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Peripheral arterial disease (PAD) patients experience a reduction in blood supply to
the extremities caused by an accumulation of plaque in their arterial system. In
advanced stages of PAD, surgical intervention is often required to reopen arteries and
restore limb perfusion to avoid necrosis and amputations. To determine the success
of an intervention, it is necessary to confirm that reperfusion was achieved after the
intervention in areas of the foot that lacked perfusion before the intervention. The
standard procedure to obtain this information is to perform repeated X-ray
angiography. However, this approach requires a relatively high radiation dose and
the extensive use of contrast agents. To overcome these issues, our lab has
developed a system that uses dynamic vascular optical spectroscopy (DVOS) to
monitor perfusion in the foot in real-time before, during, and after an intervention. In
the explorative study presented in this paper, we monitored ten patients undergoing
revascularization surgery. We found that there is a clear change in the DVOS signalin
cases when reperfusion to affected areas in the foot is established. It was also
possible to assess the effects that balloon inflations and deflations and contrast agent
injections had on the downstream vasculature of the patients.

KEYWORDS

peripheral arterial disease (PAD), angiogram and intravascular analysis, peripheral
vascular interventions, monitoring-, dynamic vascular optical spectroscopy

1 Introduction

Peripheral arterial disease (PAD) is estimated to affect between 8 and 12 million
Americans (Cohoon, et al., 2017; Virani, et al., 2021). It is caused by an accumulation of
plaque in the arterial system, which reduces blood supply to the extremities (Creager and
Loscalzo, 2018). In advanced stages of PAD, surgical intervention is required to reopen the
arteries and restore limb perfusion to avoid necrosis and amputations. Stenting, balloon
angioplasty, and atherectomy are common endovascular strategies for treating
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obstruction to the blood flow (Gerhard-Herman, et al., 2016).
These
percutaneous approaches. They are usually performed when

procedures are considered minimally invasive
conservative treatments, such as lifestyle changes and drug
therapy, fail and before open vascular bypass surgery is
required (Gerhard-Herman, et al, 2016). They have lower
periprocedural complications, avoid surgical wounds, involve
shorter hospital stays, and require no general anesthesia.
However, these minimally invasive interventions often do not
achieve long-term benefits (Ipema, et al., 2020). Furthermore,
percutaneous balloon angioplasty and stenting are ineffective in
treating fully closed arteries and highly calcified or fibrous
blockages, due to the difficulty in passing a catheter through
these occlusions. Restenosis, which is the narrowing of a section
of a blocked artery that was previously opened with angioplasty,
is also frequently seen among patients treated with percutaneous
revascularizations. A systematic review of angioplasty and
stenting for PAD patients found a success rate between 85%
to 100% and a 1-year patency between 70% to 97% depending on
the length and the localization of the occlusion (Jongkind, et al.,
2010). Atherectomy, introduced to reduce these problems, has
not proven to have a better primary patency rate (Graeme, et al.,
2014). In summary, these techniques, while they rarely worsen
the condition of patients, may not be effective for some patients.

To track the success of a surgical intervention, it is
important to identify the areas of the foot that lack
perfusion and determine if the intervention has achieved
reperfusion of these areas. There are several techniques
employed to determine if a patient needs an intervention
and to monitor their condition after the intervention itself.
The most commonly used non-invasive techniques are the
assessment of the ankle-brachial index (ABI), which consists
in evaluating the ratio of the blood pressure in the arm and leg
(Suominen, et al., 2008), and duplex ultrasound imaging
(DUI) (Martinelli, et al., 2021). Invasive techniques include
(MRA),
tomography angiography (CTA), and contrast angiography
(CA) (Collins, et al., 2007).

