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Abstract

Objective:
Infrared (IR) thermography has been used as a complementary diagnostic method in several pathologies, 
including distal diabetic neuropathy, by tests that induce thermoregulatory responses, but nothing is known 
about the repeatability of these tests. This study aimed to assess the repeatability of the rewarming index in 
subjects with type 2 diabetes mellitus (T2DM) and nondiabetic control subjects.

Methods:
Using an IR camera, plantar IR images were collected at baseline (pre-) and 10 min after (post-) cold stress 
testing on two different days with 7 days interval. Plantar absolute average temperatures pre- and post-cold 
stress testing, the difference between them (ΔT), and the rewarming index were obtained and compared 
between days. Repeatability of the rewarming index after the cold stress test was assessed by Bland–Altman 
plot limits of agreement.

Results:
Ten T2DM subjects and ten nondiabetic subjects had both feet analyzed. Mean age did not differ between 
groups (p = .080). Absolute average temperatures of plantar region pre- (p = .033) and post-cold stress test  
(p = .019) differed between days in nondiabetic subjects, whereas they did not differ in T2DM subjects (pretest, 
p = .329; post-test, p = .540). ΔT and rewarming index did not differ between days for both groups, and the 
rewarming index presented a 100% agreement of day-to-day measurements from T2DM subjects and 95% with 
nondiabetic subjects.

Conclusions:
The rewarming index after cold stress testing presented good repeatability between two days a week in both 
groups. Despite T2DM subjects presenting no differences on absolute temperature values between days, ΔT 
or rewarming index after cold stress testing remain recommended beside absolute temperature values for  
clinical use.
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Introduction

Thermal infrared (IR) imaging cameras have been increasingly used in clinical situations for accurate and objective 
thermal mapping of the human body, particularly as a complementary, noninvasive, nonradioactive diagnostic method.1–5

In clinical diagnostics, IR imaging is used as a physiological test that measures the subtle physiological changes that 
might have been caused by many conditions, including diabetes mellitus and associated pathology.1,2,6,7 In the case of 
foot temperature imaging by IR radiation in diabetes patients with neuropathy, important parameters such as mean 
foot temperature, temperature difference (∆T), and recovery index after cold stress testing can be used for neuropathy 
screening.5,7,8 However, few of them report the repeatability of thermal imaging in healthy subjects with different 
pathologies or in diabetes patients.2,9–12 

Thermoregulation of the skin is coordinated and regulated by the neurovegetative nervous system through central 
and peripheral vasomotor activity. The skin temperature recorded and measured by the IR camera is more stable in 
the trunk, but in the extremities, the variation is great and seems to depend on several endogenous factors such as 
the activity of the neurovegetative sympathetic nervous system as well as on the environmental temperature.1,2,13,14 

The significance of thermography’s diagnostic is based on the contralateral ΔT because it is believed to indicate a 
dysfunction of the sympathetic nerves.1 In normal, healthy conditions, this system is anatomically and physiologically 
symmetrical, but in diabetic autonomic neuropathy, abnormalities of sweating, increased or decreased foot skin 
temperature, and absent or diminished vasomotor function has been described as typical features of this condition. 
This mechanism seems to be an interaction between microcirculation damage (functional or structural) and autonomic 
neuropathy.1,2,13,15–17

Peripheral neurovegetative sympathetic nerve degeneration in advanced neuropathy would damage neurogenic 
control mechanisms that regulate capillary and arteriovenous (AV) shunt flow, leading to an increase in the AV shunt 
in a diabetic neuropathic foot.1,2,13,15–18 Surface plantar foot skin contains a large number of AV anastomoses or AV 
shunts, which are highly innervated structures involved in thermoregulatory processes. In humans, cutaneous blood 
vessels are controlled by both neurogenic reflexes and local factors; the regulation of blood flow to the skin is complex, 
involving long descending neurovegetative fibers that mediate central reflex control of vascular tone, short reflex arcs 
through the spinal cord, and local reflexes within the skin. Arteriovenous shunts provide a potential low-resistance 
pathway by which blood flow can be diverted from the arteriolar to venular circulations, bypassing the capillary bed. 
These AV shunts are maintained in the constricted state by neurovegetative sympathetic tone. Loss of this tone due 
to sympathetic neuropathy results in opening of the shunt and deviating blood flow from the skin.15,19–22 Cutaneous 
sensory nerve-mediated vasodilation is an important component of normal microvascular responsiveness to thermal 
and nonthermal stimuli. It is known that both neural and microvascular function can be impaired in type 2 diabetes 
mellitus when there is neuropathy.23 

