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INNOVATIVE TECHNIQUES

Near-infrared spectroscopy with a provocative maneuver
to detect the presence of severe peripheral arterial
disease

Homer-Christian J. Reiter, BSc,>P and Charles A. Andersen, MD, FACS, MAPWCA.P Tacoma, WA

ABSTRACT

Current assessment standards for peripheral arterial disease (PAD), such as the ankle brachial index, are limited in their
utility and portability. Near-infrared spectroscopy (NIRS) has shown some promise in diagnosing PAD when used in
conjunction with a provocative maneuver. The purpose of this study was to assess the viability of NIRS in conjunction with
a transient leg elevation provocative maneuver for detecting severe PAD. This retrospective observational cross-sectional
study assessed 57 limbs in 34 patients receiving routine vascular screening for PAD at Madigan Army Medical Center. The
patient limbs were stratified into normal (n =17), mild (n = 9), moderate (n =16), and severe (n = 15) PAD groups based on
the clinician assessments. Additionally, the patients were assessed with NIRS measurements taken with the patient in
the supine position at rest and using a provocative leg raise maneuver of transient leg elevation of 45° for 60 seconds. The
resting tissue oxygen saturation (StO,) and the change in StO, (AStO,) from rest to elevation were recorded and
compared between the PAD severity groups via independent measures analysis of variance with the Tukey honest sig-
nificant difference post hoc test. The supine resting StO, was not different between the normal (77.5% %= 7.7%), mild
(725% = 7.4%), moderate (72.0% + 10.3%), and severe (742% =+ 5.4%) PAD groups (P = .23). However, the AStO, with
transient leg elevation was significantly greater in the severe PAD group (—-17.2% = 6.0%) compared with the normal
(=3.9% = 4.8%), mild (—=6.9% * 4.7%), and moderate (—9.7% * 5.2%) PAD groups (P < .002 for all). Similar results were
observed in the changes in oxyhemoglobin and deoxyhemoglobin. The leg elevation protocol was also used for two
patients before and after lower limb revascularization, which demonstrated that the AStO, corresponded with the
clinical assessment of PAD severity. Resting supine NIRS images were unable to detect any differences among normal
and limbs with different PAD severity. However, NIRS imaging with 45° leg elevation for 60 seconds showed a significant
difference between severe PAD compared healthy patients and those with mild to moderate PAD in a fast, precise, and
accurate manner. These preliminary data support the use of NIRS and transient leg elevation as a tool to diagnose severe
PAD but do not support the use of NIRS alone as a screening test for PAD. NIRS measurements with leg elevation might
be a viable noninvasive, noncontact, and portable method of assessing severe PAD for home monitoring, in rural

communities, and/or in standard clinical practice. (J Vasc Surg Cases Innov Tech 2023;m:101379.)

Keywords: Critical limb ischemia; Near-infrared spectroscopy; Peripheral vascular disease; Revascularization; Vascular

screening

Recent joint guidelines from the American College of
Cardiologists and American Heart Association provide
recommendations for diagnostic testing for patients sus-
pected of having peripheral arterial disease (PAD)." The
resting ankle brachial index (ABI) is the primary diag-
nostic assessment used, with a decreasing ABI denoting
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increasing PAD severity indicative of critical limb
ischemia (CLI).?> Should the clinical presentation be
inconclusive, alternative or complimentary assessments
such as the toe brachial index (TBI), transcutaneous oxy-
gen pressure (TcPO,), or skin perfusion pressure (SPP) as-
sessments can be performed.! However, these
assessment methods are time intensive (TcPO5), involve
recurring costs (TcPO,, SPP), are not always feasible
(TBI), not always diagnostically accurate (ABI), or are no
longer on the market (SPP). This is further supported by
recent guidelines from the International Working Group
on the Diabetic Foot, which espouse that no single mo-
dality has been shown to be optimal, with no definite
threshold value above which CLI can be reliably
excluded.?® Collectively, a true consensus is lacking on
how to best screen for CLI, highlighting the need for
new robust diagnostic methods or a combination of
diagnostic methods to screen for CLI.

