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The application of infrared thermography in
evaluation of patients at high risk for lower
extremity peripheral arterial disease
Chi-Lun Huang, MD,a,b Yen-Wen Wu, MD, PhD,b,c,d Chueh-Lung Hwang, BS,e Yuh-Shiun Jong, MD,a

Chia-Lun Chao, MD, PhD,b Wen-Jone Chen, MD, PhD,b Ying-Tai Wu, PhD,e,f and
Wei-Shiung Yang, MD, PhD,b,g Taoyuan, Taipei, and Hsin-Chu, Taiwan

Objective: We investigated the usefulness of infrared thermography in evaluating patients at high risk for lower extremity
peripheral arterial disease (PAD), including severity, functional capacity, and quality of life.
Methods: A total of 51 patients (23 males; age 70 � 9.8 years) were recruited. They completed three PAD-associated
questionnaires, including walking impairment, vascular quality of life, and 7-day physical activity recall questionnaires
before a 6-minute walking test (6MWT). Ankle-brachial index (ABI) and segmental pressure were analyzed for PAD
diagnosis and stenotic level assessment. The cutaneous temperature at shin and sole were recorded by infrared
thermography before and after the walk test. Detailed demographic information and medication list were obtained.
Results: Twenty-eight subjects had abnormal ABI (ABI <1), while PAD was diagnosed in 20. No subjects had
non-compressible artery (ABI >1.3). Demographic profiles and clinical parameters in PAD and non-PAD patients were
similar, except for age, smoking history, and hyperlipidemia. PAD patients walked shorter distances (356 � 102 m vs
218 � 92 m; P < .001). Claudication occurred in 14 patients, while seven failed in completing the 6MWT. The rest
temperatures were similar in PAD and non-PAD patients. However, the post-exercise temperature dropped in the lower
extremities with arterial stenosis, but was maintained or elevated slightly in the extremities with patent arteries
(temperature changes at sole in PAD vs non-PAD patients: �1.25 vs �0.15°C; P < .001). The exercise-induced
temperature changes at the sole were not only positively correlated with the 6MWD (Spearman correlation coefficient �
0.31, P � .03), but was also correlated with ABI (Spearman correlation coefficient � 0.48, P < .001) and 7-day physical
activity recall scores (Spearman correlation coefficient � 0.30, P � .033).
Conclusion: By detecting cutaneous temperature changes in the lower extremities, infrared thermography offers another

provided by Elsevier - Pu
non-invasive, contrast-free option in PAD evaluation and functional assessment. (J Vasc Surg 2011;54:1074-80.)
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Peripheral arterial disease (PAD) of the lower extremi-
ties is highly prevalent. It is estimated to affect between
4.5% and 29% worldwide and more than 20% of those over
75 years of age.1 PAD significantly impairs functional ca-
pacity and life quality and is an indicator of future cerebro-
vascular and cardiovascular events.2 Diabetes mellitus
(DM) and smoking are the major risk factors for symptom-
atic PAD. Other risk factors include old age, male gender,
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yslipidemia, hypertension, hyperhomocyteinemia, and re-
al insufficiency.3 When these risk factors coexist, the risk
f PAD increases several-fold. However, PAD is frequently
verlooked and not appropriately treated.4 Several tech-
iques are currently being used to screen lower extremity
AD. These include ankle-brachial index (ABI), segmental

imb pressure, toe pressure, and Duplex ultrasound. Com-
uted tomography angiography, magnetic resonance an-
iography, and digital subtraction angiography are usually
eft for diagnosis confirmation, severity assessment, ana-
omical evaluation, and treatment planning.

The correlation between body temperature and various
iseases has been known for centuries. Because of the
dvent of new technologies, skin temperature measure-
ent has been used as a convenient and effective diagnostic

ool.5 The first documented application of thermography
as for early preclinical diagnosis of breast cancer in 1956.6

nfrared thermography has the advantages of being non-
nvasive, fast, reliable, non-contact, and capable of produc-
ng multiple recordings at short time intervals; further-

ore, it is safe for patients and doctors. It has recently been
sed for breast cancer detection, osteoarthritis diagnosis,
nd pain evaluation.7 Because vascular integrity and func-
ion are the major determinants of cutaneous temperature,
everal studies have investigated its application in the diag-

osis of diabetic foot,8 detection of peripheral vascular
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disease,9 and assessment of Raynaud’s phenomenon,10 al-
though all were limited to case reports.