Plantar thermography has been used as a complementary diagnostic method for various clinical entities, including 
distal diabetic neuropathy.5,8,17,20,21,24 Thermometry of the plantar skin temperature constitutes an important parameter 
for assessing the risk of ulceration in diabetes patients by the presence of either inflammation or neuropathy.25 At 
IR thermographic diabetes evaluation, it is useful to apply provocative tests to the peripheral circulation and skin 
area of interest.5,6,24,26 The most used test is the cold stress test, in which the dorsal surface of the hands or plantar 
feet is covered with thin plastic and immerged in cold water for 1 min or longer. Basal and 10 min post-cooling 
immersion IR images are recorded, and a rewarming index is calculated. Rapid rewarming or recovery in a time 
such as 10 min post-cooling by immersion usually indicates a normal response. A delayed and prolonged recovery, 
with fingers colder than before immersion, may be typical of vascular pathologies or neuropathy. Besides, some may 
produce overspill of recovery, reactive hyperemia, where fingers become hotter for a time than the rest of the hand or 
foot. The advantage of IR imaging is that this test can be graded for severity by quantification, and the effects of any 
prescribed medication to improve the symptoms can be measured.6,24
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Although there is considerable evidence for clinical IR applications,1,2,6 according to some authors, thermography is not 
a reliable diagnostic tool because of the low stability of the skin temperature day-to-day. These opinions are restricting 
the recommended use of thermography to research purposes.3,9,11,26–29 These controversial findings can be attributed to the 
dynamic characteristics of skin temperature regulation,1,29 which, in fact, may reflect adaptive physiological changes.

Considering this, the objective of this research was to compare the measures of plantar temperatures between days 
and to assess the repeatability of the plantar rewarming index after cold stress testing on two different days, in two 
groups of subjects: diabetic and nondiabetic.

Methods
This study was performed in 2011, over four consecutive months. The principles of the Declaration of Helsinki30 
were applied, and all patients gave written informed consent to participate. The study was approved by the Ethics 
Committee of the Hospital de Clinicas de Porto Alegre, Rio Grande do Sul, Brazil, in decision number 09-446,  
January 2010.

Subject Selection
Ten diabetes subjects with a confirmed diagnosis of type 2 diabetes mellitus, by referred physicians collaborating in the 
research, following the American Diabetes Association30 criteria, were assigned from the Department of Endocrinology 
of the Hospital de Clinicas de Porto Alegre, Rio Grande do Sul, Brazil. Ten nondiabetic subjects were recruited as 
healthy control subjects following a call for volunteers made among graduate students and professors at Federal 
University of Rio Grande do Sul who had a normal test for fasting glucose in the past 3 months. Inclusion criteria 
for T2DM and nondiabetic subjects were31 age between 29 and 69 years, both genders, and absence of neuropathy at 
a clinical assessment with the Michigan Neuropathy Screening Instrument (MNSI): plantar aspect of the hallux with 
preserved Semmes–Weinstein 5.07 (10 g) monofilament sensibility; preserved 128 Hz vibratory sensibility at the top 
of the first foot phalange; positive Achilles tendon reflex response; and without callus, ulcer, or important deformities 
at the foot.32 Exclusion criteria included presence of other potential causes of distal neuropathy, lumbosacral pain 
radiating to the leg, or plantar pain of any kind at the time of IR image registration.