Near-infrared spectroscopy (NIRS) might help fill this
unmet need, because it provides a fast, noninvasive,
and noncontact quantitative assessment of oxygenation
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2 Reiter and Andersen

in the dermal microcirculation.”® More recently, NIRS has
been used for the evaluation of CLI, which primarily
relied on the NIRS-derived measures of tissue oxygen
saturation (St0,).°° These studies have often focused
on comparing healthy controls to patients with a CLI
diagnosis after a clinical assessment using the ABI, Ruth-
erford classification, or Fontaine classification’ or, alterna-
tively, by quantifying the StO, dynamics after exercise'®
or postocclusive reactive hyperemia (PORH).® Prior
research has suggested that provocative maneuvers
can assist in diagnostic measurements.® Given this diag-
nostic potential, it is of interest to determine whether
NIRS measurements, in conjunction with a leg raise ma-
neuver, could be used to evaluate PAD status and
severity. A particular area of interest is the assessment
of CLI, because CLI requires urgent attention to prevent
limb loss and potential complications.

Our current proof-of-concept research objective is to
determine whether noncontact NIRS imaging during a
provocative maneuver that affects limb perfusion could
be used as an assessment tool to stratify patients by
PAD severity and, specifically, to detect the presence of
severe PAD or CLI. To the best of our knowledge, this
would be the first report of NIRS imaging used in
conjunction with leg elevation as a possible method to
identify CLI. We hypothesized that NIRS would be
capable of stratifying PAD severity (as assessed via a stan-
dard clinical assessment) based on the change in the
score observed during a provocative maneuver of the
lower limb.

METHODS

Participants and study design. This retrospective non-
interventional  observational cross-sectional  study
included patients suspected of having PAD who under-
went a vascular evaluation at a vascular center (Madigan
Army Medical Center, Tacoma, WA) between September
2021 and April 2023. A total of 57 limbs were assessed in
34 patients during the study period. Formal institutional
review board approval was waived due to the retro-
spective and observational nature of the study. All de-
mographic data were derived from the standard
electronic medical records available to the investigators.

Protocol and data analysis. Patients suspected of hav-
ing PAD were assessed using a provocative leg raise ma-
neuver during the standard assessment. All assessments
were conducted in a temperature-controlled room
(20°C). During the provocative leg raise maneuver, the
patients underwent imaging with a noncontact,
portable NIRS camera (SnapshotNIR; Kent Imaging Inc)
while resting supine and after 60 seconds of transient
leg elevation at 45°. Because this is a preliminary report
with no prior protocol of leg elevation on which to base
our work, 45° was used as the designated metric due to
the ease of visual measurement. Future work at

Journal of Vascular Surgery Cases, Innovations and Techniques
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different limb angles (eg, 60°) might help better
distinguish PAD severity, but that was not the objective
of the present study. The procedure requires
~2 minutes to conduct. The room temperature was
controlled to maintain consistent surface temperatures
of the patients’ skin that might affect superficial vaso-
dilation. At the end of both the resting supine and the
leg elevation measurements, the plantar and dorsal
surfaces of the foot were imaged for indexes of StO,,
oxyhemoglobin (HbO), deoxyhemoglobin (Hb), and to-
tal hemoglobin. The plantar surface of the foot was
chosen, because previous work supports the plantar
surface as a more reproducible monitoring area than
the dorsal surface."'” This also avoided the issue of
marked variations in pigmentation between different
races, allowing for more similar Fitzpatrick scores and
precise NIRS readings. These metrics were evaluated at
the hallux, second metatarsal head, and fifth metatarsal
head before being averaged as a comprehensive
reading of oxygenation within the forefoot. Changes (A)
in StO,, HbO, and Hb were calculated from the supine
resting position to leg elevation to determine whether a
relationship existed between arterial insufficiency and
oxygenation.

