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Plantar Quad-Zone Analysis: A study of healthy feet

Christopher J. Wright !, Richard Collings %, Jackie Morris’, Ruth Clausen’, Victoria Farress-Gregg®

1 University of Exeter Medical School, Medical Imaging, St Luke's Campus, Exeter EX1 21U, UK
2 Department of Podiatry, Torbay and South Devon NHS Foundation Trust, Castle Circus Health Centre, Torquay TQ2 5YH, UK
3 London South Bank University, School of Health & Social Care, 103 Borough Road, London SE1 0AA, UK

SUMMARY

The plantar aspect of the foot is a common site for pathology. Diabetic foot ulceration (DFU) and peripheral arterial dis-
ease (PAD) present the populations with the highest risk. Many people with diabetes experience foot neuropathy which
can result in extensive skin damage. In their early subclinical phase, they are undetectable to the eye but potentially de-
tectable using digital infra-red thermal imaging (DITT). This study aims to present a quad-zone approach to assess feet of
healthy subjects for thermal symmetry and investigate the reliability of the quad-zone evaluation by multiple readers, as a
precursor to clinical trials.

AFLIRT650 IR thermal camera (640x480) was used to image the soles of 30 healthy volunteers within a temperature-con-
trolled environment. Five readers blind analysed the cases: the whole foot; and four regional zones (heel, arch, first ray,
and lateral forefoot); and finally, the individual region of interest (ROI) analysis of the toes. Inter-operator reliability was
assessed for the five readers. Mean values for each area of interest were assessed for contra-lateral symmetry.

Healthy feet display a wide range of temperatures: left (min=22.60, max=34.00, mean=27.57, STDEV=2.23) and right
(min=22.70, max=34.10, mean=27.63, STDEV=2.32). Differences between feet or quad-zones of the same individual were
consistently <1oC. Plantar toes can be significantly cooler than the rest of the foot and exhibit much greater differences
(up to 2.60C), however always <loC between adjacent toes on the same healthy foot. No statistically significant differ-
ences between corresponding bilateral areas could be found. ICC=0.990 to 0.998 for all four quad-zones confirmed excel-
lent inter-operator reliability in blinded assessment between five readers.

The quad zone technique is easy and time efficient to perform, ideally suited to the clinical environment, with a very high
level of teproducibility. This study of feet of healthy subjects provides the underpinning evidence for further research to
determine differences in the diabetic and/or neuropathic foot and seek cotrelation with angiographic findings.

KEYWORDS: Thermography, infra-red, DITI, thermal imaging, angiosome

VIER-ZONEN-ANALYSE DER FUSSSOHLE - EINE UNTERSUCHUNG AN DEN FUSSEN GESUNDER
PERSONEN

An der plantaren Seite des Fulles finden sich hiufig krankhafte Verinderungen, am hiufigsten bei Personen mit
ulzerierendem diabetischem Full (DFU) und/oder peripherer arterieller Erkrankung (PAD). Viele Menschen mit Diabe-
tes erfahren an den Fiilen Symptome einer Neuropathie, die zu umfangreichen Hautschiden fithren kann. In ihrer
frithen subklinischen Phase sind sie fiir das Auge nicht nachweisbar, aber potenziell mit digitaler Infrarot-Thermografie
(DITI) nachweisbar. Diese Studie zielt darauf ab, einen Vier-Zonen-Ansatz zur Bewertung der Fille gesunder Pro-
banden auf thermische Symmetrie zu prisentieren und die Zuverlissigkeit der Vier-Zonen-Evaluierung durch mehrere
Untersucher als Vorlduferuntersuchung fiir klinische Studien zu zeigen.

Eine FLIR T650 IR Wirmebildkamera (640 x 480 Pixel) wurde verwendet, um die Sohlen von 30 gesunden Probanden in
einer temperaturkontrollierten Umgebung abzubilden. Fiinf verblendete Untersucher analysierten die Fille: den ganzen
Fuf}; und vier regionale Zonen (Ferse, Lingsgewdlbe, erster Strahl und seitlicher Vorful3); und schlieB3lich die individuell
definierten Messareale (ROI) an den Zehen. Fur die fiinf Untersucher wurde die inter-individuelle Zuverlissigkeit
bestimmt. Die Mittelwerte jedes Messareale wurden auf Symmetrie zur Gegenseite bewertet

Gesunde Fufle zeigen Temperaturen tiber einen weiten Bereich: links (Minimaltemperatur=22.6 °C, Maximaltem-
peratur=34.0 °C, Mittelwert=27.6 * 2.2 °C) und rechts (Minimaltemperatur =22.7 °C, Maximaltemperatur =34.1 °C,
Mittelwert=27.6 + 2.3 °C. Unterschiede zwischen den Fiilen oder Zonen waren durchgehend kleiner als 1°C. Die plantare
Seite der-Zehen kann deutlich kiihler als der Rest des Fulles sein und weist grofle Seitenunterschiede auf (bis zu 2,60C),
die jedoch am gleichen Ful} zwischen benachbarten Zehen immer kleiner als 10C ist. Es konnten keine statistisch
signifikanten Unterschiede zwischen den entsprechenden Gebieten an beiden Seiten festgestellt werden. ICC-Werte
zwischen 0.990 bis 0.998 fiir alle Vier-Zonen bestitigte die Zuverldssigkeit der Bewertung durch fiinf geblendete
Untersucher. Die Quad-Zone Technik ist einfach und zeiteffizient durchzufiihren, ideal geeignet fiir die klinische
Umgebung mit einem sehr hohen Mal} an Reproduzierbarkeit. Diese Studie an Fiillen gesunder Probanden liefert die
Grundlage fir weitere Forschungen, um Unterschiede zum diabetischen und/oder neuropathischen Fuf3 zu bestimmen
und eine Korrelation mit angiographischen Befunden zu suchen.

SCHLUSSELWORTER: Thermografie, Infrarot, DITI, Wirmebild, Vier-Zonen, Angiosom
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Introduction

The plantar aspect of the foot is a common site for pathol-
ogy. Diabetic foot ulceration (DFU) and peripheral arterial
disease (PAD) present in populations at highest risk [1, 2].
They illustrate a significant risk factor for lower-extremity
amputation and are often accompanied by a high likelihood
of symptomatic cardiovascular and cerebrovascular dis-
ease. Up to 50% of patients living with diabetes experience
foot neuropathy which can result in extensive skin damage,
undetectable to the eye in their early subclinical phase. Up
to seven thousand major lower limb amputations are per-
formed in the UK NHS each year from complications of
peripheral arterial disease and diabetes [3]. It is estimated
that DFU and contingent complications cost more than
£972M - 1.13Bper year [4]. An estimated 75% reduction in
lower limb amputations could be possible if early preventa-
tive action were taken [5].

The standard diagnostic approach to PAD is the absence
of palpable peripheral pulses and the presence of pain in
the legs on walking due to claudication [6]. A more sensitive
test is the ankle-brachial pulse index (ABPI), which has
been validated against angiography to confirm the disease
and found to be 95% sensitive and almost 100% specific.
There are some limitations, however. Calcified, poorly
compressible vessels in the elderly and some patients with
diabetes, may artificially elevate values [7]. The ABPI may
also be falsely negative in symptomatic patients with mod-
erate aorto-iliac stenoses. Routine podiatry assessment also
includes toe brachial pulse index (TBPI) and handheld
Doppler signals [8].

Digital infra-red thermal imaging (DITI) is a non-invasive
imaging technique that allows visualisation of the plantar
foot. It has the potential to assist early diagnosis and deter-
mine thresholds of treatment protocols for all people with
diabetes and PAD [9]. Areas of impending foot ulceration
may manifest with localised inflammation before signs be-
come visually apparent. This is potentially detectable by us-
ing thermal technology to show a local temperature rise of
the affected skin [10]. Early reseatrch, carried out using a
handheld infrared spot thermometer, suggested that the
technique could be effective in the prevention of DFU
[11]. A contra-lateral difference between the same area on
both feet of more than 2.2°C is an indication of 'high risk'
[12]. As an alternative, whole foot thermography using an
infra-red thermal camera is technically easier to perform
and creates a temperature map of the plantar feet. Most re-
cent studies tend to use devices with at least 320%X240 pix-
els, where 80% of contra-lateral differences in healthy feet
fall within £1.0 °C [13, 14, 15].

Thermal symmetry is reported between right and left feet
in healthy subjects [16] and similarly between contra-lateral
toes [17, 18, 19, 20]. A common approach to analysis is to
use multiple regions of interest (ROI's) of approximately
one-centimetre diameter, mimicking the area measured by
astandard clinical infrared spot thermometer. Typically,
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ROI analysis is focussed around twelve plantar sites, 1st-5th
toes, 1st-5th metatarsal heads, 5th metatarsal base and heel.
An alternative approach to analysis is based on the princi-
ple of angiosomes; areas of skin and underlying tissue with
a shared or common blood supply. The clinical relevance is
well established, particulatly in the surgical treatment of
critical limb ischaemia, where direct revascularisation of
the affected foot angiosome has been shown to improve
wound healing and limb salvage rates, compared to indirect
re-vascularisation techniques [21,22,23]. Four plantar foot
angiosomes were originally proposed i.e. medial plantar ar-
tery (MPA), lateral plantar artery (LPA, medial calcaneal ar-
tery (MCA), and lateral calcaneal artery (LCA) [24] with the
addition of a further two i.e. peroneal artery (PA) and ante-
rior tibial artery (ATA) [25]. These anatomical territories
are connected by transitional areas, creating “dynamic terri-
tories” which change with physiological status. With changes
in pressure, potential vascular channels between adjoining
territories either fill or lie stagnant, which means that ana-
tomical angiosome areas and dynamic zones are often dif-
ferent sizes [26]. Quantitative estimation of plantar zones
has been attempted using a variety of approaches [27, 28,
29, 30, 31]. A common limitation has been the analysis of
only some plantar regions rather than the entire foot [32],
with or without automated assessment of regions. Thermal
imaging is potentially able to detect and quantify the dy-
namic nature of plantar zones, through repeated measure-
ments of the same anatomical regions. A conceptual classi-
fication of twenty dynamic zones has been proposed [33]
however application to clinical podiatry practice is imprac-
tical. The ability to use universally available software is de-
sirable, as this allows for rapid dissemination throughout
healthcare organisations. Analysis must be time efficient
and operator independent to have clinical utility. Examina-
tion of healthy feet to establish baselines and estimation of
inter-operator reliability are essential precursors to trials in
clinical practice.