All these methods have shortcomings. ABI was shown to have

magnetic resonance angiography computed

low sensitivity in diabetics and subjects with renal disease (Potiera,
etal, 2011). Furthermore, ABI cannot be used in real-time during an
intervention since it requires the measurement of the arterial
pressure via a cuff occlusion that would interfere with the
catheter inside the patient leg. DUI can detect vessel narrowing
in the upper thigh, but its efficacy is limited when considering the
distal perfusion in the foot (Mustapha, et al, 2013). During an
intervention, DUI is at times used to check if a pulse can be heard;
but it does not provide real-time information about the perfusion of
the tissues and its application might be impeded by the presence of
ulcers, edema, heavy arterial calcification, and obesity (Eiberg, et al,
2010). MRA can provide a map of the vascular tree in the leg
(Collins, et al., 2007; Martinelli, et al., 2021) but relies on nephrotoxic
contrast agents, which limits application in patients with renal
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disease. In addition, MRA cannot be used during an intervention
because it necessitates that the patients are placed inside an MRI
scanner. Both CTA and CA employ radiation, which limits its use in
patients with renal failure or for continuous monitoring of the
condition (Hingorani, et al, 2007). The most used method
nevertheless is CA, consisting of the extensive use of a contrast
agent and relatively high radiation dose in the areas of interest.

To address some of these shortcomings, we propose in this
paper the use of dynamic vascular optical spectroscopy (DVOS).
DVOS is a non-invasive technique that has shown promising
results in monitoring PAD (Hielscher, et al., 2019; Marone, et al.,
2019; Maheshwari, et al., 2022). DVOS measures transmitted and
reflected light intensities and can monitor variations of the
hemoglobin distribution in different parts of the lower leg and
foot. Generally, a surgeon can only monitor a limited section of
the leg (up to a couple of decimeters) at once with X-ray
angiograms during an intervention. To understand the blood
pooling dynamics during the surgery, a surgeon must look at
multiple angiograms by rotating an X-ray imager to focus on
different arteries. The whole procedure is both time-consuming
and cumbersome. In the following sections, we show that it is
possible to detect both the passing of a contrast agent and the
opening and closing of a balloon during an angioplasty using the
DVOS instrumentation. The DVOS supplies the surgeon with
immediate real-time feedback on the effect of the intervention,
which lets the surgeon know which angiosomes have changes in
blood pooling and which angiosomes have not been reached by
the contrast agent/blood. Therefore, a surgeon can immediately
know if there is limited perfusion in multiple angiosomes in the
lower leg while monitoring the upper leg with the X-ray system.
This information is also useful for assessing if a single balloon
inflation has successfully opened a clogged artery or if multiple
balloon inflations are required. Therefore, DVOS could
potentially help reduce intervention time and decrease the
number of injections of harmful contrast agents and X-ray
exposure.

2 Methods

Between 2019 and 2020, we conducted a cross-sectional,
observational pilot study at the Columbia University Irving
Medical (CUIMC) in New York City, NY,
United States. Ten patients who were scheduled for

Center

revascularization surgery were considered for this study.
The purpose of the study was to analyze if differences in
foot perfusion can be detected in real-time during a
revascularization intervention. The study complied with the
Declaration of Helsinki, was approved by the Columbia
University Medical Center Institutional Review Board
(IRB), and informed written consent was obtained for all
patients enrolled. A non-random convenience sampling
method was used to enroll PAD patients.
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FIGURE 1

DVOS acquisition system on the left, three probe heads in the center, and a probe head on the right with the distances between the four

photodiodes and the two photodetectors.

2.1 Dynamic vascular optical spectroscopy
system

For this explorative study, we developed a DVOS system to
access the hemoglobin concentration in the lower leg and foot
based on the absorption and reflection of light in the red and
near infra-red range. Our system consists of a 160 mm x
160 mm x 86 mm operating unit that contains all the
measurement electronics and four measurement probes that
can be attached to the system box via rs232 connectors. Each
probe contains four 5.6 mm-diameter laser diodes at
wavelengths of 670, 780, 808, and 850 nm (HL6748MG,
L780P010, L808P010, L850P010, Thorlabs) that are placed
in a square arrangement (see Figure 1). Each laser diode has an
output power of 5mW, which is modulated at 5 KHz. In
addition, each probe contains two silicon photodiodes
(Hamamatsu S1337-33BR) that are located at 1.6 and
2.5 cm from the sources.

