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A low-cost, wireless near-infrared spectroscopy device
detects the presence of lower extremity atherosclerosis
as measured by computed tomographic angiography
and characterizes walking impairment in peripheral
artery disease
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ABSTRACT

Background: Patients with peripheral artery disease (PAD) who experience intermittent
claudication report a range of symptoms. Patients with symptoms other than classically
described intermittent claudication may be at the highest risk for functional decline and
mobility loss. Therefore, technologies allowing for characterization of PAD severity are
desirable. Near-infrared spectroscopy (NIRS) allows for measurements of muscle
heme oxygen saturation (StO2) during exercise. We hypothesized lower extremities
affected by PAD would exhibit distinct NIRS profiles as measured by a low- cost,
wireless NIRS device and that NIRS during exercise predicts walking limitation.

Methods: We recruited 40 patients with PAD and 10 control participants. All patients
with PAD completed a computed tomographic angiography, 6-minute walk test, and a
standardized treadmill test. Controls completed a 540-second treadmill test for
comparison. StO2 measurements were continuously taken from the gastrocnemius
during exercise. Variables were analyzed by Fischer's exact, ¢2, Wilcoxon rank-sum,
and Kruskal-Wallis tests as appropriate. Correlations were assessed by partial
Spearman correlation coefficients adjusted for occlusive disease pattern. Results:
Patients with PAD experienced claudication onset at a median of 108 seconds with a
median peak walking time of 288 seconds. The baseline StO2 was similar between PAD
and control. The StO2 of PAD and control participants dropped below baseline at a median
of 1 and 104 seconds of exercise, respectively (P < .0001). Patients with PAD reached
minimum StO2 earlier than control participants (119 seconds vs 522 seconds,
respectively; P <.001) and experienced a greater change in StO2 at 1 minute of exercise (-
73.2% vs 8.3%; P < .0001) and a greater decrease at minimum exercise StO2 (-83.4% vs -
16.1%; P < .0001). For patients with PAD, peak walking time, and 6-minute walking
distance correlated with percent change in StO2 at 1 minute of exercise (r ¥4 -0.76 and -
0.67, respectively; P < .001) and time to minimum StO2 (r %2 0.79 and 0.70, respectively; P
< .0001). Conclusions: In this initial evaluation of a novel, low-cost NIRS device,



lower extremities affected by PAD exhibited characteristic changes in calf muscle
StO2, which differentiated them from healthy controls and were strongly correlated with
walking impairment. These findings confirm and expand on previous work
demonstrating the potential clinical value of NIRS devices and the need for further
research investigating the ability of low-cost NIRS technology to evaluate, diagnose,
and monitor treatment response in PAD. (J Vasc Surg 2020;71:946-57.)
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Peripheral artery disease (PAD) affects 8.5 million individuals over the age of 40 in the United
States and more than 200 million worldwide."? Patients with PAD experience progressive walking
impairment, reduced daily activity, and poor quality of life in conjunction with an increased risk of
all-cause mortality.”*” A common manifestation of PAD is intermittent claudication (IC). However,
patients with IC experience a range of lower extremity symptoms, which can be confused with
diseases affecting the back and the musculoskeletal system of the legs.® These patients with
atypical presentations may be at the highest risk for functional decline and mobility loss.® Therefore,
it is desirable to develop technologies that allow for identification of arterial-related walking
impairment, provide insight into the pathophysiology of PAD, and characterize PAD severity.

Near-infrared spectroscopy (NIRS) is a noninvasive technology that allows for dynamic
measurements of oxygen-bound hemoglobin and myoglobin in skeletal muscle. By extension,
NIRS provides a window into the state of the muscle environment and possible interactions among
oxygen delivery, demand, and use. Previous studies using NIRS to evaluate calf muscle heme
oxygen saturation (StO2) have demonstrated that patients with PAD have a greater magnitude of
desaturation at peak exercise, and a delay in the recovery to baseline StO: after exercise.’®!"
However, many of these studies used wired NIRS devices that are cost prohibitive outside of the
clinical research environment. Currently, there are limited data on the efficacy of wireless, lower
cost NIRS devices in the study of PAD.

The specific aims of this present work were twofold. Our first objective was to test the
hypothesis that extremities affected by PAD exhibit distinct NIRS profiles that differentiate them
from healthy controls as measured by a novel, cost-effective, and wireless NIRS device. Addition-
ally, we sought to evaluate and characterize the relation- ship between walking limitation and NIRS
parameters during exercise testing.

METHODS
Patient recruitment and demographics.

Institutional review board approval was obtained from the Nebraska- Western lowa Veterans
Affairs Medical Center and the University of Nebraska Medical Center. All patients gave informed
consent before enrollment. Patients with PAD were recruited from an established vascular surgery
clinic. Patients with PAD were eligible for recruitment if they had a history of chronic claudication,
exercise-limiting symptoms during a directly observed walking test, a resting ankle-brachial index
(ABI) of less than 0.90, and were on a stable blood pressure, lipid, and diabetes regimens for more
than 6 weeks. Exclusion criteria included Fontaine stage lll or IV disease, acute lower extremity
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ischemia from thromboembolic disease; walking capacity limited by a severe comorbid
musculoskeletal, neurologic, or cardio- pulmonary disease; and an inability to participate in the
described treadmill protocol. Controls were recruited from the community. Control participants were
eligible for recruitment if they had no history of ambulatory impairment and were found to have
normal pulses, normal resting ABI, and no evidence of claudication in a directly observed walking
test. Basic patient demographics including age, sex, race, medical comorbidities, family history of
cardiovascular disease, smoking status, and other PAD-related risk factors were documented at the
initial visit. To characterize the location and degree of occlusive disease, patients with PAD
underwent computed tomographic angiography (CTA), resting ABI, and stress ABI.