Infrared Images Acquisition
Infrared thermographic images acquisition followed the guidelines proposed by the recommendations of the American 
Academy of Thermology, item 1.13 of guideline 1, when cold stress examinations are being performed, which include 
noningestion of caffeine and nicotine 4 h before testing and avoiding medications that alter sympathetic function 24 h 
prior to testing.

An IR camera (IRISYS®, model IRI 4010, United Kingdom) with wavelength formats sensitivity of 8.0 to 14.0 µM, 
uncertainty index of 2% or 0.02 °C, suitable for application in clinical diagnosis as it includes the wavelength emitted 
by human skin (9.4 µm) was used for the IR thermographic images acquisition. Device calibration is automatic, as 
recommended by the manufacturer, occurring constantly while it is connected. A precise thermometer (Minipa®, Brazil) 
was used to monitor the ambient temperature, which was maintained at between 23 and 24 °C. 

The images were recorded on two different days for all subjects, day 1 and day 2, with an interval of 7 days between them. 
All measurements were performed in the morning to eliminate diurnal temperature variation influence. All subjects 
 were asked to remain in a prone position on the examination table, with bare legs and feet, for 15 min to achieve 
equilibration with the controlled ambient temperature. The cold stress test was performed to obtain the rewarming 
index. The cold stress test increases the sensitivity of the diagnostic test for neuropathy and consists of immersing 
both feet, covered by a thin, waterproof plastic bag, in water at 15 °C for 60 s (modified from guidelines of the 
American Academy of Thermology32). Vasomotor response can be assessed by rewarming index. Two IR images were 
obtained for all subjects: one baseline (pre-cold stress test), and other 10 min after the cold stress test (post-cold stress 
test), both images in the same position. The IR camera was positioned one meter away from the subject and held 
perpendicular (90°) to the plantar foot region.
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Data Analysis
The IR thermographic images were analyzed using IeSYS 4000 Software®, provided by the manufacturer of the camera 
used. Five marker points were selected in the plantar region (hallux, first metatarsal, third metatarsal, fifth metatarsal, 
and heel), and based on the absolute temperature of these points, the average temperature of the foot was calculated 
for pre- and post-cold stress test (Figure 1). For the rewarming index, the relative average temperature post-cold stress 
test was calculated in relation to the average temperature pre-cold stress test as follows:

Rewarming Index = 
Average Temperature Post-Cold Stress Test × 100

Average Temperature Pre-Cold Stress Test

Figure 1. Infrared images from a T2DM subject (A) pre- and (B) post-cold stress test with the marker point for the average temperature in regions 
of interest in plantar surface. (A) The heel to (B) three areas in metatarsal (first, third, and fifth metatarsal) and (C) hallux.

The variation of temperature (∆T) between the average temperature pre- and post-cold stress test was calculated for 
each day by subtracting the post-cold stress test averaged temperature from pre-cold stress test averaged temperature. 

The right and left feet of each individual were counted as independent samples, resulting in 14 feet from T2DM and 
20 feet from nondiabetic subjects.

Statistical Analysis
All numerical values are expressed as mean ± standard deviation (SD). Normal distribution was tested using Shapiro–
Wilk test. The average temperature pre- and post-cold stress test, ∆T, and rewarming index comparisons between 
days 1 and 2 were evaluated using the t-test for dependent samples (the paired t-test). The comparison of age and 
rewarming index between diabetes patients and nondiabetic subjects was performed by t-test for independent samples. 
A significance level of α ≤ 0.05 was adopted. An analysis of the day-to-day repeatability for rewarming index was 
carried out using the Bland–Altman limits of agreement plot. SPSS 17.0 software was used for the statistical analysis.
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Results
The 10 T2DM subjects (7 women, mean age 51.8 ± 12.5 years) and the 10 nondiabetic subjects (8 women, mean age 
39.7 ± 16.8 years) had both feet (20 feet from T2DM subjects and 20 feet from nondiabetic subjects) analyzed in two 
different days with an interval of 7 days between them. Mean age did not differ between the two groups (p = .080).

