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A novel, microvascular evaluation method and device for

early diagnosis of peripheral artery disease and chronic

limb-threatening ischemia in individuals with diabetes
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ABSTRACT
Objective: A novel transdermal arterial gasotransmitter sensor (TAGS) has been tested as a diagnostic tool for lower limb
microvascular disease in individuals with and without diabetes mellitus (DM).

Methods: The TAGS system noninvasively measures hydrogen sulfide (H2S) emitted from the skin. Measurements were
made on the forearm and lower limbs of individuals from three cohorts, including subjects with DM and chronic limb-
threatening ischemia, to evaluate skin microvascular integrity. These measurements were compared with diagnosis of
peripheral artery disease (PAD) using the standard approach of the toe brachial index. Other measures of vascular health
were made in some subjects including fasting blood glucose, hemoglobin A1c, plasma lipids, blood pressure, estimated
glomerular filtration, and body mass index.

Results: The leg:arm ratio of H2S emissions correlated with risk factors for microvascular disease (ie, high-density lipo-
protein levels, estimated glomerular filtration rate, systolic blood pressure, and hemoglobin A1c). The ratios were signif-
icantly lower in symptomatic DM subjects being treated for chronic limb-threatening ischemia (n ¼ 8, 0.48 6 0.21)
compared with healthy controls (n ¼ 5, 1.086 0.30; P¼ .0001) and with asymptomatic DM subjects (n ¼ 4, 0.796 0.08; P¼
.0086). The asymptomatic DM group ratios were also significantly lower than the healthy controls (P ¼ .0194). Using ratios
of leg:arm transdermal H2S measurement (17 subjects, 34 ratios), the overall accuracy to identify limbs with severe PAD
had an area under the curve of the receiver operating curve of 0.93.

Conclusions: Ratios of transdermal H2S measurements are lower in legs with impaired microvascular function, and the
decrease in ratio precedes clinically apparent severe microvascular disease and diabetic ulcers. The TAGS instrument is a
novel, sensitive tool that may aid in the early detection and monitoring of PAD complications and efforts for limb
salvage. (J Vasc Surg Cases Innov Tech 2023;9:1-10.)

Keywords: Peripheral vascular disease; Hydrogen sulfide; Diabetic wounds
Diabetes mellitus (DM) currently affects more than 34
million Americans1 and is strongly associated with pe-
ripheral arterial disease (PAD)2,3 and other cardiovascular
disorders. PAD, asymptomatic in many diabetic patients
due to peripheral neuropathy,4,5 is frequently difficult to
evaluate using the ankle-brachial index (ABI) or toe
brachial index (TBI) due to characteristic tibial vessel
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incompressibility in chronic diabetes.4-7 Given the signif-
icant role of cutaneous microcirculation in wound heal-
ing,8 there is a critical need for accurate, easy-to-use
diagnostic techniques to detect and monitor PAD
severity, especially in diabetic patients. The most severe
form of PAD, chronic limb-threatening ischemia (CLTI),
is present in nearly 11% of patients with PAD and pro-
jected to impact more than 4 million Americans by
2030,9 presenting a significant risk of nonhealing wounds
and major amputation. Chronic diabetic-related wounds
are a significant global cause of morbidity and public
health care burden10 generating more than 60% of non-
traumatic limb amputations and 27% of the $116 billion
diabetic health care costs in the United States.1,11,12