To determine the relationship between PAD severity
and NIRS measures, the patients were classified via clin-
ical assessment into groups of normal, mild, moderate,
and severe PAD. These groups were stratified by
descending importance of clinical history, physical ex-
amination findings, pulse examination findings, ABls,
and TBIs, as suggested by recent guidelines.® Pulse ex-
aminations, ABIs, and TBIs were only performed if the
physician determined these studies were necessary for
an accurate diagnosis. These tests were not performed
for every patient because they were not always indicated
by the clinical examination findings. Although the ABI
and TBI are arguably the most objective, they can still
be skewed by calcification or noncompressible arteries,
which can elevate the results. A single evaluator, a
trained vascular surgeon with >40 years of practice,
established the clinical criteria. In the clinic where our
study was performed, pulse examinations are the stan-
dard of care if indicated by the clinical examination.
The clinical history findings could be normal or abnormal
based on the surgical history, a history of vascular dis-
ease, or other confounding factors. The physical exami-
nation findings were classified as normal or abnormal
by the presence of palpable pulses, the presence of non-
healing wounds, temperature of the extremities, and any
other observable symptoms of disease. The pulse
Doppler signals were classified as normal if triphasic,
mild to moderate disease if biphasic, and severe disease
if monophasic or no Doppler signal was present. The
thresholds for the disease level for the ABI were as fol-
lows: severe, an ABI of =0.49; moderate, an ABI of 0.50
to 0.74; mild, an ABI of 0.75 to 0.96; and normal, an ABI
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Table I. Documented demographics and risk factors (n = 38 patients)

Comorbidities

Hypertension 10 (77)

5 (100)

10 (100) 10 (91)

Coronary artery disease 5 (46)

o
S

3 (30) 3 (27)

History of tobacco 4 (31)

(0]
o
@

10 (100) 9 (82)

Race

Black 0 (0)

o
S

2 (20) 3 (

~
Sl

Hispanic 0 (0)

~
©

1(10) 1(9)

Hawaiian/Pacific Islander 0 (0)

o
S

0 (0) 1(9)

of =0.97. A TBI of <0.60 was classified as abnormal and a
TBI of =0.60 as normal.

Statistical analysis. Statistical analyses were performed
using R statistical language (R Foundation for Statistical
Computing). Data are presented as the mean * standard
deviation. The between group contrasts are presented as
the mean and 95% confidence intervals (Cls). Statistical
significance was considered present at P < .05. The
normality of data was assessed via the Shapiro-Wilk
test and quantile-quantile plots. One-way independent
measures analysis of variance was used to compare NIRS
measurements between the different levels of PAD
severity (ie, normal, mild, moderate, and severe). When
significant F ratios were detected, the Tukey honestly
significant difference post hoc analysis was used to
identify pairwise differences.

RESULTS

Demographic data are presented in Table I. We
included 57 limbs (34 patients) in the final analysis. Of
the 57 limbs, 17 were categorized as normal, 9 with
mild disease, 16 with moderate disease, and 15 with se-
vere disease. In addition, 19 limbs had previously under-
gone surgical interventions. One patient was included
who had been classified as having severe PAD from the
initial leg raise protocol. This patient subsequently under-
went bilateral stenting of their common iliac arteries and
then underwent repeat imaging with the leg raise proto-
col postoperatively after being classified as having
normal vascular studies (Fig 1).

The average NIRS-derived variables are presented in
Table Il. The supine resting StO, values for mild (—4.9%;
95% ClI, —13.6% to 3.8%; P = .44), moderate (—5.5%; 95%
Cl, —-128% to 19%; P = .21), and severe (—3.3; 95%
Cl, —10.8% to 4.2%; P = .65) PAD groups were not signif-
icantly different from those for the normal group
(Fig 2, A). The AStO, from supine to leg elevation was
significantly reduced in the moderate (-5.8; 95%
Cl, —10.7% to —1.0%; P = .013) and severe (—13.3; 95%
Cl, —182% to —8.3%; P < .0001) PAD groups compared
with the change in the normal patients (Fig 2, B). Howev-
er, the AStO, in the mild PAD group was not significantly
reduced compared with the normal group (mean, —2.9;
95% ClI, —8.7% to 2.9%:; P = .56). Moreover, no difference
was found between the mild and moderate groups
(mean, —2.9; 95% Cl, —8.7% to 2.9%; P = .56), although a
significant difference was found between the moderate
and severe groups (mean, —7.4; 95% Cl, -124%
to —2.4%; P = .001).

