysfunction. One
of the leading pathophysiologic mechanisms underpinning these
associations is the loss of vascular regulation from stiffness
leading to increased flow load experienced by the cerebral
parenchymal microvasculature. Both local measurements of
carotid stiffness and measures of central arterial stiffness are
variably associated with stroke, cognitive dysfunction, markers
of cerebral small vessel disease, and low cerebral parenchymal
volume. Currently, the lack of validated measurements precludes
the routine use of measures of arterial stiffness in clinical
practice. Future studies including those using optical With
more standardized methods of measurements and continued
validation, carotid stiffness measures may achieve greater clinical
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adoption as imaging-based risk factors for the development of
stroke and dementia.
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Motivation: Retinal microvasculature is a unique window for predicting and monitoring

major cardiovascular diseases, but high throughput tools based on deep learning

for in-detail retinal vessel analysis are lacking. As such, we aim to develop and

validate an artificial intelligence system (Retina-based Microvascular Health Assessment

System, RMHAS) for fully automated vessel segmentation and quantification of the

retinal microvasculature.

Results: RMHAS achieved good segmentation accuracy across datasets with diverse

eye conditions and image resolutions, having AUCs of 0.91, 0.88, 0.95, 0.93, 0.97,

0.95, 0.94 for artery segmentation and 0.92, 0.90, 0.96, 0.95, 0.97, 0.95, 0.96 for

vein segmentation on the AV-WIDE, AVRDB, HRF, IOSTAR, LES-AV, RITE, and our

internal datasets. Agreement and repeatability analysis supported the robustness of the

algorithm. For vessel analysis in quantity, less than 2 s were needed to complete all

required analysis.

Keywords: artificial intelligence, automated analysis, hierarchical vessel morphology, cardiovascular disease,

epidemiology

INTRODUCTION

The morphology of the retinal vessels is closely correlated with the microvascular state of the
body. The retinal vasculature is organized within a delicate, optimized structure that minimizes
shear stresses due to blood flow and energy used for perfusion, achieving sufficient energy supply
with minimal cost (1). Changes in retinal vascular morphology have previously been reported to
be associated with a wide range of ocular and systemic diseases (2–5), including life-threatening
cardiovascular disease. Deviation from the geometric ideal and measurement of vessel changes
may provide a quantitative assessment of vessel deformity and pathology. Quantification of
these changes may enhance our understanding of the relationship between ocular and systemic
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changes and promote the use of the retinal vessels as novel
biomarkers in the management of chronic diseases.

Computer-assisted technology has enabled the quantification
of retinal morphology. A series of machine learning methods
and software tools have been developed for the quantified
assessment of the retinal vasculature. Widespread use of
these tools however has been limited due to their need for
manual input [IVAN (6), SIVA (7), VAMPIRE (8)], time-
consuming nature [IVAN (6), SIVA (7)], applicability to only
specific retinal regions [IVAN (6), SIVA (7)], or a limited
number of measurement parameters [IVAN (6), VAMPIRE (8),
QUARTZ (9, 10)].

Deep learning (DL) has been established in recent years
as the dominant paradigm for retinal image processing. It
has outperformed other machine learning (ML) methods in
achieving retinal vessel segmentation with minimal time and
state-of-the-art accuracy (11). Widespread adoption in real-
world settings however depends on its ability to address
variations in image quality and artifacts, resolutions andmodality
of various fundus cameras, and the interference of pathologic
lesions on vessel segmentation. A further common challenge for
vessel segmentation is broken vessels at branching or crossing
points, which often result in misclassification of arteries and
veins, or discontinued vessels. In addition to vessel segmentation,
SIVA-DLS (12) is a recently developed deep learning system that
directly predicts vessel caliber based on cropped retinal fundus
without performing segmentation. However, this tool is restricted
to a limited region of the retina and evaluates only a small
number of vessel parameters.

Training deep learning algorithms with larger datasets
and sufficient variation may help address these challenges.
However, given the labor intensiveness in labeling vessels
manually, there are much fewer training data available for
vessel segmentation than disease classification. Most databases
with annotated vessels used in algorithm development are
homogeneous, small, and free of eye diseases, compromising
the adoption of algorithms trained on these data in real-world
clinical settings.

As such, we developed and validated a deep learning
system (Retina-based Microvascular Health Assessment System,
RMHAS) using multi-source data to provide fast, reliable, and
detailed retinal vessel quantification. We intend to provide
RMHAS as a public tool to enable automated high-throughput
retinal vessel analysis on large collections of fundus images.

Abbreviations: RMHAS, retina-based microvascular health assessment system;

AMD, age-related macular degeneration; PM, pathologic myopia; DR, diabetic

retinopathy; HR, hypertensive retinopathy; LECS, lingtou eye cohort study;

GTES, guangzhou twin eye study; CLAHE, contrast limited adaptive histogram

equalization; CNN, convolutional neural network; FOV, field of view; CRAE,

central retinal artery equivalent; CRVE, central retinal vein equivalent; AVRe,

artery to vein ratio from equivalents; LDR, length diameter ratio; BA, branching

angle; BA_edge, branching angle from edges; BC, branching coefficient; AA,

angular asymmetry; AR, asymmetry ratio; JED, Junctional exponent deviation; SD,

standard deviation; CI, confidence interval; ICC, intraclass correlation coefficient;

ROC, receiver operator characteristic; AUC, area under the receiver operator

characteristic curve; ROI, region of interest.

METHODS

Study Design and Overview
RMHAS consisted of several functional parts. Firstly, the image
quality assessment module assessed overall image quality before
segmentation. Secondly, the segmentation module generated
artery, vein, and optic disc segmentation maps. Thirdly, based
on segmentation, the measurement module computed region-
specific measurements within the Standard zone (a zone 0.5–
1.0 disc diameter away from the optic disk margin), (13) and
global physical or geometric measures for the whole fundus
image. Lastly, a second quality assessment was carried out to filter
out abnormal measurements and exclude incompetent detections
based on specific criteria. Final results were subsequently
generated. Figure 1A outlines a flowchart of the software
development process.

Fundus Datasets
In-house Dataset

To train the segmentation algorithm for RMHAS, we built a large
manually labeled retinal artery/vein segmentation database. This
database included diverse eye diseases, age groups, and imaging
devices. Two hundred and twenty images with significant
variations were initially included, of which 20 came from the
UK Biobank (14), 120 from the LabelMe platform (15). 50
from the Lingtou Eye Cohort Study (LECS) (16). and 30 from
the Guangzhou Twin Eye Study (GTES) (17). These images
were composed of 60 images with diabetic retinopathy ranging
from mild to severe non-proliferative, 20 images with age-
related macular degeneration (AMD), 20 with glaucoma, 20 with
pathologicmyopia (PM), and 20 with hypertension. 20 images for
each age group of <18, 18 to 50, and ≥ 50 years were included.
To represent healthy images, another 200 images were randomly
selected from the UK Biobank population-based study (Table 1).

Vessel annotation was performed according to the
following procedure. Firstly, we generated artery/vein
(A/V) segmentation maps by supplying the fundus images
to the W-Net model (18). After this, image graders using
custom software can modify or fine-tune vessel segmentation
as per A/V segmentation maps. Secondly, to make low-
contrast small vessels more identifiable, we carried out image
enhancements using contrast limited adaptive histogram
equalization (CLAHE). Pre-segmentations generated by
the W-Net model could be overlaid on the original fundus
or the augmented image. Image graders could switch
between different modalities to verify their segmentation
and erase or add vessels. The custom software interface
developed for this image annotation process is illustrated in
Supplementary Figure 1.

All images were randomly assigned to one of four image
graders who were trained by an ophthalmologist. These
image graders were requested to independently modify
and segment the retinal arteries, veins, and optic disc. To
assess inter-observer variability, ∼10 percent of images
were repeatedly labeled between different graders. To
assess intra-observer consistency, around 10 percent of the
images were repeatedly labeled by the same grader. Cohen’s
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FIGURE 1 | Software development flowchart. (A) Retina-based Microvascular Health Assessment System (RMHAS) workflow. (B) The multi-branch U-Net used in

RMHAS for segmentation. The trunk generates an intermediate retinal vessel feature map, which is concatenated with the input image and divided into three separate

branches for retinal artery, vein, and optic disc segmentation.

kappa score was computed to assess inter-observer and
intra-observer reliability.

Public Datasets

To improve model generalizability and robustness, data from
20 public datasets were also used in the development of the
segmentation algorithm. The STARE (19), VEVIO (20, 21).
CHASEDB (22), DR HAGIS (23), UoA-DR (24), and PRIME-
FP20 (25) datasets were used for vessel segmentation. The RITE
(26), HRF (27), AV-WIDE (28, 29), IOSTAR (30, 31), LES-AV
(32), and AVRDB (33) datasets were used for artery and vein
classification. For optic disc segmentation, the ONHSD (34),
DRIONS-DB (35), Drishti-GS (36), RIGA (37), REFUGE (38),
G1020 (39), PALM (40), and ADAM (41) datasets were used.
Although those datasets have previously been used to develop
segmentation algorithms, their label quality varies.

In summary, a diverse collection of datasets composed
of fundus images of varying image qualities, resolutions,
pathologies, and modalities were included in developing this
algorithm. As the size of datasets varied significantly, training and
validation set splits were carried out as follows: 20 official training
and test set images were split from the CHASEDB dataset; if
the dataset had fewer than 100 total images, training and test
images followed an 80/20 split; and if the dataset had more than
100 images, only 20 images were split into the test set. Table 2
describes the characteristics of the 21 datasets used to develop the

segmentation algorithm. Diagrams in Supplementary Figure 2

outlines the train/test division.
The study was conducted in accordance with the Declaration

of Helsinki, using deidentified retinal photographs from
previously published studies. Ethics Committee ruled that
approval was not required for this study.

Image Quality Assessment
As noted earlier, the first functional part of RMHAS is a
classification of overall image quality before before vessel
segmentation. This was carried out using a convolutional neural
network (CNN) model built from the EyeQ dataset (42),
and enabled classification of overall image quality into three
grades: “good,” “usable,” and “reject.” Images with clear and
identifiable main structures and lesions, but with some low-
quality factors (blur, insufficient illumination, shadows) were
classified as “usable”. Images with serious quality issues that
could not be reliably diagnosed by an ophthalmologist were
classified as “reject”.

A second quality assessment was performed after
segmentation. Images with the following conditions were
excluded: no detectable optic disc; <6 arteries six veins
detectable in the Standard zone; or <2 arteries and two veins
detected in the whole fundus. Excluded images, the reason for
their exclusion, and their available measurements were saved
separately from the main measurements.
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TABLE 1 | The composition of the newly-built dataset for retinal artery, vein, and

optic disc segmentation. LECS, Lingtou Eye Cohort Study; GTES, Guangzhou

Twin Eye Study.

Category Number of images Source

DR 60 LabelMe

r1 20

r2 20

r3 20

Glaucoma 20 LabelMe

AMD 20 LabelMe

PM 20 LabelMe

HBP 20 LECS

Age 60

<18 20 GTES

18–50 20 GTES, LECS

50+ 20 LECS

UK Biobank 20 UK Biobank

UK Biobank 200 UK Biobank

Total 420

Optic Disc and Vessel Segmentation
We extended the U-Net component from W-Net (18) into
multiple branches to enable simultaneous and efficient retinal
artery, vein, and optic disc segmentation. Figure 1B outlines
the details of the RMHAS segmentation architecture. The input
for RMHAS was a fundus image, cropped to the field of view
(FOV) and resized to 512×512 pixels. The first intermediate
layer generated a segmentation map based on the whole retinal
vessel map and concatenated it to the original fundus image. This
first segmentation map could then be used by the downstream
network as an attention map, to focus more on targeted areas of
the image. The following segmentations were carried out in three
separate branches for the retinal arteries, veins, and optic disc,
using these features as guidance.

We trained the RMHAS step-by-step by first training the
root branch to generate an intact vessel map. The root branch
was then frozen, with the artery, vein, and optic branches
unfrozen and trained iteratively. We trained RMHAS with a
preset of 200 epochs, a batch size of 8, and a cosine-shaped
learning rate from 0.1 to 0.00001. To tackle class imbalance
issues – i.e., far more background pixels than foreground
(vessel) pixels, we used a weighted combination of Cross-entropy
loss and Dice loss (1:3) as the objective function (detailed in
the Supplementary Methods). The Adam optimizer (43) was
used in backpropagation to minimize the objective function by
optimizing the model parameters. To reduce overfitting, we did
data augmentation by random horizontal and vertical flipping,
rotating between 0 and 45◦, and by transforming contrast
and illumination (Supplementary Methods). We also used early
stopping if validation loss did not improve for 10 epochs.
To alleviate issues of broken vessels at branch-ing/crossing
points, we performed further data augmentation by specifically
cropping out a random number of branching/crossing regions

with random sizes for training (to create more pieces of crossing
vessel segments and increase variations). This model was trained
on the PyTorch platform.