Despite improved treatments with new diabetic wound
therapies,13,14 healing rates are variable with frequent
recurrence15 exacerbated by loss of epidermal and
dermal architecture, which contributes to the risk of
lower-limb amputations.16,17 A critical gap is how to
determine which patients will benefit from revasculariza-
tion procedures and to delineate the optimal timing of
such interventions.
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Fig 1. Transdermal arterial gasotransmitter sensor (TAGS) approach for determining endothelial dysfunction.
Hydrogen sulfide (H2S) is a reactive thiol with reducing activities that is synthesized within the vasculature
primarily by cystathionine g-lyase (CSE). H2S can react with cysteine residues on multiple proteins through
sulfhydration, shown to modulate the function of multiple ion channels, structural proteins, and enzymes to
cause vasorelaxation within seconds, and its effects persist to angiogenesis within days of exposure to H2S,
illustrating how this molecule is critical to angiogenic pathways. Therefore, from the TAGS measurement point
of view, the twomechanisms giving rise to bioavailability of H2S within the dermal layer, as shown on the left, are
local production of H2S by the endothelial layer and delivery of systemic H2S to the measurement location. The
TAGS transdermal sampler placed on the surface of the skin collects and measures the portion reaching the
surface, proportional to the skin bioavailability (concentration) of H2S.
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Currently, the ABI/TBI18,19 represents the best, albeit in-
direct, measure of microcirculatory flow in a lower limb.
Unfortunately, tibial vessel calcification limits the useful-
ness of this approach in many individuals with chronic
diabetes.19 Transcutaneous oximetry is an alternative
noninvasive approach that is sensitive to microvascular
impairment, but is costly and cumbersome and there-
fore not widely used. The ideal clinical tool to determine
microvascular status would be a small, easy-to-use point-
of-care device that could be used outside of specialized
centers.20

Hydrogen sulfide (H2S), a gasotransmitter critical in car-
diovascular homeostasis, is produced in vascular endo-
thelial cells by cystathionine g-lyase21,22 where its ability
to stimulate angiogenesis and vasodilation enhances re-
covery from tissue ischemia,23,24 limb ischemia,25

myocardial ischemia,26 and cerebral artery occlusion.27

H2S stimulates angiogenesis, acts as an anticoagulant
and antiadhesive agent,28 inhibits inflammation and
apoptosis,29,30 and upregulates antioxidant pathways.31

Endothelial cells exposed to hyperglycemia have
decreased H2S production and bioavailability,32 and
both animal models of diabetes and human subjects
with diabetes33,34 have a demonstrable loss of H2S pro-
duction that may contribute to vascular dysfunction35

and poor wound healing. Indeed, low plasma levels of
H2S in hemodialysis patients correlate with accelerated
atherosclerosis,36 as well as vascular inflammation.37

H2S can pass through cellular membranes and freely
permeates through tissues38,39 enabling the noninvasive
measurement of transdermal H2S as an indicator of the
H2S generation within the skin microcirculation. Thus,
H2S transpiration from the skin is a potential direct
biomarker of skin microvascular function.40

The transdermal arterial gasotransmitter sensor (TAGS)
is a device that noninvasively measures transdermal
H2S levels via a sample chamber sealed to the skin to
collect and concentrate surface-emitted H2S. The
collected sample is routed through a uniquely devel-
oped sensor to measure trace levels of H2S as described
previously.41 The present study is the first to evaluate
transdermal H2Smeasurements as a biomarker of micro-
vascular disease using the TAGS device.
METHODS
The study protocols were approved by the UNM Health

Sciences Center institutional review board (HRRC: 19-153).
As depicted in Fig 1 and described in detail elsewhere,
gas samples are collected from the skin to measure
emitted H2S using the TAGS system.41 In addition, blood
and urine samples were collected to measure hemoglo-
bin A1c (HgbA1c), serum lipid profile, basic metabolic
indices, estimated glomerular filtration rate, and



Table I. Clinical characteristics of individuals in each of the three cohorts

Characteristic Non-DM DM (ePAD) DM (þPAD)