Resting and stress ABl measurements.

ABI measurements were performed by a dedicated vascular laboratory technologist. Systolic
pressures were taken from the bilateral brachial, dorsalis pedis, and posterior tibial arteries after a
period of rest in the supine position. The maximum systolic pressure from the dorsalis pedis or
posterior tibial was divided by the highest of the bilateral brachial systolic pressures. After the resting
pressure measurements, the blood vessels at the level of the distal thigh were occluded with a
pressure cuff for 5 minutes. Occlusion was confirmed by the absence of an ipsilateral Doppler
signal in the pedal arteries. After the cuff was released, systolic pressure measurements were
repeated at 15-second intervals until the pressure returned to baseline. Minimum stress ABI (at 15
seconds) and percent change from baseline resting ABI were recorded.

CTA.

Patients with PAD underwent CTA with dedicated tibial runoff and delayed imaging. 1.5-mm
cross-sectional images were obtained from the abdominal aorta to pedal vessels. Occlusive disease
patterns were described as aortoiliac, femoropopliteal, combined aortoiliac p femoropopliteal,
combined femoropopliteal p tibial disease, and combined aortoiliac p femoropopliteal p tibial
disease. Tibial disease was further classified by the number and location of involved runoff arteries.
The degree of arterial stenosis was considered mild if the arterial diameter was decreased by less
than 30%, moderate if the arterial diameter was decreased by 30% to 70%, and severe if the arterial
diameter was decreased by more than 70%.

Six-minute walk test.

Patients with PAD performed a 6-minute walking test as previously described.’” The total 6-
minute walking distance (6MWD) was recorded.

Treadmill protocol in PAD and control cohort.

Patients with PAD completed a Gardner treadmill walking test."" Participants walked on a
dynamic gait and pressure analysis treadmill (FDMT SciFit AC5000M, Noraxon USA, Inc.,
Scottsdale, Ariz), which collects synchronized pressure measurements allowing for gait analysis
and the calculation of steps taken during exercise. Participants initiated exercise at 2.0 miles per
hour at 0.0% incline. With each subsequent 2-minute stage, the treadmill incline was increased
2.0% to a maximum of 12.0%. Time of initial symptoms (claudication onset time [COT]) and time at
which claudication symptoms were prohibitive to further walking (peak walking time [PWT]) were
recorded. To allow for comparison across the range of PWTs in the PAD cohort, control participants
performed a 540-second Gardner test. This represented the average PWT of a cohort of highly
functioning patients with PAD early in the recruitment process.
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Fig 1. MOXY near-infrared spectrophotometer. The device measures 2.40 x 1.72 x 0.82 inches and houses four laser
emitting diodes (wavelengths 680, 720, 760, and 800 nm), two incrementally spaced light detectors, and a lithium
polymer batter with a 6-hour battery life. The device is attached to the lower extremity with a dual-sided adhesive tape
before securing with Coban. A, Close up image of the MOXY NIRS probe. B, Application of MOXY to the lateral head
of the gastrocnemius.

MOXY near-infrared spectrophotometer. NIRS measurements were taken with a wireless,
continuous- wave, near-infrared spectrophotometer (MOXY, Fortiori Design LLC, Hutchinson,
Minn). Each device measures 2.40 x 1.72 x 0.82 inches and houses four laser-emitting
diodes (wavelengths 680, 720, 760, and 800 nm), two incrementally spaced light detectors, and a
lithium polymer battery with a 6-hour battery life.®> Measurements can be collected wirelessly in
real time or stored on an internal hard drive for future retrieval. The probe noninvasively measures
oxygenated and deoxygenated heme-containing molecules (hemoglobin p myoglobin) in the
target tissue using a modification of the Beer- Lampert law. The device’s StO2 algorithm controls
for multiple confounding factors, including skin/subcutaneous blood flow."® The makers of the
device state that they have developed and use these algorithms with the goal of providing a more
specific measurement of muscle StO2 as compared with traditional NIRS devices.'

StO2 represents the percentage of heme-containing molecules that are oxygen bound
within the muscle. StO2 measurements were relayed wirelessly in real time using the software
PeriPedal (PeriPedal, Napoleon, Ind). A previous report of the test-retest variability of resting
StO2 measurements using the MOXY device showed a coefficient of variance ranging from
5.7% to 6.2%.'* This measure is comparable with other commercially avail- able NIRS
devices.'*1°

Measurement of calf muscle StO: during exercise (PAD and control cohort). NIRS
monitors were placed over the bilateral gastrocnemius in all PAD and control participants (Fig
1). Seated baseline measurements were taken for a minimum of 3 minutes or until StOz2 signal
stabilized, whichever was longer. Measurements were continuously captured during the
exercise and recovery interval. The time to drop below baseline resting StO2 (below baseline
time [BBT]) was documented. In addition, specific StO2 measurements were collected at
1 minute of exercise, namely, the COT and PWT. The minimum achieved StO2 was also



documented. Thirty minutes of seated recovery data were collected in the PAD cohort.
Recovery variables collected included time to 50% recovery of baseline StO2z (Tso0), time to
100% recovery of baseline StO2 (T100), average recovery slope, maximum recovery StOz2,
and time to maximum StOa.