Retinal Vessel Measurement
We measured retinal vessel morphology by using custom
region-specific summarization and global physical/geometric
parameters. For region-specific summarization, the vessel
calibers were summarized as central retinal artery equivalent
(CRAE) and central retinal vein equivalent (CRVE) from the 6
largest arteries and veins detected in the Standard zone, based
on the revised Knudtson-Parr-Hubbard formula (44). Artery to
vein ratio from equivalents (AVRe) was generated by dividing
CRAE by CRVE. For global physical/geometric parameters,
vessels were converted into segments separated by interruptions
at the branching or crossing points. Short vessels <10 pixels in
length were excluded from the analysis. Using methods similar
to SIVA (13), the diameters (mean, standard deviation [SD]),
arc length, chord length, length diameter ratio (LDR), tortuosity,
branching angle (BA), branching angle from edges (BA_edge),
branching coefficient (BC), angular asymmetry (AA), asymmetry
ratio (AR), junctional exponent deviation (JED) were measured
and computed. The vessel orders and Strahler orders of each
segment were built using graphical representation, resulting in
a series of hierarchical nodes and edges. In summary, 16 basic
parameters were included. Detailed formulas and methods are
presented in the Supplementary Methods. Graphs were built
using the Python package NetworkX.

Accuracy of Segmentation
We assessed the accuracy of segmentation at the pixel level.

Quantitative evaluation criteria including the area under
the receiver operator characteristic curve (AUC), accuracy,
sensitivity, specificity, between manually labeled and predicted
segmentations were computed.

Qualitative evaluation was performed by overlaying predicted
segmentations with manually labeled segmentation, using
different colors for visual analysis.

For external validation, we performed retinal vessel
segmentation and width measure using the pubic REVIEW
(45) dataset as reference.

Reliability of Vessel Measurements
For reliability, intraclass correlation coefficient (ICC) and
Bland–Altman plots were used to assess agreement in
Standard zone measurements between manually labeled
and predicted segmentation.

For repeatability, the ICCs were computed between all
measurements on photographs taken repeatedly under
similar illumination and locations for the same eye with
the same camera.

ICC values of <0.5, 0.5–0.75, 0.75–0.9, and ≥ 0.90 are
indicative of poor, moderate, good, and excellent reliability,
respectively (46).

Statistical analysis was completed with R version 4.0.1 and
Python 3.6.
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TABLE 2 | Characteristics of the 21 datasets used to develop the segmentation algorithm. Only images with available labels were included. AMD, age-related macular

degeneration; HR, hypertensive retinopathy; PM, pathologic myopia; DR, diabetic retinopathy.

Dataset Label Year No. Centered Field Size Eye disease Camera

STARE vessel 2000 20 macula 30◦-45◦ 605 × 700 various TRV-50 fundus camera

(Topcon)

VEVIO vessel 2011 16 macula 640 × 480

600 × 500

Video indirect

ophthalmoscopy

CHASEDB vessel 2012 28 optic-disc 25◦ 960 × 999 – NM-200D (Nidek,

Japan)

DR HAGIS vessel 2017 40 macula 45◦ 2816 × 1,880

4,752 × 3,168

DR, HBP, AMD,

glaucoma

TRC-NW6s (Topcon),

TRC-NW8 (Topcon), or

CR-DGi (Canon)

UoA-DR vessel, optic

disc

2017 200 macula-disc 45◦ – DR –

PRIME-FP20 vessel 2020 15 macula 200◦ 4,000 × 4,000 DR Optos 200Tx (Optos

plc, Dunfermline,

Scotland, UK)

RITE artery/vein 2013 40 macula 45◦ 565 × 584 DR CR5 non-mydriatic

3CCD camera (Canon)

HRF artery/vein,

optic disc

2013 45 macula 45◦ 3,504 × 2,336 DR, glaucoma

AV-WIDE artery/vein 2015 30 macula 200◦ 1,300 × 800

2,816 × 1,880

1,500 × 900

DR Optos 200Tx (Optos

plc, Dunfermline,

Scotland, UK)

IOSTAR artery/vein,

optic disc

2015 30 macula 45◦ 1,024 × 1,024 SLO (i-Optics Inc., the

Netherlands)

LES-AV artery/vein 2018 22 optic-disc 30◦−45◦ 1,620 × 1,444

1,958 × 2,196

glaucoma

AVRDB artery/vein 2020 100 macula-disc 30◦ 1,504 × 1,000 HR, DR

ONHSD optic disc 2004 99 macula 45◦ 640 × 480 DR CR6 45MNf fundus

camera (Canon)

DRIONS-DB optic disc 2008 110 optic-disc 30◦ 600 × 400 glaucoma, ocular

hypertension

Drishti-GS optic disc 2014 50 macula 25◦ 2,045 × 1,752 glaucoma –

RIGA dataset optic disc 2018 750 macula-disc – 2,240 × 1,488

2,743 × 1,936

2,376×1,584

DR, glaucoma –

REFUGE2 optic disc 2020 1200 macula 2,124 × 2,056

1,634 × 1,634

glaucoma Zeiss Visucam

500/Canon CR-2

G1020 optic disc 2020 1020 macula-disc 45◦ – various –

PALM optic disc 2019 400 macula-disc – – PM –

ADAM optic disc 2020 400 macula – – AMD –

Ours artery/vein,

optic disc

2021 420 macula-disc various various DR, glaucoma,

AMD, PM

Various

Data Availability Statement
The UK Biobank is an open-access resource to researchers
through registration of proposed research. The remaining in-
house dataset is available from the corresponding author upon
reasonable request.

Code Availability Statement
The code of this study is available from the corresponding author
upon request. All models were built using publicly available
software and packages.

RESULTS

The four observers achieved moderate consistency in intra-
and inter-observer agreement analysis. Detailed kappa scores

are presented in Supplementary Table 1. For segmentation
accuracy, the algorithm achieved AUC (95% CI) of 0.914
(0.914–0.915), 0.913 (0.913–0.914), 0.948 (0.948–0.948), 0.919
(0.918–0.920), 0.959 (0.959–0.960), 0.953 (0.952–0.953), 0.922
(0.922–0.922) for artery segmentation and 0.930 (0.929–0.931),
0.940 (0.939–0.940), 0.956 (0.956–0.956), 0.935 (0.934–0.936),
0.961 (0.961–0.962), 0.959 (0.959–0.960), 0.948 (0.948–0.949) for
vein segmentation on the AV-WIDE, AVRDB, HRF, IOSTAR,
LES-AV, RITE and our dataset, respectively. Figure 2 plots the
model’s ROC curves in different datasets. Detailed evaluation
results are presented in Table 3. Figure 3 shows representative
examples of overlaid segmentations for images with different
features, including a normal fundus, fundus image from young
participants with prominent retinal nerve fiber layer reflections,
blurred image from older participants, fundus with AMD, PM,
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FIGURE 2 | Receiver operating characteristic (ROC) curves of Retina-based Microvascular Health Assessment System (RMHAS) for segmentation of artery and vein

within different datasets.

TABLE 3 | Segmentation performance of Retina-based Microvascular Health

Assessment System (RMHAS) on the test set in different datasets.

Accuracy Sensitivity Specificity F1 score

Artery Vein Artery Vein Artery Vein Artery Vein

AV-WIDE 0.95 0.95 0.68 0.73 0.96 0.96 0.45 0.47

AVRDB 0.94 0.95 0.72 0.78 0.95 0.96 0.47 0.62

HRF 0.93 0.94 0.83 0.87 0.93 0.94 0.46 0.50

IOSTAR 0.94 0.95 0.72 0.77 0.95 0.96 0.51 0.59

LES-AV 0.95 0.95 0.86 0.85 0.96 0.96 0.58 0.61

RITE 0.94 0.94 0.86 0.87 0.94 0.95 0.57 0.63

Ours 0.95 0.96 0.72 0.80 0.96 0.97 0.48 0.57

and severe DR. Blue pixels represent false negatives (pixels that
were manually labeled but missed by the model). Red pixels
represent false positives (pixels identified by the model but
missed by manual labeling). Green pixels represent pixels with
consistent segmentation between model and manual labeling.

For external validation, the vessel segmentation performance
and width measure results in the REVIEW database are shown in
the Supplementary Table 2 and Supplementary Figure 3.

Agreement between retinal vessel caliber in the Standard
zone, measured on RMHAS predicted segmentation and human
segmentations were estimated using ICC. Agreements of vessel
equivalent measurements on our dataset were excellent, good,
or excellent on LES-AV (a dataset composed purely of disc-
centered fundus images) but moderate or below on AVRDB,
HRF, RITE (composed of macula-centered photos), suggesting
to achieve ideal Standard zone measures, images should be

optic-disc centered (similar to SIVA). Detailed ICC results are
presented in Table 4. Bland-Altman plots of the agreement of
(a) retinal arteriolar caliber and (b) retinal venular caliber, (c)
AVRe between manual and predicted vessel maps, (d) differences
between AVRe measures on manual and predicted vessel maps;
vs. the distance of the optic disc center to the edge of FOV are
displayed in Supplementary Figure 3.

The reproducibility and robustness of the measurements
were measured by comparing measurements generated from
photographs taken repeatedly under similar conditions. For
measurements in the Standard zone, 198 of 1290 (15.3%)
images failed quality control in Standard zone measures. Of
these, 9, 22, and 120 images were classified as good, usable,
and reject in the first quality assessment module. The model
achieved excellent agreement for measurements generated
under similar conditions (Table 5A). For measurements
within the whole fundus, 8 (0.6%) of images failed
quality control in whole fundus measures and generated
114,809 vessel segments for analysis. The model achieved
moderate to good agreement for measurements based on all
vessels (Table 5B).

Figure 4 shows an example of the RMHAS model output.
Measures are demonstrated and plotted visually. Users can easily
evaluate the performance of each functional part throughout the
analysis.

DISCUSSION

Algorithm Development
Retinal vessel segmentation is challenging and often
compromised by interference from the central light reflex,
image quality variation and artifact, poor image contrast of
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FIGURE 3 | Examples of model prediction by Retina-based Microvascular Health Assessment System (RMHAS) versus manual segmentation. Blue pixels: false

negatives (pixels that were manually labeled but missed by the model). Red pixels: false positives (pixels identified by the model but missed by manual labeling). Green

pixels: pixels with consistent segmentation between model and manual labeling. AMD, age-related macular degeneration; PM, pathologic myopia; DR, diabetic

retinopathy.
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TABLE 4 | Agreement estimates of retinal-vessel caliber in the Standard zone for

measurements on RMHAS segmentation and manual segmentation.

ICC (95%CI)

Dataset CRAE CRVE

AVRDB (n = 54) 0.55 (0.37–0.69)* 0.30 (0.08–0.49)

HRF (n = 38) 0.59 (0.38–0.74)* 0.42 (0.18–0.62)

LES-AV (n = 20) 0.89 (0.78–0.95)** 0.90 (0.80–0.95)***

Ours (n = 238) 0.93 (0.91–0.94)*** 0.97 (0.96–0.97)***

RITE (n = 34) 0.43 (0.17–0.64) 0.55 (0.31–0.72)*

*Moderate: between 0.5 and 0.75, **Good: between 0.75 and 0.9, ***Excellent: >0.90.

ICC, intraclass correlation; CI, confidence interval; CRAE, central retinal artery equivalent;

CRVE, central retinal vein equivalent; n, the number of images.

small vessels, broken vessels at branching/crossing points, and
pathological retinal lesions.

To tackle these challenges, we first built the largest manually
labeled retinal artery and vein segmentation dataset known
to date, to train the segmentation algorithm. Secondly, we
specifically designed a deep learning architecture that harnessed
a two-stage sequential segmentation, where the intermediate
vessel segmentation was used to guide subsequent multi-branch
segmentations. The separate branches that segmented arteries,
veins, and the optic disc reduced the difficulty in distinguishing
artery and vein pixels from a single branch. Thirdly, we
carried out data augmentation specifically for artery and vein
crossing areas.

Functionality
RMHAS addresses the limitations of existing algorithms and
software, including IVAN (6), SIVA (7), and VAMPIRE (8).
which are semi-automatic and have limited regions of interest
(ROI). IVAN (6) and SIVA (7) require more than 20min to
process each image, and QUARTZ (9) takes on average 53.6 s per
analysis. The QUARTZ (9) platform can analyze whole fundus
images but has few output parameters (artery/vein width and
tortuosity). SIVA-DLS (12) is the only published deep learning
system to use fundus images and predict vessel caliber end-to-
end without vessel segmentation. It was built based on measured
CRAE, CRVE values from SIVA. This method is straightforward
but might lack interpretability. Further, SIVA-DLS is restricted to
examining the Extended zone (from 0.5 to 2.0-disc diameter) (13)
and has limited output parameters (CRAE, CRVE, AVR only).

In comparison, the RMHAS algorithm provides a far larger
number of physical and geometric parameters without sacrificing
efficiency. In addition to standard vessel caliber measurements,
RMHAS provides measurements on tortuosity, LDR, JED, AR
with additional topological information. These measurements
are unitless and are less sensitive to diametricmeasurement noise.
The Strahler order corresponds to branching complexity (47).
Vessel order describes the conventional order of division of each
branch of a vessel. These measurements facilitate flexibility in
subsequent analysis. For example, they could be stratified when
summarizing the thickness or length of a vessel; or calculated

TABLE 5A | Agreement estimates of measurements in the Standard zone on

photographs taken repeatedly under similar conditions.

Location Quality ICC (95%CI)

CRAE CRVE

Disc centered Good (n = 67) 0.89 (0.84–0.93)** 0.92 (0.88–0.95)***

Reject (n = 129) 0.78 (0.71–0.83)** 0.83 (0.78–0.87)**

Usable (n = 14) 0.98 (0.94–0.99)*** 0.94 (0.86–0.98)***

Macula centered Good (n = 264) 0.94 (0.93–0.95)*** 0.95 (0.94–0.96)***

Reject (n = 43) 0.78(0.65–0.86)** 0.81(0.70–0.88)**

Usable (n = 29) 0.93 (0.88–0.96)*** 0.91 (0.84–0.95)***

*Moderate: between 0.5 and 0.75, **Good: between 0.75 and 0.9, ***Excellent: >0.90.