The aim of this study was to investigate the correlation
between cutaneous temperature detected by infrared ther-
mography and well-known lower extremity PAD parame-
ters, including ABI, 6-minute walk distance (6MWD), and
PAD-associated questionnaire scores. We hypothesized
that impairment of blood flow and vasodilatory capacity in
stenotic peripheral arteries would influence the cutaneous
temperature during exercise, and the extent of temperature
changes probably correlated to the PAD severity, func-
tional impairment, and life quality.

METHODS

Patient population. Subjects at high risk for lower
extremity PAD, defined as those with documented athero-
sclerotic disease, adults older than 70 years of age, or adults
older than 50 years of age with diabetes or tobacco use,11

were recruited from cardiovascular clinics. Patients with
end-stage renal disease (ESRD) were also enrolled. Patients
with advanced heart failure (New York Heart Association
[NYHA] functional classes III and IV), pregnancy, recent
myocardial infarction, unstable angina, or inability to walk
because of cerebrovascular disease or critical limb ischemia
were excluded. The study was approved by the local re-
search ethics committee, and all participants gave written,
informed consent. All demographic information, including
height, weight, waist measurement, cardiovascular risk fac-
tors, comorbid conditions, claudication history, and a list of
current medications were obtained before examination.
Subjects with systolic blood pressure �140 mm Hg and/or
diastolic blood pressure �90 mm Hg, as well as those
receiving antihypertensive agents, were considered hyper-
tensive. Prevalent DM was defined as a fasting glucose of
�6.99 mmol/L, and/or a history of DM with manage-
ment. Patients with cholesterol levels �5.17 mmol/L or
low-density lipoprotein cholesterol levels �3.36 mmol/L
or those receiving lipid-lowering agents were defined as
hyperlipidemic. Coronary artery disease was defined by a
history of myocardial infarction or coronary intervention,
or stable angina with demonstrable ischemia on exercise
testing or perfusion scintigraphy. Cerebrovascular disease
was defined by a history of ischemic stroke or transient
ischemic attack, or by ultrasonographic evidence of carotid
atherosclerosis (�50% stenosis of one or more carotid
segments).

Questionnaire assessment. All participants comple-
ted three questionnaires before the walk test. The Walking
Impairment Questionnaire (WIQ) includes a self-reported
ambulatory ability evaluation using a validated question-
naire for PAD patients that assesses the ability to walk at
various speeds and distances and to climb stairs.12 The
7-day Physical Activity Recall (7D-PAR) Questionnaire
consists of eight items that estimate the time spent perform-
ing physical activities (moderate to vigorous) and inactiv-
ity.13 The Vascular Quality of Life (VASQoL) Question-
naire, a 25-item instrument, quantifies pain, symptoms,

activities, and social and emotional aspects of PAD.14 All t
hree questionnaires have been well validated and exten-
ively used in PAD evaluation.

Ankle-brachial index and segmental blood pressure
easurement. ABI and segmental blood pressure were
easured using the Nicolet VasoGuard (Nicolet Vascular

nc, Madison, Wisc), a device that allows simultaneous
ystolic blood pressure measurements from upper and
ower extremities, including four cuffs at thigh, above-
nee, below knee, and ankle, by means of photoplethys-
ography. Measurements were carried out in optimal con-
itions (supine position, room temperature, after resting
or 10 minutes) by trained vascular nurses. The brachial
rtery pressure in ESRD patients was taken from the side
ithout an arteriovenous shunt/fistula. Smoking and alco-
ol ingestion were forbidden before testing. Subjects with
n ABI of �0.9 on either side were considered to have
ower extremity PAD, and the lower ABI value was used for
urther statistical analysis. A significant drop in segmental
ressures (�20 mm Hg) between two adjacent cuffs indi-
ates a narrowing of the artery in this portion of the leg.

Six-minute walk test. Each subject was instructed to
alk as far as possible during a 6-minute period over a
0-meter course in an indoor hospital corridor. The course
as identified by two traffic cones, and the corridor was
arked every 3 meters according to American Thoracic

ociety standards.15 Instructions and verbal encourage-
ent given to the subjects were standardized. Encourage-
ent was given every minute during the test until subject

xhaustion. The end of the test was determined either by
he subject, for any reason, or by the physical therapist
onducting the test. Chest pain, intolerable dyspnea, diz-
iness, leg cramps, diaphoresis, and pallor were additional
riteria for immediately stopping the test. Before and after
ach test, the following data were obtained: pulse rate,
espiratory rate, and blood pressure. The overall distance
alked within 6 minutes was recorded as 6MWD. The
redicted 6MWD was estimated by body height, weight,
nd age.16 The percentage of 6-minute walk distance
% 6MWD) was calculated as the absolute 6MWD divided
y the predicted 6MWD.