The analog signals obtained with these probes are
processed by two dedicated detection boards inside the
operating unit (one board per four detectors). The signal
processing includes signal amplification, filtering, and
conversion to digital signals with a 16-bit analogue to
digital converter (ADC) (LTC 1865, Linear Technology).
The detection boards feed the digital signals to a common
master board that controls the overall operation and timing of
the probes and relays the digital data to a laptop for further
processing. The microcontrollers used in all three boards are
PIC32MX695F512H. The data acquisition rates can be varied
between 2.5 and 10 Hz, depending on the number of
measurement probes used.

A MATLAB program was written to automatically identify
and distinguish signals due to balloon angioplasty and
angiograms from the background noise.

Frontiers in Photonics

2.2 Measurement procedure

To obtain data from a patient, the measurement probes were
placed on different angiosomes of the patient’s feet. Angiosomes
are vascular territories, characterized and named by the artery
that they are principally fed by (Attinger, et al., 2006). Depending
on the location of the ulcerations and/or of the surgical
intervention, one or more angiosomes can be affected at the
same time. In this study the probes were positioned, when
possible, on the posterior tibial artery, anterior tibial artery,
dorsalis pedis artery, and peroneal artery, see Figure 2. While
we always aimed to use four probes, in the presence of technical
issues, ulcers, or amputations, sometimes three or only two
probes were used (this is specified for each patient in
Supplementary Table S1). A Tegaderm film was used to avoid
direct contact between the probes and the foot of the patient and
a second layer of the Tegaderm film on top of the probes was used
to fix the probes in place.

Data was collected from each patient from at least one of the
following three times (refer to Supplementary Table SI for more
details): 1) less than one hour before the patient was moved to the
surgery room, 2) continuously during the duration of the
intervention, and 3) about one hour after the intervention was
completed. The data acquisition process differed depending on if
done during the intervention or before or after the intervention.
For data collected before or after the intervention, a thigh cuff
was used to cause a venous occlusion while minimally
(60 mmHg) or marginally (100 mmHg) affecting the arteries,
and the procedure consisted in five different phases of
approximately one minute each: 1- a resting phase to acquire
a baseline value; 2- manual inflation of the thigh cuff to
60 mmHg in less than 10s and kept at that pressure for the
remaining seconds of the minute; 3- deflation of the cuff followed
by another resting phase to allow the signals to stabilize; 4-
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FIGURE 2
Angiosomes of the foot.
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FIGURE 3

Typical time-trace for a DVOS measurement showing the
increase total hemoglobin in the foot as a result of a cuff inflation
on the leg, which results in a venous occlusion. Upon release of the
cuff, the total hemoglobin returns to baseline values

observed before the cuff inflation. The start of the 100-mmHg
thigh pressure cuff inflation (which corresponds to the baseline
value of the signal at 60 s) is marked with a black arrow and the
moment in which the thigh pressure cuff is released (which
corresponds to the max value of the signal at 120 s) is marked with
ared arrow. Therise time (RT) is defined as the time needed for the
signal to pass from 10% to 90% of its maximum value. Furthermore,
the plateau time (PT) is defined as the time between the 90% of the
rising and decreasing signal are marked on the figure.

inflation of the cuff as before, however up to 100 mmHg; 5-
deflation of the cuff followed by a resting phase.

For the acquisition during the intervention, the patients were lying
on the operating table and the probes were placed in the same positions
as before the intervention. Data were acquired throughout the
intervention, which lasted between 45 and 90 min. Movements of a
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patient’s leg, movements of the bed, and timing of the angiograms were
recorded and matched with the optical data collected. The resulting data
were input to a diffusion-theory-based PDE-constrained multispectral
evolution-based reconstruction algorithm (Kim, et al, 2010) which
calculated the changes in total haemoglobin during the measurements.