Table I. Demographics for PAD and control cohort

PAD Control P value
Total number 40 10
Male sex 40 (100.0) 10 (100.0) NS
Race 013
Caucasian 38 (95.0) 7 (70.0)
African American 2 (5.0) 0 (0.0)
Asian 0 (0.0) 2 (20.0)
Hispanic 0 (0.0) 1(10.0)
Age, years 66.5 (61.0-72.0) 55.5 (51.0-65.0) <.01
BMI, kg/m? 26.7 (23.2-29.2) 25.8 (21.4-26.7) NS
Maximum resting ABI 0.64 (0.52-0.77) 1.19 (1.13-1.29) <.0001
Minimum stress ABI 0.38 (0.25-0.77) e
PAD-associated risk factors
Hypertension 24 (60.0) 2 (20.0) .035
Dyslipidemia 32 (80.0) 4 (40.0) .020
Active statin use 35 (87.5) 4 (40.0) .004
Smoking history 39 (97.5) 0 (0.0) <.001
Type |l diabetes 11(27.5) 0 (0.0) .092
Coronary artery disease 12 (30.0) 1(10.0) NS
Obesity 5 (12.5) 0 (0.0) NS
Family history 17 (42.5) 5 (50.0) NS
Chronic kidney disease 2 (5.0) 0 (0.0) NS
Occlusive disease pattern
Aortoiliac 6 (15.0) e e
Femoropopliteal 7 (17.5) e e
Aortoiliac p femoropopliteal 19 (47.5) e e
Femoropopliteal p tibial 2 (5.0) e e
Aortoiliac p femoropopliteal p 6 (15.0) e e
tibial

ABI, Ankle-brachial index; BMI, body mass index; NS, not significant (P > .05); PAD, peripheral artery disease.

All continuous variables are expressed as median and interquartile range (IQR); other values are number (%). Comparisons were considered statis- tically
significant at P < .05.

Statistical analysis.

The symptomatic extremity that stopped the patient from walking and produced PWT was
used for analysis of resting and stress ABI, NIRS measurements, and CTA description in patients
with PAD. In patients with PAD with equal, bilateral lower extremity symptoms and in all control
participants, the extremity with the lower resting ABI was analyzed.

Data were processed in Microsoft Excel (Microsoft, Redmond, Wash). Statistical analysis was
performed by a dedicated statistician using SAS software version 9.4 (SAS Institute Inc., Cary,
NC). Post hoc, patients with PAD were separated into low, middle, and high walking tertiles by
PWT for comparison. Further, a subanalysis of patients with unilateral abnormalities in resting ABI
was performed. In this cohort, the extremity with an ABI of less than 0.9 was compared with the
extremity with an ABI of greater than 0.9. Categorical variables were analyzed by Fischer exact
and c? tests as appropriate. Continuous variables were compared by Wilcoxon rank-sum and



Kruskal-Wallis tests. Correlations between continuous variables, adjusted for the five occlusive
disease patterns, were calculated using partial Spearman correlation coefficients. In the tertile
comparison all P values were Bonferroni corrected to adjust for multiple comparisons. A P values
of less than .05 was considered statistically significant.

RESULTS
Clinical characteristics.

Demographics and clinical characteristics are summarized in Table |. We recruited 40
claudicating patients and 10 control participants. All patients and participants were male and
most were Caucasian, reflective of the Nebraska-\Western lowa Veterans Affairs Medical Cente
patient population. Control participants had higher ABIs, were younger, and had fewer PAD-
associated risk factors. Specifically, the incidence of hypertension, dyslipidemia, statin use, and
smoking history was significantly lower in the control group (P < .05 for all). All patients with PAD
completed a CTA with distal runoff. The most common location for occlusive disease was
combined aortoiliac and femoropopliteal, followed by isolated femoropopliteal and isolated
aortoiliac disease. Eight patients had tibial dis- ease. Six of the eight participants with tibial
disease had a single affected runoff vessel and the other two had two- and three-vessel tibial
occlusive disease.

PAD versus control NIRS profile comparison.

PAD and control participants completed the Gardner protocol as described. Representative
StO2 profiles of PAD and control calf muscle during the Gardner protocol are presented in Fig 2.
Exercise data are presented in Table |I. Among the patients with PAD the median COT occurred
at 108 seconds and the median PWT at 288 seconds. Baseline StO2 measurements were
similar between the control and PAD cohorts. With initiation of exercise, patients with PAD
experienced desaturation below base- line StO2 (BBT) earlier in their exercise interval as
compared with controls (P < .0001). For four patients with PAD, the wireless signal was lost
temporarily at the time of the start of exercise, preventing the determination of a precise time of
desaturation below baseline. These four patients with PAD were not included in the analysis of
BBT. For those patients with PAD who were able to walk longer than 540 seconds, data analysis
was limited to the first 540 seconds of exercise. Patients with PAD experienced a greater percent
decline in StO2 from baseline at 1 minute and a lower exercise minimum StO2 compared with
controls (P < .001 for all measures).

Calf muscle StO: profiles of PWT tertiles.