This research proposes to assess thermal symmetry of the
plantar aspect of the foot using a novel 'quad-zone' tech-
nique based on the most common arterial pattern supply-
ing the sole of the foot [34] and assess multi-reader reliability,
as a precursor to clinical trials and future implementation.

Four regional zones (heel, arch, first ray, and lateral fore-
foot) are analysed, in addition to individual regions of in-
terest (ROI's) for each toe. Any evident hot or cold spots in
the thermal image are also investigated. This approach can
be routinely implemented using the FLIR IR software. A
study of healthy feet provides the underpinning evidence
for further research involving the diabetic foot and correla-
tion with angiographic findings.

Methods

Sample

Thirty healthy volunteers with no history of diabetes, foot
ulceration, peripheral vascular disease, neuropathy, or foot




surgery were recruited by convenience quota sampling
from the university population. Targeted stratification for
equal ranges of age and gender occurred. All participants
were provided with an information leaflet and allowed a
minimum of 24 hours before giving written consent. Ethi-
cal approval was gained (Augl9/D/069A7), and the re-
search was carried out in accordance with the Declaration
of Helsinki.

Skin Temperature Assessment

The thermal images were recorded with an FLIR T650SC
infrared camera (FLIR® Company, Wilsonville, Oregon,
USA) uncooled microbolometer, 14 bit, with a high-resolu-
tion focal plane array sensor size of 640x480, noise equiva-
lent temperature difference (NETD) of <20mK, accuracy
of +1% across the overall temperature range (calibration
certificate #DN17370), and a 25° lens. Emissivity was set
to 0.98.

Allimaging took place within a temperature (22-24 °C) and
humidity-controlled room with no windows. Ambient
temperature and humidity were measured using a UMI dig-
ital monitor. Consistent with the guidelines for standardisa-
tion of thermal imaging in medicine, participants were
advised not to smoke and avoid caffeinated drinks and ex-
ercise prior to the examination [35]. Upon arrival, partici-
pants removed their shoes and socks and their feet were
wiped clean using a disposable towel to remove traces of
debris and perspiration. They then sat on the examination
couch for a 15-minute acclimatisation period with legs ex-
tended. The camera was placed on a tripod 1.5m from the
plantar aspect of the participant's feet. Both feet were in-
ternally rotated 45 degrees using a standard radiographic
foam pad as a guide, creating symmetry. A disposable black
paper screen, with cut out sections for the ankles, was posi-
tioned to create a barrier from the participant's body and
provide a surface of uniform emissivity. The foam pad acts
as a positioning aid and carries a reflector from which re-
flected temperature (Trer) can be assessed in the first stage
of analysis (Figure 1).

Photo Image

Figure 1
Corresponding photographic( left) and infra-red (right) images

Original article

Ambient temperatures (T'anp) were recorded using an in-
dependent digital thermometer. Three single-shot images
were acquired over three minutes in the same position to
confirm repeatability.

Images were downloaded by fire-wire to the data-compiler
using FLIR Researcher IR. They were then blind reported
by five independent readers using a standardised technique
to assess inter-operator reliability.

Analysis included:
A) Whole foot: Regions of interest (ROI's) drawn around
the periphery of each foot.

B) Toes: Circular .ROT's created to fit within the bounda-
ries of the tip of each toe (duplicated left and right).

C) Quad Zone: Heel, arch, first ray, lateral forefoot
(see figure 2)

Figure 2
The foot divided into 'Quad-Zones'
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The quad zones are created by drawing:

1. A central line through the middle of the third toe to the
mid-point of the heel.

2. A perpendicular bisector is drawn at the midpoint.

3. A lower intersect is drawn (40°) to follow the pathway
of the lateral plantar artery

4. An upper intersect is drawn (25°) to follow the plantar
arch artery.

5. A line between the first and second toes to intersect line 4
(to encompass the connection with the dorsalis pedis artery).

The size and position of each ROl are key factors [36]. Pre-
scribing each ROl is a potential source of error, hence the
need to compare the measurements of each reader for the
same ROI for all feet. For toes, the potential for error is
much greater due to the small size of the ROTI's, and so pre-
determined ROI's were defined to fit within the individual
toes of the sample and used by all readers.

The choice of display colour palette is a matter of personal
preference. Although there are inherent limitations, a Rain-
bow palette is still widely used in practice [34]. This study
used a “Rainbow 20” colour palette for routine image dis-
play which in some cases, made the margins of the foot,
particulatly toes, difficult to define, even with manipulation
of level and span. Switching to a 'Sepia' colour palette for
the measurement phase enabled better visualisation of mat-
gins (Figure 3).

Note how the delineated line drawn on the Rainbow image
shows a small error to the medial aspect of the sole when
viewed in the Sepia palette (see black ellipse). Minimum,
maximum, and mean temperatures were recorded for all
measurements.

Statistical analysis

Data normality was assessed using the Kolmogorov- Smirnov
and Shapiro-Wilk tests. A paired-samples t-test was con-

Analysis - ‘Rainbow 20’ Palette

Figure 3:
Corresponding Rainbow 20 and Sepia colour palette IR images
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ducted to compare the left and right mean temperature
values of the plantar footand each of the four quad-zones

Reliability assessment considered the inter-operator agree-
ment of the quad-zone technique via the inter-class corre-
lation coefficient (ICC). A two-way mixed-effects, absolute
agreement, average measures model was used. The stan-
dard error of measurement (SEM) was also calculated
SEM=STDEV x SQRT (1 - ICC).

All statistical tests used a 95% level of significance. Statisti-
cal analyses were performed using IBM SPSS v20 statistical
software package.

Results

Participant's ages ranged from 18 to 55, equally divided by
gender, with shoe sizes ranging between 3.5 and 12 (United
Kingdom sizing). Tams ranged from 21.4 to 24.2 °C
(mean= 22.9, STDEV= 0.9). Trer ranged from 22.5 to
26.1 °C (mean= 24.3,STDEV= 1.0).

The first analysis compared left and right feet using a single
ROI by the five blinded readers. The mean range of these
values was: Left (min 22.6°C, max 34.0 °C) and right
(22.7°C, max 34.1°C). A paired-samples t-test detected no
significant difference in temperature between left (mean
27.6, STDEV=2.2) and right(mean=27.6,STDEV=2.3)
feet; t=-7.01, p= 0.489.

The second phase of the analysis considered the mean val-
ues of the five readers for ecach of the Quad zones in addi-
tion to the toes (see Tables 1 & 2).

A paired-samples t-test was conducted with 29 degrees of
freedom, to compare the left and right mean temperature
values of each of the four quad-zones. There was no sig-
nificant difference in bilateral temperature between zones:
Lateral forefoot (t=0.321, p=0.750), Hallux/1st MT
(t=-0.750, p=0.941), Arch (t=2.483, p=0.210), and Heel
(t=-1.765, p=0.088).

Analysis — ‘Sepia’ Palette
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Table 1:
Quad-Zone ROI Analysis of the feet
Quad-Zones temperature analysis (°C)
Left Right
Lateral forefoot | Hallux/1stMT Arch Heel Lateral forefoot | Hallux/1stMT Arch Heel

Min 214 21.3 24.5 22.9 21.4 211 24.4 23.2
Max 34.3 34.2 34.0 33.9 34.3 34.3 34.2 34.2
Mean 27.1 27.3 28.9 27.2 27.0 27.3 28.9 27.4
STDEV 2.7 2.8 1.8 2.1 2.7 2.9 1.9 2.2
SE 1.2 1.3 0.8 1.0 1.2 1.3 0.8 1.0
95%UCL 29.4 29.7 30.4 29.1 29.4 29.8 30.6 29.4
95%I1.CL 24.7 28.8 27.3 25.4 24.7 24.7 27.2 25.5

Table 2

ROI analysis of the toes

Toes temperature analysis (°C)
Left Right
1sToe 2nd Toe 3d Toe 4th Toe 5th Toe 1sToe 2nd Toe 3rd Toe 4thToe | 5t Toe

Min 19.4 18.9 19.2 19.5 19.50 19.7 19.5 19.6 19.6 19.9
Max 34.4 34.3 34.7 34.8 34.6 34.1 34.3 34.9 34.9 34.6
Mean 26.1 25.4 254 25.6 25.9 26.1 25.3 25.5 25.7 25.9
STDEV 3.6 3.6 3.5 3.4 3.3 3.6 34 3.4 34 3.2
SE 0.7 0.7 0.6 0.6 0.6 0.7 0.6 0.6 0.6 0.6
95%UCL 274 26.7 26.6 26.8 271 27.4 26.5 26.8 26.9 27.0
95%LCL 24.8 24.1 241 24.4 24.7 24.8 241 24.3 24.5 24.7

A paired-samples t-test was conducted with 29 degrees of
freedom, to compare the left and right mean temperature
values of each toe. There was no significant difference in
bilateral temperature: 15t (£=0.203, p=0.841), 20d (t=0.598,
p=0.555), 31 (t=-0.931, p=0.360), 4t (t=-0.998, p=0.332),
and 5% (t=-0.079, p=0.938).