Male/female, n 6/9, 15 9/8, 17 7/5, 12

Age, years 40.3 6 45.5 44.1 6 8.1 64.6 6 13.2a,b

BMI, kg/m2 24.9 6 2.4 28.8 6 6.7a 26.7 6 6.0a,b

SBP, mm Hg 122.9 6 13.6 2 130.9 6 6.7a 138.8 6 13.4a,b

ASCVD risk score, %c 1.4 6 1.8 3.5 6 3.3 25.1 6 13.4a

DTAGS ratio (healthy e disease present) 0.20 6 0.37 0.37 6 0.34 0.24 6 0.18

HgbA1c, % 5.2 6 0.3 8.0 6 2.0a 9.5 6 2.1a

Total cholesterol, mg/dL 193.6 6 33.9 180.9 6 35.3 153.8 6 28.4

HDL, mg/dL 69.5 6 17.4 55.1 6 18.8 43.5 6 5.8a

LDL, mg/dL 106.7 6 29.0 100.7 6 32.1 75.8 6 24.4

Triglycerides, mg/dL 87.6 6 34.9 125.9 6 86.7 173.2 6 49.6a

Blood urea nitrogen, mg/dL 13.6 6 3.8 16.9 6 13.1 27.5 6 15.1a

Creatinine, mg/dL 0.9 6 0.2 0.9 6 0.4 1.8 6 1.5a,b

Fasting glucose, mg/dL 81.76 4.3 175.1 6 46.8a 169.5 6 61.0a

Urine creatinine, mg/dL 109.1 6 80.3 105.8 6 62.3 118.2 6 96.1

Urine ratio microalbumin/creatinine 3.8 6 3.7 54.3 6 121.8a e

ASCVD, Atherosclerotic cardiovascular disease; BMI, body mass index; DM, diabetes mellitus; HDL, high-density lipoprotein; HgbA1c, hemoglobin A1c;
LDL, low-density lipoprotein; PAD, peripheral artery disease; SBP, systolic blood pressure; TAGS, transdermal arterial gasotransmitter sensor.
Values are shown as mean 6 standard deviation.
aIndicates different from non-DM for P < .05, one-way analysis of variance with the post hoc Tukey test.
bIndicates different from DM (ePAD) for P < .05, one-way analysis of variance with the post hoc Tukey test.
cEstimate of the 10-year risk of developing coronary heart disease taking into account age, sex, total cholesterol, HDL cholesterol, blood pressure,
treatment for hypertension, and smoking. ASCVD values <7.5% are considered low risk.
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microalbuminuria to evaluate the severity of microvas-
cular disease.

Study subjects. Subjects were recruited in from three
groups: healthy control subjects without either DM or
PAD (healthy group), those with DM but without overt
clinical PAD (DM group), and those with both DM and
clinical severe PAD with CLTI (DMþPAD group). Subjects
were classified as diabetic by HgbA1c $6.5%.42 PAD and
CLTI were diagnosed as having the following: weak or
absent pulse at the ankle with tissue loss or foot wound
and/or nonhealing prior foot amputation site and ipsi-
lateral TBI less than 0.6. ABI and TBI were performed
clinically in an Intersocietal Accreditation Commision
Vascular Laboratory-accredited noninvasive clinical
vascular laboratory and abstracted from the medical
record for subjects with CLTI. Subjects recruited in the
control group were free from major comorbid conditions
including heart failure, cancer, renal failure, and pulmo-
nary hypertension (Table I). Written informed consent
was obtained from all participants.

Study design. Before H2S measurements and blood
draws for lipid panel and fasting glucose, participants
fasted overnight and arrived in the morning. Blood pres-
sure (BP) was measured following standard guidelines,
and the same BP device was used for all study partici-
pants.43 Briefly, BP was measured in both arms and
then repeated in the arm with the highest systolic BP.
Height, weight, and heart rate were also recorded. Blood
samples were collected to measure HgbA1c, lipids, and
for a basic blood metabolic panel. Urine was collected to
measure microalbuminuria and creatinine. All samples
were analyzed at a core clinical reference laboratory.
These values were used to determine an atherosclerotic
cardiovascular disease (ASCVD) risk score.43 The ASCVD
risk is an estimate of the 10-year risk of ASCVD, defined as
coronary death or nonfatal myocardial infarction and
fatal or nonfatal stroke.44 The variables used include
systolic BP, HDL cholesterol, total cholesterol, age, race,
sex, diabetes, hypertension treatment, and smoking sta-
tus. An ASCVD risk of $7.5% is considered high risk
(Table II).43