A typical time trace for measurements taken before and after the
intervention is shown in Figure 3. For the analysis of the data
collected before and after the intervention, the parameters
considered were: Rise Time (RT), defined as the time needed for
the signal to pass from 10% to 90% of its maximum value; Plateau
Time (PT), defined as the time after the signal surpasses 90% of its
maximum value during the cuff inflation until the cuff is deflated
and the signal drops lower than 90% of its maximum value; and
Signal Percent Change (SPC), defined as the percentage change of
the signal peak respect to its baseline value. We found in previous
publications (Hielscher, et al, 2019; Marone, et al, 2019;
Maheshwari, et al., 2022) that those parameters hold the most
significant information on the healthiness of the vascular system
under the probe location. Note that the three parameters RT, PT and
SPC cannot be collected during the intervention. They require a
thigh cuff inflation/deflation and about 5 min of acquisition, both of
which would interfere with the intervention. For example, during an
intervention, intravascular catheters are employed that would have
to be removed each time a cuff is inflated. This is impractical and
unnecessarily prolongs the time a patient would need to stay sedated.

3 Results

The characteristics of the patient population enrolled in this
study are shown in Table 1. The numbers and positions of the
probes used for each patient are shown in Supplementary Table S1.

Of the ten patients, seven patients received a balloon-angioplasty
intervention followed by a stent placement, five interventions were
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TABLE 1 Demographic and clinical characteristics of study objects.

Baseline characteristics Subjects (n = 10)

Gender, n (%)
Male 5 (50%)
Female 5 (50%)

Age, mean + SD (range) [years] 75.1 + 14.5 (53-89)

Race/Ethnicity, n (%)

White 5 (50%)
African American 3 (30%)
Latino/Hispanic 2 (20%)
BMI, mean + SD (range) [kg/m’] 24.1 + 3 (19.1-28.5)
Smokers, n (%) 5 (50%)
Diabetic, n (%) 4 (40%)
Hypertension, n (%) 3 (30%)
Claudication, n (%) 2 (20%)
Ulcer, n (%) 3 (30%)

located on the superficial femoral artery, one on the tibioperoneal
artery, and one on the anterior tibial artery. For the remaining three
patients that did not receive balloon-angioplasty, only an angiogram
of the arterial tree was generated. There was a total of thirty-one data
signals measured during the interventions. Twenty-two data signals
were obtained from the subset of seven patients who received a
balloon angioplasty intervention. However, seven probes had to be
disconnected during the intervention after the first few angiograms
and before the balloon angioplasty, since an entry point on the foot
was required to treat the tibioperoneal and anterior tibial artery
occlusions (see Supplementary Table S1). We wanted to avoid
having the cables of the probes passing near the intervention
entry points, since the cables were not previously sterilized. The
data obtained from the three patients without a balloon angioplasty
intervention amounted to nine signals.

In general, during an intervention, the endovascular surgeon
performs two types of actions which can immediately and
directly affect the blood pooling in the lower extremities. First,
a contrast agent (iodine) is injected to perform X-ray
angiography. This provides the surgeon with an overview of
the vascular tree and shows locations where the arteries are
blocked. Second, an intravascular balloon is inflated and deflated
to open blocked arteries.

Here we first show how these actions influence the DVOS
signals. After that all the observations made during the
intervention are compared with the pre- and post-intervention
measurements when applicable.

3.1 Contrast agent detection

Using the DVOS system we were able to identify the contrast
agent of an angiogram passing in one or more of the angiosomes
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covered by the probes. The agent temporarily substitutes or
dilutes the blood flowing in the arterial tree. In turn, this
reduces the total hemoglobin concentration (HbT) measured
by the DVOS system.