Reliability Assessment

The final phase of the analysis considers the inter-operator
agreement of the quad-zone technique via the inter-class
correlation coefficient (ICC). Each of the five readers drew
asingle ROI around each footand the quad zone ROI'sina
blinded process to create individual reports per case. The
ICCis independent of the problem of alinear relationship
being erroneously considered as agreement, however, is

still dependent on the range of measurements. It is not re-
lated to the units of measurement or to their size [37]. In
order that the ICC was not considered in isolation, the stan-
dard error of measurement (SEM) was also calculated and
provides an indication of the errors that would be expected
on retesting [35]. See table 3.

Discussion

The research aimed to assess the reliability of a new ap-
proach to the analysis of the plantar aspect of the foot us-
ing DITI. The findings demonstrated that healthy feet
display a wide range of temperatures, 22-34°C with a mean
of 27.6°C. A more valuable measurement parameter is the
difference in temperature between contralateral areas on
the feet.

Table 3
Inter-class correlation coefficient (ICC) and standard error of measurement (SEM)
Left foot Right foot
Average Lower Upper Average Lower Upper
Measures | 95% CI | 95% CI SEM | Neasures | 95%CI | 95 CI SEM
Whole foot 0.998 0.997 0.999 0.101 0.998 0.997 0.999 0.019
Lateral forefoot 0.994 0.989 0.997 0.206 0.995 0.992 0.997 0.192
Hallux/1stMT 0.990 0.982 0.994 0.280 0.993 0.987 0.996 0.243
Arch 0.998 0.996 0.999 0.079 0.996 0.993 0.998 0.123
Heel 0.995 0.991 0.997 0.151 0.991 0.985 0.995 0.210
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Only one (n=1/30) of the healthy participants demon-
strated perfect contralateral temperature for the whole feet,
suggesting small differences are quite normal. As a parallel
study, not yet published, two of the participants had daily
foot assessment over a period of one month, highlighting
how foot temperature can change by up to 10°C, yet the
differences between each foot remain within a narrow
bandwidth. Consistent with previous research [16, 17, 18,
19, 20], no participant had a temperature difference of
>1.0°C between feet. This average measure masks the nor-
mal contra-lateral differences between quad-zones, (up to
1.3°C), which could be important in understanding the
normal dynamic territory patterns of individual feet. Maxi-
mum contralateral differences between individual toes can
be up to 2.6°C although, consistent with other research, the
difference between adjacent toes on the same healthy foot
is expected to be <1°C [20]. This highlights the importance
of plotting an individual's feet to create a baseline tempera-
ture map, ideally before they become at risk of developing a
foot pathology. In our experience, spot analysis, except for
the toes, is difficult to reproduce. The use of the anatomical
angiosome concept to define ROI's is attracting increasing
interest, with unique zones for the PA, MCA, LPA, MPA
[33] and ATA [38]. Whilst good levels of reproducibility
have been demonstrated in a small-scale trial [39], further
research is required. Moreover, question marks remain
about the relevance of the anatomical angiosomes in the
diseased foot where many 'dynamic territoties' are created
[33]. The quad zone approach, developed and tested in this
study, is relatively simple and quick to perform, demon-
strating very high levels of inter-operator agreement
(ICC=0.990 to 0.998) in blinded analysis across five read-
ers, and therefore has the potential to provide a valuable
clinical tool. Some zonal approaches are limited to the fore-
foot only [40]. On the basis that the blood supply is a crucial
factor in foot health, use of a zonal approach is recom-
mended to include the whole foot in order to identify sig-
nificant temperature increases when they occur, as is typical
of patients with diabetic neuropathy [41, 42]. The tempera-
ture gradient from medial arch to toe might also be re-
versed in neuropathic feet unless masked by microangio-
pathy [43], which combined with an overall increase in tem-
perature, would clearly be identified by the quad-zone tech-
nique, making it highly desirable for the assessment of
patients with diabetic feet and diabetic foot ulcers. Further
subdivision of the quad-zones, for example to divide the
heel into Type A and Type C ateas [33], is an option for ad-
ditional analysis if visual difference are obvious, however
unnecessary as routine.

We believe that the 'quad-zone' technique presented in this
paper is a novel approach and has the great advantage of
being highly reproducible with low operator dependability.
Automation of the quad-zone technique offers the poten-
tial for widespread implementation in primary care and po-
tentially in the home. With regular monitoring, it may well
be possible to action proactive measures and prevent dia-
betic foot ulceration. New innovations are also in develop-

118

ment, specifically designed for self-assessment by patients
[44, 45] however, high resolution digital thermal imaging is
likely to remain a valuable diagnostic tool in the clinical en-
vironment.

This study was limited to a single population with entry via
convenience sampling. Whilst the actual temperature val-
ues recorded might not be representative of a wider popu-
lation, the primary aim of the study was to test the reliability
of the quad-zone technique and consider the implications
for clinical practice. The quad-zone technique is limited to
four ROI's which incorporate many potential dynamic
zones, created due to physiological changes in the diseased
foot, however, provides a useful baseline for patient assess-
ment. Its speed and reproducibility by podiatrists as part of
their routine clinical practice is paramount to knowledge
transfer. Future correlation with angiographic findings in-
volving a larger number of patients will ultimately deter-
mine the effectiveness of the technique.

Conclusion

Digital infra-red thermal imaging (DITI) combined with
quad-zone analysis could be a useful technique to help de-
termine the thresholds of treatment protocols for all peo-
ple at risk of foot disease. This study of healthy feet
provides the underpinning evidence for further research.
The plantar foot is a common site for ulceration, particu-
larly when linked to diabetes and peripheral vascular dis-
ease. By definition, angiosomes are limited to areas of
anatomy with a common or shared blood supply, however
in disease, the physiological status changes and dynamic
territories are created. These changes are, in principle, visi-
ble using infra-red thermal imaging if integrated into the
routine patient management protocol. Bilateral differences
between healthy plantar feet, individual toes, and plantar
quad-zones are expected to be <1°C, however toes are of-
ten much cooler (up to 2.6°C) than the rest of the foot.

The quad-zone technique is ideally suited to the clinical en-
vironment, being easy to perform with a very high level of
reproducibility and operator independence. It would bene-
fit from further development to include automation and ar-
tificial intelligence. Further research is on-going to deter-
mine differences in the diabetic and/or neuropathic foot
and seek correlation with angiographic findings.
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SUMMARY

PURPOSE: The aim of this study was to assess the potential of thermal imaging of the hands of patients undergoing
hemodialysis due to end stage renal disease as a risk marker for cardiovascular events and/or mortality.

METHODS: At start, we examined skin temperature of patients' hands using a thermal imaging camera; measuring both
hands at the fingertips and wrists with, and without arteriovenous fistula (AVF) and above the AVF. Combined with ther-
mal imaging, blood sample results used routinely for monitoring haemodialysis were recorded. During a follow period of
48 months, incident cardiovascular events and deaths were recorded. We correlated temperatures with blood sample re-
sults, concomitant diseases, and cardiovascular complications.

RESULTS: The study included 34 (13 women; 38.2%) chronically haemodialysed adult patients with an average age of
64.74 £ 15.29 years, with AVF (n = 24; 70.6%) or catheter. Hand temperature measurements were not significantly different
in respect to sex, cardiovascular disease, stroke, lower limb amputation or death (p > 0.05). Serum albumin concentra-
tions had a significant effect on the average temperature of fingertips without AVF in the entire study population (p = 0.01;
R = - 0.40). In patients haemodialyzed with AVF compared to those dialysed with a catheter, we obsetved significantly
lower temperatures in the fingertips of both hands (p < 0.05) and in AVF fingertips (p = 0.03) regardless of other clinical
and laboratory data tested. Haemodialysis patients with a catheter had significantly (p < 0.05) lower body weight, higher cal-
cium-phosphate index, higher CRP, lower serum albumin and higher ear canal temperature than patients dialysed with AVF.

CONCLUSION: In our study we have shown that thermal imaging of hands can be clinically useful, and is a non-invasive
method for assessing malnutrition-inflammation- atherosclerosis syndrome. Furthermore, low acral temperatures might
indicate subclinical ischemia in the fingertips of patients with AVF.

KEYWORDS: thermal imaging; hemodialysis; malnutrition-inflammation-atherosclerosis syndrome

EINE BEWERTUNG DER KLINISCHEN NUTZLICHKEIT DER THERMOGRAFISCHEN DARSTELLUNG
DER HANDE FUR CHRONISCHE HAMODIALYSE-PATIENTEN

ZWECK: Ziel dieser Studie war es, das Potenzial der Thermografie der Hinde von Patienten, die sich aufgrund einer
Nierenerkrankung im Endstadium einer Himodialyse unterziehen, als Risikomarker fiir kardiovaskulidre Ereignisse
und/oder Mortalitit zu bewerten.

METHODEN: Zuerst erhoben wir mit einer Wirmebildkamera die Hauttemperatur an den Fingerspitzen beider
Hinde, am Handgelenk mit und der Seite ohne arteriovendse Fistel (AVF) als {iber der AVF. Gleichzeitig mit den
Wairmebilddern wurden die routinemiBig zur Uberwachung der Himodialyse verwendeten Blutproben aufgezeichnet.
Wihrend eines Folgezeitraums von 48 Monaten wurden kardiovaskulire Ereignisse und Todesfille registriert. Wir
kotrelierten die Temperaturwerte mit Blutprobenergebnissen,den Begleiterkrankungen und Herz-Kreislauf- Kom-
plikationen.