ICC, intraclass correlation; CI, confidence interval; CRAE, central retinal artery equivalent;

CRVE, central retinal vein equivalent.

TABLE 5B | Agreement estimates of measurements based on the whole fundus

on photographs taken repeatedly under similar conditions.

Good Usable Reject

Artery n = 330 n = 35 n = 161

Arc 0.75 (0.70–0.79)* 0.55 (0.32–0.72)* 0.56 (0.46–0.64)*

Chord 0.76 (0.71–0.79)** 0.54 (0.31–0.71)* 0.56 (0.46–0.64)*

Length diameter ratio 0.80 (0.76–0.83)** 0.64 (0.44–0.78)* 0.59 (0.50–0.67)*

Mean diameter 0.78 (0.74–0.81)** 0.74 (0.58–0.85)* 0.65 (0.57–0.72)*

Weighted diameter 0.81 (0.78–0.84)** 0.80 (0.68-0.88)** 0.74 (0.68–0.80)*

Vein n = 330 n = 34 n = 137

Arc 0.75 (0.71–0.79)** 0.68 (0.49–0.80)* 0.58 (0.48–0.66)*

Chord 0.76 (0.72–0.79)** 0.66 (0.46–0.79)* 0.59 (0.49–0.67)*

Length diameter ratio 0.78 (0.74–0.81)** 0.76 (0.60–0.86)** 0.63 (0.53–0.70)*

Mean diameter 0.80 (0.76–0.83)** 0.61 (0.40–0.76)* 0.73(0.66–0.79)*

Weighted diameter 0.82 (0.78–0.85)** 0.69 (0.51–0.82)* 0.74 (0.66–0.79)*

*Moderate: between 0.5 and 0.75, **Good: between 0.75 and 0.9, ***Excellent: >0.90.

ICC, intraclass correlation; CI, confidence interval; CRAE, central retinal artery equivalent;

CRVE, central retinal vein equivalent; Weighted diameter: mean diameter weighted by

segment length.

as a global representation of the overall or specified retinal
vascular network.

Accuracy of Segmentation
AUC scores were high across different datasets, achieving high
pixel-level segmentation accuracy. Interestingly, the visualization
of overlaid manual-predicted segmentation suggested that model
predictions outperformed manual labeling, especially for small
vessels that human graders often missed. For challenging cases,
including images from young participants with highly reflective
retinal nerve fiber layers, elderly participants with blurred retinal
images, or retinal images with existing eye diseases, the algorithm
provided segmentations more accurate than human graders.

Validity and Repeatability of Vessel
Measurement
Internal validation demonstrated reproducibility and robustness
in vessel measurements. In general, vessel calibers measured
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FIGURE 4 | Illustration of Retina-based Microvascular Health Assessment System (RMHAS) output. From left to right: artery, vein, and optic disc segmentation;

parameters measured in the standard zone; parameters measured in the whole fundus for artery and vein, respectively. Measures are demonstrated and plotted

visually. Users can examine the performance of each functional part throughout the analysis.

TABLE 6 | Comparison of different algorithms and software for retinal vessel analysis.

IVAN SIVA VAMPIRE QUARTZ SIVA-DLS RMHAS (ours)

Processing time 20min 25min - 53.57s A few seconds <2 s

Kind Semi-automatic Semi-automatic Semi-automatic Automatic Automatic Automatic

ROI Standard Standard + Extended Whole fundus Whole fundus Standard + Extended Standard + Whole fundus

Algorism ML ML ML ML DL DL

AVR
√ √ √ √ √ √

Mean vessel diameter
√ √ √ √ √ √

Length-diameter ratio ×
√

×
√

×
√

Vessel tortuosity ×
√ √ √

×
√

Branching coefficients ×
√ √

× ×
√

Branching angle ×
√ √ √

×
√

Angular asymmetry ×
√

× × ×
√

Asymmetry ratio ×
√

× × ×
√

Junctional exponent deviation ×
√

× × ×
√

Fractal dimension ×
√ √

× ×
√

Hierarchical vessel tree × × × × ×
√

Year 2004 2010 2011 2015 2020 2021

ROI, region of interest; AVR, artery to vein ratio.

within the Standard zone in disc-centered images were most
robust. All measurements achieved good or better agreement.

For external validation, we should note that measurements
are often not directly comparable between different algorithms
or software, particularly for measurements with units. For
example, CRAE and CRVE measurements between SIVA and
other software tools have been previously reported as not
equivalent, despite these caliber measurements being associated
with the same systemic health risk factors (48). Discrepancy in
caliber measurement is often due to variation in magnification
during image acquisition. A meaningful comparison would
require Littmann’s method (49) to adjust the magnification
factor by considering refractive error, corneal curvature, and
axial length and adapting them for Gullstrand’s schematic
eye. More importantly, this adjustment method would require
fundus cameras to be constructed based on a telecentric ray

path. However, most fundus cameras currently on the market
do not strictly follow this principl (50). Further, even when
magnification is appropriately adjusted, caliber should ideally be
measured when the structure of interest is in the same position
within the photo, although this is virtually impossible. All of
these factors may result in variations in the caliber measurement
(50). Given these challenges and the need to enable measures
on images with unknown fundus camera and magnification
settings, we chose to present caliber measurements in pixel
units rather than micron values. Notably in the Bland-Altmann
plots (Supplementary Figure 3), the variance in differences
increases as retinal vessel caliber increases for both venules
and arterioles in our dataset, which we assume was resulted
from the diversity of the dataset, which is constituted of images
from different cameras. However, their ratios were more stable.
This suggests when analyzing images across different cameras,
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relevant measurements should be adjusted, for example, CRAE
be adjusted by CRAE, or use the ratio values instead.

Efficiency and Potential for Future
Adoption
Table 6 summarizes and compares existing retinal vessel
measurement algorithms and software. RMHAS achieved
sufficient reliability and efficiency in critical retinal vessel
measurements. With 558,420 parameters, the algorithm required
<2 s to complete all the segmentation and analysis when running
images in batches on a server with one GeForce GTX TITAN
GPU (Nvidia Inc., CA, USA) and an Intel Core i7-4790K CPU.
The mean time cost for each task within the algorithm, as
tested by analyzing 100 images, were as follows: image quality:
0.02 s; artery, vein, optic disc segmentation: 0.05 s; Standard zone
measure: 0.17 s; vessel graph building: 0.51 s; graph plotting: 1 s.

RMHAS has several strengths. It is fast, fully automatic,
interpretable, easily accessible, and provides a wide range of
measurement parameters with orders. It can handle challenging
images, including retinal images with DR, AMD, glaucoma,
or images collected from the very young or elderly. Finally,
the algorithm is compatible with images obtained from various
fundus cameras with different image resolutions. RMHAS
limitations include its measurement of retinal caliber value based
on pixel units rather than micron measures due to unknown
image magnification factors.

CONCLUSION

RMHAS achieved good segmentation accuracy across datasets
with diverse eye conditions and image resolutions. Compared
with manual segmentation, RMHAS performed better at
outlining small vessels than human graders, especially in
challenging cases. The agreement and repeatability analysis
supported the robustness of the algorithm. RMHAS was feasible
for application in automated high throughput retinal vessel
analysis and required minimal time. We intend to provide
RMHAS as a public tool for the research community. The
algorithm demo is publicly available (https://www.retinavessel.
com/) for testing and analysis. For batch analysis in large
quantities, please contact us.
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Luminal stenosis has been the standard feature for the current management strategies

in patients with atherosclerotic carotid disease. Histological and imaging studies show

considerable differences between plaques with identical degrees of stenosis. They

indicate that specific plaque characteristics like Intraplaque hemorrhage, Lipid Rich

Necrotic Core, Plaque Inflammation, Thickness and Ulceration are responsible for

the increased risk of ischemic events. Intraplaque hemorrhage is defined by the

accumulation of blood components within the plaque, Lipid Rich Necrotic Core is

composed of macrophages loaded with lipid, Plaque Inflammation is defined as the

process of atherosclerosis itself and Plaque thickness and Ulceration are defined

as morphological features. Advances in imaging methods like Magnetic Resonance

Imaging, Ultrasound, Computed Tomography and Positron Emission Tomography have

enabled a more detailed characterization of the plaque, and its vulnerability is linked

to these characteristics, changing the management of these patients based only on

the degree of plaque stenosis. Studies like Rotterdam, ARIC, PARISK, CAPIAS and

BIOVASCwere essential to evaluate and prove the relevance of these characteristics with

cerebrovascular symptoms. A better approach for the prevention of stroke is needed.

This review summarizes the more frequent carotid plaque features and the available

validation from recent studies with the latest evidence.

Keywords: ICA stenosis, ischemic stroke, vulnerable plaque biomarker, MRI, Atherosclerosis

INTRODUCTION

Stroke is the second leading cause of death worldwide. More than 12 million people have a stroke
annually, of which more than 6 million die as a result of the event (1–3). The atherosclerotic
carotid disease accounts for 10–15% of stroke and transient ischemic attack (TIA) cases. It usually
occurs at the carotid bifurcation and internal carotid artery (ICA) (1). Vessel stenosis is the main
parameter for classifying and stratifying the disease and is adopted by the main guidelines to
determine surgical intervention. However, recent evidence suggests that specific plaque features
may be more directly associated with stroke than just stenosis. The study of the vessel and
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plaque is the current target of several researchers. This change
of focus reveals its importance for primary and secondary stroke
prevention (4).

These observations were previously made in the coronary
territory where non-contrast cardiac computed tomography
is routinely performed for risk stratification in primary
prevention, to quantify coronary artery calcification as an
imaging test of subclinical atherosclerosis. The assessment of
coronary inflammation represents, as in carotid disease, a new
aspect in the assessment of coronary artery disease resulting
in an improvement in the prediction, discrimination and
reclassification of all causes and cardiac mortality. Analysis of
plaque extent, plaque composition, and inflammation has the
potential to establish amore accurate risk prediction compared to
coronary calcium score assessed by non-contrast cardiac CT (5).

In the first part of this review, we recall the current features
of carotid plaques vulnerability, the best imaging methods, and
its characteristics for the assessment. In the second part, we
discuss the predictive value of plaque imaging in primary and
secondary prevention, linking plaque characteristics and their
role in clinical decision-making.

PLAQUE CHARACTERISTICS

Intraplaque Hemorrhage
Intraplaque hemorrhage (IPH) is considered a major predictor
of patient symptoms from carotid plaque (Figures 1A,B) (6).
The atheroma neovascularization is immature (7). There is a
difference observed between the neovessels in the external part
of the media and the neovessels which reach the plaque (8).
The development and maturation of normal neovascularisation
seems to be impaired by a proteolytic environment within the
plaque (9). IPH is the fundamental process for plaque growth in
more advanced atherosclerotic plaque stages (10).

In a recent systematic review, the hazard ratio (HR) of
7.14 was the highest in the presence of IPH in recurrent
Stroke/Transient Ischemic Attack (TIA) compared to other
plaque characteristics such as lipid-rich necrotic core and fibrous
cap rupture (11). In another systematic review focusing on
stenosis <50% in patients with embolic stroke of undetermined
cause, the prevalence of IPH in the ipsilateral carotid was 24.4%
(95% CI 17.9 to 31.5) compared to 0.6% (95% CI 0.0 to 3.7) in the
contralateral carotid (12).

Schindler et al. showed in a recent published meta-analysis
that IPH increased the risk of future ipsilateral stroke in patients
with symptomatic and asymptomatic carotid stenosis, with HRs
of 10.2 and 7.9, respectively (13).

Magnetic resonance imaging (MRI) is the best imaging
technique to atherosclerotic plaque characterization, specially
IPH (Figure 1B) (14–16). Computed tomography (CT) can
overestimate the disease in heavily calcified lesions, besides being
difficult to differentiate between fibrous, lipid, and intraplaque
hemorrhage (17).

Fibrous Cap and Lipid-Rich Necrotic Core
The fibrous cap (FC) separates the Lipid Rich Necrotic Core
(LRNC) from the vessel lumen (Figures 1C,D). It is composed

of muscle cells, macrophages, foam cells, lymphocytes, collagen,
and elastin (18). FC rupture exposes the necrotic core to blood
resulting in cerebral microembolization (19).

In vulnerable plaques, it is observed that a thin FC enfolds
a large LRNC containing mainly inflammatory cells and
macrophages (20).

Plaque Inflammation/ Neovascularisation
Inflammation is a pathogenic event characterized by several
structural changes in the vessel wall. In this process, fundamental
steps are observed like endothelial dysfunction, macrophage
activation and migration, oxidative stress, lipid deposition,
proliferation and migration of smooth muscle cells and
formation of neovessels within the plaque. (7) Neovascularization
increases the local flow of nutrients and O2 promoting
plaque growth. The incomplete maturation of these neovessels
associated with fragility promotes IPH leaving the plaque
vulnerable and prone to rupture (21).

Contrast-enhanced ultrasound (CEUS) allows an objective
analysis of atherosclerotic plaque inflammation (Additional File)
(22). In the early phase, after contrast administration, the
neovessels of the atherosclerotic plaque are filled with blood,
and the intact microspheres amplify their echo. In the late phase
of contrast injection, juxtaluminal black areas (JBA) can be
observed and distinguished, which are very hypoechoic areas
without a fibrous cap with fragments of lipid core in ruptured
plaques with echogenicity lower than 25 gray-scale median
(GSM) units (Additional File) (23).