Participants were seated on an examination table and
allowed to reach a resting condition. Subsequently, skin
surface was cleaned with 70% isopropyl alcohol followed
by purified water and wiped dry with a clean cloth before
placement of the transdermal sampler. The samplers
were sealed to the arm with the highest systolic BP
reading and on the distal calf of each leg (3 sample sites
per person). A gas-tight seal was achieved using Eakin
cohesive as the interface to the skin. Each sampling
chamber remained in place for 10 minutes before gas
retrieval and measurement. Transdermal H2S is reported
as concentration within the sample chamber in parts-



Table II. Pearson correlation coefficient (r value) and level of significant relationship (P value) of toe brachial index (TBI)
values (left panel) vs transdermal arterial gasotransmitter sensor (TAGS) ratios (right panel) between six vascular health
biomarkers: age, hemoglobin A1c (HgbA1c), high-density lipoprotein (HDL), estimated glomerular filtration rate, systolic
blood pressure, and atherosclerotic cardiovascular disease (ASCVD) risk score

Toe brachial index TAGS ratio

Age, years P ¼ .6662
r ¼ �0.1028

P [ .0244
r ¼ �0.3554

HgbA1c, % P ¼ .5562
r ¼ �0.1399

P < .0001
r ¼ �0.5792

HDL, mg/dL P ¼ .5864
r ¼ �0.1965

P # .0001
r ¼ 0.7033

Estimated glomerular filtration rate P ¼ .6747
r ¼ �0.1000

P [ .0069
r ¼ 0.4307

Systolic blood pressure, mm Hg P ¼ .8899
r ¼ 0.0589

P [ .0040
r ¼ �0.5649

ASCVD risk score, % P ¼ .8700
r ¼ 0.0869

P [ .0026
r ¼ �0.6093

Data analyzed via linear regression analysis. There is a significant correlation between TAGS ratios and the five measured vascular health biomarkers
(P < .05, boldface).

4 Matheson et al Journal of Vascular Surgery Cases, Innovations and Techniques
June 2023
per-billion (ppb) and converted to skin emission rate in
fmol/cm2/min. The TAGS system was calibrated using a
linear standard curve created with multiple-point cali-
bration from 0 to 100 ppb at 10-ppb intervals. Calibration
gas mixtures were generated by diluting 10-ppm stock
H2S (balance N2 with a purity of 62%; CalGas Direct
Inc) with N2 gas.

Data analysis. Each leg was counted as a single data
point because disease can be bilateral or unilateral and
the test is to discriminate individual limbs with adequate
microcirculation from those with impaired microcircula-
tion. Data are presented as mean 6 standard deviation
(SD). Pearson correlation coefficients were estimated to
evaluate the strength of the linear relationships between
measured biomarkers and the ASCVD score with TBI or
with transdermal H2S readings. Differences in transdermal
H2Smeasurements among the three groups (non-DM, DM-
PAD, and DMþPAD) were analyzed using a one-way anal-
ysis of variance with the Tukey multiple comparison test.

RESULTS
Transdermal H2S measurements differentiate be-

tween groups. Transdermal H2S readings from the arm
were not significantly different between groups (Fig 2,
A), whereas transdermal leg H2S readings in DM þ PAD (8
subjects, 16 legs) were significantly lower than readings
from control (5 subjects, 10 legs; P < .0001; Fig 2, B).
Expressing transdermal H2S emissions as a ratio of leg to
arm (much like ABI) increased discrimination between
groups such that all groups were statistically distinct
from one another (Fig 3).
The receiver operating curve (ROC) analyses of the

leg:arm transdermal H2S ratio gave an area under the
curve (AUC) of 0.9336 (Fig 4). The Youden index was
maximized at 0.8125 for two separate cut-points.
Defining leg:arm transdermal H2S ratios of less than
0.695 as testing positive for PAD resulted in a sensitivity
of 81.25% (95% confidence interval [CI]: 54.3%-95.6%)
and a specificity of 100% (95% CI: 79.4%-100.0%).
Defining leg:arm transdermal H2S ratios of less than
0.735 as indicative of PAD gave a sensitivity of 87.5%
(95% CI: 61.6%-98.4%) and a specificity of 93.75% (95%
CI: 79.4%-100.0%).