ERGEBNISSE: Die Studie umfasste 34 (13 Frauen; 38,2 %) chronisch-dialysierte erwachsene Patienten mit einem
Durchschnittsalter von 64,74 £ 15,29 Jahren, mit AVF (n = 24; 70,6%) oder Katheter. Die Handtemperaturmessungen
unterschieden sich nicht signifikant in Bezug auf Geschlecht, Herz-Kreislauf-Erkrankungen, Schlaganfall, Amputation
der unteren GliedmaBlen oder Tod (p > 0,05). In der gesamten Studienpopulation ohne AVF war die Serumalbumin-
konzentration signifikant mit der durchschnittlichen Temperatur der Fingerspitzen korreliert (p = 0,01; R = - 0,40).
Unabhingig von anderen klinischen und Labordaten beobachteten wir bei Patienten, die mit AVF im Vergleich zu
Patienten mit einem Katheter himodialysiert wurden, signifikant niedrigere Temperaturen an den Fingerspitzen beider
Hinde (p < 0,05) und an den Fingerspitzen der AVF-Seite (p = 0,03). Mit einem Katheter dialysierte Patienten hatten ein
signifikant (p < 0,05) geringeres Korpergewicht, einen héheren Calcium-Phosphat-Index, ein héheres CRP, ein
niedrigeres Serumalbumin und héhere Gehérgangtemperatur als Patienten, die mit AVF dialysiert worden waren.

SCHLUSSFOLGERUNG: In unserer Studie haben wir gezeigt, dass die thermografische Darstellung der Hinde
klinisch niitzlich sein kénnen, und als nicht-invasive Methode zur Beurteilung von Unterernihrung- Entziindung-
Arterio- sklerose- Syndrom dienen kénnen. Dariiber hinaus kénnten niedrige akrale Temperaturen auf eine subklinische
Ischimie in den Fingerspitzen von Patienten mit AVF hinweisen.

SCHLUSSELWORTER: Thermografie; Himodialyse; Mangelernihrung-Entziindung-Atherosklerose-Syndrom
Thermology international 2020, 30(4) 121-127
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Introduction

Because the human body is emitting infrared radiation
from the surface, the human organism is perfectly suited to
thermal imaging. Visualizations of temperature patterns
on the body can be diagnostically useful, because the sur-
face temperature may reflect of internal physiological and
pathological processes [1-3]. Research into military applica-
tions for infrared detectors carried out during the Second
World War stimulated a rapid development of thermo-
graphy. The medical use of thermography was initiated by
Ray Lawson in 1956, where his eatly studies were focused
on breast cancer [3]. Today, thermography is used as a com-
plementary diagnostic tool in various disorders such as
Raynaud's syndrome [4], arthritis [5], and several others [0].
It was also used used as an outcome measure in trials with
anti-inflammatory drug, physical therapy and surgical in-
terventions [7].

Infrared radiation is a form of electromagnetic radiation;
other familiar forms of electromagnetic radiation are visi-
ble light and radio waves. Infrared wavelengths range be-
tween 0.78 and 1000 pum; they are longer than visible light
waves, but shorter than radio waves. They are classified
from near infrared to far infrared. Electromagnetic radia-
tion is produced by the movement of atoms and molecules
on the surface of an object when the object's temperature is
higher than absolute zero. Certain electromagnetic waves
are capable of transporting quantities of thermal energy
with wavelengths between 2 und 30um representing infra-
red thermal radiation. A thermographic camera captures
the emitted infrared radiation, transforming the radiated
energy into electricity and further to temperature, creating
in that way a gray-shade image representing the tempera-
ture distribution on the surface of the objects studied, in-
cluding on the surfaces of the human body.

There are several reasons why the application of thermal
imaging in the diagnosis of certain disorders is advanta-
geous. First, due to thermal imaging the distribution of
temperature on the surface of an object, also on human
body, can be visualized and recorded. Second, since ther-
mal imaging is a fast, non-contact, non-invasive method, it
can be conducted directly at the patient's bedside. Furthet-
more, staff performing the procedure can be trained rela-
tively quickly, with the results (i.e. temperatures measured)
being easy to interpret, and the procedure being easy to re-
peated. The thermo- grams obtained can be processed and
analyzed on a computer [12,13]. Thermal imaging has been
applied in monitoring of dialysis patients. Austrian [8],
British [1,9], and Polish [10,11,] researchers have shown
that the state of arteriovenous fistulas can be effectively
and easily monitored by the non-invasive technique of
thermography. In the available literature we have not found
any studies correlating the results of thermovision studies
with cardiovascular complications and biomarkers of
chronic hemodialysis. It is known that in the population of
chronically haemo- dialysed patients, chronic inflammation
associated with uremia, coexisting diseases, repeated blood
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extravasation during haemodialyses, blood clotting within
haemodialysis drains that persist on the dialyser surface,
which may promote cardiovascular complications and in-
crease the mortality in this group of patients [14,15]. How-
ever, it not yet established that infrared thermal imaging
can serve as a valid riskfactor of cardiovascular complica-
tions or can be used for assessment of well-being of chron-
ically haemo- dialysed patients The aim of this study was to
assess the the potential of thermal imaging of the hands of
patients undergoing hemodialysis due to end stage renal
disease as a risk marker for cardiovascular events and/or
mortality.

Materials and Methods

The tests have been performed in dialysis center with 10 di-
alysis stations, operating in a regional hospital with approxi-
mately 1,000 beds. The study was conducted in August
2015. The clinical follow-up period for the study group was
4 years (from August, 2015 to August 31, 2019). Before tak-
ing partin the study, all participants gave their voluntary, in-
formed consent. The study was conducted in accordance
with the Declaration of Helsinki and with the consent of
local Bioethics Committee.

A thermal imaging camera was used to register the thermal
tield of the skin surface in chronic hemodialysis patients, as
well as to measure the temperature of their hands. The
hand skin temperature was measured with the NEC Avio
Infrared R300 Thermal Imaging Camera (NEC Avio Infra-
red Technologies Co., Ltd.). The R300 NEC camera has a
detector with a resolution of 320x240 pixels and an un-
cooled microbolometer matrix made in modern technol-
ogy. The field of view of the recorder with a standard lens
is 22 °x17 °. The device is equipped with a continuous digi-
tal zoom from x1 to x4. The declared thermal resolution of
the matrix NETD) is 0.03 © C (at 30 © C), the accuracy is +
1 ° C, and the spatial resolution or the instantaneous angle
of view (LEO.V) is 1.2 mrad. Emissivity was 1.0.

In order to eliminate any negative influence of low ambient
temperatures, the temperature of the hands was measured
directly before the patient's dialysis session, in a separated
examination room, when the external temperature was 28
°C and the examination room temperature was from 25.0
t0 26.7 °C. The patients acclimated for to the room temper-
ature of about 15 minutes. Patients were asked to put both
their hands on a sheet of paper, used only once, which was
laid on the examination table. Thermo- grams were re-
corded by the same person, in accordance with a previously
prepared repeatable standard. Appropriate rules have been
set out, the areas in which the measurement was carried
out. These areas were agreed with dialysis specialists - pre-
viously discussed and carefully selected. e.g. fingertips, etc.
In each patient, one point of temperature measurements
was performed in the determined test area marked in Fig-
ure 1. Received results of temperature measurements were
taken and the value was given as an average. In the whole
group of patients, temperature measurements were taken
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Temperature measurements on the upper limb with an arterio-
venous fistula (all hemodialysed patients using arteriovenous
fistula had an arteriovenous fistula in the left wrist or left forearm)
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Figure 2b

Ttemperature measurements on the upper limb without an ar-
teriovenous fistula

1. The fingertips of the upper limb without an arteriovenous
fistula (always right hand).

2.The fingertips of the upper limb with an arteriovenous fistula.
3. Wrist without arteriovenous fistula.

4. Wrist with arteriovenous fistula.

5. Arteriovenous fistula.
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on the fingertips and on the wrist of both hands. Special at-
tention was paid to the distinction between dialysis patients
using a catheter and patients using an arteriovenous fistula
(AVF). In addition, the AVF surface temperature was mea-
sured in AVF patients. The places on the hand where tem-
perature measurements were taken are indicated in Figure 2.
From the arithmetic sums of the hand temperatures means
were calculated separately for the left and right hands. The
arithmetic mean of of the fingertip temperature measure-
ments is described heteinafter as "fingertip temperature”.
Similarly, the arithmetic sums of the temperatures in the
wrists of the hands were calculated separately for the left
and right hand. The arithmetic mean of the temperature
measurements in the wrists of the hands is described later
in the manuscript as "temperature in the wrist". The arith-
metic mean of the temperature measurements taken over
the AVF is described later in the manuscript as "tempera-
ture over AVE". Directly after the thermal images of the
hands were taken, the subjects had their body temperature
measured in the outer ear using a professional medical ther-
mometer. The body temperature measurement thus ob-
tained is described in the remainder of the manuscript as
"ear canal temperature". The data obtained were correlated
with laboratory blood tests performed at the commence-
ment of dialysis, during routine, periodic examinations.
The results of the laboratory tests were performed from
the period, when thermal imaging was measurements.were
recorded. Table 1 presents the reference values of selected
blood laboratory tests routinely performed for haemo- di-
alysis patients in our center.

Laboratory tests were performed in the hospital laboratory
immediately after blood sampling, The calcium-phosphate
index was calculated from the calcemia and phosphatemia
measurements. In addition, the results of temperature
measurements were correlated with data from the medical
history of cardiovascular complications and the mortality
of patients over the period of time studied (in the period
from August 2015 to August 2019). Nicotinism has been
defined as either currently smoking, or ever having smoked
for a minimum period of 5 years. Past cardiovascular dis-
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Table 1.