Previous studies using either CEUS or dynamic contrast-
enhanced magnetic resonance imaging have demonstrated
associations between imaging measurements of neovessels and
recent symptoms. Both methods are validated non-invasive
techniques for in vivo imaging of neo-vessels (24, 25). Van
den Oord et al. estimated the Cardiovascular risk of recruited
patients by calculating the Prospective Cardiovascular Münster
Heart Study (PROCAM) risk. Carotid CEUS was performed in
these patients. Interestingly, CEUS changed the risk category in
practically all asymptomatic patients previously classified by the
traditional risk stratification model (26).

MRI has demonstrated its importance in the detailed
characterization of the carotid plaque. Other imaging methods
are being used to search for more careful definition. 18F-
fluorodeoxyglucose (FDG) positron emission tomography (PET)
may be an alternative technique to identify a plaque with
inflammation (27). Tawakol et al. firstly found histological
association of plaque inflammation with the degree of 18F-FDG
uptake (28). The abundance of inflammatory cells is observed in
the highly inflamed vulnerable plaque. FDG is a glucose analog
taken up by inflammatory cells. A more significant accumulation
of FDG is observed with higher metabolic activity (27). More
recently, another commonly employed radiotracer, NaF, is being
used due to its affinity to hydroxyapatite. More extensive calcium
deposits can be easily observed with CT; however, micro-
calcifications are not. NaF accumulates in areas of active micro-
calcification within the atheroma. An interesting feature is that
18F-NaF uptake does not overlap with macrocalcifications as seen
on CT (29).
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FIGURE 1 | Plaque Characteristics. Schematic figure illustrating intraplaque hemorrhage (A), MRI on a 3 Tesla scanner (B); white arrow), The axial T1 turbo spin-echo

with fat saturation image post gadolinium shows a pronounced LRNC covered by an intact fibrous cap (C); white arrow), Schematic figure illustrating a pronounced

LRNC (**) covered by an intact fibrous cap (*) (D), Schematic figure illustrating a pronounced bulky plaque (E); black arrows), 3D ultrasound volume analysis (F),

surface morphology, image obtained by CT (G), Schematic figure illustrating plaque rupture with an ulceration (H); black arrow). LRNC, lipid-rich necrotic core; MRI,

Magnetic Resonance Imaging; CT,Computed Tomography.

Skagen et al. demonstrated that 18F-FDG uptake on PET/CT
was higher in patients with symptomatic compared with
asymptomatic carotid artery plaques (30).

Fujimoto et al. in a recent publication demonstrated that
18F Sodium Fluoride (18F-NaF) uptake was associated with the
severity of ischemic vascular brain disease on MRI, suggesting
its possible use in the risk classification of cerebrovascular
disease (31).

Carotid Plaque Thickness
The plaque thickness is a feature of plaque vulnerability being
associated with the size and volume of the plaque (Figure 1E)
(32). It is well quantifiable with ultrasound, CT, and MRI.
Zhao X et al. observed that wall thickness was found to be a
stronger feature when compared to stenosis for high risk carotid
plaques, already observed and published by the same author in
2011 analyzing stenosis, percentage of wall volume (PWV) and
mean wall thickness (33). The possible explanation is positive
remodeling of the plaque. The outward expansion of the outer
wall boundary would preserve the vessel lumen. In other words,
wall thickness may be an important feature for screening of
high-risk plaques composition (34).

Recently, Ball S. et al. published a study using a technology
called tomographic ultrasound (tUS) (Figure 1F) (35). It consist
of a three-dimensional (3D) ultrasound system with a spacial
tracker (Piur, Wien, Austria) Multiplanar reconstructions are
computed to produce 3D ultrasound volumes. It showed to be
an accurate method with all the advantages of ultrasound.

Carotid Plaque Surface (Ulceration)
High-risk carotid plaques are not only characterized by its
compositional features but also by the irregularity of the plaque

surface (36). Ulceration is defined as a discontinuous fibrous
cap with an excavated necrotic core. (Figures 1G,H) (8) Jin Li
et al. found a direct association between irregular plaque surface
and carotid plaque features, such as LRNC, IPH, stenosis, and
maximum wall thickness (37).

Homburg et al. demonstrated an association between plaque
composition and volume with plaque ulceration and ischemic
stroke patients independently of the degree of the carotid plaque
stenosis (38).

IPH, apparently, increase inflammation resulting in irregular
plaque surface. Hamada et al. validated plaque ulceration
assessed by CEUS with histology analysis in patients undergoing
carotid endarterectomy confirming CEUS’s high sensitivity for
identifying plaque ulceration and fibrous cap disruption (39).

DISCUSSION

Prediction of Primary Stroke
The occurrence of a carotid plaque rupture is independent of the
degree of stenosis and the plaque features described above are
related to (40).

In a recent meta-analysis of 64 studies enrolling 20,751
asymptomatic participants, the authors observed that the
incidence of ipsilateral ischemic events was higher in patients
with high-risk features than in those without high-risk features
with a corresponding OR of 3.0. (12). In another meta-analysis of
8 studies, the presence of IPH at baseline was associated with a
6-fold higher risk of cerebrovascular events, with an annualized
event rate of 17.7% compared with 2.43% in patients with no
IPH (41). Schindler et al., comparing the risk of stroke between
patients with and without the presence of IPH on MRI, observed
5.4% event rates among patients with asymptomatic carotid
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stenosis in those with IPH vs. 0.8% in those without IPH (13).
These facts suggest that carotid IPH might be a fundamental
biomarker of clinical ischemic events.

IPH is detected as a high signal intensity on T1-weighted
imaging. In a study with 1,190 patients, carotid T1-high-intense
plaque was at higher risk of a subsequent cerebrovascular
ischemic event suggesting that carotid IPH might contribute to
the risk stratification of a future ischemic event (42). Adding
to that affirmative, Bos D et al., in a large population-based
sample of asymptomatic individuals, associate IPH with new-
onset stroke and cardiovascular disease (CVD), independent of
other plaque characteristics (43). Patients with IPH are prone to
develop two times more stroke or coronary heart disease (CHD)
within 5 years. Their findings showed that even in asymptomatic
individuals with low-grade stenosis, IPH is crucial for developing
a first-ever stroke.

Prediciton of Secondary Stroke
The majority of recurrences occur within 1 year and in the same
anatomic region as the first stroke (44). Especially in patients with
high-grade (70–99%) timely intervention can prevent recurrent
ischemic stroke (45).

Two major trials, the European Carotid Surgery Trial (ECST)
and the North American Symptomatic Carotid Endarterectomy
Trial (NASCET), provided the vascular community in the early
’90s with information regarding symptomatic patients. They
showed that benefit from surgery was more significant in men
than in women and in the elderly, and benefit decreased with
time since the last symptoms. These observations were consistent
across the 50% to 69%, and 70% to 99% stenosis groups and the
two trials. These subgroup observations were sufficiently robust
to guide the use of carotid endarterectomy (CEA) in routine
clinical practice (46, 47).

Schindler A et al. showed an HRs of 10.2 for future ipsilateral
stroke patients with symptomatic stenosis and 7.9 in patients
with asymptomatic stenosis when IPH was characterized. In
symptomatic patients, IPH demonstrated an increased risk of
stroke at any degree of stenosis, even among patients with plaques
<50% of stenosis (13).

With improved imaging methods, identifying patients with
a higher risk of stroke may benefit the selection for CEA,
allowing surgery to be indicated in patients with the highest
benefit. Based on observed HRs on multivariable Cox regression
in recently symptomatic patients with carotid stenosis, Kelly
PJ et al. derived the SCAIL (symptomatic carotid atheroma
inflammation lumen-stenosis) score by assigning points based on
18F-fluorodeoxyglucose (18F-FDG) uptake and stenosis severity,
further discussed (48).

Latest Studies Result on Vulnerable
Carotid Plaques
Current studies and research groups aim to establish a
relation between plaque vulnerability biomarkers, showing that
identifying vulnerable carotid plaques with MRI helps predict
ischemic stroke (Table 1).

MRI currently provides the most proper imaging technique
to specify lumen stenosis and features of plaque vulnerability,

accurately assessing LRNC, FC, IPH, calcification, and plaque
surface. This imaging technique has been used in almost every
trial (49).

In the Rotterdam study, Van den Bouwhuijsen et al. showed
a correlation between hypertension, current smoking, and
presence of IPH and between hypercholesterolemia and LRNC
in asymptomatic patients (50). They also showed a correlation of
IPH and cortical infarcts. The size of IPH and not the presence of
a lipid core was associated with symptomatic plaques in patients
with recent ischemic event (51).

The ARIC Study also observed that carotid artery plaque
burden and plaque eccentricity measures were directly associated
with atherogenic cholesterol content. Their results suggested
that measures of plaque burden could be use to control disease
progression during the usage of therapies that lower atherogenic
lipids. In contrast, LRNC could be an interesting imaging feature
to follow (52).

Wasserman et al. previously already observed in the
first study of associations between plaque lipid core and
cardiovascular risk factors, the MESA study, a strong association
with plasma cholesterol but not with hypertension, smoking,
diabetes, or inflammatory factors, deducing that non-High-
density lipoprotein cholesterol (non-HDL-C), which includes
low-density lipoprotein (LDL) and Lipoproteins (Lp), may be
of prime importance for the development of the clinically
significant lipid-rich atherosclerotic plaque (53).

The MAGNETIC Study found no association between
vulnerable plaque features and a history of hypertension,
diabetes mellitus, hypercholesterolemia, and smoking. The
authors speculate that optimizing medical therapy and a
healthier lifestyle might have altered the association between
plaque vulnerability and risk factors. A critical limit in this
study concerns the absence of information on how long
patients have been receiving treatment on atherosclerosis at
the enrollment. This information could be used for a better
understanding of medical therapy impact and lifestyle on plaque
vulnerability (54).

The same rationale of a progression from vulnerable plaques
to more stable plaques, both in carotid arteries, has been recently
observed in the HeCES Study, published by Nuotio et al. In 10
years follow up, plaques related to ischemic event reveal more
fibrous and non-inflammatory characteristics when compared
to the initial features, due to lifestyle changes and effects of
statins (55).

In the PARISK study, in patients with recent TIA or
minor ischemic stroke, novel associations between (Lp)(a),
concentrations and plaque features were identified. In women,
elevated plasma Lp(a) levels were associated with higher
prevalence of IPH and in men, elevated Lp(a) levels were
associated with a higher degree of stenosis. The association
between Lp(a) concentration and these vulnerable plaque
characteristics supports the hypothesis that Lp(a) has a role in
the process of atherosclerosis (56).

The CAPIAS prospective Study was a multicenter study with
plaque imaging obtained within 10 days after symptom onset.
The most frequent feature of ipsilateral carotid plaque was IPH.
Ipsilateral LRNCs, a feature that is not part of the AmericanHeart
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TABLE 1 | Imaging studies analyzing carotid plaque components and morphology on cerebrovascular risk in symptomatic and asymptomatic patients.

Study Imaging method Variable analyzed Central conclusion

Rotterdam Study MRI IPH, LRNC The size of IPH and not the presence of a lipid core was associated with symptomatic plaques

in patients with recent ischemic event

ARIC Study MRI PT,

LRNC

The presence of a lipid core was independently associated with incident CVD events when

adjusted for traditional CVD risk factors and maximum CA wall thickness

Magnetic Study MRI IPH, FC, LRNC Plaque composition in patients on treatment for asymptomatic carotid atherosclerosis shows

no correlation between plaque vulnerability and the most well-controlled modifiable RF.

Optimized therapy might have altered the association.

PARISK Study MRI IPH The association between Lp(a) concentration and IPH supports the hypothesis that Lp(a) has a

role in the process of atherosclerosis

CAPIAS Study MRI IPH, FC, LRNC IPH, a ruptured FC, or the presence of a mural thrombus, was more frequent ipsilateral to

ischemic stroke compared with that of the contralateral side

BIOVASC PET/CT 18F-FDG uptake Plaque 18F-FDG uptake was associated with early recurrent stroke in patients with recently

symptomatic carotid stenosis.

MRI, Magnetic Resonance Imaging; US, Ultrasound; IPH, intraplaque haemorrhage; LRNC, lipid-rich necrotic core; PT, plaque thickness; FC, fibrous cap; RF, risk factor; Lp, Lipoprotein;
18F-FDG, 18F-fluorodeoxyglucose.

Association–lesion type definition, were larger in cryptogenic
stroke compared with the reference group (57).

In a recently published cohort study by Kelly PJ et al., the
Biomarkers/Imaging Vulnerable Atherosclerosis in Symptomatic
Carotid disease Study (BIOVASC), patients with carotid stenosis
and recent stroke/(TIA) were followed up, being the primary
outcome any non-procedural ipsilateral recurrent stroke within
90 days of the index stroke/TIA. One hundred and nine
patients were recruited into BIOVASC and had positron emission
tomography (PET)/CT completed. In patients with recently
symptomatic carotid stenosis. Plaque 18F-FDG uptake was
associated with early recurrent stroke in patients with recently
symptomatic carotid stenosis. They showed for the first time
that plaque FDG uptake independently predicts early stroke after
PET. This finding suggests that higher plaque FDG uptake is a
marker of vulnerable carotid plaque leading to stroke recurrence
and not a secondary consequence of recurrent brain infarction
(58). These results led to a novel score called SCAIL Score.

