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Abstract

Background:

Diabetic neuropathy consists of multiple clinical manifestations of which loss of sensation is most prominent.
High temperatures under the foot coupled with reduced or complete loss of sensation can predispose the
patient to foot ulceration. The aim of this study was to look at the correlation between plantar foot temperature
and diabetic neuropathy using a noninvasive infrared thermal imaging technique.

Methods:

Infrared thermal imaging, a remote and noncontact experimental tool, was used to study the plantar foot
temperatures of 112 subjects with type 2 diabetes selected from a tertiary diabetes centre in South India.

Results:

Patients with diabetic neuropathy (defined as vibration perception threshold (VPT) values on biothesiometry
greater than 20 V) had a higher foot temperature (32-35 °C) compared to patients without neuropathy
(27-30 °C). Diabetic subjects with neuropathy also had higher mean foot temperature (MFT) (p = .001) compared to
non-neuropathic subjects. MFT also showed a positive correlation with right great toe (r = 0.301, p = .001) and
left great toe VPT values (r = 0.292, p = .002). However, there was no correlation between glycated hemoglobin
and MFT.

Conclusion:

Infrared thermal imaging may be used as an additional tool for evaluation of high risk diabetic feet.
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Introduction

The prevalence of type 2 diabetes is rising rapidly
worldwide. It has been recognized that the main causes of
ulceration are diabetic neuropathy and vascular disease
of both the macro- and microcirculation.! Uncontrolled
diabetes leads to various complications affecting the eyes,
kidneys, heart, nerves, and feet. Indeed, foot complications
are one of the most frequent problems of diabetes mellitus
and key contributors to medical costs, as 50% of all
inpatient admissions due to diabetes are due to foot
complications.>® The two main causes of diabetic
complications are decreased blood supply and loss of
sensation in the feet (neuropathy). Currently, there are
equipment to measure these two parameters, namely
nerve conduction velocity (NCV) measurements and
alternating current perception threshold (CPT). For
confirming the presence or absence of diabetic neuropathy,
NCV measurements and alternating CPT are used
as the standard methods. The latter is used to assess
the quantitative level of severity of diabetic sensory
neuropathy* Handheld dermal thermometers and
liquid crystal thermography are being used for home
temperature monitoring, e.g, warmth or coldness of
feet. High temperatures under the foot coupled with
reduced or complete loss of sensation can predispose the
patient to foot ulceration.>® Thermography has emerged
as a potential tool for diagnostics as it enables remote
and noncontact mapping of thermal patterns.®” Infrared
thermography (IRT) has been used to determine the
temperature variations of the plantar surface of feet.
Previously, we have shown the usefulness of IRT for
diagnosing peripheral vascular disorders. In addition,
IRT has been used to study young diabetes subjects with
or without vascular complications.!! The purpose of the
present study was to examine the correlation between
foot temperature and neuropathy in subjects with
type 2 diabetes.

Materials and Methods

Infrared thermography is a noncontact tool that maps
the surface temperature of an object in a noncontact and
remote manner. Medical infrared thermal imaging has
been used to study the flow of blood, detection of breast
cancer, and muscular performance of the human body.*”
Thermal images have been used to quantify sensitive
changes in skin temperature in relation to certain diseases.
Infrared (IR) radiation covers wavelengths that range
from 0.75 to 1000 um. Human body emissions that are
traditionally measured for diagnostic purposes occupy a

narrow band of wavelengths ranging from 8 to 12 um.!?
This region is referred to as the long-wave infrared or
body infrared rays. The image generated by IR radiation
is referred to as a thermogram. The near-infrared (NIR)
region occupies wavelengths between 0.75 and 14 pm.
Although the NIR and mid-wave infrared regions are
not traditionally used in human body screening, the
new generation detectors enable the use of multispectral
imaging in medicine, in which these regions are observed
in different diagnostic cases. Medical IR diagnostics uses
the fact that many pathological processes in the human
organs manifest themselves as local changes in heat
production and also as changes in blood flow pattern
of affected organs or tissues. 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 such as contusions, fractures,
burns, carcinomas, lymphomas, melanomas, prostate cancer,
dermatological diseases, rheumatoid arthritis, diabetes
mellitus and associated pathology, deep vein thrombosis,
liver disease, and bacterial infections.?

In the case of foot temperature imaging by IR radiation,
the important parameters such as mean foot temperature
(MFT), temperature difference (AT), and normalized
temperature (Ty), are calculated using Equations 1, 2,
and 3, respectively.