Similarly, the supine resting HbO (Fig 2, C) and Hb
values did not show differences in any of the group com-
parisons (P > .07). However, the AHbO was significantly
less in the normal (mean, —0.09 a.u,; 95% CI, —0.17 to
0.00; P = .05), mild (mean, —0.13 a.u.; 95% CI, —0.23
to —0.03; P = .009), and moderate (mean, —0.10 a.u.
95% CI, —0.19 to —0.01; P = .03) PAD groups than in the
severe PAD group (Fig 2, D). There was no significant dif-
ference in the AHbO between the normal, mild, and
moderate PAD groups (P > .68). The AHb was also signif-
icantly less for the normal (mean, 0.06 a.u. 95% ClI,
0.0.03-0.09; P < .0001), mild (mean, 0.04 a.u; 95% ClI,
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45° Elevated

Fig 1. Clinical photograph and tissue oxygen saturation (StO;) images of a patient with severe critical limb
ischemia before lower limb revascularization (A and B) and 5 days after bilateral stenting of the commmon iliac
arteries (C,D). The imaging protocol involved measurements after both supine resting (A and C) and 60 seconds

of 45° leg elevation (B and D).

0.01-0.07; P = .02), and moderate (mean, 0.03; 95% CI,
0.00-0.06; P = .047) PAD groups than for the severe
PAD group (Fig 3). We also found a difference in the
AHb between the normal and moderate groups (mean,
0.03 a.u.; 95% ClI, 0.00-0.06; P = .02).

DISCUSSION

The principal findings from our study are that (1) the su-
pine resting StO, values were not different among the
normal and PAD groups of various severity; and (2) a
60-second leg elevation maneuver was able to identify
patients with CLI but not those with mild or moderate
PAD. Furthermore, NIRS was used in some cases both
before and after revascularization of the lower limb and

was a precise determiner of postoperative outcomes.
Our findings suggest that NIRS as a standalone modality
might not accurately screen for PAD using a single imag-
ing timepoint in a dependent position. Alternatively, the
findings support that NIRS imaging could serve as a fast,
precise, and accurate tool to diagnose severe PAD and
might have utility in assessing postoperative outcomes
if used in conjunction with a provocative maneuver.

To the best of our knowledge, this is the first known
study using a leg elevation protocol with NIRS as a
screening test for severe PAD. The leg raise protocol has
multiple advantages over exercise and PORH maneuvers
and other routine PAD assessments. First, a recent sys-
tematic review on tissue perfusion tests to diagnose
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Table Il. Near-infrared spectroscopy (NIRS) measurements (n = 57 limbs)

StO,, %
Supine 775 = 7.7 725 *+ 7.4
Elevated 735 + 76 65.7 = 58
Change -39 + 438 —69 = 4.7
Oxyhemoglobin, a.u.
Supine 0.69 £ 0.14 0.55 £ 0.13
Elevated 0.50 *= 0.09 0.40 = 0.07
Change —0.19 = 0.08 —0.15 = 0.09
Deoxyhemoglobin, a.u.
Supine 0.19 = 0.05 0.20 = 0.04
Elevated 0.18 + 0.05 0.21 + 0.03
Change —0.01 = 0.03 0.008 = 0.04

72.0 £10.3 742 £ 54 23
623 +12.8 570 = 6.2 <.0001
—97 =52 -172 £ 6.0 <.0001
0.56 = 0.17 0.64 = 0.1 .07
038 £ 0.12 037 = 0.10 .002
—0.18 £ 0.09 —0.28 +£ 012 .006
0.20 = 0.04 0.22 £ 0.05 27
0.22 = 0.05 0.27 £ 0.04 <.0001
0.02 £ 0.02 0.05 = 0.02 <.0001

PAD, Peripheral arterial disease; StO,, tissue oxygen saturation.
Data presented as mean =+ standard deviation.