Transdermal H2S measurements correlate with car-
diovascular risk whereas TBI does not. Pearson correla-
tion coefficients in Fig 5 show the plots of measured
blood biomarkers and ASCVD correlated with either TBI
(left panels) or H2S emission rate (right panels). TBI was
not significantly correlated with any clinical biomarker
including age, HgbA1c, HDL, estimated glomerular
filtration rate and systolic BP, and ASCVD risk score per-
centage. Transdermal H2S was significantly correlated
with all listed biomarkers with decreasing H2S predicting
increasing cardiovascular risk (P < .05).
DISCUSSION
Before these studies, experiments on healthy human

subjects were carried out to validate the TAGS reading
specificity for H2S measurement.45 In those experiments,
TAGS readings were compared with measurements
made with a commercial device that measures H2S at
low concentrations comparable to those measured
with TAGS. The Serinus 57 TRS device (ACOEM Ecotech)
thermocatalytically converts H2S to SO2 before chemilu-
minescent detection of SO2 and has a limit of detection
of less than 1 ppb. Although not suitable for clinical use,
our earlier studies demonstrated that the TAGS device
measurements have excellent correlation to those
made by the Serinus device (r ¼ 0.9359 and P < .0001).45



Fig 2. Transdermal hydrogen sulfide (H2S) levels (transdermal arterial gasotransmitter sensor [TAGS] readings)
in parts-per-billion (ppb) measured in the (A) arms and in the (B) leg in each group. Data analyzed using one-
way analysis of variance. Significant differences between the control group (non-diabetes mellitus [DM]) and
DM þ peripheral artery disease (PAD) for the leg measurements.

Fig 3. Transdermal arterial gasotransmitter sensor (TAGS)
ratios of the legs and arms across different vascular health
groups. Data analyzed via ordinary one-way analysis of
variance. Significant difference in ratios measured be-
tween the control group (non-diabetes mellitus [DM]) and
both DM groups (P < .0001 and P < .05) and between the
DM e peripheral artery disease (PAD) group and the DM þ
PAD group (P < .05).

Fig 4. Receiver operator characteristic curve illustrating
the ability of transdermal arterial gasotransmitter sensor
(TAGS) leg:arm ratios to discriminate between those with
and without detection of chronic limb-threatening
ischemia (CLTI) in the entire population of participants
tested. AUC, Area under the curve.
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Emissions of volatile organic compounds (VOCs) have
been used as disease biomarkers since the time of Hip-
pocrates, who taught that breath odor identifies liver
dysfunction.46 Indeed, approximately 1849 VOCs have
been identified in humans,47,48 500 of which are released
through the skin. Recent studies49 have mapped the
VOC profile of healthy human skin using whole body
gas samples (breath gas excluded) analyzed with a gas
chromatograph-mass spectrometery system. This study
identified 33 skin-emitted molecules including terpenes,
aldehydes, alcohols, heterocycles, ketones, and dimethyl
sulfide. However, no study to date has evaluated trans-
dermal H2S emission rates.
H2S is difficult to measure in living systems owing to its

volatile nature and the low concentrations of free H2S in
tissues due to protein binding, oxidation, metabolism,
and conversion to stable storage as polysulfides, so-
called sulfane sulfur.50 Current results describe, for the
first time, noninvasive measurement of transdermal H2S
emission rates in human subjects and differences in
emission rates between diabetic patients with and
without PAD. This corroborates prior studies in subjects
with diabetes showing positive correlations between
plasma levels of H2S measured using liquid chromatog-
raphy or methylene blue assays and endothelial function.
Importantly, these measurement techniques are difficult
to conduct and interpret51 due to nuances in published
methods and the invasive nature of sample collection.
The real-time transdermal measurement approach ad-
dresses many of the problems associated with
measuring H2S levels in blood samples, which need to
be stabilized for later analysis. Real-time measurement
prevents sample oxidation and loss to off-gassing, which
frequently gives falsely low results.