Infrared thermography. Infrared thermography was
erformed at rest and after the 6MWT. The subjects were
llowed to rest in a room where relative humidity and room
emperature were controlled at 24°C (to equilibrate body
emperature with ambient temperature). No body parts of
he patient were near to or in contact with any hot or cold
ources. The patients were kept away from air convection
ources. These precautions were taken to minimize the
ariables that might influence temperature measurement.
he local temperature of both shins and soles were mea-

ured by a digital infrared thermal image system (Spectrum
000-MB Series; United Integrated Service Co. Ltd,
aipei Hsien, Taiwan) with a temperature resolution of
.05 K.

The infrared thermal camera was positioned 1 meter
way from the examination table, and a reference black
late that reflected the room temperature was placed beside

he feet. The thermo-images were recorded before, imme-
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diately after, and 1 minute after exercise to record the trend
of temperature changes. A high-resolution color image,
which could be viewed on a miniature screen, was provided
in real time. The surface temperature profiles were recorded
automatically and analyzed later by the software. Using the
spot meter, area, and profiling tools, the changes in tem-
perature in the region of interest were determined (Fig 1).
The exercise-induced temperature change (eTC) was
defined as the post-exercise temperature minus the pre-
exercise temperature. The post-exercise temperature recov-
ery was defined as the temperature 1 minute after exercise
minus the post-exercise temperature. Data from the ex-
tremity with lower ABI were used for further analysis.

Statistical analysis. Continuous data are expressed as
mean � SD. Categorical data are presented as frequencies.
Group comparisons were performed by the Mann-Whitney
two-sample rank sum test for continuous and categorical
variables. Cutaneous temperature differences before and
after 6MWT were analyzed by the Wilcoxon signed-rank
test. Univariable relationships between cutaneous temper-
ature, exercise-induced temperature change, clinical vari-
ables, ABI, 6MWD, and PAD-associated questionnaire
scores were assessed with Spearman’s rank correlation.
Analyses were performed using Stata statistical software
(release 10.0; Stata Corp., College Station, Tex). All statis-

Fig 1. Infrared theromoimages before and after 6-min
(PAD) (A, B) and non-PAD patients (C, D).
tical tests were two-sided. Differences were considered to d
e statistically significant when a P value of �.05 was
btained.

ESULTS

A total of 51 high-risk subjects were enrolled in this
ingle-center trial. Twenty-eight subjects had abnormal
BI (ABI �1), while PAD was diagnosed in 20. No

ubjects had non-compressible arteries (ABI �1.3). Demo-
raphic profiles and clinical parameters are shown in Table
. PAD patients were older and more likely to have history
f smoking but less likely to have hyperlipidemia. The
elatively low hemoglobin levels were related to ESRD
atient recruitment (30%). Aspirin and/or clopidogrel
ere administered to 32 patients, and beta-blockers were

dministered to 23 patients (45% in each group). In seg-
ental pressure analysis, most PAD patients had multi-

egment arterial stenosis, usually at the levels of popliteal
rtery and tibial artery. In-flow disease was diagnosed in five
atients. In the 6MWT, PAD patients walked shorter dis-
ances (218 � 92 m vs 356 � 102 m; P � .001). After
djusting the predicted 6MWD, the % 6MWD was still
ower in PAD patients (50.3% vs 73.4%; P � .001). Clau-
ication occurred in 14 patients, while seven failed to
omplete the 6MWT.

The rest temperature at the shin and sole was not

walk test in lower extremity peripheral arterial disease
ute
ifferent between PAD and non-PAD group patients (Ta-
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ble II). After a 6-minute walk, the cutaneous temperature
elevated slightly in non-PAD patients (from 32.6°C to
32.9°C; P � .001). However, the temperature did not
elevate in PAD patients; the sole temperature actually low-
ered dramatically (from 31.0°C to 29.7°C; P � .001). The
eTC at the sole was quite different between the two groups
(PAD vs non-PAD patients: �1.25°C vs �0.15°C; P �
.001). In other words, the post-exercise temperature
dropped in the lower extremities with arterial stenosis, but
was maintained or elevated slightly in the extremities with
patent arteries. The eTC at the sole was not only positively
correlated with the 6MWD (Spearman correlation coeffi-
cient � 0.31, P � .03, 95% confidence interval [CI],
.07-.55), but was also correlated with ABI, an indicator of
PAD severity (Spearman correlation coefficient � 0.48,
P � .001, 95% CI, 0.21-0.70). The receiver-operator char-
acteristic (ROC) curve revealed that the ideal cut-off point
for PAD screening was �0.99°C for eTC (Fig 2), a value
that would optimize the relationship between subjects with
positive and false-positive results. The eTC of �0.99°C