PAD highlighted the need for noninvasive, contact-free,
and quick diagnostic tests that could be implemented
for home monitoring.” The NIRS device used in the pre-
sent study fulfills these criteria, because it is portable,
noninvasive, and contact-free device. Also, the leg eleva-
tion protocol takes <5 minutes to perform. This is consid-
erably shorter than the gold standard ABI, which require,
on average, 10 to 20 minutes to perform. Second, the leg
elevation protocol does not involve the extra equipment
(eg, treadmills, occlusion cuffs) that exercise and PORH
protocols require. Third, NIRS has good to excellent reli-
ability and provides reproducible measurements.'>?*
Compared with the ABI, which is user dependent, NIRS
might be a more objective measurement. Future work
assessing device-specific reliability, reproducibility, and
muiltisite implementation is warranted, however, to
confirm this assertion. Finally, NIRS can give a compre-
hensive examination of tissue oxygenation within the
foot (Fig 1). In our experience regarding the sensitivity
for detecting severe PAD, NIRS with leg elevation is
more effective than the common ABI, which can be
falsely elevated and cannot measure focal perfusion in
the lower extremity or within a wound bed. This is sup-
ported by other work in which the NIRS detected lateral
hypoxemia of the dorsum of the foot both before and
after revascularization surgery.* As such, NIRS gives a
global view of the foot or lower leg that can more pre-
cisely identify areas of concern when used in conjunction
with a leg raise.

Although ours might be the first study to use a provoc-
ative leg raise maneuver in combination with NIRS, the
idea of identifying PAD using NIRS is not new. Multiple
systematic reviews have been reported in recent years
focusing on NIRS for the diagnosis of PAD.”®'9?° The uni-
fying theme has been that evidence is currently lacking

regarding “the clinical relevance of routine use of NIRS
to diagnose PAD is unproven™® or that, “evidence seems
too low to define this technique as a gold standard.”
This, however, comes from the lack of standardization
in the metrics, protocols, and devices for assessing
PAD.° Regardless, it is clear that provocative maneuvers
can identify statistically significant differences in those
with PAD vs those without PAD,'?'8292223 syggesting
the potential viability of NIRS for identifying PAD. Our
present work builds on these findings, because we found
statistically significant differences in the AStO, (Fig 2, B),
AHbO (Fig 2, D), and AHb (Fig 3, B) between severe PAD
and mildly diseased or healthy limbs when elevated by
45° for 60 seconds. Although the data are variable, we
found many patients with severe PAD who had a AStO,
of at least —18%, which was markedly different from
that of the other groups (Fig 2, B). Furthermore, all the
patients with severe PAD had an increase in AHb (Fig 3,
B), which was not always seen in the other groups.
Thus, we suggest that although NIRS might not be an
adequate standalone screening test for PAD, it could
be effective in identifying severe PAD in a fast and pre-
cise manner when used with a leg elevation protocol.
Currently, the cutoff values to discriminate severe PAD
from healthy limbs does not seem readily apparent but
warrant future investigation.

Study limitations. The present study has multiple
methodologic considerations and limitations that are
important to address. First, it is well known that melanin
affects NIRS and other light-based technologies.?” ?° The
present study did not account for the melanin content,
which could have contributed to the baseline variability
in our patients. However, because our measurements of
interest are the changes in oxygenation metrics, the
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Fig 2. Comparison of supine resting tissue oxygen saturation (StO,, A) and oxyhemoglobin (HbO; C) values in
normal, mild, moderate, and severe peripheral arterial disease (PAD) groups and delta values for StO, (B) and
HbO (D) taken as part of a provocative leg raise maneuver of 45° elevation for 60 seconds. Presented as indi-
vidual data scatter and box plots for transparency. *P < .05 compared with normal; { P < .05 compared with mild