We tested the ability of NIRS parameters to differentiate walking abilities of patients with PAD
grouped into tertiles of PWT. Tertile demographics and exercise results are presented in Tables
Il and V. There were no significant differences in demographics, lower extremity
hemodynamics (resting and stress ABI), or disease pattern (CTA) among the tertiles. Patient
walking time was highest in tertile 1 (T1;n %413) and decreased progressively across tertile 2 (T2;n 74
13) and tertile 3 (Ts;n “414). After the start of exercise, calf muscle StOz of the T+1 patients dropped
below baseline later than that of T2 or Ts patients (P < .001). The reduction of StO2z in T1 patients
was less than that of T2 and T3 patients at 1 minute of exercise, COT, PWT, and at the exercise
minimum. Additionally, T1 patients reached the minimum StO: later than T2 and T3 patients (P <



.001). Patients in T2 compared with those in Tz experienced a significantly smaller degree of
desaturation at 1 minute of exercise and COT.

Control vs PAD Comparison

180 _HT
160 -
1404

120 A

100
801
601
40

20

0 100 200 300 400 500 600 700 800 900
Time (Seconds)
= PAD == Control

Fig 2. Representative comparison of calf muscle oxygen
saturation (5t0O:) in control and peripheral artery disease
(PAD) patients during exercise and recovery with desig-
nation of exercise variables. With standing from the seated
baseline position both PAD and control participants
experienced an initial increase in StO.. With the initiation
of exercise patients with PAD rapidly dropped below
baseline to a minimum StO.. Control participants experi-
enced a gradual decrease in StO; throughout the duration
of the exercise interval. All StO; are expressed as percent
of baseline StO, for normalization. PAD is designated by
the solid line and control by the dotted line. The green
dotted line, Initiation of exercise; the red dotted line, ex-
ercise stop. 60s, StO; at 1 minute of exercise; BBT, time to
first StO, below baseline; COT, claudication onset time; HT,
time to maximum StO, during recovery interval; PWT,
peak walking time; Tso, time to 50% recovery of baseline
StO2; Tio0 time to 100% recovery of baseline StO>; TTM,
time to minimum StO..

Correlations of walking limitation, hemodynamics, and exercise variables.

We explored the correlations between resting ABI, stress ABI, NIRS measurements, and
Gardner variables and the two measures of walking ability 6MWD and PWT (Table V).
Resting ABI did not correlate with the 6MWD (r %2 0.17; P /2 .33) or PWT (r %2 0.12; P /2 .48; Fig
3). Minimum stress ABI was modestly correlated with PWT (r ¥4 0.33; P V4 .046) but not 6MWD.
6MWD was strongly correlated with percent StO2 change at 1 minute of exercise, COT, PWT,
and time to minimum StOz2 (r ¥4 -0.67, 0.44, 0.58, and 0.70, respectively; P < .05 for all). PWT was
strongly correlated with percent change in StOz at 1 minute of exercise (r ¥2-0.76; P < .001; Fig 4),
at COT (-0.75; P < .001), at PWT (-0.59; P < .0001), at exercise minimum (-0.61; P < .001),
and with time to minimum StO2 (0.79; P < .0001). During the recovery phase, Tso and T1o00
had a moderate correlation with PWT (r 2 -0.53 and -0.53 respectively; P < .001 for both) but
not with 6WMD (r 74 -0.01 and -0.03 respectively; P> .05 for both).



Comparison of extremities in patients with PAD with unilateral abnormalities in resting
ABI.

Within the total cohort of 40 patients with PAD, 8 participants (20.0%) had unilateral
abnormalities in resting ABI (Table VI). One of the eight extremities with abnormal resting ABI
had isolated aortoiliac disease, one had isolated femoropopliteal disease, five had combined
aortoiliac and femoropopliteal disease, and one had combined aortoiliac, femoropopliteal, and
tibial disease. In the eight extremities with a normal resting ABI, we identified appreciable
atherosclerotic disease in five extremities (62.5%); three extremities (37.5%) had no radiographic
evidence of occlusive disease. One of the five extremities with appreciable disease had isolated
mild aortoiliac disease, one had isolated moderate aortoiliac disease, two had mild aortoiliac and
mild to moderate femoropopliteal disease, and one had mild aortoiliac and mild tibial disease. All
extremities with an ABI of greater than 0.9 had compressible pedal arteries and demonstrated
three-vessel runoff by CTA. The median resting ABI was higher in the extremity with normal ABI
as compared with the extremity with abnormal ABI (1.02; [interquartile range {IQR}, 0.92-1.00] vs
0.73 [IQR, 0.65-0.78], respectively; P < .001). Similarly, the median stress ABI was higher in
the extremity with normal resting ABI when compared with the abnormal extremity (0.84 [IQR,
0.80- 0.90] vs 0.62 [IQR, 0.45-0.63], respectively; P < .01). Median PWT in this cohort was 505
seconds (IQR, 418-650). During treadmill exercise, all eight extremities with an abnormal ABI
became symptomatic, whereas only three of the eight extremities with a normal ABI developed
symptoms of IC. Calf muscle StO2 decreased significantly more at 1 minute of exercise, at
exercise minimum, and at PWT in the extremity with abnormal ABI as compared with the
extremity with normal ABI (P < .05 for all). The Tso occurred sooner in extremities with normal
resting ABI (P < .05). All other recovery variables were similar.