Reference values of selected blood laboratory tests

Varabl Range ofelrence vlus i
Serum creatinine [umol/L] 53-115
Hb [o/dL] 7.511.2
PTH [pg/ml] 10-60
Serum calcium [mg/dL] 8.5-10.5
Serum phosphate [mg/dL] 2.9-5.4
FA [IU/L] 30-120
PCT [ng/mlL] <0,5
CRP [mg/1] <5.0
Serum protein [g/dL)] 6.0-8.0
Serum albumin [g/dl] 3.5-5.0
Total cholesterol [mg/dlL] <190
HDL-cholesterol [mg/dL] =40
LDL-cholesterol [mg/dL] <115
Triglycerides [mg/dL] 35-160

Abbreviations:

CRP - C-reactive protein; FA - alkaline phosphatase;
Hb - haemoglobin; HDL — high density lipoprotein;
LDL — low density lipoprotein; PCT - procalcitonin;
PTH — parathyroid hormone

Table 1.

Demographic, clinical data and laboratory tests of the

investigated subjects

Variable min-max Mean * SD
Age [years] 18-89 64.7 £15.2
BMI [kg/m?| 16.06-44.87 25.94 £ 6.81
[Tmogﬂf}lj;‘]lyﬂs time * 19-132 664+ 26.8
Serum creatinine [umol/1] |335.9-1255.3  |645.3 + 527.8
Hb [g/dL] 7.1-13.1 10.38 £ 1.35
PTH [pg/ml] 15.5-1385 378 + 354
Serum calcium [mg/dl]  |7.4-10 8.4+0.6
Serum phosphate [mg/dL] |3.2-7.8 50+1.2
FA [IU/1L] 37-281 110.0 + 59.7
PCT [ng/ml]] 0.04-0.66 0.21 £0.15
CRP [mg/1] 0.5-97 139 £ 19.4
Serum protein [g/dL] 4.5-7.4 6.5%0.7
Serum albumin [g/dL] 2.2-6.9 37108
Total cholesterol [mg/dL] |94-268 1559 + 44.2
HDL-cholesterol [mg/dL] |25-61 40.6 £ 7.4
LDL-cholesterol [mg/dL] |28-159 87.4 + 35.1
Triglycetides [mg/dL] 58-441 146.6 = 83.9

Abbreviations:

CRP - C-reactive protein; FA - alkaline phosphatase; Hb - he-
moglobin; HDL - high density lipoprotein; LDL - low density
lipoprotein; PCT - procalcitonin; PTH - parathyroid hormone;
* Total dialysis time - the time from the beginning of dialysis
to the end of follow-up or until the patient's death.
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ease was defined as a condition following myocardial in-
farction, angioplasty with or without coronary stent im-
plantation, coronary artery bypass grafting, and coronary
artery disease as diagnosed on the basis of cardiological
consultation.

Statistical analysis

Data analysis was performed with STATISTICA 13.1 soft-
ware (StatSoft Inc., Tulsa, OK, USA). Continuous variables
are presented either as a mean and standard deviation (SD)
or as a median and interquartile range (IQR). Categorical
variables are presented as numbers and percentages. The
Shapiro-Wilk test was used to determine distribution nor-
mality. Categorical variables were compared using the ¥2
test, while continuous variables Student's t-test or the
Mann-Whitney U-test (Kruskal-Wallis and multiple repetition
tests) as approptiate. The Pearson correlation test (Pearson's 1)
and the Spearman's rank correlation test (after prior at-
ranging the results) were calculated for the correlation of
parametric (continuous) variables. To determine the rela-
tionships between continuous variables we used best of re-
gression models (linear, power, logarithmic, exponential).
The significance level was set at p < 0.05.

Results

The study involved 34 chronically hemodialysed patients
over 18 years of age. Table 2 presents clinical, demographic
and testing data to describe the study group. Selected clini-
cal, demographic data and laboratory tests performed in
study population are presented in Table 2.

Table 3 shows the percentage of hemodialysis patients by
gender, type of vascular access (AVF or catheter), co- mor-
bidity and mortality and p-value for the Mann-Witney U
test comparing the distribution of respective temperatures
in groups. Among the patients diagnosed with diabetes, 2
people suffered from type 1 diabetes, while 16 people had
type 2 diabetes. In the examined group of patients, a his-
tory of amputation at thigh, lower leg or toe was observed
in 2 patients with atherosclerosis of the lower limbs and in
3 patients with diabetic foot.

Using the Mann-Withney U test, we determined whether
there were statistically significant differences between the
groups when comparing the clinical data with the tempera-
ture measurements. Significantly higher ear canal tempera-
ture values were observed in patients on dialysis who
smoked cigarettes compared with non-smokers (medians:
36.8 vs 36.5 °C, respectively) and in turn, in those dialyzed
with catheter compared with those dialyzed using AVF
(medians: 36.9 vs 36.5 degrees C, respectively). In people
dialyzed using AV, significantly lower temperatures were
observed in the thermal imaging of the fingertips of both
hands compared with patients dialyzed with catheter (me-
dians in the right hand: 30.4 vs 33.8 °C and medians in the
left hand: 31.8 vs 34.0 °C, respectively). In addition, pa-
tients with diabetes had significantly lower temperatures re-
corded above their AVF than patients without comorbid
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Table 3
The p - value for the Mann-Whitney U test between temperature measurements measured in degrees C and certain clinical data.
. Sex: Catheter Dialysis Smoki DM Cardii)— history Ampu- | peaih
Site of Female Dialysis via AVEF moking VDaiSSCCI;SaCrS of stroke | tation ca
temperature
measureent n=13 n=10 n=24 n=10 n=18 n=19 n=12 n=>5 n=17
38.2% 29.4% 70.6% 29.4% 52.9% | 55.9% 35.3% 14.7% 50%
ear canal
temperature 0.59 0.02* 0.07 0.04* 0.15 0.14 0.25 0.18 0.12
1 0.83 0.1 0.05* 0.78 0.73 0.54 0.64 0.9 0.52
2 0.82 0.14 0.07* 0.98 0.96 0.83 0.64 0.73 0.42
3 0.74 0.95 0.68 0.921 0.44 0.65 0.85 0.53 0.47
4 0.4 0.8 0.37 0.820 0.25 0.68 0.79 0.33 0.53
5 0.36 0.15 0.44 0.942 0.02 0.1 0.96 0.61 0.68

Abbreviations: AVF - arteriovenous fistula; ; DM — diabetes mellitus;

measurement sites:

1=Fingertip temperature at the side withoutAVF 2=Fingertip temperature at the side with an AVF
3=Wrist temperature at the side without AVF 4=Wrist temperature at the side with AVF
5=Temperature in the area of AVF

*- Statistical significance

Table 4

Results of temperature measurements (° Celsius) in the entire population.
Site of temperature measurement [°C] Average * SD Median (q2-q3) Min. Max.
Far canal temperature 36.6 + 0.5 36.6 (36.3-36.9) 35.4 37.4
Fingertip temperature at the side without AVF 32.0£29 32.6 (30.6-34) 25.5 36.1
Fingertip temperature at the side with an AVF 31.5£3.0 32.7 (28.2-34.3) 26.4 354
Wrist temperature at the side without AVF 33.6+ 1.0 33.7 (33.1-34.6) 29.4 36.2
Wrist temperature at the side with AVF 338+ 15 33.9 (32.7-34.6) 29.4 36.9
Temperature in the area of AVF 35.1 1.6 35.1 (34.3-36.1) 30.1 38.1

Abbreviations: AVF - arteriovenous fistula;.

Table 5.
Statistically significant differentiation of selected clinical data and laboratory tests in groups of dialyzed patients sub-divided accor-
ding to the type of vascular access (catheter or AVE).

) catheter AVF
Variable ) ) p-value
median q2 q3 median q2 q3
Body weight [kg] 62.0 51.0 70.5 75.0 64.0 89.0 0.025
Cax P [mg/d]] 36.0 30.4 40.0 44.4 34.4 53.9 0.033
CRP [mg/L] 15.3 8.1 30.6 6.4 3.0 12.6 0.012
pH 7.30 7.28 7.34 7.36 7.32 7.39 0.024

Table 6
Statistically significant differences in selected clinical data and laboratory tests between groups of dialyzed patients sub-divided ac-
cording to the co-occurrence of diabetes

i No diabetes Diabetes
Variable - - p-value
median q2 q3 median q2 q3
Total dialysis time [months] 84.0 53.0 101.5 56.5 46.0 69.5 0.025
PCT [ng/mlL] 0.24 0.15 0.41 0.11 0.08 0.17 0.001
Serum albumin [g/dL] 4.0 3.5 4.15 3.55 3.1 3.9 0.043
HDI.-cholesterol [mg/dL)] 43.0 39.0 45.0 39.0 34.0 41.0 0.020
Temp. AVF [° C] 36.1 35.1 36.6 34.7 34.2 35.6 0.024

Abbreviations: Total dialysis time * - time from the beginning of dialysis to the end of observation or until the patient’s death;
Temp. AVF — temperature measurements on the upper limb with arteriovenous fistula; PCT - procalcitonin; g2 - second quatrtile;
g3 - third quartile.
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Figure 3

Diagram showing the power dependence of serum albumin
concentration on the average right fingertip temperature in the
study population.

diabetes (medians: 34.7 vs 36.1 degrees C, respectively).
Detailed results of these analyses are presented in Table 2.

In addition, all patients with nicotinism were dialyzed with
the catheter (n = 10, 100%). Due to significantly lower av-
erage AVF fingertip temperature results in patients dialysed
with AVE, we checked the correlation of AVF fingertip
temperature with clinical data and laboratory tests. No sta-
tistically significant correlation was observed between mean
AVF fingertip temperatures and any of the clinical and lab-
oratory variables we tested (p > 0.05).

Due to the significantly lower temperature over the AVF in
patients with diabetes, we checked the correlation of the
temperature over the AVF with clinical data and laboratory
results in this group of patients. There were no statistically
significant correlations of temperature over AVE with
any of the clinical and laboratory variables we examined

(p > 0.05).