PAD; and {P < .05 compared with moderate PAD.

absolute baseline value for each of our patients is not as
important as the relative change that occurs with our leg
raise protocol. Black patients were studied in this cohort.
By only including plantar images of the foot, we did not
find a significant difference in hemoglobin for most
black patients compared with patients of other races.
Next, this was an observational study with uneven
numbers of participants in each PAD group and incom-
plete demographics. Because this is a preliminary studly,
it does not have the number of participants needed to
stratify for different comorbidities or conditions. As an
example, previous work has found that diabetes inflates

StO, values.®®*° To offset this, we suggest that the rela-
tive variability with each comorbidity will remain the
same on an intraindividual basis because the relative
changes should be consistent in their level of error.
Despite this shortcoming, the P values for AStO, were
very small when comparing the severe PAD group and
the other groups, which strengthens our confidence that
we found a real difference and not strictly an exacerba-
tion of comorbidities or a small value. Next, two patients
were included in the dataset who had both pre- and
postrevascularization leg raise data available. Because of
the mix of individuals who had undergone previous
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Fig 3. Comparison of supine resting deoxyhemoglobin (Hb) values (A) for normal, mild, moderate, and severe
peripheral arterial disease (PAD) groups and delta values for Hb taken as part of a provocative leg raise ma-
neuver of 45° elevation for 60 seconds (B). Presented as individual data scatter and box plots for transparency.
*P < .05 compared with normal; P < .05 compared with mild PAD; and P < .05 compared with moderate PAD.

revascularization, we decided to include the post-
revascularization data in our dataset. Based on the in-
dependent measures analysis of variance, they would be
considered independent samples because they changed
groups after revascularization. Because ours is a pre-
liminary analysis, we did not want to exclude the limbs
with postintervention data and reduce our dataset by
~33%; thus, we included them in the dataset for trans-
parency. Finally, this study only used patients who had
attended for a routine vascular screening and did not
have a control group as a comparator. Having a strict
control group would help isolate the normal vascular
responses from “normal” patients who might have some
degree of vascular compromise due to them requiring
screening to begin with.

CONCLUSIONS

NIRS with a 45° leg elevation for 60 seconds resulted in
significant decreases in StO, and HbO for patients with
severe PAD compared with patients with normal, mild,
or moderate PAD. Although these groups differ slightly
from the literature, during the study, we observed a
range of non-normal StO, values that did not constitute
severe disease. These were grouped into the mild and
moderate PAD groups. Grouping them together into
moderate would not have changed the resultant data
because neither mild nor moderate disease could be
diagnosed with significance using NIRS alone. Only CLI
can be diagnosed with significance. Such differences in
oxygenation were not detectable during the resting su-
pine assessment. Our data indicate that a simple leg

raise maneuver used in conjunction with NIRS can delin-
eate patients with severe PAD from healthy patients and
those with mild PAD in a fast, noncontact, and noninva-
sive way. These findings highlight the potential utility of a
portable NIRS camera for quick and efficient detection
of severe PAD in the clinic or home monitoring setting.
Other findings suggest that the same leg raise protocol
could be useful in determining revascularization surgery
outcomes. Future work investigating the range of values
for a severe PAD diagnosis and surgical success is
warranted.

UNCITED REFERENCES
13; 14; 15; 16; 17; 21; 26.

DISCLOSURES
None.

The authors thank Jordan D. Bird of the University of
British Columbia for figure preparation, statistical ana-
lyses, and medical writing/editorial support, which was
funded by Kent Imaging Inc in accordance with Good
Publication Practice guidelines (available at: http:/
www.ismpp.org/gpp3). The de-identified data supporting
the findings of this study are available from the corre-
sponding author on reasonable request by a qualified
researcher.