Ta+Tb+TC+Td+Te+Tf(OC)

MFT = @
8
AT = Tx — MFT (°C) )
Ty = AT ®)
N = Ty

Where T, is the Hallux temperature, T, is the lesser toes
temperature, T, is the arch temperature, T, is the lateral
sole temperature, T, is the forefoot temperature, and Ty is
the heel temperature. In our experiment, where Ty is the
reference temperature, it is the average hand temperature
(shown in Figure 2A).

Study Subjects and Study Methods

Study subjects (n = 112) were randomly selected from
those attending Dr. Mohan’s Diabetes Specialities Centre,
a tertiary diabetes centre in Chennai in southern India.
The criteria for selection were absence of any diabetic

J Diabetes Sci Technol Vol 4, Issue 6, November 2010

1387

www.journalofdst.org



Correlation between Plantar Foot Temperature and Diabetic Neuropathy by Using an Infrared Thermal Imaging Technique

Bagavathiappan

foot problems such as ulcers, infections, or amputations.
From the list of patients attending the clinic every
day, about 8-10 patients were randomly selected using
random numbers. The study was approved by the ethics
committee of the Madras Diabetes Research Foundation.
A total of 112 type 2 diabetes subjects underwent thermal
imaging using the IR thermal system.

Anthropometric measurements including weight, height,
waist, and hip measurements were obtained using
standardized techniques according to the Anthropometric
Standardization Reference Manual.® Blood pressure was
recorded twice (5 minutes apart) in the sitting position
in the right arm to the nearest 2 mm Hg with a mercury
sphygmomanometer (Diamond Deluxe Industrial Electronic
and Products, Electronic Co-op Estate, Pune, India) and
the mean was taken as the final reading.

Glycated hemoglobin (HbAlc) was estimated by high-
pressure liquid chromatography using the Variant machine
(Bio-Rad Laboratories Inc, Hercules, CA). The intra-
and interassay coefficient of variation of HbAlc was <10%.

Subjects were requested to remove their shoes and socks
and lie supine on a couch for at least 5 minutes before
the measurements were made. The foot was kept warm
during the measurement and as the room was air
conditioned, the temperature of the room was about 25 °C
and the humidity was also maintained. Neuropathy was
assessed using a biothesiometer (Biomedical Instrument Co.,
Newbury, OH). The vibratory perception threshold (VPT)
of the great toes was measured in a standardized
manner by a single observer, as reported previously.*15
Vascular sufficiency was assessed using Doppler studies
as detailed previously!® and the ankle/brachial index
was normal in all subjects studied. The biothesiometer
factor, which vibrates at 100 Hz with an amplitude
proportional to the square of the applied voltage, was
applied perpendicular to the test side with a constant
and firm pressure. Subjects were initially familiarized
with the sensation by holding the tactor against the
distal palmar surface. The VPT was then measured at
the distal plantar surface of the great toe. The voltage
was slowly increased at the rate of 1 V/s and the VPT
was defined as the moment when the subject indicated
he/she first felt the vibration. The voltage at which this
occurred was recorded. Three further cycles of readings
at each site were performed and recorded. The mean
value of three measurements of both legs was used for
analysis. The mean plus 2 standard deviations (SDs) was
used to derive the upper limit of normal for the non-
diabetic study population aged 20-45 years, which was

19.7 V. Hence, the cutoff point was derived as VPT =20 V.5
This method was adopted from Shaw et al'” in 1998
and defined neuropathy as levels of VPT exceeding the
mean + 2 SDs among Mauritian non-diabetic subjects, as the
Mauritian and Indian population are of similar ethnic
origin. The VPT is largely meant to diagnose high risk
patients for diabetic ulcers. However, several epidemio-
logical studies have been done using VPT as a cutoff
point because it is the simplest parameter of assessing
neuropathy. Vibration perception threshold is recognized
as a simple screening tool for epidemiological studies.!®

Investigators were masked to the VPT results when
thermal imaging was done. The skin temperatures of
both feet and hands were imaged using an IR thermal
imaging system. Thermal imaging of the patients was
carried out using the AGEMA Thermovision 550 system
(Danderyd, Sweden), a compact, lightweight, focal plane
array-based system with a temperature resolution of 0.1 K.
A high-resolution color image is provided in real time,
which can be viewed on the miniature screen provided
with the system or using an external monitor. The image
is captured and stored in the removable personal computer
(PC) card. The surface temperature profiles of the patients
were recorded and later analyzed using IRWIN software
(Danderyd, Sweden).