Symptomatic Carotid Atheroma
Inflammation Lumen Stenosis Score
(SCAIL)
This recently publishedmodel for estimating the risk of recurrent
ischemic stroke included 18F-FDG standardized uptake values on
PET-CT as a parameter for plaque inflammation. (48) Uptake
of radiolabeled 18F-FDG on PET is a validated marker for
plaque metabolism caused by inflammation and is associated
with markers of plaque instability and late clinical events (59).

This model categorized 18F-FDG uptake and stenosis. On
multivariable analysis, the SCAIL score independently predicted
recurrent stroke after PET imaging, in addition to its association

with all recurrent stroke events before or after PET. This suggests
that early 18F-FDG-PET after hospital presentation may have
prognostic utility to identify high-risk patients with carotid
stenosis. It was shown for the first time that incorporating
information relating to plaque inflammation-related metabolism
and lumen stenosis in a single measure identifies patients at the
highest risk of early recurrent stroke.

PERSPECTIVES

The big challenge remains in defining, among the many plaque
features, those that are pivotal for the optimized treatment. Big
imaging data acquisition associated with artificial intelligence
analysis is leading this field of research to a higher level.

The development of a score system based on imaging features
of plaque vulnerability may provide clinicians with a better tool
to approach the disease.
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Background: Cardiovascular magnetic resonance (CMR) imaging at ultra-

high fields (UHF) such as 7T has encountered many challenges such as

faster T∗
2
relaxation, stronger B0 and B1+ field inhomogeneities and additional

safety concerns due to increased specific absorption rate (SAR) and peripheral

nervous stimulation (PNS). Recently, a new line of 5T whole body MRI system

has become available, and this study aims at evaluating the performance and

benefits of this new UHF system for CMR imaging.

Methods: Gradient echo (GRE) CINE imaging was performed on

healthy volunteers at both 5 and 3T, and was compared to balanced

steady-state-free-procession (bSSFP) CINE imaging at 3T as reference. Higher

spatial resolution GRE CINE scans were additionally performed at 5T. All scans

at both fields were performed with ECG-gating and breath-holding. Image

quality was blindly evaluated by two radiologists, and the cardiac functional

parameters (e.g., EDV/ESV/mass/EF) of the left and right ventricles were

measured for statistical analyses using the Wilcoxon signed-rank test and

Bland-Altman analysis.

Results: Compared to 3T GRE CINE imaging, 5T GRE CINE imaging achieved

comparable or improved image quality with significantly superior SNR and

CNR, and it has also demonstrated excellent capability for high resolution (1.0

× 1.0 × 6.0 mm3) imaging. Functional assessments from 5T GRE CINE images

were highly similar with the 3T bSSFP CINE reference.

Conclusions: This pilot study has presented the initial evaluation of CMR

CINE imaging at 5T UHF, which yielded superior image quality and accurate

functional quantification when compared to 3T counterparts. Along with

reliable ECG gating, the new 5T UHF system has the potential to achieve

well-balanced performance for CMR applications.
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5T, UHF, cardiac MR, cine, ventricular function
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Introduction

As one of the frequently employed techniques in cardiac

magnetic resonance imaging (CMR), cardiac CINE imaging

enables accurate measurements of heart motion in a full

cardiac cycle (1–4). Because CMR CINE imaging enables

visualization and measurement of the periodic beating of

the cardiac chambers and ventricular walls, it is routinely

used for cardiac functional analysis (5, 6), such as chamber

volume, myocardium muscle mass and blood ejection

fraction (EF). Typically, clinical CINE images are collected

either using 2D balanced steady-state-free-precession

(bSSFP) or 2D spoiled gradient echo (GRE) sequences

(7, 8).

To date, the majority of clinical CMR scans are performed

at 1.5 and 3.0T. The studies to perform CMR at ultra-high

fields (UHF), such as 7T, have been relatively limited (9–

13). Generally speaking, UHF offers advantages of higher

signal-to-noise ratio (SNR) and gradient performance for

improved imaging workflow and quality (14). While such

benefits also apply to CMR, CMR at UHF encounters many

challenges that combinedly outweigh those benefits (15).

The practical challenges include the shorter T2/T
∗
2 relaxation

times, stronger B0 and B1+ inhomogeneities, higher specific

absorption rate (SAR) of the radio frequency (RF) energy

and stronger interference to the electrocardiogram for reliable

cardiac gating, as well as the more stringent safety screening

criteria (16, 17). Currently, CMR at UHF (≥7T) is at best

considered as feasible or comparable to the 3T CMR (9, 13,

18).

Recently, a new 5T UHF MRI system was introduced

for whole body imaging (19). At the midway between 3

and 7T, the field strength of 5T may have the potential to

achieve a better balance between CMR performance/quality

and those aforementioned challenges associated with UHF.

In this work, we aimed to evaluate, for the first time,

the feasibility and performance of CMR at the 5T whole

body system. Specifically, we analyzed and compared CMR

CINE results from 5T to those from 3T, both qualitatively

and quantitatively.

Abbreviations: ARVD, arrhythmogenic right ventricular dysplasia; bSSFP,

balanced steady state free precession; CMR, cardiacmagnetic resonance;

CINE, cinematic imaging; CNR/SNR, contrast/signal-to-noise ration;

ECG, electrocardiogram; EDV, end diastolic volume; EF, ejection fraction;

ESV, end-systolic volume; FOV, field-of-view; GRE, gradient echo; LV/RV,

left/right ventricle; MHD, magneto-hydrodynamic; RF, radiofrequency;

ROI, region of interest; SAR, specific absorption rate; SAX, stack of short

axis; STD, standard deviation; UHF, ultra-high fields.

Materials and methods

Subjects

Seventeen healthy adult volunteers (12 males and 5 females,

age range 23–54) were recruited to participate in this pilot

study with approval from the local ethics committee at Peking

Union Medical College Hospital. All subjects passed the MRI

safety screening with CMR-specific exclusion criteria, which

strictly excluded candidates with prior or current cardiovascular

diseases, severe arrhythmias, claustrophobia, metallic implants

and tattoos, etc. All subjects provided written consents

before undergoing CMR scans at both 3 (uMR790, United

Imaging Healthcare, Shanghai, China) and 5T (uMR Jupiter,

United Imaging Healthcare, Shanghai, China). Each volunteer

underwent all MRI scans within the same day. The scanning

order between 5T and 3T was randomized for each subject, with

7 subjects being scanned at 5T first.

Experimental setups

The whole body 5T scanner was equipped with a bore size

of 60 cm and a gradient system with 120 mT/m maximum

amplitude and 200 T/m/s slew rate. For the RF system, an

8-channel loop array volumetric coil (19, 20) was used for

transmission, and a 24-channel flexible body coil plus the upper

portion of a 48-channel spine coil were used for reception

during CMR scans. For B1+ inhomogeneity control within the

field-of-view (FOV) of body scans, the complex B1+ map of

each transmit channel was first obtained with a calibration scan

and was then used to adjust the amplitude and phase of the

respective transmit channel via parallel transmission techniques

(21). Moreover, five 2nd order and one 3rd order shim coils were

equipped for active B0 field shimming.

The 3T scanner has gradient system specifications of 100

mT/m maximum amplitude and 200 mT/m/ms slew rate, and

the RF system was comprised of a dual-channel volumetric coil

transmission coil and a 24-channel CMR-dedicated coil plus a

portion of the spinal coil for signal reception. For B0 shimming,

the volumetric shimming mode for cardiac scans was used.

For all CINE scans at both fields, cardiac gating was

performed using routine ECG with the 4-electrode placement

scheme, the typical signals of which are shown in Figure 1.

Imaging parameters

For 5T CMR scans, 2D GRE CINE images with a spatial

resolution of 1.6 × 1.6 × 8.0 mm3 were acquired with the

following parameters: TE/TR = 2.84/5.55ms, flip angle (FA)

= 10◦, field of view (FOV) = 360 × 280∼320 mm2, matrix
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FIGURE 1

Typical ECG wave forms from one volunteer, recorded during

CMR CINE scans at 3 and 5T respectively.

size = 224 × 174∼199, readout bandwidth = 300 Hz/px, 25

phases per cardiac cycle, and two-fold parallel imaging for

acceleration, leading to a breath-hold duration of∼11 s per slice.

Additionally, high resolution images (HR, 1.0× 1.0× 6.0 mm3)

were also obtained using the same 2D GRE CINE sequence with

increased matrix size of 352× 274∼313 and an additional 5∼7 s

(totaling 16∼18 s) for breath-hold.

For 3T CMR scans, both 2D GRE CINE and 2D bSSFP

CINE sequences were scanned with the same spatial resolution

of 1.6× 1.6× 8.0 mm3. The GRE CINE protocol was: TE/TR=

2.65∼2.69/5.42∼5.45ms, FA = 15◦, readout bandwidth = 300

Hz/px, 25 phases per cardiac cycle, and two-fold parallel imaging

for acceleration, leading to a breath-hold duration of ∼11 s per

slice. The bSSFP CINE protocol was: TE/TR = 1.37/2.98ms, FA

= 60◦, readout bandwidth= 1,000 Hz/px, 25 phases per cardiac

cycle, and two-fold parallel imaging for acceleration, leading

to a breath-hold duration of ∼6 s per slice. Other parameters

were set the same as the 5T regular resolution protocol unless

stated otherwise.

For all CMR scans, images of two-chamber (2 ch) and

four-chamber (4 ch) views, as well as of a stack of short axis

(SAX) view covering both left and right ventricles were obtained.

Table 1 shows the summary of the scanning parameters. To

achieve sufficient coverage for SAX scans, 10 slices with 20%

gaps were acquired for regular scans, and 12 slices with 20% gaps

for HR scans. Particularly, the TE of GRE scans were set to as

close as possible to the nearest water-fat out-of-phase echo times

(3T: 2.65ms vs. the theoretical 2.20ms; 5T: 2.84 or 3.04ms vs.

the theoretical 2.72ms), to create a natural boundary between

myocardium and fats for better tissue delineation in subsequent

image analysis.

Image analysis

All image analyses described below were performed by two

experienced radiologists with 10 and 5 years of experience in

CMR. The readers were blinded to the acquisition parameters,

field strengths and subject demography, and they received all the

CMR CINE images in a randomized order.

Quality evaluation

Overall image quality (jointly on boundary sharpness,

anatomic feature visibility and noise level) and the presence of

artifacts (including those related to motion and reconstruction)

were evaluated with qualitative scores from 0 to 3. The scoring

criteria on image quality were defined as: 0, poor, non-

diagnostic; 1, impaired image quality for potential misdiagnosis;

2, good quality meeting routine standards; and 3, excellent,

exceeding routine quality. And the scoring criteria on artifacts

were: 0, no artifact present; 1, mild artifacts not impairing

diagnostic quality; 2, moderate artifacts partially impairing

diagnostic quality; and 3, severe artifacts with non-diagnostic

quality. Scores were independently given by the two radiologists

on SAX and long-axis images of each subject. The Wilcoxon

matched pairs test was used to compare the results.

SNR-CNR analysis

For SNR and CNR assessment, regions of interest (ROI)

signals were manually extracted from end-diastole SAX slices

on the midventricular level (10). One ROI was positioned in the

center of the left ventricle (LV) cavity, and 6 ROIs were drawn

in the myocardium according to a six-segment model (22) and

the mean result were reported. The noise level was estimated by

drawing three background ROIs free from any visible artifacts

and taking the average of the signal standard deviation (SD). The

SNR was calculated by dividing the mean signal intensity of the

LV cavity by the noise:

SNR =
Scavity

mean(SD(air))

The CNR was estimated as the ratio of the mean signal

difference between LV cavity and LV myocardium to the

noise SD:

CNR =
Scavity −mean(Smyocardium)

mean(SD(air))

The Wilcoxon matched pairs test was used to compare

the results.

Functional analysis

Quantitative functional measurements on end-diastolic

volume (EDV), end-systolic volume (ESV), EF for both LV and

right ventricle (RV) were assessed by the same radiologists using

CVI42 (Circle Cardiovascular Imaging, Calgary, AB, Canada).
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TABLE 1 CMR scanning parameters in this study.

3T bSSFP 3T GRE 5T GRE 5T GRE HR

Short axis Field of view (mm) 360× 280∼320 *360× 280∼320 360× 280∼320 360× 280∼320

Spatial resolution (mm) 1.6× 1.6 1.6× 1.6 1.6× 1.6 1.0× 1.0

Matrix 224× 174∼199 224× 174∼199 224× 174∼199 352× 274∼313

Number of slices 10 10 10 12

Slice thickness (mm) 8 8 8 6

Slice gap (mm) 1.6 1.6 1.6 1.2

TE/TR (ms) 1.37/2.98 2.65∼2.69/5.42∼5.45 2.84/5.55 3.06/5.95

Flip angle (◦) 60◦ 15◦ 10◦ 10◦

Bandwidth (Hz/pixel) 1,000 300 300 300

2 Chamber Field of view (mm) 360× 280∼320 360× 280∼320 360× 280∼320 360× 280∼320

Spatial resolution (mm) 1.6× 1.6 1.6× 1.6 1.6× 1.6 1.0× 1.0

Matrix 224× 174∼199 224× 174∼199 224× 174∼199 352× 274∼313

Number of slices 1 1 1 1

Slice thickness (mm) 8 8 8 6

TE/TR (ms) 1.37/2.98 2.65∼2.69/5.42∼5.45 2.42/4.48 3.06/5.95

Flip angle (◦) 60◦ 15◦ 10◦ 10◦

Bandwidth (Hz/pixel) 1,000 300 500 300

4 Chamber Field of view (mm) 360× 260∼320 360× 260∼320 360× 260∼300 360× 260∼300

Spatial resolution (mm) 1.6× 1.6 1.6× 1.6 1.6× 1.6 1.0× 1.0

Matrix 224× 162∼187 224× 162∼187 224× 162∼187 352× 254∼293

Number of slices 1 1 1 1

Slice thickness (mm) 8 8 8 6

TE/TR (ms) 1.37/2.98 2.65/5.42 2.42/4.48 3.06/5.95

Flip angle (◦) 60◦ 15◦ 10◦ 10◦

Bandwidth (Hz/pixel) 1,000 300 500 300

The myocardium boundaries on SAX images were initialized

using the software and manually adjusted when necessary.