REFERENCES
1. Gerhard-Herman MD, Gornik HL, Barrett C, et al. 2016 AHA/ACC
guideline on the management of patients with lower extremity
peripheral artery disease: executive summary: a report of the

SCO 5.6.0 DTD m JVSCIT101379_proof W 1 January 2024 m 7:12 am ® CE BD

794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854


http://www.ismpp.org/gpp3
http://www.ismpp.org/gpp3

855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921

8

Reiter and Andersen

American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines. 3 Am Coll Cardiol. 2017:69:
1465—1508.

Aboyans V, Criqui MH, Abraham P, et al. Measurement and inter-
pretation of the ankle-brachial index: a scientific statement from the
American Heart Association. Circulation. 2012;126:2890—2909.
Hinchliffe RJ, Forsythe RO, Apelqvist J, et al. Guidelines on diagnosis,
prognosis, and management of peripheral artery disease in patients
with foot ulcers and diabetes (IWGDF 2019 update). Diabetes Metab
Res Rev. 2020;36:€3276.

. Geskin G, Mulock MD, Tomko NL, Dasta A, Gopalakrishnan S. Effects

of lower limb revascularization on the microcirculation of the foot: a
retrospective cohort study. Diagnostics. 2022;12:1320.

Sowa MG, Kuo W-C, Ko ACT, Armstrong DG. Review of near-infrared
methods for wound assessment. J Biomed Opt. 2016;219:91304.
Vardi M, Nini A. Near-infrared spectroscopy for evaluation of pe-
ripheral vascular disease. A systematic review of literature. Eur J Vasc
Endovasc Surg. 2008;35:68—74.

Ma KF, Kleiss SF, Schuurmann RCL, Bokkers RPH, Unli C, De Vries J-
PPM. A systematic review of diagnostic techniques to determine
tissue perfusion in patients with peripheral arterial disease. Expert
Rev Med Devices. 2019;16:697—710.

. Joseph S, Munshi B, Agarini R, Kwok RCH, Green D3J, Jansen S.

Near infrared spectroscopy in peripheral artery disease and the
diabetic foot: a systematic review. Diabetes Metab Res Rev.
2022;38:e3571.

Boezeman RPE, Moll FL, Unli G, de Vries J-PPM. Systematic review of
clinical applications of monitoring muscle tissue oxygenation with
near-infrared spectroscopy in vascular disease. Microvasc Res.
2016;104:11-22.

Manfredini F, Malagoni AM, Mandini S, et al. Near-infrared spectros-
copy assessment following exercise training in patients with inter-
mittent claudication and in untrained healthy participants. Vasc
Endovascular Surg. 2012;46:315—324.

. Chin JA, Wang EC, Kibbe MR. Evaluation of hyperspectral technology

for assessing the presence and severity of peripheral artery disease.
J Vasc Surg. 2011;54:1679—1688.

Ubbink DT, Koopman B. Near-infrared spectroscopy in the routine
diagnostic work-up of patients with leg ischaemia. Eur J Vasc
Endovasc Surg. 2006;31:394—400.

Chiang N, Jain JK, Sleigh J, Vasudevan T. Evaluation of hyperspectral
imaging technology in patients with peripheral vascular disease.
J Vasc Surg. 2017;66:1192—1201.

Kagaya Y, Ohura N, Suga H, Eto H, Takushima A, Harii K. ‘Real
angiosome’assessment from peripheral tissue perfusion using tissue
oxygen saturation foot-mapping in patients with critical limb
ischemia. Eur J Vasc Endovasc Surg. 2014:47:433—44].

Mesquita RC, Putt M, Chandra M, et al. Diffuse optical characteriza-
tion of an exercising patient group with peripheral artery disease.
J Biomed Opt. 2013;185:57007.

Boezeman RPE, Boersma D, Wille J, et al. The significance of regional
hemoglobin oxygen saturation values and limb-to-arm ratios of

Journal of Vascular Surgery Cases, Innovations and Techniques

20.

21.

22.

23

24,

25.

26.

27.

28.

29.