Considering the sample size and the adopted significance in this study, according to the t-distribution,33 the estimated 
t-value for between-group comparison is 2.024 and for intragroup comparison is 2.093. When the absolute t-value 
(Table 1) is greater than its estimated value, there is a greater probability that the p value and the pointed difference 
are not related with a sampling error, decreasing the chances of a type 1 error. 

The average temperature pre-cold stress test did not differ between day 1 and day 2 for T2DM subjects, and average 
temperature post-cold stress test was not different in these subjects between days. In nondiabetic subjects, both pre- and 
post-cold stress test average temperature were significantly different from day 1 and day 2 (Table 1). Values of ∆T and 
rewarming index did not differ between days (Table 1). The rewarming index did not differ between diabetes patients 
and nondiabetic subjects at day 1 (p = .347) and day 2 (p = .445).

Table 1.
Mean Values for Plantar Temperatures and Rewarming after 10 Minutes of Cold Stress Test Measured 7 Days 
Apart in T2DM and Nondiabetic Subjects by Infrared Thermography Imagesa

T2DM
(n = 20)

Nondiabetic
(n = 20)

Mean (SD)
Diff (SD) t p

Mean (SD)
Diff (SD) t p

D1 D2 D1 D2

PreCSTAT, °C 28.5 (2.5) 27.7 (3.4) 0.9 (4.0) 1.002 0.329 29.7 (2.9) 28.2 (2.5) 1.5 (3.0) 2.306 0.033

PostCSTAT, 
°C 26.5 (2.3) 26.2 (3.8) 0.5 (3.9) 0.624 0.540 28.2 (3.1) 26.8 (1.7) 1.3 (2.3) 2.579 0.019

∆T, °C 2.0 (1.6) 1.5 (1.2) -0.4 (1.7) -0.946 0.356 1.6 (1.0) 1.4 (1.9) -0.25 (2.0) -0.526 0.606

RI, % 93.1 (5.3) 93.9 (5.9) -0.9 (5.3) -0.807 0.430 94.5 (3.5) 95.5 (6.3) -0.97 (6.3) -0.674 0.509
a Values are presented as mean and SD. Difference is significant when p ≤ .05. D1, day 1; D2, day 2; Diff (SD), differences of the means 

and SD; t, coefficient of dependent t test; PreCSTAT, average temperature before cold stress test; PostCSTAT, average temperature 10 min 
after cold stress test; ∆T, temperature variation from PreCSTAT to PostCSTAT; RI %, rewarming index. 

The assessment of the repeatability of the measures between the two different days using the Bland–Altman analysis 
for the nondiabetic subjects is shown in Figure 2 and for T2DM subjects in Figure 3. The difference in the responses 
between day 1 and day 2 is plotted as a function of the average of the responses of both days for IR. Nondiabetic 
subjects showed 5% of all IR measures between days outside the 95% agreement limits. For T2DM subjects, not one of 
the measures falls outside the 95% agreement limits.

Discussion
In this pilot study, no differences were found regarding ∆T and rewarming index between days in both the assessed 
groups, and the rewarming index presented only 5% or less of the measures between days outside the limits agreement. 
A significant difference of the plantar average temperature between two days was found in nondiabetic subjects at 
baseline and 10 min after the cold stress test, whereas no differences were found in the average plantar temperature of 
T2DM subjects submitted to the same procedures. This work is the first one to assess the repeatability of a functional 
protocol that aims to evoke thermoregulatory responses. Repeatability has important decision-making implications 
for clinicians and researchers when assessing individuals, as it is used to determine the likely range for a single 
measurement and a change in a measurement in response to an intervention.34,35
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Previous studies using an IR camera in the body temperature measurements of healthy subjects have shown that the 
skin temperature is more stable in the trunk, but in the extremities, the variation side-by-side (contralateral ΔT) and 
day-by-day is great and seems to depend on several endogenous factors, such as the activity of the neurovegetative 
sympathetic nervous system as well as on the environmental temperature.1,2,13–16 Considering that, in this study, the 
environmental temperature and factors that could interfere in the sympathetic activity were controlled. The finding 
that the absolute average temperatures were different between days for the nondiabetic subjects and did not differ in 
T2DM subjects agrees with the neurovegetative variability that is common in other types of autonomic assessments, 
such as heart rate variability that shows great variability in healthy people and decreased variability in patients with 
some factors that suppress sympathetic function, such as diabetes subjects.17