The myocardium mass of LV was also assessed, with papillary

muscles and trabeculae excluded from themyocardiummass but

included in the blood pool volume calculation.

Statistical analyses on the functional measurements were

performed using Student’s t-test after normality test. P-values

of multiple comparisons were adjusted using Holm-Bonferroni

method. A difference was considered significant with p < 0.05.

Correlations among measurements were evaluated using Bland-

Altman analysis.

Results

Figure 1 shows the typical ECG signals recorded from both 5

and 3T during the CINE scans, both showing highly similar and

reliable wave forms.

Figure 2 shows representative CINE images at both 5 and 3T,

all displaying image quality that meets the routine clinical needs.

Note that the fine structures of papillary muscles are clearly

visible in the 5T GRE HR images.

Figure 3 compares the 5T GRE and 5T GRE HR SAX

images. While both scans yielded excellent image quality, image

contrasts and SNR, the HR images enabled better delineation

of finer structures such as myocardium-blood boundaries,

papillary muscles and trabecular structures.

Quality evaluation

The evaluation scores on image quality and artifact presence

are summarized in Table 2. All GRE results, i.e., 3T GRE, 5T

GRE, and 5T GRE HR, showed statistically similar scores in

SAX images. For long axis images, 5T GRE, and 5T GRE HR

images mostly received significantly better scores in both image

quality and artifact control than 3T GRE, except the artifact

control of 5T GRE being similar to 3T GRE (p= 0.07). 3T bSSFP

showed significantly better scores than 3T GRE in all categories,

as expected.

Table 3 shows the SNR of myocardium signals and

CNR between myocardium and blood pool. In accordance

to literatures (10), SNR of 3T bSSFP (130.9 ± 23.2) was

significantly higher than 3T GRE (91.8 ± 10.0). On the
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FIGURE 2

Typical CMR cine images of one subject. All images are free of major artifacts and show good image quality.

FIGURE 3

Multi-slice short-axis GRE images at 5T of one volunteer, comparing between routine resolution (top row) and high resolution (bottom row).

other hand, the 5T GRE results, under the same routine

resolution of 1.6 × 1.6 × 8 mm3, also achieved significantly

higher myocardium SNR (1,438.0 ± 26.3) and CNR (92.5

± 22.7) than 3T GRE images. With ∼70% smaller voxel

volume, the GRE HR images at 5T achieved lower SNR

(62.5 ± 9.9) and CNR (37.4 ± 10.2) when compared to

3T GRE.

Functional statistics

Table 4 compares all the functional parameters (i.e., LV

EDV/ESV/Mass/EF and RV EDV/ESV/EF) among the 4 CINE

image sets (i.e., 3T bSSFP/GRE and 5T GRE/GREHR), using the

3T bSSFP results as reference. The consistency of all functional

parameters are in good agreement with literatures (10, 12). Most
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TABLE 2 Rating of overall image quality and presence of artifacts, using 3T GRE as reference.

Slice orientation Sequence Voxel size (mm3) Image quality (mean ± STD) Artifacts rating (mean ± STD)

SAX 3T GRE 1.6× 1.6× 8 2.0± 0.5 1.2± 0.4

3T bSSFP 1.6× 1.6× 8 2.5± 0.6 (p= 0.014)* 0.6± 0.6 (p= 0.002)*

5T GRE 1.6× 1.6× 8 2.2± 0.5 (p= 0.250) 1.2± 0.4 (p= 1.000)

5T GRE HR 1.0× 1.0× 6 2.1± 0.8 (p= 0.424) 1.4± 0.5 (p= 0.219)

Long axis 3T GRE 1.6× 1.6× 8 1.5± 0.5 1.4± 0.6

3T bSSFP 1.6× 1.6× 8 2.6± 0.5 (p < 0.001)* 0.4± 0.5 (p < 0.001)*

5T GRE 1.6× 1.6× 8 1.9± 0.5 (p= 0.039)* 1.1± 0.5 (p= 0.070)

5T GRE HR 1.0× 1.0× 6 2.3± 0.7 (p < 0.001)* 1.1± 0.4 (p= 0.039)*

Both rating scores ranged from 0 to 3, and a higher rating denotes better image quality, but worse artifact control.

Asteroids indicate significant differences, i.e., p < 0.05, when compared to 3T GRE.

TABLE 3 Comparison on SNR and CNR of SAX images, using 3T GRE as reference.

Sequence Voxel size (mm3) SNR (mean ± SD) Relative SNR CNR (mean ± SD) Relative CNR

3T GRE 1.6× 1.6× 8 91.8± 10.0 1.00 52.1± 13.7 1.00

3T bSSFP 1.6× 1.6× 8 130.9± 23.2 (p= 0.016)* 1.43 94.0± 21.5 (p= 0.007)* 1.80

5T GRE 1.6× 1.6× 8 143.8± 26.3 (p= 0.013)* 1.57 92.5± 22.7 (p= 0.034)* 1.78

5T GRE HR 1.0× 1.0× 6 62.5± 9.9 (p= 0.012)* 0.68 37.4± 10.2 (p= 0.145) 0.72

Asteroids indicate significant differences, i.e., p < 0.05, when compared to 3T GRE.

TABLE 4 Comparison of CMR CINE functional quantities, using 3T bSSFP as reference.

Sequence LV EDV (mm3) LV ESV (mm3) LVMass (g) LV EF (%) RV EDV (mm3) RV ESV (mm3) RV EF (%)

3T bSSFP 129.8± 18.5 45.1± 9.1 98.1± 21.2 65.3± 4.1 142.2± 20.5 63.0± 13.4 56.1± 4.7

3T GRE 128.1± 20.2 43.3± 9.2 105.7± 20.7 66.4± 5.0 148.7± 21.4* 62.3± 13.1 58.4± 4.9*

5T GRE 130.1± 19.2 44.0± 11.6 104.0± 20.2* 66.8± 6.0 152.1± 21.3* 66.5± 12.7 57.4± 4.7

5T GRE HR 129.6± 18.0 45.2± 10.8 101.5± 19.5 65.4± 5.2 151.5± 20.2* 65.8± 13.8 56.8± 6.5

Asteroids indicate significant differences, i.e., p < 0.05, when compared to 3T bSSFP.

functional measurements did not show statistically significant

differences, except for RV EDV (all GRE), RV EF (3T GRE), and

LV Mass (5T GRE).

Figures 4, 5 show the Bland-Altman plots for cardiac

functional analyses on LV and RV, respectively. Both figures

indicate good agreement of all GRE scans including 5T’s to the

reference 3T bSSFP scans.

Discussion

In this pilot study, we performed an initial evaluation of

CMR performance on a newly developed 5T whole body system

(19). We used the 3T GRE CINE images as reference for image

quality and SNR comparison, and used the 3T bSSFP images for

the functional assessment accuracy comparison (23). The results

not only demonstrated the feasibility of CMR imaging at 5T,

but also suggested that 5T CMRmay provide additional benefits

compared to routine high field (e.g., 3T) by offering improved

and balanced outcomes.

The 5T system provided excellent image quality and

contrasts between myocardial muscles and blood, showing

improved contrasts than the 3T GRE images. There are

several factors that may contribute to such improvement in

image quality.

First, the higher field creates a stronger time-of-flight

inflow effect on the inflowing blood (10), thus increasing the

myocardium-blood contrast and leading to visually sharper

boundaries, even under the same resolution settings. This is

true for all slice orientation settings (i.e., SAX, 4 ch, and

2 ch views), as evidenced in Figure 2. Such improved tissue

contrast potentially offers more useful details for applications

involving cardiac morphology (24), such as arrhythmogenic

right ventricular dysplasia (ARVD) (25) where the trabeculae

carneae may be obscured within relatively slower (than LV)

flowing blood.
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FIGURE 4

Bland-Altman analyses for LV. LV EDV (ml), ESV (ml), mass (g) and EF (%) are shown in rows. Comparisons of 3T GRE, 5T GRE, and 5T GRE HR to

3T bSSFP are shown in columns.
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FIGURE 5

Bland-Altman analyses for RV. RV EDV (ml), ESV (ml) and EF (%) are shown in rows. Comparisons of 3T GRE, 5T GRE, and 5T GRE HR to 3T bSSFP

are shown in columns.

Second, the gain in image quality at 5T was also evidenced by

the increase in SNR and CNR. With regular resolution of 1.6 ×

1.6× 8.0mm3, the 5TGRE images showed significantly superior

SNR and CNR than the GRE at 3T. Even with a much smaller

voxel size (∼30% in voxel volume), the 5T GRE HR images

still yielded sufficient SNR and CNR to support similar or even

better visual quality than the routine 3T GRE. Unlike in most

7T CMR studies where local TX/RX coils (9, 11, 12, 18) were

used, the 5T system employed a volumetric body coil for parallel

RF transmission. With an 8-channel loop array design, the B1+

field can be dynamically adjusted on a subject-by-subject basis.

The advantage of using such a “global” parallel transmission over

the “local” transceiver is that it can achieve more homogeneous

excitation effects, especially on patients with larger girth sizes.

Third, the 5T system is capable of detecting almost

distortion-free ECG signals for reliable gating during CMR

scans, highly comparable to those from 3T (Figure 1) and

much better than those from 7T (26). ECG signals originate
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from the cardiac electrical activities associated with the cardiac

rhythmic motions, which is field independent by itself. However,

electrode-based ECG detection in MRI is usually overlaid

with the so-called magneto-hydrodynamic (MHD) effects (27)

originating from the conducting fluid (i.e., cardiac blood flow)

under the influence of the external magnetic field and will

become stronger at higher fields. Practically, the MHD effect

is negligible at 3T and lower fields, but it has been determined

to severely affect ECG readings at 7T (26) to the extent of

non-usability. Therefore, alternative ECG gating techniques

have been generally needed at UHF, such as acoustic cardiac

triggering (28) or the finger-clipping pulse oximetry. However,

these gating methods only provide an alternative form of the

true ECG signals and have their own limitations (28). During

our scanning process at 5T, the ECG quality of all subjects,

both males and females, was sufficiently reliable to yield high

quality images with minimal motion artifacts, while requiring

no additional efforts than at 3T.

Finally, the combination of the high SNR and reliable ECG

gating at 5T supports reliable high-resolution CMR scans. In this

study, the high-resolution was set as 1.0× 1.0× 6.0 mm3, which

is <30% in voxel volume comparing to routine scan settings

and has been rarely reported at 3T due to compromise in SNR.

Nevertheless, the 5T GRE HR images still achieved satisfying

SNR and CNR, suggesting the SNR benefit at UHF was indeed

well utilized at 5T. On the other hand, the HR scans required

a longer scan time by 5∼7 s, a reliable ECG gating is critical to

containing the risks of motion artifacts. As revealed in the image

results and visual rating statistics (Figure 2 and Table 2), the 5T

GREHR scans showed comparable or even better artifact control

than 3T GRE, also demonstrating the traditional ECGmethod is

well employed at 5T.

To briefly summarize, the improvement in imaging contrast

and SNR/CNR, as well as the robust ECG gating capacity

suggest the potential of the 5T UHF for reliable CMR imaging

on cardiovascular anatomy and functionalities. Although 5T is

midway between 3 and 7T, the 5T CMR setup, in terms of

scanning parameters and the ECG gating scheme, was more

similar to those at 3T, while its performance on SNR/CNR and

imaging qualitymay bemore 7T alike. Other challenges reported

at 7T, such as B1+ field inhomogeneity and high SAR levels,

were also observed at 5T but with much milder effects, thus are

expected to be coped with more easily.

Regarding the cardiac functional results, all scans from

both systems yielded statistically comparable results, with only

a few exceptions (Table 4). This was somewhat different from

previous reports, where significant differences were observed

for LV EDV/ESV/EF and RV EDV/ESV between bSSFP and

GRE at 3T (5), or for LV mass between 7 (both regular-

and high-resolution) and 1.5T GRE (10). The cause for such

differences was previously attributed to the epicardial fat being

differentiable in bSSFP images but not in GRE images (10), thus

leading to large myocardium ROIs drawn on GRE images by

including fatty tissues. In this study, by using out-of-phase echo

times for GRE scans, visible myocardium-fat boundaries were

created, which was clearly shown in all our pictorial figures.

Therefore, with the automatic myocardium extraction by the

CVI42 software followed bymanual ROI adjustment, the cardiac

functional quantities can be more reliably extracted even from

GRE data, avoiding over-estimation by excluding most of the

fatty tissues.