Table Il. Comparison of peripheral artery disease (PAD) and control exercise variables

PAD Control P value
Total number 40 10 e
Baseline StO, 50 (40-53) 54 (43-68) NS
Six-minute walking distance, meters 281 (210-335) e e
Exercise variables
BBT, seconds 1 (0-16) 104 (61-162) <.0001
Absolute StO, change at 1 minute -31 (-44 to -16) 4(-1t09) <.0001
Percent StO; change 1 minute, % -73.2 (-90.6 t0 -36.2) 8.3 (-18.6 t0 2.4) <.0001
COT, seconds 108 (69-179) e e
Absolute StO, change at COT -31(-42to0 -17) € €
Percent StO, Change at COT, % -69.1(-89.5t0-40.2) e e
PWT, seconds 288 (180-529) e e
Absolute StO, change at PWT -35 (-44 to -25) e €
Percent StO, change at PWT, % -74.6 (-92.8 to -57.2) e €
Time to Minimum StO5, seconds 119 (60-399) 522 (505-532) <.001
Absolute StO, change at minimum -37 (-47 to -26) -11 (-18 to -3) <.0001
Percent StO, change at minimum, % -83.4 (-97.6 to -62.4) -16.1 (-32.3t0-7.8) <.0001

BBT, Below baseline time; COT, claudication onset time; IQR, |nterquart||e range NS, (P> .05); PWT, peak walking time; StOz, oxygen saturation. All
continuous variables are expressed as median and interquartile range (IQR); . Comparisons were considered statistically S|gn|flcant with P < .05.

The eight extremities with a normal resting ABI in patients with PAD were also compared with
control extremities. The resting ABI in control extremities was higher than the resting ABI in
the extremities with normal ABI in patients with PAD (1.19 [IQR, 1.13-1.29] vs 1.02 [IQR, 0.92-1.00],



respectively; P V4 .028). Resting StO2 was higher in the control extremities as compared with
normal ABI extremities in patients with PAD; however, this difference was not significant (54
[IQR, 44-68] vs 40 [IQR, 34-53], respectively; P % .33). Normal ABI extremities in patients with
PAD, as compared with controls, had a greater percentage change in StO2 at 1 minute of
exercise (-9.6% [IQR, -28.3% to 1.5%] vs 8.3% [IQR, -18.6% to 24%], respectively; P < .05)
and at exercise minimum (-59.1% [IQR, -64.7% to -382%] vs -16.1% [IQR, -32.3% to -
71.8%)], respectively; P 74 .012), with similar median times to minimum StO2 (483 seconds
[IQR, 210- 590 seconds] vs 522 seconds [IQR, 505-532 seconds]; P 4 .26).

DISCUSSION

In this study, we report the use of a low-cost, wireless NIRS device during a standardized
treadmill evaluation in claudicating participants with PAD and in healthy controls. Lower
extremities affected by PAD exhibited distinct calf muscle NIRS profiles during exercise
characterized by a rapid decrease in StO2, substantial hypoxia throughout exercise, and slowed
recovery to baseline StO2 after exercise. In patients with a contralateral extremity with normal
resting ABI, the NIRS findings characteristic of PAD were present when atherosclerotic
narrowing of the major arteries was documented by CTA. Further, we found the degree of calf
muscle hypoxia experienced during exercise strongly and inversely correlated with walking
capacity, measured by PWT and 6MWD. Taken together, this work suggests NIRS captures the
pathologic state of muscle oxygen balance in PAD and provides a window into the complex
nature of PAD-induced walking impairment.

We believe that the profoundly altered StO2 profiles and severe walking limitation of patients
with IC is a product of multiple pathologic features of PAD. PAD starts as atherosclerotic
disease affecting the large arteries supplying the leg (macrovascular disease) and this produces
substantial limitation of the blood flow to the claudicating extremity. In addition to the
macrovascular blood flow restriction, work from our group and others suggests that patients with
PAD exhibit “microvascular disease” seen as a thickening of capillary basement membranes,
perivascular fibrosis, and impaired endothelial reactivity.'®'® This microvascular disease further
impairs the delivery of oxygen and nutrients to the affected tissues. Moreover, studies of
permeabilized myo- fibers have demonstrated a significant dysfunction in the mitochondria of
affected muscle cells, decreasing the ability of the muscle to effectively use the delivered
oxygen and nutrients.??# In addition to these limitations in oxygen delivery and use, the skeletal
muscle of patients with PAD suffers from a chronic, ischemic myopathy that further impairs its
ability to work. This myopathy is characterized by irregular myofiber morphology, cytoskeletal
disruption, oxidative damage to myofibers and blood vessels, and fibrosis.'*?429 |t is the
combination of these pathologic features of PAD that collaborates with macrovascular disease to
produce the profoundly altered StO2 profiles and severe walking limitation of claudicating
patients.



Table Ill. Peak walking time (PWT) tertile demographics

Tertile 1 (>463 seconds)

Tertile 2 (241-463 seconds)

Tertile 3 (<241 seconds)

Total number 13 13 14
Race
Caucasian 12 (92.3) 12 (92.3) 14 (100.0)
African American 1(7.7) 1(7.7) 0 (0.0)
Age, years 65 (60-68) 67 (65-72) 69 (60-73)
BMI, kg/m? 27.3 (24.7-31.9) 7.1 (23.3-32.2) 24.4 (22.1-28.6)
Maximum resting ABI 0.65 (0.52-0.77) 0.69 (0.59-0.83) 0.63 (0.41-0.74)
Minimum stress ABI 0.39 (0.27-0.62) 0.47 (0.33-0.52) 0.28 (0.20-0.42)