Among the thirty-one measurements, it was possible to
automatically identify changes in the optical signal caused by
the passing contrast agent in twenty measurements before a
successful opening of the occlusion. An additional three
measurements showed clearly identifiable changes in signal
after contrast agent injection following a balloon angioplasty.
Eight measurements never showed an automatically identifiable
signal change related to the contrast agent. This was likely caused
by an occlusion further up the arterial tree obstructed the passing
of the dye under the probe. Of these, three were confirmed by
angiographies to be from probes located on angiosomes that did
not have patent arteries, while the other five measurement
locations had limited perfusion. The change in the signal with
respect to its baseline value due to the contrast agent varied
among the subjects. We observed change in the range of 1%-8%
with a mean of 3.2%. Noise levels varied among measurements
but were always lower than 1% of the signal baseline value and
below 0.1% in 28 out of 31 cases. Figure 4 shows examples of the
contrast agent detection from two probes on different
angiosomes of the same patient. Supplementary Figures S1, S2
show all the thirty-one HbT measurements.

We also observed in one patient with patent arteries and just
a single obstruction that if the contrast agent was injected directly
in contact with a complete obstruction in the artery, the signal
change was of lower amplitude and lasted longer than when
injected farther upstream. Specifically, the patient’s three
measurements detected a normal contrast agent signal of
about 4% lasting for about 30 s when the contrast agent was
injected far away from the occlusion. When the contrast agent
was injected directly at the occlusion, we observed an optical
signal change of only ~1.5%, which lasted for 44s. The
fluctuation due to the noise was about 0.1% of the signal.
This, as confirmed by an angiogram, is because injecting the
contrast agent directly at the site of the obstruction prevented the
contrast agent from moving downstream and caused it to enter
alternative pathways supplying the lower leg and foot.

3.2 Balloon angioplasty detection

Using the DVOS system we were also able to detect the
effects of the inflation and deflation of the balloon during a
balloon angioplasty. In this case, we encountered two different
situations. Either the opening of the clogged artery was
successful with the first balloon inflation and deflation
(Figure 5A), or the balloon had to be inflated multiple
times while being shifted down the artery due to the
presence of a extended occlusion (Figure 5B). If the artery

was then patent, and there were no further occlusions in the
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FIGURE 4
Examples of angiographic contrast agent effect on the signal read by two probes located on different angiosomes of the same patient. The black
arrows mark the injection time of the contrast agent (A)—posterior tibial artery; (B)—medial plantar artery.
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FIGURE 5
Examples of the effect of the balloon angioplasty. The black arrows mark the starting and the red arrows the ending of a balloon inflation. (A)—
The first balloon inflation was effective in opening the occlusion and the signal increased by about 6.5% compared to the baseline (~56.5 pM after
inflation and deflation, compared to ~53.0 uM before the inflation); The second balloon inflation and deflation did not change the HbT signal, as
expected when this procedure is done on an artery without stenosis. (B)—Example of changes in HbT resulting from multiple balloon inflations/
deflation cycles. The first four cycles did not result in an increase of HbT, indicating that the artery is still occluded. After five cycles, HbT increase
drastically (from ~77 to 80 uM) indicating that the stenosis has been removed and a better flow has been established. Subsequent cycles of inflating
and deflating the balloon, did not result in further perfusion improvements.

lower part of the arterial tree, we observed an increase of the more pronounced changes in DVOS signal, showing a
total hemoglobin value. This increase was between 3% and higher percent change in the signal up to 5%.

10% with a mean change of 5%. All the contrast agent Among the fifteen measurements during a balloon
injections performed after patency was achieved caused angioplasty, it was possible to identify the optical signal from
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the inflation and deflation of the balloon angioplasty in thirteen
measurements. Two measurements never showed any related
signal change during the intervention. In these cases, subsequent
showed that the
angiosomes were still occluded. Note that two measurements

angiographies arteries suppling those
among the thirteen did not show a clear increase in the total
hemoglobin values, however they were already showing clear
contrast agent signals before the angioplasty. It is likely that those
angiosomes were already well perfused and the angioplasty did
not greatly change their state.