Fig 5. Comparison of the relationship of toe brachial index (TBI) values (left panels) vs transdermal arterial
gasotransmitter sensor (TAGS) ratios (right panels) between five vascular health biomarkers: (A) age, (B) he-
moglobin A1c (HgbA1c), (C) high-density lipoprotein (HDL), (D) estimated glomerular filtration rate (eGFR), and
(E) systolic blood pressure (SBP), and (F) atherosclerotic cardiovascular disease (ASCVD) risk score percentage.
Data analyzed via linear regression analysis. There is a significant correlation between TAGS ratios and the six
measured vascular health biomarkers (P < .05).
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The H2S measurements made with the TAGS device
address these prior issues by making readings transder-
mally and noninvasively. The current studies demon-
strate significant variability between subjects in
transdermal H2S transmission. We also observed that
there are no differences between the control and DM
groups in forearm measurements. In contrast, even
with the high variability, transdermal H2S emissions are
significantly lower in the legs of PAD patients with DM
compared with healthy controls. When the data are
expressed as a ratio of the lower limb to the upper
limb (leg:arm) to control for inherent variability between
subjects, differences are even more apparent. This cor-
roborates previous observations that vascular
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production52 and circulating levels53,54 of H2S are
decreased in diabetic subjects. In addition, this supports
prior evidence that small arteries generate more H2S
compared with large arteries.54-56 Indeed, it is tempting,
based on these results, to speculate that differences in
H2S production in the lower limb skin circulation may
contribute to lower limb sequelae in patients with PAD
and DM. Indeed, the loss of microvascular production
of H2S may explain some of the poor correlations be-
tween the duration of diabetes and the development
of nonhealing ulcers and PAD.57

The ROC analysis of the leg:arm transdermal H2S ratio
resulted in an AUC estimate of 0.9336, suggesting that
this ratio differentiates a leg with limb-threatening PAD
from a leg with non-limb-threatening PAD with a proba-
bility greater than 90%. The candidate cut-points provide
estimates of sensitivity and specificity that suggest that
this ratio has excellent potential to correctly classify
limb risk according to PAD status. These results were
derived from a study with a relatively small sample size;
a larger study would improve the estimate of AUC and
provide refined cut-points that increase assessments of
sensitivity and specificity. Because early diagnosis of
CLTI increases the opportunity to mitigate disease and
wound progression, transdermal H2S readings have the
potential to impact the significant socioeconomic bur-
dens of CLTI and downstream complications. Further-
more, lower limb ulceration complications, which
include chronic immobility and amputation, are more
effectively prevented by early detection, thereby allowing
earlier intervention.58-60 Therefore, efficient early diag-
nosis of impaired skin microcirculation is a major gap
in effective medical management of diabetes that may
be bridged by the use of the TAGS diagnostic technique.
Although chronic diabetic foot ulcers are known to be

associated with recurrent vascular endothelial dam-
age,8,61,62 detecting this disease at an early stage has
proved challenging. Potential PAD biomarkers including
plasma sortilin and omentin-1 in subjects with diabetes
have long been investigated.63 However, discordant ob-
servations raise questions on the biomarkers to diagnose
PAD. In addition, all blood-borne markers require phle-
botomy and laboratory analysis and cannot determine
that changes are unique to individual extremities.
An alternative noninvasive method for evaluating