Statistical Analysis

Data were expressed as mean + SD. Pearson correlation
analysis was used to determine the relation between MFT
and other risk variables. All analyses were done using
the Windows-based SPSS statistical package, Version 10.0
(SPSS Inc., Chicago, IL). p < .05 was considered as significant,
where p is a significant coefficient.

Results

A total of 112 individuals with type 2 diabetes were
included in the analysis. Table 1 shows the clinical and
biochemical characteristics of the study subjects classified
as those with and without neuropathy. Diabetic subjects
with neuropathy were older (p < .001), had longer
duration of diabetes (p < .001), and had higher MFT
(p = .001) compared to non-neuropathic subjects. Of the
112 subjects, 73 were on statins, 70 were on antihyper-
tensive drugs, and 30 were on antiplatelet drugs. None of
the patients had any vascular insufficiency, ulcers, or
other diabetic foot problems.

Table 2 shows the Pearson correlation between MFT,
HbAlc, and mean VPT of the right and left great toes
in all study subjects. Mean foot temperature showed a
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positive correlation with right great toe VPT (r = 0.301,
p = .001) and left great toe VPT (r = 0.292, p = .002),
where 7 is a correlation factor.

Table 1.

Clinical and Biochemical Parameters of the Study
Subjects.

Figures 1A and 1B show typical thermal images of the Parametors N°”'s':ji;_‘égf:thi° Nztgizgzgic p value
foot. In Figure 1A, the plantar thermal image was (n = 79 (n = 33)
divided into six regions of interest. Sufficient care was Male, n (%) 41 (51.9%) 20 (60.6%) 485
taken for thermal equilibrium and the planar view of

. ) Age (year) 50.3 = 10.2 62.3 = 12.0 <.001
the plantar foot was taken in most of the specimens.
The MFT was calculated from these six regions, i.e., Duration of 8.7 + 6.6 152 + 101 <001
(@) hallux (big toe), (b) lesser toes, (¢) arch, (d) lateral sole, diabetes (year)
(e) forefoot, and (f) heel. In Figure 1B, cold regions in 5’(3%;)”335 index 26.7 + 5.2 26.6 = 4.2 .905
the toe regions are encircled. The patient of Figure 1A
is a 44-year-old non-neuropathic male with a history HbAtc (%) 8.3 =21 8.6 =24 478
of diabetes for 7 years and a HbAlc value of 9.6%. Mean VPT
Figure 1B is of a 6l-year-old non-neuropathic female Right great toe 1543 3549 <001
with a history of diabetes for 31.7 years and a HbAlc
value of 6.6%. In Figure 1B, the average foot temperature Left great toe 15=3 36 = 10 =001
in the circled region is 29.3 "C. MFT (°C) 81.4 =192 8273 148 001
Figure 2A shows a typical thermal image of the dorsal ab
view of the hands, and the marked area on the hand 0 0 on o d oup
image corresponds to the reference temperature (Ty) et R b value
[average temperature in the marked area (°C)]. Figure 2B
shows a thermal image of a patient with cold spots in Age (year) 0161 089
both hands (encircled region). The patient in Figure 2A | Duration of diabetes (year) 0.096 317
is a 38-year-old non-neuropathic male with a history of Body mass index (kg/m?) 0.017 220
diabetes for 6 years and a HbAlc value of 6.2%. The average HbATC (%) -0.060 531
tempera.ture. of the marke.d area in Figure 2A is 36.8 "c. Right great toe VPT 0.301 001
The patient in Figure 2B is a 26-year-old non-neuropathic
female with a diabetes history of 3.8 years and a Left great toe VPT 0.292 002

35.7°C

288°C

Figure 1. Typical thermal image of the foot with (A) hot and (B) cold regions.
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HbAlc value of 11.2%. In Figure 2B, the average finger
temperature in the circled region is 30.1 °C.

Figure 3 shows the MFT values as a function of mean
VPT values. The MFT values were higher for the patients
with neuropathy. There were 28 patients with VPT values
less than 20 at the great toe; they had foot temperature
values within the band of 27-30 °C. In contrast, there
were 33 patients with diabetes neuropathy (VPT values
greater than 20); they showed higher foot temperatures
in the range of 30-37 °C.

Figure 4 shows the great toe temperature as a function of
biothesiometry. The results are very similar to the great
toe temperature values. Also, the patients with VPT <20
had lower MFT values compared to those with VPT >20.