Finally, it is worth noting that while the probe shown in
Figure 5B recorded a signal change in the dorsalis pedis
angiosome of the patient, no signal change was observed in
the data gathered by the two probes localized on the lateral and
medial plantar angiosomes. A subsequently performed
angiogram revealed a secondary occlusion (that was not
treated) on the posterior tibial artery, which supplies blood to
both the lateral and medial plantar angiosomes. This explains the

absence of a signal change.

3.3 Pre- and post-intervention
comparison with intraoperative data

We found that the results of the DVOS measurements taken
before a patient entered the surgical suite and after leaving the
surgical suite were correlated data recorded during the
intervention. We collected from the patient cohort a total of
thirty-four measurements pre-intervention and twenty-eight
measurements post-interventions (details for the acquisition
are presented in Supplementary Table S1). We observed four
different cases considering the signals collected before and after
the intervention.

Figure 6A shows an example of case 1, where a DVOS
after the
showed the same response to thigh cuff inflations. The HbT

measurement collected before and intervention
traces are almost identical and display a block-like shape that is
typical for a healthy vasculature, characterized by a short RT (of
about 16 s) and long PT (of about 48 s) (Hielscher, et al., 2019).
The measurement of Figure 6A was obtained from a probe placed
on the peroneal angiosome of a patient. During the intervention,
we were able to see the “dips” related to the infusion of a contrast
agent (see Figure 7A) from the start of the intervention. Overall,
this suggests that the intervention only minimally improved the
blood perfusion of that area of the foot. Among the 28 coupled
pre- and post-intervention signals collected from the patient
cohort, five fit this case.

Figures 6B, 7B show an example for case 2 in which a clear
improvement in the blood perfusion is obtained. Before the
start of the intervention the DVOS HbT time trace has a
triangular shape (red curve). This is indicative of a
compromised perfusion. After the patient left the surgical
suite, the time trace shows a shape closer to that of a healthy
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vasculature (see Figure 6A). The SPC and PT values are
increased (respectively from 5% to 9% and from 14s to
about 26s), while RT is shorter (from about 40 s to about
28 s). In this case, the optical probe was placed on a dorsalis
pedis angiosome and during the intervention it was possible to
see only small effects of the angiograms at the start of the
intervention as shown in Figure 7B, which were more marked
after the balloon angioplasty. Among the 28 coupled pre- and
post-intervention signals collected from the patient cohort,
twelve fit this case.

Figure 6C shows an example for case 3 of a patient in whom
the DVOS HbT was almost flat before the intervention (red
curve). This indicates a very poor perfusion in the foot, as a
thigh cuff does not produce a change in the signal. After
balloon angioplasty was performed, the HbT trace in response
to a thigh cuff had a shape (blue curve) similar to that of a
patient with healthy vasculature. We see an increase of SPC
(from 1% to 6%), longer PT (from about 8 s to about 21) and
shorter RT (from about 45 s to about 32 s). Note that in this
patient the improvement was limited to the posterior tibial
angiosome (shown in Figure 6C), with a smaller noticeable
effect on the lateral plantar angiosome, and no effect on the
dorsalis pedis angiosome. In fact, it was later confirmed with
an angiogram that there were other occlusions in the upper
part of the anterior tibial artery, which affected the dorsalis
pedis angiosome. Among the 28 coupled pre- and post-
intervention signals collected from the patient cohort, four
fit this case.

Figures 6D, 7D show a case in which it was not possible to
see the contrast agent passing under the probe or the balloon
angioplasty effects during the intra-operative measurement.
The cuff inflation produced very similar results before and
after the intervention (very similar RT, PT and only slightly
different SPC), with a poor blood perfusion characterized by a
long RT of about 39 s. This indicates that the intervention did
not considerably improve the blood perfusion of the target
angiosome. Seven of the 28 pre- and post- coupled signals fit
this case.