Since the analysis of the correlation between the albumin
level and temperature showed a strong linear relationship
between the logarithms of the values of these features,
therefore by examining different regression models (linear,
power, logarithmic, exponential) , it was observed that the
power-regression model was the best-fit for describing the
effect of serum albumin concentration on the average
right-hand fingertip temperature (without arteriovenous
fistula) in the entire study population (n =34, F=7.4;p =
0.01, R = - 0.43). The Shapiro-Wilk for residual showed
that the residuals are normally distributed, the Durbin-
Watson test showed that there is no autocorrelation of re-
siduals. This model is shown in Figure 3.

Discussion

To our knowledge, the research is the only one in the litera-
ture describing the correlation of thermal imaging based
hand temperatures with blood tests indicating the risk of
cardiovascular complications in patients under chronic
hemodialysis. We originally planned to investigate the
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clinical usefulness of thermal imaging in cardiovascular
complications in patients with chronic hemodialysis.
The pathophysiological basis of our research hypothesis
was the observation that in patients with end stage kidney
disease, hypersecretion of PTH may be followed by cardio-
vascular complications, and is consequently associated with
high morbidity and mortality among renal failure patients
[16, 17]. In patients with chronic hemodialysis, pathologic
calcium-phosphate deposits can be observed in the intima
and media of the blood vessels, at sites where the athero-
sclerotic process, which is frequently observed in the gen-
eral population, also appears. Medial calcification of blood
vessels, known also as Monckeberg's artetiosclerosis or
calciphylaxis, is commonly seen in dialysis patients [18, 19].
These processes may lead to a deterioration of blood sup-
ply to the tissues, which may result in a decrease in the tem-
perature measured in hemodialysed patients' hands.

The decrease in average fingertip temperature with AVF
observed in our study may support our assumption.
Haemodialysis is possible due to a vascular access either in
form of a central venous catheter or an AVE In our study,
most of subjects had a fistula Cimino-Brescia fistula in the
left wrist. After performing AVF in this location, blood is
stolen from the superficial palmar arch [20]. Hence, our ob-
servation of a lower average temperature of the fingertips
in subjects with the wrist AVF suggests diagnosis of sub-
clinical ischemic steal syndrome (ISS) of the fingertips with
AVFE. In the study of Allen ] I etal. and Pietrzyk JA etal. it
was observed that thermovision can be an effective method
in the assessment of arterial venous fistula function in
hemodialyzed patients [9,11].

In addition, the significantly lower average skin tempera-
ture over the AVF that we observed in patients with diabe-
tes might also be explained by a greater calcification of the
fistula vessels in this group of patients compared with pa-
tients without comorbid diabetes. But such a hypothetic ex-
planation needs confirmation by an imaging study that
provides qualitative and quantified data on calcium depos-
its in fistula vessels. The influence of diabetes on calcifica-
tion of fistula vessels is described by other researchers [21].
In the study of Al Shakarchi J et al., thermal imaging was
used to assess the AVF function in the perioperative period

[1].

From a clinical perspective, it is interesting to observe a sig-
nificantly lower average hand temperature in people
dialysed with AVE, who also exhibited higher serum albu-
min levels and body weight, two markers of malnutrition,
and lower concentration of the inflammation marker CRP
than observed in patients dialysed with the catheter. The
trias malnutrition-inflammation-atherosclerosis (MIA) is
considered as non- traditional risk factors for cardiovascu-
lar complications and death in renal failure patients under
chronic hemodialysis [22]. In our study, patients undergo-
ing hemodialysis with the catheter had significantly lower
body weight, higher CRP, lower serum albumin and a
higher temperature in the fingertips of both hands.




Additionally in our study, we observed that with a decrease
in the concentration of serum albumin, the average tem-
perature of the fingertips of the hand without a fistula also
significantly decrease. The concentration of albumin in
blood serum is one of the components tested in suspicion
of MIA syndrome [22]. The regularity of the correlation
observed in our study may be usefulness in clinical practice
in differettial diagnosis of the risk of MIA syndrome in
chronic hemodialysis patients.

The results of our research, in particular the correlation of
hand temperature with the components of MIA syndrome,
should be confirmed in a larger group of patients with
hemodialysis, taking into account the selected thermal im-
aging temperature measurement sites presented in our
work. In future studies, it would be advisable to verify the
lower temperature over the AVF in diabetic patients, by
measuring the blood flow through the AVF by using such
as power Doppler ultrasound. .

Limitations of the study

The limitations of the study ate relatively small number of
patients included in the study, limited technical capabilities
of thermal imaging cameras, lack of application of the
adopted consensus of thermographic studies in the study
methodology, which results from the experiment carried
out two years before these recommendations were pub-
lished in 2017 [23].

Conclusions

Given the higher average temperature of the fingertips
measured in patients with chronic hemodialysis, non-inva-
sive, reproducible, and relatively inexpensive thermal imag-
ing may be a screening method for patients at risk of
malnutrition-inflaimmation-atreosclerosis syndrome.In haemo-
dialyzed patients with AVE, a lowered temperature of the
fingertips of the fistula hand may be an expression of
subclinical ischemia of this hand. Thermal imaging of the
hand is not useful in the assessment of cardiovascular com-
plications or of the risk of death in patients on chronic dial-
ysis during a four-year follow-up period.
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SUMMARY

There is considerable interest in using low cost, smartphone based infrared cameras for medical imaging such as the
FLIR ONE A screening search in Google Search retrieved more than 1200 hits for the search term "FLIR ONE"A search
in all data fields of the database Scopus resulted in 137articles. Limiting the search to ""medicine" resulted in 71 articles. A
special focus of this overview article is whether the conditions and methods for evaluation of thermal images were com-
pletely reported. The FLIR ONE was applied in both human and veterinary medicine. Studies have been conducted in a
wide range of medical disciplines, predominately in surgery, but also in diabetic foot research, rheumatology, physi-
cal/sports medicine, anaesthesiology, allergology, senology and animal expetiments. 9 articles had their focus on the per-
formance of the FLIR ONE reporting either the accuracy or the reliability of temperature measurements performed with
the smartphone based infrared camera. The performance of the device was poor to fair in obtaining absolute temperature
values, but moderate to good when temperature differences were assessed. The qualitative evaluation based on the distri-
bution and colours of the false-coloured thermal image was described as excellent. Smartphone based infrared cameras
may have a place for quick documentation of unexpected thermal phenomena.

KEY WORDS: medical thermography, FLIR ONE, low-cost infrared camera, smartphone based

DER EINSATZ VON FLIR ONE INFRAROT-KAMERAS IN DER MEDIZIN - EIN UBERBLICK

Zur Zeit findet sich ein betrichtliches Interesse am Einsatz von kostengiinstigen, Mobiltelefon gestiitzten Infrarot-
kameras zur medizinischen Bildgebung wie z.B. die FLIR ONE. Eine orientierende Literatursuche in Google Scholar
fand fiir den Begriff "FLIR ONE' mehr als 1200 Eintrige. Die Beschrinkung der Suche auf "Medizin" fiihrte zu 71
Artikeln. Ein besonderer Schwerpunkt dieses Ubersichtsartikels ist, ob die Bedingungen und Methoden zur Bewertung
von Wirmebilder vollstindig berichtet wurden. Der FLIR ONE wurde sowohl in der Humanmedizin als auch in der
Veterindrmedizin angewendet. Die Studien wurden in einer breiten Palette medizinischer Disziplinen durchgefiihrt,
vorwiegend in der Chiturgie, aber auch in der Forschung iiber den diabetischen Fuf3, Rheumatologie, Physikalische/
Sportmedizin, Anisthesiologie, Allergologie, Senologie und Tierversuche. 9 Artikel hatten ihren Schwerpunkt auf der
Leistung der FLIR ONE, die entweder die Genauigkeit oder die Zuverlissigkeit von Temperaturmessungen mit der
Smartphone-gestiitzten Infrarotkamera berichteten. Die Leistung des Gerits war bei der Erlangung absoluter
Temperaturwerte schlecht oder gering, aber mif3ig bis gut, wenn Temperaturunterschiede bewertet wurden. Die quali-
tative Bewertung auf Basis der Verteilung und der Farben des falsch-farbigen Wirmebildes wurde als ausgezeichnet
beschrieben. Smartphone-basierte Infrarotkameras kénnen einen Platz fiir eine schnelle Dokumentation unerwarteter
thermischer Phinomene haben.

SCHLUSSELWORTER: medizinische Thermografie, FLIR ONE, kostengiinstige Infrarotkamera, Mobiltelefon gestiitzt
Thermology international 2020, 30(4) 128-145

Introduction

There is considerable interest in using low cost, smart-
phone based infrared cameras for medical imaging. A
screening search in Google Scholar revealed for the search
term "FLIR ONE" more than 1200 hits. A closer look on
this result found that about 45 % of the articles were re-
lated to applications in medicine, to both basic medical sci-
ence and clinical science.

Although the growing popularity of infrared thermal imag-
ingis welcomed and appreciated, some of the published ar-
ticles are of questionable scientific quality and definitely do
not meet criteria of "Good Clinical Thermographic Prac-
tice", a framework formed by standard procedutres for in-
frared image capture and evaluation in combination with
employed infrared cameras that meet the minimum re-
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quirements for accurate and reliable temperature measure-
ment. Consequently, the suitability of FLLIR ONE cameras
for medical applications was questioned [1]. Alfieri et al. re-
ported poor agreement of absolute regional skin tempera-
tures obtained with a FLIR T650SCR or a FLIR ONE iOS
[2]. A recent study investigating the performance of
smartphone attached infrared cameras, excluded FLIR
ONE Pro from evaluation due to their small sensor array
[3]. In 2004, first generation of FLIR ONE became avail-
able, but temperature measurements were qualified as inac-
curate despite recently performed calibration [4].