Several limitations of this study should be noted. In this

pilot study, only a limited number of healthy volunteers without

any cardiac conditions were included in the functional and

statistical analyses. As has been demonstrated in a previous

study (12) that HR CINE imaging at 7T can reveal myocardial

crypts in hypertrophic cardiomyopathy patients, which were

obscured at 3T. The benefits of imaging with better contrasts,

SNR and resolution at 5T are yet to be demonstrated with a

larger patient cohort with cardiovascular diseases. Second, this

work only focused on CINE imaging, and other CMR techniques

such as tissue characterization (29) and quantitative mapping

(30, 31), should be further evaluated in future works. Third, only

a normal flexible body coil was currently available on the 5T

system, while further improvement in imaging quality can be

expected with dedicated cardiac coils (32).

Since the 5T MRI system has become available only very

recently, virtually any CMR techniques and applications can

be revisited. Judging from the results of this study and from

literatures, it is likely that CMR imaging at 5T can enjoy more

of the pros from both sides while suffering from less of the cons.

For instance, it is worth mentioning that in our preliminary

tests on 5T bSSFP CINE scans, the SAR level (<13 W/kg) was

well within the first level safety limit (i.e., 20 W/kg for body

trunk), although the robustness of imaging quality against B0

and B1 effects still required improvement (thus data not shown).

Since bSSFP CINE is generally considered the standard method

(compared to GRE CINE) at 1.5 and 3T fields but is well-known

to be unusable at 7T UHF (15, 17), its potential feasibility at 5T

UHF will be highly desirable.

Moreover, with the stronger T1 sensitivities, 5T may

foreseeably have better performance on related applications

such as quantitative perfusion or late gadolinium enhancement

imaging, which can be of great interests for future works.

Conclusion

In conclusion, this pilot study has presented the initial

evaluation of CMR CINE imaging at 5T UHF. The image

quality at 5T was generally superior or comparable to the

3T counterparts, while functional quantification results were

statistically similar. Therefore, the new 5T UHF system has

the potential to achieve a well-balanced performance for

CMR CINE imaging to potentially meet the clinical and

researching needs.
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Objectives: To evaluate whether applying image filters (smooth 3D+ and

edge-2) improves image quality in coronary CT angiography (CCTA).

Methods: Ninety patients (routine group) with suspected coronary artery

diseases based on 16-cm wide coverage detector CT findings were

retrospectively enrolled at a chest pain center from December 2019 to

September 2021. Two image filters, smooth 3D+ and edge-2 available on

the Advantage Workstation (AW) were subsequently applied to the images to

generate the research group (SE group). Quantitative parameters, including

CT value, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR), image

sharpness and image quality score, and diagnostic accuracy were compared

between the two groups.

Results: A total of 900 segments from 270 coronary arteries in 90 patients were

analyzed. SNR, CNR, and image sharpness for vessels and image quality scores

in the SE group were significantly better than those in the routine group (all p <

0.001). The SE group showed a slightly higher negative predictive value (NPV)

on the left anterior descending artery and right coronary artery (RCA) stenosis

evaluations, as well as total NPV. The SE group also showed slightly higher

sensitivity and accuracy than the routine group on RCA stenosis evaluation.

Conclusion: The use of an image filter combining smooth 3D+ and edge-2

on an AW could improve the image quality of CCTA and increase radiologists’

diagnostic confidence.

KEYWORDS

coronary artery disease, X-ray computed tomography, analysis, sharpness, image

quality
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Introduction

Coronary computed tomography angiography (CCTA)

has been widely used for detecting coronary artery stenosis

in patients with suspicious coronary artery disease (CAD)

(1–3). However, motion artifacts and image noise decrease

CCTA image quality (4–7), and thus affect the diagnosis,

management, and treatment of CAD (8). Notably, 16-cm-wide

coverage-detector CT with motion-corrected reconstruction

algorithm Snapshot Freeze (SSF) has been shown to

reduce respiratory movement and motion artifacts (9–16).

However, the image noise due to insufficient photon

quantity in low-dose CCTA still needs to be overcome

(17). Common ways to reduce image noise without increasing

radiation dose include the use of iterative reconstruction

algorithms (IRs), deep learning-based image reconstruction

algorithms, and low-pass reconstruction kernels (RKs) in

CCTA (18).

On the other hand, image filters (19) operated in the

image domain also provide several options that could be

applied through the post-processing procedure to reduce

image noises and enhance edges (edge sharpening). Image

sharpness as a quantitative index is important to evaluate

the image quality (20–23). However, the use of image filters

has not been focused on and whether this application of

image filters could improve image quality and diagnostic

accuracy remains unknown and was not reported before.

Therefore, we hypothesized the improved diagnostic image

quality through image filters, and the purpose of this study

was to compare quantitative measurements, qualitative image

score, diagnostic accuracy through CAD-RADS report guideline

(24), and image sharpness between CCTA images with the

combination of image smoothing and edge-enhancement filters

and those without.

Abbreviations: AO, aortic root; CAD, coronary artery disease; CAD-

RADS, Coronary Artery Disease - Reporting and Data System; CCTA,

Coronary computed tomography angiography; CNR, contrast-to-noise

ratio; DICOM, Digital Imaging and Communications in Medicine; DLP,

dose-length product; DSA, digital subtraction angiography; IRs, iterative

reconstruction algorithms; LAD-D, distal left anterior descending artery;

LAD-M, middle left anterior descending artery; LAD-P, proximal left

anterior descending artery; LCX-D, distal left circumflex artery; LCX-

M, middle left circumflex artery; LCX-P, proximal left circumflex artery;

MTF, modulation transfer function; NPV, negative predictive value; PVAT,

perivascular adipose tissue; RCA-D, distal-proximal right coronary artery;

RCA-M, middle right coronary artery; RCA-P, proximal right coronary

artery; SNR, signal-to-noise ratio; SSF, Snapshot Freeze; SD, standard

deviation; RKs, reconstruction kernels; ROI, region of interest; WC/WW,

window center-window width.

Materials and methods

Patients

This single-center, retrospective study was approved by the

ethics committee of our hospital, and the requirement for

written informed consent was waived owing to the retrospective

nature of the study. Patients with suspected coronary heart

disease due to chest pain who underwent CCTA at our

center between December 2019 and September 2021 were

consecutively selected from the hospital radiology information

system. Inclusion criteria included CCTA imaging performed

using the SSF technique with CT (GE Healthcare). Exclusion

criteria included the image that does not meet the diagnostic

requirements due to motion artifacts. A total of 90 patients

(23 women; mean age: 67.1 ± 11.7 [range 38–90] years) were

enrolled for image quality evaluation and 35 of the 90 patients

who undergone digital subtraction angiography (DSA) were also

used for diagnostic accuracy evaluation (Figure 1). Of these 35

patients, 28 patients’ main lesion caused significant coronary

stenosis is mixed plaque and 7 patients’ is non-calcified plaque.

Image acquisition and reconstruction

All patients underwent wide-coverage-detector CT

(Revolution CT, GE Healthcare) with the following parameters:

tube voltage, 100–120 kV; automatic tube current modulation,

300–800mA; data acquisition window (R–R interval), 30–80%;

and detector coverage, 100mm, 120mm, 140mm, or 160mm

dependent on patient heart sizes. The gantry rotation speed was

0.28 s/rotation.

CCTA images with a slice thickness of 0.625mm and

increment of 0.625mm were reconstructed using the 80%

adaptive statistical iterative reconstruction-V [ASIR-V80%,

GE Healthcare] with the STND kernel at the optimal

reconstruction phase automatically selected by the SmartPhase

technique (GE Healthcare), and the cardiac motion correction

technique (snapshot freeze, SSF) was also applied (12, 15, 17).

The generated images were assigned as the routine group.

Subsequently, all the CCTA images of the routine group were

sent to an Advantage Workstation (AW4.7, GE Healthcare)

to undergo further image filtering. After our preliminary

exploration and comparison with different combinations of

smooth and edge enhancement filters that are readily available

on the AW4.7, the filter combination was narrowed down to the

combination of smooth 3D+ and edge-2. On the workstation,

the volume rendering software was selected, and the Smooth

3D+ image filter option was selected for noise reduction. The

resulting images were subsequently saved as a new group named

Smooth 3D+. In a second pass, volume rendering software was

once again selected, and the Edge-2 image filter option was

chosen for edge sharpening of the Smooth 3D+ group. The
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FIGURE 1

The flow chart of the patients’ enrollment.

resulting images were saved as a new group named the smooth

3D+ and edge-2 group (SE group). The signal-to-noise ratio

(SNR), contrast-to-noise ratio (CNR), and image quality scores

were then compared between the original routine group and the

SE group (Figure 2).

Quantitative analysis

Quantitative measurements were performed including CT

values and standard deviation (SD) of the lumen of the

aortic root (AO), proximal left anterior descending artery

(LAD-P), middle left anterior descending artery (LAD-M),

distal left anterior descending artery (LAD-D), proximal

left circumflex artery (LCX-P), middle left circumflex artery

(LCX-M), distal left circumflex artery (LCX-D), proximal

right coronary artery (RCA-P), middle right coronary artery

(RCA-M), distal-proximal right coronary artery (RCA-D), and

perivascular adipose tissue (PVAT). The region of interest (ROI)

in the AO was set to 90 mm2, and those in others were set to 1

mm2. Image noise was classified as the SD of the attenuation

within the ROI in the AO. Each ROI was measured three

times by an independent reader, and the average of the three

measurements was used for further analysis. The SNR was

defined as CT value (vessel)/image noise, and the CNR was

defined as [CT value (vessel) - CT value (PVAT)]/SD(PVAT).

Qualitative analysis

Double-blinded image quality scoring was performed by two

radiologists, one with 8 years of experience and the other with

more than 15 years of experience in cardiovascular diagnosis,

using the 18-segment model of the Society of Cardiovascular
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FIGURE 2

Procedure for generating the SE group. Step 1: Click the “No Filter” option in red frame 1 and select smooth 3D+; step 2: Click the button in red

frame 2 to generate the smoothed 3D+ group. Then, quit the software program and start again, repeat step 1 but choose the edge-2 filter, and

repeat step 2 and generate the SE group. Finally, the original series 402 and the SE group 404 were showed in two red frame 3.

Computed Tomography guidelines (25). Evaluations were

conducted over 1 month to eliminate the observers’ recall effects

between routine and SE groups of the same patient. A 4-

point scoring system was used for overall image quality analysis

(26, 27) [(1) excellent, no artifacts; (2) good, minor artifacts;

(3) moderate, artifacts, but diagnosis still possible; and 4: poor,

non-diagnostic]. Each patient’s CCTA was evaluated through

the following 10 segments for the severity of stenosis: left

main artery, LAD-P, LAD-M, LAD-D, LCX-P, LCX-D, RCA-P,

RCA-M, RCA-D, and posterior descending artery. The stenosis

degree was assessed using Coronary Artery Disease - Reporting

and Data System (CAD-RADS) with a 7-grade scoring

system (0–2: non-significant stenosis [luminal irregularities or

lumen diameter narrowing <50%]; 3–5: significant stenosis

[lumen diameter narrowing≥50%]; 6: non-diagnostic situation)

(Table 1). In cases of disagreement on the image quality score

or stenosis assessment between the two radiologists, a third

experienced observer (more than 15 years of experience) would
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TABLE 1 Diagnostic criteria for coronary stenosis by CCTA and DSA.

Degree of maximal

coronary stenosis

Interpretation

CAD-RADS 0 0% (No plaque or stenosis) Documented absence of CAD

CAD-RADS 1 1–24% - Minimal stenosis or

plaque

Minimal non-obstructive CAD

CAD-RADS 2 25–49% - Mild stenosis Mild non-obstructive CAD

CAD-RADS 3 50–69% stenosis Moderate stenosis

CAD-RADS 4 70–99% stenosis Severe stenosis

CAD-RADS 5 100% (total occlusion) Total coronary occlusion

CAD-RADS 6 Non-diagnostic study Obstructive CAD cannot be

excluded

CAD-RADS, Coronary Artery Disease - Reporting and Data System; CCTA, Coronary

computed tomography angiography; DSA, digital subtraction angiography.

mediate to reach a final agreement. Individual adjustments of the

window center and window width were allowed.

The results of digital subtraction angiography (DSA) were

used as the reference standard to determine the significant

stenosis independent of the CCTA results. Patients underwent

DSA for diagnostic accuracy by two cardiologists (with more

than 10 years of experience). The stenosis degree of each

segment of coronary vessels (range: 0–100%) was quantitatively

evaluated. Similar to CCTA, all segments were classified as

being non-significant stenosis, significant stenosis, or non-

diagnostic situation.

Image sharpness analysis

An image quality testing software (Imatest, V5.2.21, USA)

was used to evaluate the spatial frequency response reflecting the

image sharpness through modulation transfer function (MTF)

in the 2D image domain (28). One radiologist chose the same

Digital Imaging and Communications in Medicine (DICOM)

slices of the beginning of the coronary sinus of every patient in

each group (one from the routine group and one from the SE

group) and then exported this image as a 2D image (Portable

Network Graphic, PNG) for further image sharpness evaluation.

Using the Imatest software, the same ROI was set on the same

position of two 2D images, including the heart, and the MTF50,

MTF50P, and MTF30 were then calculated automatically by the

software (Figure 3).

Radiation dose

The radiation dose of CCTA imaging, including the dose-

length product (DLP) and the volume CT dose index was

recorded through the dose reports provided by the CT scanner.

The effective dose was estimated by multiplying the DLP by a

conversion factor of 0.014 mSv/(mGy·cm) (29).

Statistical analysis

SPSS Statistics V22.0 (IBM, Chicago, IL, USA) was used

for statistical analysis. Quantitative indices are presented as

mean ± SD and medians (range: maximum to minimum).