Figure 8 shows the distribution of the differences of PT, RT
and SPC between pre- and post-intervention measurements
for all 28 probes placed on different angiosomes. The green
circles represent measurements on angiograms where the
circulation improved after the intervention. The other
markings (red crosses, blue stars, black squares) are based
on the matching of the pre- and post-intervention couples
with their respective intra-operative data. The red crosses
correspond to two intra-operative measurements that did
not show any signal changes in response to the injection of
the contrast agent nor the balloon inflation/deflation (see
3.2). The blue stars two
measurements that did not total
hemoglobin level but were sensitive to the contrasting

Section correspond  to

show changes in

agent and balloon inflations/deflations. Finally, the three
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Examples of pre- and post-intervention measurements (with 100 mm Hg cuff inflation) in different probes that correlate with different
outcomes of the interventions. (A) shows time-traces that before and after the intervention are similar and correspond to a healthy case; (B) shows a
signal that improved and for which it was possible to notice the angiogram contrast agent even before the angioplasty; (C) shows a signal that
improved and for which it was not possible to notice the angiogram contrast agent before the angioplasty; (D) shows a signal that didn'timprove
considerably after the intervention. In this case it was not possible to notice the angiogram contrast agent or the balloon inflations/deflations during

the angioplasty.

black squares indicate the measurements from the patient who
did not receive a balloon angioplasty. One can see, as expected,
all these measurements are near the origin of the axis (i.e., only
minor changes in PT, RT and SPC).

4 Discussion

We found that the injection of a contrast agent and the
inflation and deflation of a balloon inside an artery can be
detected by the DVOS system. The injection of a contrast
agent temporarily replaces the blood in the vasculature, which
in turn changes the absorption of light. Similarly, inflating a
balloon will reduce or completely stop the blood flow down
the arterial tree, leading to a reduction in blood concentration
and an increase in the optical signal. Subsequently deflating
the same balloon, will reestablish blood flow and decrease the
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optical signal to pre-inflation values, or decrease the signal
further if reperfusion is achieved. Overall, we observed that
these actions lead to a change in the measured DVOS signal
amplitude between 1% to 8%. These changes are more marked
once an artery has been successfully treated in the upper leg,
showing a relationship with the perfusion status of the
arterial tree.

There was also a marked increase (between 3% to 10%) in
the total hemoglobin concentrations immediately following
the opening of an occluded artery, depending on the
healthiness of the remaining arterial tree and its effect on
the angiosomes associated with each probe. In general, the
percentage changes in the signals are different depending on
the probe localization and might be absent from certain
angiosomes, reflecting the differences in ability of the
arterial tree to supply blood to different parts of the
lower leg.
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Examples of changes due to the contrast agent passage under a probe during the intervention. (A)—There is no clear difference between the
contrast agent signal before and after the angioplasty, in both cases it is clearly visible and means that the perfusion is good; (B)—After the angioplasty
thereis a clear increase in the signal due to the injection of the contrast agent in the upper leg; (C)—While before the angioplasty it was not possible to
collect a signal due to the injection of the contrast agent, it becomes possible after the angioplasty, meaning that an improvement in the
perfusion was obtained; (D)—It was not possible to collect a signal from the injection of the contrast agent neither before or after the angioplasty,
meaning that the angiosomes covered by the probe is not receiving the direct perfusion from the superficial femoral artery in the upper leg where the

contrast agent was injected.
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The difference between the average of the values obtained from the 60 and 100 mmHg cuff inflations pre- and post-measurements for PT, RT
and PSC are shown. The markings on the figure are based on the matching of the pre- and post-intervention couples with their respective intra-
operative data. The green circles represent measurements on angiograms where the circulation improved after the intervention. The red crosses
correspond to the two intra-operative measurements that did not show any signal changes before or after the balloon angioplasty (see Section
3.2). The blue stars correspond to the two measurements that did not show changes in total hemoglobin levels but were sensitive to the contrast
agent and balloon inflations/deflations (see Section 3.2). The black squares correspond to the measurements from the patient who did not receive a