Currently, three models of FLIR ONE IR-Camera are
commercially available. Labelled as FLIR ONE- Gen 3,
FLIR ONE Pro LT and FLIR ONE Pro, they slightly differ
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Table 1
Specifications of the FLIR ONE versions
FLIR ONE Gen 3 FLIR ONE Pro LT FLIR ONE Pro
Price ~199-99 § ~299.99 § ~399.99 §
Accuracy 3 °C or £5%, t 8)ical Percent of the difference between ambient and scene tempera-
ture. Applicable 6) sec after start-up when the unit is within 15 °C-35 °C and the scene

is within 5 °C -120 °C.
-20 °C — 60 °C (-4°F — 140°F)

Non-Operating Temperature

Scene Dynamic Range -20 °C — 120 °C (4°F -248°F) -20 °C400°C (4°F-752°F)
Spot Meter Off / °C / °F Resolution 0.1°C / 0.1°F
Weight 34.5¢ 365¢
Dimensions (H x W x D) 34 x 67 x 14mm (1.3 x 2.6 x 0.6 in) 68 x 34 x 14mm (2.6 x 1.3 0.6 in)
Phone i0S, Android (USB-C) iOS, Android (USB-C) Android (Micro-USB)
APP
Adjustable MSX distance 0.3m- Infinity
Battery charge monitor 0-100%
Battery charge time 40 min
Battery life approximately 1 hour | 1 hour
Capture modes Video, Still image, lime lapse
File format: Still image radiometric jpeg
File format:Video MPEG-4 [MOV (OS), MP4 (Android] | MPEG-4 (MOV) | MPEG-4 (MP4)

Palette Gray (white hot), Hottest, Coldest, Iron, Rainbow, Arctic, Lava and Wheel.
Contrast Rainbow HC
Image Presentation Modes MSX (only) Infrared, visual, MSX. gallery
VixidIR Image Enhancement No Yes

Saved as 1440x1080
ENVIRONMENTAL & APPROVALS
Matte: 95%, Semi-Matte: 80%, Semi-Glossy: 60%, Glossy: 30%
Reflected background temperature is 22°C
Drop from 1.5m Drop from 1.8m
0 °C-35°C (32°F-95°F) - battery charging 0 °C-30 °C(32°F-86°F)

Video and Still ImageDiaplav Capture

Emissivity Settings

Mechanical shock
Operating Temperature

IMAGING & OPTICAL
Focus Fixed 15cm-Infinity
Frame Rate 8.7Hz
HFOV/VFOV 50°+ 1°/38° £ 1° | 55°41°/43° &+ 1°
Shutter Automatic/Manual
Thermal Resolution 80 x 60 120 x 80
Thermal Sensor : Pixel size 17 um 12 um
Thermal Sensor Spectral range 8- 14pum
Visual Resolution 1440 x 1080
Thermal Sensitivity NEDT) 150mK 100mK 70mK

https:/ /www.flit.com/products/flir-one-pro/ last accessed 11.11.2020
https:/ /www.flit.com/products/flit-one-pro-lt/ last accessed 11.11.2020
https:/ /www flit.com/products/flit-one-gen-3/ last accessed 11.11.2020

in basic specifications and extra features. In all types, a vi-
sual camera image supports the visual quality of the dis-
played thermal image by using different technologies for
image enhancement. While the most advanced model
FLIR ONE PRO is equipped with a sensor of 120 x 80,
12um sized pixels and a NEDT of 70mK, the basic FLIR
ONE Gen 3 and the intermediate model FLIR ONE Pro
LT use the 80 x 60 sensor with a pixel size of 17 um, with a
thermal sensitivity of 150mK for the basic and 100mK for
the intermediate model. 4 fixed levels of emissivity (0.95,

0.8, 0,6 and 0.3) can be set for thermal imaging. For
immediate temperature measurements spot meters with a
sensitivity of 0.1°C ate available in all models. Radiometric
JPGs can be exported for offline evaluation with dedicated
software. Table 1 shows the specifications of the current
FLIR-ONE models.

Validity and reliabilty

Since the terms validity and reliability appear often in medi-
cal imaging articles, the definition of these constructs used
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in research and science to confer quality assurance. Validity
is often synonymously used for accuracy which is slightly
different defined in metrology, computer science or clinical
science. In metrology, accuracy is defined as "coseness of
agreement between a measured quantity valne and a true guantity
value of a measurand”". A measurement is said to be more ac-
curate when it offers a smaller measurement error.
Measurement error is defined as "measured guantity value mi-
nus a reference guantity value”’. For example, someone is
measuring with an infrared radiometer the blackbody source
temperature of 30°C as 30.4°C, thus the measurement er-
ror of the radiometer is +0.4°C. The measurement error
should not be confused with the term "uncertainty"
" non-negative parameter characterizing the dispersion of the guantity
values being attributed to a measurand". From a seties of mea-
surements, the average value of all measurements can be
calculated, and the corresponding standard deviation
represents the dispersion of the measurement. In the case,
that a stable reference quantity of neglectable uncertainty is
measured, the standard deviation is identical to the stan-
dard error of the mean (SEM), but this does not apply to
the quantification of unstable references of small to large
dispersion measures.

In medicine, diagnostic accuracy is based on the detec-
tion rate of properties with an experimental method in
comparison to the standard method. This results in 4
classes of findings, true positives (TP), when the method
indicates the presence of a feature, that is truly present;
true negatives (TIN), when the method describes the ab-
sence of a property, that is truly absent; false positives
(FP), when the method indicates the presence of a feature,
that is truly absent and false negatives (FN), when the
method describes the absence of a property, that is truly
present. These four classes are used to calculate sensitivity
also named recall or hit rate, which is equal to the rate of
true positive cases, TP/(TP+FN). Specificity is equal to
the rate of true negative cases, TN/(TN + FP), and repre-
sents the proportion of tested subjects who are free of the
marker of interest, which means in medicine, that they are
not diseased. Diagnostic accuracy is expressed as a pro-
portion of correctly classified subjects (TP+TN) amongall
subjects (TP+TN+FP+FN). Like predictive values, the
diagnostic accuracy depends on the prevalence of the con-
dition of interest. Prevalence is equal to the number of
positive cases in the population. With the same sensitivity
and specificity, the diagnostic accuracy of a particular test
increases as the disease prevalence decreases. The perfor-
mance of a binary classification test can be measured with
the positive predictive value also known as precision. It
is calculated as TP/ (TP + FP); thatis equal to the propot-
tion of true positives among all positive results.

In computer science, particularly in pattern recognition, in-
formation retrieval or classification (machine learning),
sensitivity and specificity are determined in a similar way as
in medicine. This may result in confusion between the ac-
curacy of a computer programme to correctly detect a fea-
ture used for diagnosis and the performance of such a
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computer programme for correct identification of this
feature in a population of patients. Another source of con-
fusion arises from labelling the positive predictive value as
precision when testing the performance of classification
procedures.

Occasionally the terms accuracy and precision are errone-
ously used interchangeable. In everyday language reliability
is a condition that can be trusted because it is valid and reg-
ular. In metrology, reliability is termed "precision" de-
fined "as closeness of agreement between indications or measured
quantity values obtained by replicate measurements on the same or
similar objects under specified conditions". Different conditions
of repeated measurements define repeatability preci-
sion, intermediate measurement precision, and repro-
ducibility precision. Be aware, that accuracy is also based
on repeated measurements, thus, the conditions of mea-
surement is equally important for the determination of
both accuracy and precision.

Repeatability condition is a "condition of measurement, ont
of a set of conditions that includes the same measurement procedure,
same operators, same measuring systen, same operating conditions
and same location, and replicate measurements on the same or similar
objects over a short period of time".

Reproducibility condition is defined " as a condition of mea-
surement, out of a set of conditions that includes different locations,
operators, mmmﬂhg Systents, and rqb/z’mz‘e measurements on the same
or similar objects".

Following these definitions, comparing the temperatures
obtained with two cameras is a reproducibility study irre-
spective whether they are of the same model of the same
manufacturer or different models from the same or differ-
ent manufacturer. Repeated evaluation of a set of thermal
images by the same reader, with same equipment within the
same environment is labelled as repeatability study when
repeated within 24 hours. A longer time interval and in-
volving other operators or measuring systems or the use of
equipment altered by calibration defines the determination
of intermediate measurement precision. According the
provided definition, repeatability of thermal imaging in hu-
mans or animals is difficult to define, due movement arti-
facts.

Vardasca reported already some applications of FLIR
ONE in medicine [1]. The aim of this article is to provide
an updated overview on articles reporting the use of FLIR
ONE in the medical field. A secondary aim was to analyse
medical articles, whether the reported conditions of image
recording allow to classify the imaging as a measuring pro-
cedure.

Method

A screening search in Google Scholar revealed for the
search term "FLIR ONE" more than 1200 hits. A closer
look on this result found that about 45 % of the articles




were related to applications in medicine. As next step a
search in the data base Scopus was performed with the
search term "FLIR ONE" in all fields without limitation to
type, language and year of publication revealing 137 hits.
Refinement to "medicine" resulted in 71 articles, allocated
to the subject areas "Medicine" (39 hits) "Computer Science"
(18 hits). "Engineering" (12 hits) "Biochemistry, Genetics
ot Molecular Biology" (10 hits), "Physics and Astronomy"
(7 hits), "Materials Science" (6 hits), "Health Professions"
(5 hits), "Mathematics" (4 hits), "Agricultural and Biologi-
cal Sciences" (3 hits). Chemistry, Energy, Multidisciplinary
and Nursing revealed 2 hits each and 1 hit each was ob-
tained for Decision Sciences, Immunology and Microbiol-
ogy, Neuroscience, Veterinary.