PAD-associated risk factors

Hypertension 8 (61.5) 9 (69.2) 7 (50.0)
Dyslipidemia 11(92.3) 10 (76.9) 10 (71.4)
Active statin use 4 (30.8) 4 (30.8) 3(214)
Smoking history 13 (100.0) 12 (92.3) 14 (100.0)
Type |l diabetes 12 (92.3) 10 (100.0) 11(78.6)
Coronary artery disease 5 (38.5) 5 (38.5) 2 (14.3)
Obesity 2 (154) 2 (154) 1(7.1)
Family history 6 (46.2) 6 (46.2) 5 (35.7)
Chronic kidney disease 1(7.7) 1(7.7) 0 (0.0)
Occlusive disease pattern

Aortoiliac 2 (15.3) 2 (15.3) 2 (14.3)
Femoropopliteal 1(7.7) 4 (30.8) 2 (14.3)
Aortoiliac p femoropopliteal 9 (69.3) 4 (30.8) 6 (42.9)
Femoropopliteal p tibial 1(7.7) 1(7.7) 0 (0.0)

Aortoiliac p femoropopliteal b tibial 0(0.0) 2 (15.3) 4 (28.5)

ABI, Ankle-brachial index; BMI, body mass index; PAD, peripheral artery disease.
There were no significant differences in the tertile demographics or PAD-associated risk factors. Occlusive disease patterns were statistically similar. All continuous
variables are expressed as median and interquartile range (IQR); other values are number (%). Comparisons were considered statistically significant at P < .05.

Our work demonstrates that an easily applied, inexpensive, wireless NIRS monitor can
generate similar calf muscle StO:2 profiles as compared with those previously documented with the
use of costly, wired devices.'®"" Gardner et al'’ reported calf muscle StO2 decreased 74% at
exercise minimum in a cohort of 39 patients with PAD and IC. The authors additionally found that
time to mini- mum StO2 (r 72 0.68; P <.001), recovery half-time of StO2 after exercise (r 74 -0.49; P <
.01), and recovery time of StO2 after exercise (r 72 -0.48; P <.01) were all correlated with PWT
during a standardized treadmill protocol."” Similarly, Afaq et al*° have reported calf muscle StO-
at 1 minute of exercise was moderately correlated with PWT (r ¥4 0.44; P < .01).%° In our study,
patients with PAD experienced a similar mean desaturation at exercise minimum (79.8%). In
addition, the device used in our work produced strong correlations of StO2 change at 1 minute of
exercise, TTM, Tso, and T100 to PWT, similar to previous studies.

This finding is important, because the cost and physical limitations imposed by wired NIRS
devices may, in part, explain their limited adoption outside well-funded research laboratories.
Contemporary wired NIRS systems exceed US$30,000 to US$40,000 for a single setup, and many
traditionally used NIRS devices are no longer commercially available. Similarly, modern wireless
NIRS systems cost in excess of US$9,000. In contrast, the NIRS probe used in this study is
available for US$819. Moreover, the lightweight, wireless, and low-profile design of the device
precludes any influence a wired component may have on the participants’ gait or degree of walking
impairment.

In our study, healthy control extremities had minimal change in StO2 at 1 minute of exercise.
In contrast, extremities affected by PAD demonstrated sharp decreases in resting StO2 early in
exercise, and this desaturation was inversely correlated with walking ability. These findings may
allow for earlier diagnosis of patients with PAD and characterization of disease severity. Future work



should focus on generating clinically relevant NIRS profiles; one can envision NIRS-based devices
not only used in clinic to detect PAD, but also as a tool for vascular surgeons to estimate risk of
functional decline and possibly predict and monitor response to available therapies.
Table IV. Peak walking time (PWT) tertile exercise and recovery data
Tertile 1 (PWT

Tertile 2 (PWT 241- Tertile 3

>463 seconds) 463 seconds) (PWT <241 seconds)
Total number 13 13 14
Baseline StO, 50 (41-54) 50 (39-52) 46 (43-53)
Six-minute walking distance, meters 345 (293-422) 283.5 (223-314) 237 (158.5-268)°
Exercise variables
BBT, seconds 22 (1-34) 1 (0-5¢ 1(0-3
Absolute StO, change at 1 minute -7 (-18to0 1) -32 (-40 to -26)* -44 (-50 to -35)°

Percent StO, change 1 minute, %
COT, seconds

Absolute StO, change at COT
Percent StO, change at COT, %
PWT, seconds

Absolute StO, change at PWT
Percent StO, change at PWT

Time to minimum StO,, seconds

Absolute StO, change at minimum

-20.0 (-41.5t0 1.8)
230 (131-271)
11 (19 to -8)
-25.7 (-38.0 t0 -19.0)
611 (529-840)
-26 (-32t0 -19)
-57.4 (-70.7 to -46.3)
544 (476-791)
-31(-34 o -22)

-76.1(-90.0 to -49.2)
109 (88-161)°
-32 (-39 to -25)°
-78.1(-89.1 to -61.1)P
291 (272-306)
-37 (-25 to -42)
-84.1 (-84.1 t0 -56.7)
104 (37-270)
-39 (-47 to -31)

-90.6 (-79.3 to -100)°
66 (55-102)°
-42 (-48 to -34)°
-89.4 (-100.0 to -79.6)°
164.5 (129-185)
-43 (-47 to -33)°
-92.1(-99.3 to -75.3)°
69 (36-77)
-44 (-51 to v38)P