Data with non-normal distribution are expressed as medians

(interquartile ranges). Quantitative data were analyzed using

the independent samples t-test or the Wilcoxon signed rank-

sum test. Counts were assessed using Pearson’s chi-squared test,

and Fisher’s exact test was employed to examine the probability

when the expected value was <5. A kappa value was calculated

and defined as follows: < 0.20, almost inconsistent; 0.21–0.40,

slightly consistent; 0.41–0.60, medium consistency; 0.61–0.80,

good consistency; and 0.81–1.00, perfect consistency (27).

The false-positive rate, false-negative rate, positive predictive

value, negative predictive value (NPV), sensitivity, specificity,

and accuracy were calculated for CCTA vs. DSA for each

reconstruction on per-vessel and total levels and analyzed by the

χ2 test, and differences were analyzed with ANOVA between

three groups. The significance level was set at p < 0.05.

Results

In total, we analyzed 90 patients, 900 vessel segments, and

270 images of coronary arteries with scoreable quality. Themean

DLP was 345.18 ± 94.74 mGy·cm, and the mean effective dose

was 4.83 ± 1.33 mSv. Patients’ characteristics are presented in

Table 2.

Quantitative analysis, image quality
scores, and image sharpness

The CT value of the AO ROI and the image noise in

the routine group were higher than those in the SE group

(P < 0.001). Moreover, the SNR and CNR were significantly

higher in the SE group than in the routine group (all Ps < 0.05).

The SE group had significantly higher MTF50 and MTF50P

values than the routine group, while the MTF30 values were

similar in these two groups (Table 3).

Due to individual differences in coronary artery anomalies,

the image quality score was calculated based on three main

coronary arteries (i.e., LAD, LCX, and RCA). The consistency

of the two readers was good or perfect for each vessel (LAD,

LCX, and RCA) and total vessels (kappa: 0.71–0.84), and the

image quality scores in the SE group were significantly lower

(i.e., better) than those in the routine group in each vessel and

total vessels (all Ps < 0.001). Image quality scores of three main
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FIGURE 3

The flow chart shows how to calculate the image sharpness. (A1,A2) are the same Digital Imaging and Communications in Medicine (DICOM)

slices of the beginning of the coronary sinus of one patient [(A1) from the routine group and (A2) from the SE group], which are exported to be a

PNG format (Portable Network Graphic). Red frames in (B1,B2) are the setting of ROI (region of interest) (C1,C2). Then, the software calculates

the image sharpness through the ROI based on the MTF50, MTF50P, and MTF 30 [red underlines in (D1,D2)].

coronary arteries (LAD, LCX, and RCA) and total segments

improved to different degrees after removing image quality score

1 of those segments (percent: 49–70%) (Table 4).

Diagnostic accuracy

Among the 90 patients, 35 underwent DSA for stenosis

evaluations after CCTA imaging. Based on the results of DSA,

the accuracy of the findings related to stenosis in these 35

patients was compared among the three groups (routine group,

SE group, and DSA group). The results showed no statistically

significant difference in the accuracy of the stenosis evaluations

between the SE and routine groups at the per-vessel and total

levels (all Ps > 0.05). However, the SE group showed a slightly

higher NPV on the LAD and RCA stenosis evaluations, as

well as total NPV. The SE group also showed slightly higher

sensitivity and accuracy than the routine group on the RCA
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TABLE 2 Patients’ information and radiation dose.

Age 67.1± 11.7

Sex (F/M) 23/67

BMI (kg/m2) 27.4± 4.9

Smoker 56 (62%)

Hypertension 70 (78%)

Diabetes 61 (68)

Hyperlipemia 39 (43%)

DLP, (mGy) 344.69± 103.07

ED, (mSv) 4.8± 1.4

F/M, Female/Male; BMI, Body Mass Index; DLP, Dose-length Product; ED, Effective

radiation dose.

stenosis evaluation. Moreover, eight segments were evaluated

with CAD-RADS 6 (non-diagnostic situation) in the routine

group, while two segments of RCA from these eight segments

were improved to the diagnostic situation (Table 5).

Discussion

Our study found that the application of a combination

of image filters (smooth 3D+ and edge-2) on CCTA images

significantly improved SNR and CNR values, due to ∼36%

image noise reduction with the use of the smooth 3D+

image filter. Importantly, we showed that image sharpness was

significantly better in the SE group than in the routine group

in terms of MTF50 and MTF50P. Notably, image sharpness is

usually considered a desirable image quality for evaluating vessel

lesions on CCTA (23, 30, 31) (Figure 4). Moreover, previous

studies have also reported additional edge rise distance as a

quantitative measure for image sharpness evaluation (7, 31).

However, in our study, similar MTF30 between the groups

indicated that the image sharpening ability of the SE group

was limited.

Image quality scores were significantly lower in the SE group

than in the routine group, indicating better image quality in

the SE group. Consistent with the image quality scores assigned

by the observers for the three main coronary arteries, the

better quantitative image quality and image sharpness enhanced

the diagnostic confidence of observers. In the group-wise

comparison of diagnostic accuracy against the DSA results, no

significant differences were observed between these two groups.

However, in the routine group, 8 out of 105 coronary arteries

had a CAD-RADS of 6, indicating poor image quality. Moreover,

obstructive CAD could not be excluded, and 2 of the 8 arteries

changed from undiagnosable to diagnosable, consistent with

the DSA stenosis degree (<50%), indicating that the diagnostic

accuracy in the SE group was improved compared to that in the

routine group.

A major strength of our study is that our intervention

could be implemented using readily available post-processing

TABLE 3 Comparison of sharpness of image between the routine and

SE groups.

CT values Routine group

(n = 90)

SE group

(n = 90)

p-value

AO (HU) 409.55± 77.48 407.42± 77.86 <0.001

Image noise 25.73± 7.12 16.34± 6.12 <0.001

SNR

AO 16.99± 5.16 28.34± 12.25 <0.001

LAD-P 26.43± 15.06 46.51± 37.70 <0.001

LAD-M 9.38± 5.74 12.48± 12.36 0.005

LAD-D 6.49± 5.20 7.80± 6.19 0.009

LCX-P 26.43± 15.06 46.51± 37.70 <0.001

LCX-M 13.19± 7.43 18.04± 12.48 <0.001

LCX-D 7.52± 4.95 9.74± 6.55 <0.001

RCA-P 26.42± 15.30 32.29± 30.99 <0.001

RCA-M 17.68± 11.92 25.75± 23.63 <0.001

RCA-D 13.43± 9.43 18.28± 12.75 <0.001

CNR

AO 40.48± 32.74 80.65± 51.39 <0.001

LAD-P 42.01± 31.30 76.30± 48.96 <0.001

LAD-M 29.57± 23.41 52.60± 39.45 <0.001

LAD-D 23.96± 18.87 48.83± 33.68 <0.001

LCX-P 42.01± 31.30 76.30± 48.96 <0.001

LCX-M 32.59± 27.49 64.91± 43.19 <0.001

LCX-D 25.59± 22.75 51.92± 33.44 <0.001

RCA-P 42.71± 29.89 76.80± 50.84 <0.001

RCA-M 32.79± 27.09 68.40± 45.64 <0.001

RCA-D 34.06± 22.97 60.73± 39.33 <0.001

SHARPNESS

MTF50 0.0091 (0.0046, 0.0137) 0.0093 (0.0051, 0.0164) 0.036

MTF50P 0.0088 (0.0046, 0.0128) 0.0090 (0.0059, 0.0136) 0.049

MTF30 0.0134 (0.0072, 0.0217) 0.0211 (0.0146, 0.0258)

(0.231,0.001)

0.122

SE, smooth 3D+ combined with edge-2; CT, computed tomography; SNR, signal-to-

noise ratio; CNR, contrast-to-noise ratio; HU, household; AO, lumen of the aortic root;

LAD-P, M, D, left anterior descending artery, proximal, middle, and distal; LCX-P, M, D,

left circumflex artery, proximal, middle, and distal; RCA-P, M, D, right coronary artery,

proximal, middle, and distal; MTF, Modulation Transfer Function. Significance level,

P < 0.05.

software on the workstation or console and will thus be easy

to replicate because this technique is based on image domain

processing instead of the raw data domain reconstruction. The

image filter function on the AW4.7 workstation is convenient to

use by any radiological worker whenever necessary. Moreover,

this method improves image quality and increases radiologists’

diagnostic confidence without increasing the cost or radiation

dose to the patients. CCTA is a very mature imaging method

in the evaluation of coronary stenosis and has relatively

high diagnostic accuracy. Thus, improving the post-processing

algorithms would not expect to dramatically improve the
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TABLE 4 Comparison of image quality scores between the routine and SE groups.

LAD LCX RCA Total

R1 R2 ka. R1 R2 ka. R1 R2 ka. R1 R2 ka.

Score (Median (25%,75%) Routine group 3 (2, 3) 3 (2, 3) 0.81 3 (3, 4) 3 (3, 4) 0.83 3 (2, 3) 3 (2, 3) 0.84 3(2, 4) 3(2, 4) 0.83

SE group 2 (1, 3) 2 (1, 3) 0.78 2 (2, 3) 3 (2, 3) 0.80 2 (1, 3) 2 (1, 2) 0.71 2(1, 3) 2(1, 3) 0.77

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Improved Vessels (Number, %) 48(57) 59 (60) 51 (49) 60 (56) 40 (69) 57 (69) 139(70) 176(69)

SE, smooth 3D+ combined with edge-2; LAD, left anterior descending artery; LCX, left circumflex artery; ka., Kappa; R, radiologist; RCA, right coronary artery.

TABLE 5 Comparison of diagnostic accuracy among the routine group, SE group, and the DSA group for coronary artery stenosis on per-segment

and total levels.

LAD LCX RCA total

Routine SE Routine SE Routine SE Routine SE

FPR, % 0.36 0.39 0.43 0.43 0.41 0.41 0.39 0.40

FNR, % 0.04 0.03 0.02 0.02 0.01 0.00 0.02 0.02

PPV, % 0.85 0.84 0.84 0.84 0.91 0.89 0.87 0.87

NPV, % 0.88 0.90 0.92 0.92 0.94 1.00 0.90 0.93

Se, % 0.96 0.97 0.98 0.98 0.99 1.00 0.98 0.98

Sp, % 0.64 0.61 0.57 0.57 0.59 0.59 0.61 0.60

Accuracy, % 0.86 0.86 0.86 0.86 0.91 0.92 0.88 0.88

p (routine vs. SE) 0.839 1.000 0.418 0.776

Non-diagnostic segment 1 1 1 1 6 4 8 6

SE, smooth 3D+ combined with edge-2; FPR, False Positive Rate; FNR, False Negative Rate; PPV, Positive Predictive Value; NPV, Negative Predictive Value; Se, Sensitivity; Sp, Specificity;

LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery; DSA, digital subtraction angiography.

diagnostic accuracy, unless the original images do not meet the

diagnostic requirements. In our study, the original CCTA images

were from routine examinations and already had relatively

high diagnostic accuracy. Even though the use of image filters

provided improvement in some of the diagnostic parameters,

such as NPV, the main effect of this image filter combination

was the improvement of image quality and readers’ diagnostic

confidence. Nevertheless, our concept and results could be

helpful for future CCTA applications. For example, the ability

to reduce image noise with the combined filters could be used

to further reduce the required radiation dose for patients. The

improved diagnostic confidence may be beneficial in speeding

up the workflow and relieving the pressure on radiologists who

need to read a lot of images every day.

Our study has several limitations. First, the study

participants were retrospectively recruited from a single

institution, and the sample size was small. And only one-third

of the patients had undergone DSA due to the fact that if

CCTA showed negative results, patients were less likely to

undergo DSA. However, this intra-individual study with

such a sample size clearly showed significant improvements

in quantitative measurements, including image noise and

sharpness and qualitative image evaluation. Second, we only

used the combination of smooth 3D+ and edge-2 in the

research group but did not compare this combination and other

combinations. Smooth 3D+ was chosen as the highest level of

reducing image noise and edge-2 was only the second highest

level of edge sharpening because the highest level (edge-3)

showed excessive sharpening with a severe “dark ring” around

the edge (32, 33) (Figure 5). Therefore, the combination of

image filters (smooth 3D+ and edge-2) was investigated in

our study, and our results demonstrated that this combination

balanced the image noise and spatial resolution and remarkably

improved image quality. Third, the effect of the image filter

was evaluated on CCTA images obtained by only GE CT. It

remains unknown whether similar results will be observed if CT

scanners from other vendors are used. However, conceptually

our results clearly supported our hypothesis.

In conclusion, this study showed that the use of an additional

image filter combining smooth 3D+ and edge-2 in the image

domain on an AW could improve the image quality of CCTA

and increase radiologists’ diagnostic confidence.
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FIGURE 4

Comparison among the routine group, SE group, and digital subtraction angiography (DSA) group. (A) stenosis of the DSA group (red arrows

point to the left anterior descending artery); (B,B-1), stenosis of the routine group; and (C,C-1), stenosis of the SE group.

FIGURE 5

Images without using a combination of image filters in the routine group and images after using a combination of image filters in the SE (smooth

3D+ and edge-2) and Edge-3 (smooth 3D+ and edge-3) groups.

Summary

Smoothing and edge-enhancement filters may be combined

to improve the image quality and diagnostic confidence in

CCTA. Image domain filters such as smooth 3D+ and edge-2

are readily available on an AW and are easy to be applied.
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