30.

mmm 2023

near-infrared spectroscopy to detect critical limb ischemia. Vascular.
2016;24:492—-500.

Miller AJ, Luck JC, Kim D3J-K, et al. Blood pressure and leg deoxy-
genation are exaggerated during treadmill walking in patients with
peripheral artery disease. J Appl Physiol. 2017:123:1160—1165.
Comerota AJ, Throm RC, Kelly P, Jaff M. Tissue (muscle) oxygen
saturation (StO2): a new measure of symptomatic lower-extremity
arterial disease. J Vasc Surg. 2003;38:724—729.

Cornelis N, Chatzinikolaou P, Buys R, Fourneau |, Claes 3J,
Cornelissen V. The use of near infrared spectroscopy to evaluate the
effect of exercise on peripheral muscle oxygenation in patients with
lower extremity artery disease: a systematic review. Eur J Vasc
Endovasc Surg. 2021:61:837—847.

Wolf U, Wolf M, Choi JH, et al. Localized irregularities in hemoglobin
flow and oxygenation in calf muscle in patients with peripheral
vascular disease detected with near-infrared spectrophotometry.
J Vasc Surg. 2003;37:1017—1026.

Miranda A, Figoni SF, Cha T, et al. Calf tissue oxygenation during
exercise in men with and without risk factors for developing pe-
ripheral arterial disease. Am J Phys Med Rehabil. 2012;91:200—210.
Kragelj R, Jarm T, Erjavec T, Presern-Strukelj M, Miklavéié¢ D. Param-
eters of postocclusive reactive hyperemia measured by near infrared
spectroscopy in patients with peripheral vascular disease and in
healthy volunteers. Ann Biomed Eng. 2001;29:311-320.

Jarm T, Kragelj R, Liebert A, et al. Postocclusive reactive hyperemia in
healthy volunteers and patients with peripheral vascular disease
measured by three noninvasive methods. Oxyg Transp to Tissue.
2003;XX1V:661—-669.

McCully KK, Halber C, Posner JD. Exercise-induced changes in oxy-
gen saturation in the calf muscles of elderly subjects with peripheral
vascular disease. J Gerontol. 1994:49:B128—B134.

Baltrunas T, Mosenko V, Mackevicius A, et al. The use of near-infrared
spectroscopy in the diagnosis of peripheral artery disease: a sys-
tematic review. Vascular. 2022;30:715—-727.

Stern M, Schremmer J, Scharm S, et al. Microvascular tissue perfusion
after postcatheterization pseudoaneurysm treatment. Clin Hemor-
heol Microcirc. 2022;82:275—282.

Matas A, Sowa MG, Taylor G, Mantsch HH. Melanin as a confounding
factor in near infrared spectroscopy of skin. Vib Spectrosc. 2002;28:
45-52.

Sun X, Ellis 3, Corso P3J, Hill PC, Chen F, Lindsay J. Skin pigmentation
interferes with the clinical measurement of regional cerebral oxygen
saturation. Br J Anaesth. 2015;114:276—280.

Gottlieb ER, Ziegler J, Morley K, Rush B, Celi LA. Assessment of racial
and ethnic differences in oxygen supplementation among patients
in the intensive care unit. JAMA Intern Med. 2022;182:849—858.
Weinkauf C, Mazhar A, Vaishnav K, Hamadani AA, Cuccia DJ,
Armstrong DG. Near-instant noninvasive optical imaging of tissue
perfusion for vascular assessment. J Vasc Surg. 2019;69:555—562.

Submitted Jul 14, 2023; accepted Nov 6, 2023.

SCO 5.6.0 DTD m JVSCIT101379_proof W 1 January 2024 m 7:12 am ® CE BD

922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988



	Near-infrared spectroscopy with a provocative maneuver to detect the presence of severe peripheral arterial disease
	Methods
	Participants and study design
	Protocol and data analysis
	Statistical analysis

	Results
	Discussion
	Study limitations

	Conclusions
	Uncited References
	Disclosures
	References