Percent StO, change at minimum -69.1 (-75.9 to -46.4)

0.25 (0.15-0.49)

-90.2 (-100.0 to -72.2)°
0.20 (0.11-0.32)

-95.1 (-100.0 to -88.2)°

Recovery slope, StO,/second 0.14 (0.07-0.24)

Tso, seconds 65 (43-123) 104 (50-126) 196 (120-304)
T100, Seconds 103 (69-165) 160 (83-318) 289 (183-435)
Time to recovery maximum StO,, seconds 372 (243-593) 282 (148-1106) 469 (315-725)
Absolute StO, change at recovery maximum 19 (16-25) 26 (13-37) 20 (1-29)

Percent StO, change at recovery maximum 37.7 (29.6-48.1) 72.4 (17.3-85.2) 37.0 (3.3-70.3)

BBT, Below baseline time; COT, claudication onset time; StO2, oxygen saturation; Tso, time to 50% recovery of baseline StO2; T100, time to 100% recovery of baseline

StO2.

é—\’g coratémét’):us v(?{iables are expressed as median and interquartile range (IQR). Comparisons were considered statistically significant at P < .05. Comparison to T1:
<.05,°P < .01.

Comparison of T2 to Ta: °P < .05.

In our study, the calf muscle StO2 of patients with PAD decreased below the baseline
significantly earlier during exercise as compared with controls. Using synchronized data from our
instrumented treadmill de- vice, we found that patients with PAD on average dropped below
baseline StO2 at 12 steps (range, 1-55 steps). This finding suggests that the calf muscles of
claudicating patients may become ischemic well before any symptoms occur and even
when walking surprisingly short distances.

There is debate regarding the optimal method to quantify the degree of walking
impairment in patients with PAD. Authors have argued in favor of either treadmill-based
measurements or over ground, timed walking tests.'*? Although treadmill-based examination
explores the patient’s physiologic maximum and the 6-minute walking test better emulates daily
over- ground walking, our NIRS data suggests the tests share a common physiologic
underpinning. We found that PWT correlated well with the 6MWD (r Y42 0.58; P < .001)
and that NIRS profiles in participants with PAD were highly correlated with both metrics of
walking performance. Percent StO2 change at 1 minute of exercise and the time to minimum StO2
strongly correlated with the MWD (r 2 -0.67 and 0.70, respectively; P < .0001 for both).
Similarly, as others have demonstrated, percent StO2 change at 1 minute of exercise and time



to minimum StO2 have an even stronger correlation to PWT (r 74 -0.76 and -0.79, respectively;
P < .0001 for both).*° Our data clearly demonstrate that the combination of time frame
and the degree calf muscle ischemia seem to be a powerful correlate of walking capacity.

Limitations.

The overall contribution of intracellular myoglobin in the determination of StO2 is
challenging to quantify. However, its use as a measure of local tissue oxy- gen extraction is well
accepted. Koga et al*® using an in vitro model of skeletal muscle contraction in rat
gastrocnemius compared deoxygenation kinetics of visible light spectroscopy and
phosphorescence- quenching measures of PO2 (a surrogate for pure hemoglobin
deoxygenation).®* The authors demonstrated similar desaturation time constants in both
measures; however, the time delay to initial desaturation was pro- longed in visible light
spectroscopy. Importantly, the mean response time (time delay p time constant) was not
significantly different between the measures. This finding suggests StO:z is an appropriate
surrogate of local oxygen availability and, therefore, useful in understanding the changes in the
calf muscle oxygenation during exercise.*?

Baker et al** have reported enhanced maximal calf muscle blood flow and oxygen
extraction after 3 months of exercise therapy in patients with PAD, using a device that
combined the capability of frequency domain NIRS with that of diffuse correlation
spectroscopy. However, these findings were not reflected in resting measurements of blood
flow or resting muscle StO2.24 Similarly, Beckitt et al®*® studied patients with PAD receiving
exercise therapy or successful angioplasty and did not report changes in resting
gastrocnemius StO2, but found significant decrease in calf muscle desaturation at a
submaximal exercise time point of 100 seconds in both the exercise and angioplasty cohorts.
Furthermore, in a limited study of a single patient treated by angioplasty of iliac stenosis,
Henni et al*® showed that transcutaneous oxygen measures obtained during exercise testing are
normalized after revascularization. Overall the improvements seen in calf muscle StO2 during
exercise would suggest that a short duration treadmill evaluation with concur- rent NIRS
measurements may be a more precise and comprehensive alternative to resting NIRS
measurements for documenting treatment response. Given the strong correlation of walking
performance and changes in gastrocnemius StO2 early in exercise, we would put forth the idea
of a 1-minute treadmill evaluation with concurrent NIRS to monitor patients during treatment. In
our experience, this protocol can be completed within 15 minutes and could reasonably be
performed at the time of a clinic visit. We anticipate that therapies that improve, leg
hemodynamics, muscle perfusion, oxygen balance, and/or ischemic myopathy would show
improvements in NIRS profiles as has been shown by Baker et al,** Beckitt et al,*>®> and Henni et
al.>® How- ever, it is not likely that NIRS devices have the capacity to decipher the precise
mechanisms (improved hemodynamics vs improved myopathy, etc) behind the documented
enhancements of the StO2 and additional testing of muscle perfusion, biochemistry and
histology should be included to address this type of more complicated mechanistic questions.