Table I. Demographic and clinical characteristics of the pa

PA

Age (years) 7
Male 4
Body mass index (kg/m2) 2
Hypertension 7
Diabetes 8
Hyperlipidemia 3
Coronary artery disease 6
End-stage renal disease 4
Old myocardial infarction 3
Cerebral vascular accident 1
Smoking 4
Low-density lipoprotein cholesterol (mg/dL) 10
High-density lipoprotein cholesterol (mg/dL) 4
Hemoglobin (g/dL) 1
Hemoglobin A1c (%)
Antiplatelet agents 5
Beta-blockers 4

PAD, Peripheral artery disease.
aP �.05.

Table II. Cutaneous temperature before exercise, changes
non-PAD patients

PAD

Rest temperature (°C)
Shin 32.6
Sole 31.0

Exercise-induced temperature change (°C)
Shin �0.01
Sole �1.25

Temperature recovery (°C)
Shin �0.05
Sole �0.02

PAD, Peripheral artery disease.
aP �.05.
showed 81.7% sensitivity and 65.0% specificity. Current d
edications and underlying comorbidities did not associate
ith rest temperature and eTC. The pattern of postexercise

emperature recovery did not differ between the two
roups.

The functional capacity, walking impairment and life
uality were measured by three PAD-associated question-
aires. PAD patients had more severe walking impairments,

ower vascular qualities of life, and fewer daily physical
ctivities, according to questionnaire results (Table III).
BI was also positively correlated with the 6MWD and all

hree PAD-associated questionnaire scores, while eTC was
orrelated with 7D-PAR scores (Table IV).

ISCUSSION

To the best of our knowledge, this is the first study to
valuate the application of infrared thermography for high-
isk PAD group evaluation. Analysis of the cutaneous tem-
erature changes before and after exercise and their rela-
ionship to PAD is also a novel approach. In this study, we

pants (n � 51)

� 20) Non-PAD (n � 31) P value

10.6 68.2 � 8.9 .04a

9) 45% (14) .99
4.10 25.4 � 3.58 .06

14) 87% (27) .14
16) 65% (20) .24
7) 65% (20) .04a

13) 48% (15) .25
8) 23% (7) .19
7) 23% (7) .34
2) 6% (2) .65
9) 19% (6) .04a

31.2 113.8 � 36.5 .36
9.3 41.4 � 14.1 .93
1.68 11.0 � 1.57 .57
1.8 7.3 � 1.4 .34

10) 71% (22) .13
9) 45% (14) .99

ing exercise, and recovery after exercise in PAD and

20) Non-PAD (n � 31) P value

.86 32.6 � 0.91 .81

.75 30.4 � 2.37 .30

.89 0.32 � 0.52 .16

.58 �0.15 � 1.31 �.001a

.20 0.01 � 0.16 .38

.26 0.02 � 0.30 .78
rtici

D (n

2.9 �
5% (

3.9 �
0% (
0% (
5% (
5% (
0% (
5% (
0% (
5% (

8.7 �
2.1 �
0.6 �
8.0 �
0% (
5% (
dur

(n �

� 0
� 1

� 0
� 1

� 0
� 0
emonstrated that exercise-induced temperature changes
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were correlated with PAD severity (ABI), walking capacity
(6MWD), and physical activity (7D-PAR scores).

ABI, defined as the ratio of systolic pressures in the
lower and upper extremities, is a widely accepted, simple,
non-invasive diagnostic test. The ABI generally is 1.0 to
1.29, and an ABI �0.9 is used to diagnose PAD in the
clinical setting.17,18 Well validated by angiography find-
ings, ABI was found to be 90% sensitive and almost 95%
specific for PAD.19 According to guidelines, it is recom-
mended to obtain the ABI early in patients with exercise leg
symptoms or nonhealing wounds and in those who are
asymptomatic but in the high-risk category.11 However,
the utility of ABI is limited in the presence of calcified
non-compressible vessels, which are common in patients
with diabetes and renal failure. Because it is an indirect
examination, the exact stenotic location, number, and na-
ture of lesions are also unknown.