Other findings related to this is with regard to the ∆T of T2DM subjects, which was greater than that of the 
nondiabetic subjects, leading to a decrease in the T2DM subjects’ rewarming index compared with the nondiabetic 
subjects, although it was not a significant difference. There was no clinical neuropathy in this T2DM group initially 
assessed by MNSI, but studies of heart rate variability, also a manifestation of the neurovegetative system as skin 
temperature variation, showed reduced variability in diabetes patients with cardiac autonomic neuropathy, even when 
subclinical, which is related to the lack of physiological adaptation to different environmental demands.15,20,24

The good repeatability of IR in both groups assessed is concordant with the conclusions of previous authors that, for a 
neurovegetative function evaluation, the measure of the temperature should be performed in a stressing maneuver that 
evokes a thermoregulatory response, much in the same way that other stressing maneuvers evoke other physiological 
responses—for example, the assessment of endothelial function is evaluated by ischemic stress.36 

Limitations of this study are related to sample size, as it was proposed as a pilot study. Also, we did not include 
neurophysiological study to investigate the presence of diabetic peripheral neuropathy or autonomic neuropathy. 
The MNSI was the clinical protocol performed, but it did not identify neuropathy in the T2DM subjects. Thus, not 
surprisingly, the results had been similar to those of nondiabetic subjects. In our view, this fact does not compromise 
the present study, which aimed to evaluate only the repeatability of different measurements in these two groups. 

Figure 2. Bland–Altman plot for the assessment of the day-to-day 
repeatability of rewarming index measurements after 10 min of cold 
stress testing, obtained 7 days apart in nondiabetic subjects using 
IR thermography images. The difference in the responses measured 
on the two days (day 2–day 1) is plotted against the means of the 
responses [(day 1 + day 2) / 2]. The solid lines correspond to the mean 
of the differences, and the dashed lines indicate the 95% limits of 
agreement for the differences between the days. D1, day 1; D2, day 2; 
RI, rewarming index.

Figure 3. Bland–Altman plot for the assessment of the day-to-day 
repeatability of rewarming index measurements after 10 min of cold 
stress testing, obtained seven days apart in diabetes subjects using 
IR thermography images. The difference in the responses measured 
on the two days (day 2–day 1) is plotted against the means of the 
responses [(day 1 + day 2) / 2]. The solid lines correspond to the mean 
of the differences, and the dashed lines indicate the 95% limits of 
agreement for the differences between the days. D1, day 1; D2, day 2; 
RI, rewarming index.
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Despite the statistical correlation found in this work, it would be interesting to carry out further studies to evaluate 
the reproducibility of the results found here, including repetitions that include recorded IR images in the shortest time 
interval. The continuity of this research includes the intra- and inter-repeatability of this method and the analysis of 
the repeatability on peripheral and autonomic neuropathy in a larger sample.

Conclusion
The results suggest that plantar thermography carried out in suitable laboratory conditions and preceded by a strict 
pre-examination protocol reveals the physiological conditions existing at the time of data acquisition, being repeatable 
in time. Rewarming index after cold stress testing presented good repeatability between two days, with a 1-week 
interval, in both groups. Despite T2DM subjects having shown no differences on absolute temperature values (averaged 
temperatures) between days, thermographic measurements such as ∆T and rewarming index after cold stress testing 
are recommended for clinical purposes, following the suggestion of previous authors.
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