Table V. Correlations of exercise and recovery variables to measures of 1200 r=012

walking impairment

Six-minute
walking
distance PWT

Maximum resting ABI 0.17 0.12
Minimum stress ABI 0.26 0.33°
Absolute StO, change at 1 minute -0.67° -0.72°
Percent StO, change at 1 minute -0.67° -0.76"
CoT 0.447 0.70°
Absolute StO, change at COT -0.55° -0.70°
Percent StO, change at COT -0.57° -0.75°
PWT 0.58° e
Absolute StO, change at PWT -0.31 -0.51°
Percent StO, change at PWT -0.34 -0.59°
Time to minimum StO, 0.70° 0.79°
Absolute StO, change at exercise -0.36° -0.46°

minimum
Percent StO, change at exercise -0.43° -0.61°

minimum
Time to 50% recovery -0.23 -0.53°
Time to 100% recovery -0.29 -0.52°
Time to recovery maximum StO, -0.08 0.03
Absolute StO, change at recovery 0.01 0.19

maximum
Percent StO, change at recovery 0.03 0.19

maximum

COT, Claudication onset time; PWT, peak walking time; StO2, oxygen

saturation.
ap < 05.
bpP < .001.

°P < .01.
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Important differences between the control and PAD cohort warrant discussion. Patients
with PAD had significantly higher rates of smoking as compared with controls. It has
been shown previously that, after adjusting for maximal blood flow, patients who are active
smoking and have PAD experience lower calf muscle StO2 during exercise than patients
who do not smoke and have PAD.*° Because none of our control patients smoked, this
represents a possible confounder in the significantly lower StO2 measurements found in
the PAD cohort at all points in exercise. Similarly, microvascular responsiveness is
decreased with aging and may contribute to the lower StO2 seen in the PAD cohort.®’
Control participants did not undergo a stress ABI measurement. It is, therefore, possible
control participants with clinically asymptomatic PAD entered the study. If any clinically silent
patients with PAD were recruited as controls, it is not obvious from the analysis. In addition,



our study did not enroll any women and the PAD cohort was largely Caucasian, limiting the
generalizability of the results.

Last, there are limitations in using a treadmill walking test as an indicator of walking
impairment. Patients unable to participate in the full treadmill protocol were excluded. The
results of this study are not generalizable to patients with decreased walking velocity or
severe walking impairment.®’ However, for the purpose of comparing differences in calf
muscle NIRS profiles, a standardized work load is optimal.

Table VI. Comparison of normal resting ankle-brachial index (AB/) extremities with abnormal resting ABI extremities in
patients with unilateral abnormalities in resting ABI



Normal resting ABI

Abnormal resting ABI

extremity (n 4 8) extremity (n %2 8) P value
Hemodynamic variables
CTA presence of atherosclerosis 5(62.5) 8(100.0) NS
Maximum resting ABI 1.02 (0.92-1.00) 0.73 (0.65-0.78) <.001
Minimum stress ABI 0.84 (0.80-0.90) 0.62 (0.45-0.63) <.01
Exercise variables
Baseline StO, 40 (34-53) 42 (39-53) NS
Absolute StO, change at 1 minute -5 (-9 to 1) -16 (-21 to -5) <.01
Percent StO; change at 1 minute -9.6 (-28.3t0 1.5) -40.1(-50.8 to-12.1) <.01
Absolute StO, change at PWT -18 (-23 to -12) -27 (-33 to -23) NS
Percent StO, change at PWT -45.1 (-58.2 t0 -33.2) -68.3 (-78.51t0 -46.4) .03
Time to minimum StO,, seconds 483 (210-590) 503 (278-554) NS
Absolute StO, change at minimum -21 (-23 to -20) -29 (-34 to -25) .054
Percent StO, change at minimum -59.1 (-64.7 0 -38.2) -74.0 (-80.2 to -56.4) 020
Recovery variables
Recovery slope, StO./second 0.32 (0.25-0.38) 0.19 (0.14-0.36) NS
Tso, seconds 24 (10-47) 77 (41-153) .039
T100 Seconds 55 (37-152) 148 (73-203) NS
Time to recovery maximum StO,, seconds 365 (127-1420) 320 (229-673) NS
Absolute StO, change at recovery maximum 24 (16-30) 24 (12-34) NS
Percent StO, change at recovery maximum 66.5 (32.1-83.3) 56.4 (25.5-75.6) NS

CTA, Computed tomographic angiography; NS, not significant; PWT, peak walking time; StO2, oxygen saturation; Tso, time to 50% recovery of baseline StO2; T100,

time to 100% recovery of baseline StO2.

Comparisons were considered statistically significant at P < .05. Values are median (interquartile range [IQR]) or number (%).

CONCLUSIONS
In this initial evaluation of a novel, low-cost NIRS device, lower extremities affected by PAD

exhibited characteristic changes in calf muscle StOz2 that differentiated them from healthy controls. In
agreement with previous studies using traditional NIRS devices, the degree of walking impairment as
measured by PWT and 6MWD was strongly correlated with changes in StO2 early in exercise
across a variety of occlusive disease patterns and degrees of hemodynamic impairment. These
data suggest NIRS may be a feasible method to distinguish between arterial-related walking
impairment and walking impairment owing to nonarterial causes. Additionally, as measured by
NIRS, the ability to maintain muscle oxygenation is an important driver of walking capacity in PAD.
Further research should investigate the ability of low-cost, wireless NIRStechnology to evaluate,
diagnose, and monitor treatment response in PAD.
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