microvascular function in the forearm is reactive hyper-
emia index (RHI) measured by pulse amplitude tonom-
etry. A recent study measuring RHI in groups similar to
the current study observed that patients with diabetes
have a lower RHI compared with both healthy subjects
and patients with diabetes and nomicrovascular compli-
cations.64,65 Similar to our study, endothelial dysfunction
evaluated by RHI indicates that skin endothelial dysfunc-
tion correlates with the severity of PAD. This supports the
current results that suggest that skin microvascular dam-
age correlates with the severity of diabetic foot disease.
However, we observed that the TAGS ratios were much
more sensitive, with an impressive ROC for differentiating
severe disease from both healthy controls and subjects
with diabetes without severe disease. Thus, evaluating
skin microcirculatory function appears to be an effective
measure of skin healing capacity. In addition, TAGS mea-
surements are more effective than current clinical stan-
dards and other novel approaches such as laser speckle
contrast imaging.66 TAGS leg:arm ratios in this study
were able to identify high-risk presymptomatic diabetic
PAD patients those with more severe disease (Fig 3). In
addition, TAGS ratios strongly correlate with numerous
risk factors for microvascular disease, supporting the
contention that lower leg readings are caused by dimin-
ished local vascular endothelial health.
In addition to providing a strong correlation between

transdermal H2S emissions and nonhealing diabetic
foot ulcers, the results of this study support the hypothe-
sis that decreased H2S levels contribute to decreased
wound healing in diabetic patients. This relationship is
suggested by the known proangiogenic properties of
H2S,

27,67-70 described antioxidant properties,33,71-73 H2S
inhibition of platelet aggregation, and H2S-induced vaso-
dilation.33,54,56 Thus, the loss of H2S in diabetes53,74,75 may
contribute to and serve as a marker for diminished
microvascular function and wound healing.
Studies in cultured endothelial cells show that hyper-

glycemia directly decreases both cystathionine g-lyase
expression and H2S production,52 suggesting that the
control of diabetes has an impact on microcirculatory
function. In addition, H2S appears to increase insulin pro-
duction76,77 and may also increase sensitivity to insulin,77

although other studies have suggested that this relation-
ship is more complex.78 Additional studies are needed to
delineate the molecular signaling pathways that regu-
late the role of H2S in the pathophysiology of diabetic
wound healing and PAD and determine if the microcir-
culation of the skin in the lower limb is more susceptible
to damage than the skin in the arm. It is clear that H2S
plays a critical role in vascular health, but many questions
also remain.

CONCLUSIONS
The data presented in this paper provide evidence of

the association between microvascular health and trans-
dermal H2S emission rate. Although further clinical
studies are needed to characterize larger populations,
our results indicate that limbs affected by CLTI can be
differentiated from asymptomatic nondiabetic or dia-
betic limbs without severe PAD with an accuracy of
approximately 88%. Compared with TBI, TAGS demon-
strated better detection accuracy in identifying tissue
loss-afflicted limbs from asymptomatic limbs.
These findings demonstrate that the TAGS ratio is a

novel and sensitive indicator of impaired healing capac-
ity in diabetic patients. We anticipate that TAGS
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addresses an urgent clinical need inherent in using ABI
as a diagnostic modality due to the severe limitation of
incompressible tibial vessels often present in advanced
diabetes. Although TBI and Doppler waveform analysis
can be used as surrogates to quantify distal limb perfu-
sion, these are unfortunately imperfect measures as
many patients with advanced diabetic-related CLTI
frequently have some degree of digital vessel calcifica-
tion, leading to inaccuracies in toe pressure. In addition,
the prognostic value of toe pressure alone in predicting
limb outcomes and need for (or response to) revascular-
ization is not well established. In many other cases, TBI is
rendered impossible by the presence of either great toe
amputation or transmetatarsal amputation. TAGS pro-
vides a direct assessment of microvascular status and is
not affected by the presence of amputation or macrovas-
cular vessel incompressibility. Ultimately, TAGS may be
used as a point-of-care diagnostic that provides a quali-
tative measure that can be used in every subject to
screen for impaired microvascular function and as a
follow-up tool to evaluate the efficacy of revasculariza-
tion procedures.

Limitations. One limitation of this study is that fewer
TBI measurements were available to calculate correla-
tions as only subjects with severe PAD with CLTI under-
went vascular laboratory testing. Although it can be
inferred that subjects recruited into the healthy control
group presumably had normal macrovascular flow to
the lower limbs, the lack of available noninvasive testing
prevents complete assurance of this.
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