Infrared thermal imaging has been used to study blood
flow, detect breast cancer and muscular performance,20 and
quantify sensitive changes in skin temperature in relation to
disease.7 Compared with other conventional devices, the
major advantage of infrared thermography is its ability to
instantaneously measure the absolute temperature of the
skin surface over a large area without direct contact with
the skin. The relationship between blood flow and sur-
face temperature was identified in 1993.21 Based on one-
dimensional simplification of the heat transfer from arteri-
oles to the dermis, the dermis to the epidermis, and the
epidermis to the surroundings, a linear relationship be-
tween blood flow and surface temperature may be demon-
strated with a physical model. Because the temperature of
extremities is largely dependent on peripheral blood flow
vessels, this imaging tool is useful in vascular diseases.22

However, we did not find significant differences in rest
temperature between PAD and non-PAD patients. Simi-
larly, different stenotic levels did not result in different
temperature gradients between the shin and sole in PAD

Fig 2. The receiver-operator characteristic (ROC) curve of
exercise-induced temperature change (eTC) for the identifica-
tion of peripheral arterial disease (PAD) in high-risk subjects.
patients. Bagavathiappan et al9 reported that temperature a
radients are observed in the affected regions of patients
ith vascular disorders and ischemic gangrene. The tem-
erature in the affected regions was 0.7°C to 1°C above
hat in the normal regions because of slow blood circula-
ion. However, owing to the mixed arterial and venous
ascular diseases in that study, the rest temperature gradi-
nt needed further investigation in pure arterial occlusive
atients. Because most varicose veins occur in the calf, we
ocused on the temperature changes in the sole in our
tudy.

Dynamic analysis has previously been used in vascular
unctional studies. One example is post-exercise ABI mea-
urement, which enhances the sensitivity of PAD detec-
ion.23 Like perfusion scintigraphy used in ischemic cardio-
yopathy detection, the temperature of the skin area

upplied by stenotic arteries might elevate to a lesser extent
r even decrease during exercise, as we proposed before
xamination. The severity of stenosis, vasodilatory capacity,
ndothelial function, and autonomic activity may all con-
ribute to the eTC. The development of collateral circula-
ion also could affect and even reverse the temperature
hanges. The underlying disease (DM and ESRD) and
edication (statins, beta-blockers, and calcium channel
lockers) were known to affect endothelial function and
asodilatory capacity. Nevertheless, they were not indepen-
ent predictors of eTC in the current study. Further large-
cale, prospective study designs may be needed to confirm
hese results.

Several studies have investigated the correlation be-
ween serum biomarkers, comorbidity, and limb hemody-
amics with walking distance, physical function, and quality
f life. Our study demonstrated that ABI, eTC, hyperten-
ion, and ESRD are the most predictive of 6MWD. Gard-
er24 found that PAD patients with more metabolic
yndrome components had worsened intermittent claudi-
ation, physical function, health-related quality of life, and
eripheral circulation. Serum biomarkers, including D-
imer, C-reactive protein (CRP), interleukin-6 (IL-6),
oluble vascular cellular adhesion molecule-1 (sVCAM-
), soluble intracellular adhesion molecule-1 (sICAM-
), and homocysteine were associated with lower ex-
remity performance as assessed by the 6MWT.25 In our
tudy, we found that high-sensitivity CRP negatively
orrelated with 7D-PAR scores, but not 6MWD results
data not shown).

There were several limitations in our study. The lack of
ngiography to confirm stenotic severity, stenotic level, and
ollateral circulation was a major limitation. Thereafter, we
ould not determine whether a different stenotic pattern or
ollateral circulation could influence the dynamic temper-
ture changes. Although all subjects had ABI �1.3, the
ccurrence of non-compressible vessels still could not be
uled out, especially in patients with ESRD. Because ABI is
ormal in subjects with isolated pedal arch stenosis, these
atients could be misclassified to non-PAD group. Al-
hough we encouraged all subjects to exercise with shorts

nd sports shoes, different clothing/shoes materials and
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incidental floor contact all possibly interfered with the
extent of the temperature changes.

CONCLUSION

By detecting cutaneous temperature changes in the
lower extremities, infrared thermography offers another
non-invasive, contrast-free option in PAD evaluation and
functional assessment. Undeniably, ABI is still the most
reliable and convenient parameter in the meantime. We
look forward to the potential role of infrared thermography
in PAD treatment assessment and outcome prediction,
although further comprehensive study is needed.
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