balloon angioplasty

Furthermore, we observed a connection between the
angiosomes which showed a limited perfusion before and after
the intervention and the absence of angiographic contrast agent
signals during the intervention. We identified four cases related
to both the pre- and post-intervention measurements and the
passing of the contrast agent under the probes as shown in
Figures 6, 7: 1) a clearly identifiable signal was present before and
after the balloon angioplasty; 2) a weak signal increased in
amplitude after the balloon angioplasty; 3) no signal change
due to the injection of the contrast agent was observed before the
opening up of the occlusion but was possible to observe it after
the balloon angioplasty; and, 4) no signal was visible during the
duration of the intervention. The pre- and post-intervention
measurements are also connected with optical signal changes
caused by the inflation and deflation of the balloon during the
angioplasty and with how much the baseline value changed.
Higher changes in the baseline value and in the signal due to
inflation and deflation of the balloon correspond to bigger
changes between the pre- and post-intervention measurements
(Figures 6, 7B,C).
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There are some limitations of the technology. First, the
system is sensitive to motion artifacts. This is mainly caused
by the cables that connect the probes to the system’s operational
unit. We found that abrupt leg movement can lead to stretching
of the cables, which in turn may cause partial or complete
detachment of a measurement probe. The DVOS signal will
show spikes, and/or instantaneous shifts in the baseline values.
These cases can be filtered out easily, but smaller twitches of the
leg can add noise that is more difficult to identify. Also linked to
the presence of the cables is the limitation on the area where the
probes can be located to avoid interfering with the surgeon
movements and entry points for the intervention, especially if
an entry point is needed on the foot. All these issues could be
overcome with a wireless data transfer, which we plan to
implement in a next generation device. Another limitation is
that the actions of the vascular surgeon were recorded only
relative to the angiograms and inflating/deflating of the
balloons. However, this recording was not automated and
therefore some occurrences could have been missed and other
actions were not recorded (i.e., the insertion/movements of the
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catheters, the movement of the bed, the movement of the
patient, etc.).

5 Conclusion

We present first case studies involving the use of a DVOS
system during a surgical intervention. We found that it was
possible to detect the moment when a contrast agent used for an
angiogram passed under a specific probe or angiosome. In
addition, it was possible to observe in real time the effect that
balloon inflation/deflations in the upper part of the leg had on the
lower leg and the foot.

In general, these results suggest that DVOS can provide
real-time feedback on the effectiveness of each action a
vascular surgeon is performing during a surgical
intervention to restore perfusion in the feet. It was also
possible to see these effects only on some angiosomes and
not others, underlining the presence of multiple occlusions
in the arterial tree. Since DVOS can measure the changes in
total

application of the technology would be to simply use

hemoglobin concentration, a possible future
water as a contrast agent instead of iodine-based agents
(Jara, et al.,, 2016). Todine-based contrast agents are contra
indicated for patients with kidney problems, which is a
frequent comorbidity in PAD patients.

In future research, we will also test different controls. For
example, we will test the effect of balloon inflation in a healthy
artery, and we will place a probe upstream of an occlusion located
in the lower leg. This will allow us to see the difference in the
signals above and below the occlusion in the presence of contrast

agent, balloon inflation, etc.
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SUPPLEMENTARY FIGURE S1

Examples of signal changes related to the passing of the contrast
agentin the first five patients (P1 to P5). The start of the angiogramis
marked in black. Itis possible to distinguish the signal from the noise
in 14 out of 15 probes. Probe P5C is the only one in which is not
possible. In probes P2C and P5B the noise level is very high and the
signal change could not be automatically detected by the Matlab
program. Therefore, only data from 12 of the 15 probes was
considered in the analysis as detectable by the system.
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