Similar trends were observed for the arch, lateral sole,
forefoot, and heel regions (data not shown).

Figure 5 shows the HbAIlc levels plotted against the
MFT values among the diabetes patients. There was no
correlation between the HbAlc and MFT values.

Discussion

The novel part of this study is the original findings on
the correlation between VPT and MFT values, which was
done using an advanced noninvasive technique in patients
with diabetic neuropathy. This work is the first of its
kind and the results are novel. Moreover, it has potential
applications for diagnosing patients with diabetic
neuropathy. Our study shows that patients with VPT
values on biothesiometry greater than 20 show a higher
foot temperature band compared to patients without
neuropathy. Diabetes subjects with neuropathy had
higher MFT values compared to non-neuropathic subjects.
The MFT values also showed a positive correlation with
right great toe and left great toe VPT values.

Figure 2. (A) Typical thermal image of dorsal view of hands of patients and (B) thermal image of patient with cold spots in both hands.
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Figure 3. MFT as a function of VPT values measured by
biothesiometry.

Figure 4. Great toe temperature as a function of VPT values measured
by biothesiometry.
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Hile et al.! reviewed thermal measurement techniques
specific to the diabetic foot such as electrical contact
thermometry, cutaneous thermal discrimination thresholds,
IRT, and liquid crystal thermography. David Armstrong
and colleagues® compared skin temperatures of patients
with asymptomatic peripheral sensory neuropathy,
neuropathic ulcers, and Charcot’s arthropathy using the
contralateral limb as a control. Their study concluded
that monitoring of the corresponding contralateral foot
site can provide clinical information before other clinical
signs of injury can be identified.

Deng and colleagues'™ proposed a novel approach to
effectively enhance the skin thermal expression of a
tumor by induced evaporation on the skin surface.
Systematic studies on home temperature monitoring of
foot ulcers in high-risk patients with diabetes revealed
that high temperature gradients between feet can predict
the onset of neuropathic ulceration and reduce the risk of
ulceration.”” Some studies indicate that thermoregulatory
disturbance and sweating abnormality is an early indicator
of sympathetic damage in diabetic feet* The importance
of temperature monitoring to reduce the incidence of
foot ulcers in individuals with high risk diabetes has
been stressed.!

The diabetic neuropathic foot is considered as warm
with palpable pulses and distended veins, indicating
increased blood flow in the affected limb. It has been
reported that microcirculation is stable or even reduced
due to sluggish blood flow to the foot?? The ability to
increase blood flow depends on the existence of normal
neurogenic vascular response. Due to impaired neuro-
vascular response in diabetic neuropathy subjects, a
significant reduction of blood flow under conditions
of injury or infection is observed.?® A systematic study
shows that the nerve-axon-related vasodilatory response
to iontophoresis of acetylcholine was significantly reduced
in diabetes patients when compared with healthy
subjects or diabetes patients without complications.?*
In all these studies, only relative and not absolute
temperatures are significant and the relative temperatures
have to be measured at many points on the skin; in this
sense, the IR sensing device has many advantages over
conventional devices” The accuracy in the temperature
measurement using our camera was 0.1 K. One of the
disadvantages for widespread adaptation of IR technology
as a diagnostic tool is its higher cost compared to other
temperature monitoring devices. However, IR thermal
imaging has the advantages of being a remote and
noncontact technique. Further, it can map the temperature
of relatively large areas and objects in a single shot.
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Figure 5. HbAlc levels as a function of MFT values among diabetes
patients.

Findings of the present study offer the possibility of using
IR thermal imaging for detection of diabetes neuropathy.
Further, our results show no direct correlation between
HbAlc and MFT or diabetes neuropathy.

The strengths of IR thermal imaging are that it is a fast,
safe, noninvasive, and nonionizing imaging technique
without any side effects upon repeated use. It can map
the temperature of relatively large areas (entire human
body) in a single shot and hence a single thermogram
could provide indications on diseases like detection
of breast cancer, vascular disorder, chronic pain, skin
cancer, breast cancer, and muscular performance of the
human body, etc.

One of the limitations of IR imaging is that the IR camera
is more expensive than other contact thermometers.
However, the sensitivity of the IR camera is much better
than that of contact thermometers. Another limitation
of this study is that it was clinic-based and hence there
could have been some referral bias in the selection of
the subjects. Finally, the sample size was relatively small.
However, even with these limitations, the results suggest
that thermal imaging can be a useful additional tool in
a diabetes clinic.
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