The abstracts of all 71 articles were read and data were ex-
tracted on type of article, study aim, application of thermal
imaging for diagnosis or as an outcome measure, medical
diagnosis, sample size of investigated subjects. Since ab-
stracts often do not provide all details on study methods,
full versions of the articles were retrieved whenever possi-
ble. To understand the conditions of thermal imaging, at-
tention was focused on the methods section of included
articles and 6questions were checked:

1. Did the authors report the ambient temperature during
image capture?

2. Was the smartphone held in hands or mounted on a
kind of tripod?

3. Was the distance between the camera and the body re-
gion of interest reported?

4. Was the evaluation of thermal images qualitatively or
quantitatively?

5. Was the inbuilt spot meter or an offline analysis with a
dedicated software used for analysis?

6. Were the thermal images compared to any other evalua-
tion method?

The study aims and findings of selected full-length articles
reporting experimental studies are presented in tables. In
case that the information about the article was restricted to
the abstract and other data such as key words, authors affili-
ation, grants and so on, the key message of the article is
presented in the results and their plausibility is discussed.

Results

65 articles published in journals, 5 conference papers and 2
book chapter were considered for evaluation. However, all
137 articles are listed in the section references to provide an
overview on other application fields of the FLIR ONE in-
frared cameras outside of medicine.

Measurement performance of FLIR ONE

Table 2 shows the results of selected articles investigating
the measurement performance of the FLIR ONE, and the
corresponding table 3 shows the measurement conditions
reported.

Original article

Curan et al. [4] compared the performance of the infrared
radiometer Omega OSXL.450, a FLIR E60 and a FLIR
ONE in measuring human forechead's temperature before
and after two methods of calibration. Both calibration pro-
cedures improved the agreement between measurements
made with the FLIR E60 and the Omega OSXI.450 but did
not appear to positively impact measurements made with
the FLIR ONE. Two other studies investigating the accu-
racy of FLIR ONE measurements against a stable refer-
ence, one conducted in Portugal [1] and the other by
British-Polish cooperation [65].

Four FLLIR ONE Gen 2, two of them iOS based and two
attached to Android systems, were exposed to a start-up
drift test with a reference temperature of 30°C and a tem-
perature sweep from 20 to 40° that was executed 5 times
[1]. In the start-up drift test the mean temperature obtained
by the 4 cameras wa s by 0.9 £ 0.2 °C higher than the black
body temperature. Over the temperature range from 20 to
40°C, the mean bias of all measurements was 0.91°C with
limits of agreement of -0.2 to 2.03°C. Despite the excellent
reliability between both FLIR ONE versions and the black-
body source, and between the devices with ICCs 20.991,
due to the wide span of limits of agreement the device is
not recommended for medical application when absolute
temperature values are mandatory.

The accuracy of 5 infrared cameras (including FLIR ONE)
employed in equine thermography was tested against a
blackbody source [70]. The FLIR ONE device exhibited
considerable variability in output during the warmup, and
by the end of the warmup period it was under-reading the
blackbody temperature by 1.2 °C. Like the other 4 tested
imagers, the FLIR ONE exhibited an offset from the true
blackbody temperature which varied with blackbody tem-
perature. The FLIR ONE slightly overestimated the tem-
peratures 20°C to 23°C, 25°C and 26°C, but under-read all
other temperatures with higher deviations at 36°C to 40°C.
The authors concluded that variations in performance
were responsible for the cameras contributing almost 83%
of the variance in the thermographic temperature mea-
surements, but the contribution of specific imagers was
not investigated.

A study investigating the reliability of wound size measure-
ment of a smartphone app in comparison to planometry
included also wound temperature measurements with ei-
ther 2 FLLIR ONE camera or the infrared thermometer
Exergen DermaTemp 1001 [5]. However, the obtained
non- significant paired t-test must not be interpreted in a
way, that the temperature readouts of both devices are in-
terchangeable.

Bilateral index finger temperature measurements wete ob-
tained in 30 healthy participants using the infrared ther-
mometer Exergen DermaTemp 01001RS and FLIR ONE
attached to an iPhone 7 Plus [6]. Measurement conditions
such as room temperature, measurement site on the index,

131




Thermology international 30/4 (2020)

calibration of the devices were not reported. Intraclass cor-
relation coefficient of repeatability was higher for the infra-
red camera than for the radiometer measurements in side-
to-side differences. The bias of agreement of side-to-side
differences recorded with either device was 0.56°C (limits
of agreement(LOA) -1.09°C to 2.20°C) and for individual
side measurements: 2.64°C (LOA, 0.96°Cto 4.32°C), re-
spectively. However, there are severe concerns about the
accuracy of temperature measurements performed, since
the authors provided as an example for the facilities of in-
frared imaging a thermogram of a hand after failed replan-
tation of the small finger. In this FLIR ONE thermal im-
age, a temperature as much as 37.7°C(!) is displayed at the
unaffected fingertip of the index.

A frequently quoted a Japanese study evaluated thermal im-
ages recorded with the FLIR ONE or the hand-held
Thermotracer TH 8700N reported absolute intra-device,
intra-rater and inter-rater reliability of temperature read-
outs based on kappa statistics [7]. An extended conference
abstract compared various infrared sensors to a contact
thermal sensor, but unclear descriptions of measurement
methods, measured quantities and their units does not al-
low to follow the argumentation, that FLIR ONE achieved
the best results in this comparison [§].

Alfieri et al. investigated whether regional skin tempera-
tures obtained in 10 locations of the lower extremity with a
FLIR T650SCR infrared camera can be reproduced by us-
ing a FLIR ONE Pro iOS [2]. Since the mean difference of
corresponding ROIs was less than 0.5°C, for all imaged an-
atomical of the lower extremities thermal symmetry was
confirmed with both cameras. There was poor agreement
of absolute temperatures obtained by the FLIR T650SCR
compared to FLIR ONE with a bias of -1.2 £ 2.9 (LOA
-6.9 to 4.4 °C).

In a cross-sectional observation study with 32 patients suf-
fering from (diabetic) neuropathy, van Doremalen et al. in-
vestigated the reproducibility of the temperature difference
between plantar feet obtained by a FLIR ONE Gen 2 or a
FLIR SC305 [9]. The authots concluded from ICC-values
of 0.987 for the total foot and of 0.981 for the combined
pre-specified regions and the small mean bias of the tem-
perature difference between the two measurements on ex-
cellent agreement and interchangeability of temperature
measurements obtained with either device. Although the
span of agreement was 1.75°C for the total foot and 2.7°
for combined regions within the cameras' specifications for
accuracy of T 2.0°C, this range of possible variations in
temperature does not allow to recommend to interchange
these devices in paired measurements of individual sub-
jects(objects).

Jaspers etal. studied the interrater reliability of temperature
difference between the centre of skin burns and a reference
area of unaffected skin recorded with a FLLIR ONE Gen 2
at different time points [10]. SEM values between 0.17 and
0.22, and ICC values of 0.999 indicated excellent interrater
reliability.

132

Oliver and coworkers studied the intra-rater and inter-rater
reliability of the skin temperature at the midportion of the
Achilles tendon recorded with a FLIR E8 and a FLIR One
Gen 2 camera positioned at a distance of 0.5 or 1m to the
rear foot [11]. There was excellent intra-rater reliability for
both cameras at all distances and also excellent inter-rater
reliability for FLIR ONE at 0.5 m and for FLLIR 8 at 0.5 and
Im. Inter-rater reliability for FLIR ONE at 1m distance
was good, but agreement between devices was poor. In a
second, recently published study, Oliver et colleagues eval-
uated the influence of distance and angle of view on the
reproducibility of the FLIR ONE recorded skin tempera-
ture at the midportion of the Achilles tendon [12]. No sig-
nificant differences of skin temperatures were found be-
tween distances and angles. Effect sizes were trivial to
small. Although the bias in temperature was small in all po-
sitions compared, their wide limits of agreement warrant
caution when comparing temperatures recorded with dif-
ferent camera positions.

Clinical studies

The results of selected clinical studies are shown in table 4
and the measurement conditions reported by these studies
are presented in table 5.

Wound healing

Thermal imaging with FLIR ONE cameras in wound man-
agement was the topic of 14 articles, but only 9 papers re-
ported clinical studies. Excluded for further consideration
were 7 papers including a book chapter providing an over-
view on porcine models of wound healing[13]. 3 articles re-
ported simulation models s of foot ulcers using external
heating of small skin areas in healthy subjects to simulate
the thermal precursor of developing ulcers [14, 15, 16). A
conference paper was completely dedicated to segmenta-
tion of the footarea and did not report clinical data | A con-
ference paper applied FLIR ONE for feeding thermal
image data from wounds into a multi-sensor system devel-
oped for the care management of pressure ulcers [17]. An
article from Romania was excluded since most of the im-
ages in a small group of patients with ulcers were not cap-
tured with a FLIR ONE camera [18]. A review article on
the utility of smartphone applications and technology in
wound healing [19], contains a small section on FLIR ONE
quoting the articles by Jaspers etal. [10] and Xue etal.[20].

The abstract of a paper from Iran was confusing, since
thermal conductivity was mentioned as the outcome of an
infrared thermal imaging study [21]. A study from the
United States, only available as abstract, compared in 5 pa-
tients with acute third-degree burn wounds indocyanine
green (ICG) angiography with thermal images. The area of
unsalvageable tissue as determined by FLIR ONE closely
corresponded to the area determined by ICG. FLIR ONE
overestimated unsalvageable tissue margins by approxi-
mately 1 to 2 cm [20].

Three articles tried to predict healing time of burn wounds
based on thermal images captured with a FLIR ONE cam-
era. While 2 studies related retrospectively thermal images
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to the day of observed wound closure [10, 21], the third
study related thermal images with laser Doppler images, for
which prediction patterns are established [22]. In the early
phase of healing, skin burns present with lower tempera-
ture than the surrounding non-injured tissue. A wound area
colder by approximately 1.2°C predicted healing within 15
days [23]. FLIR ONE was recommended in a letter for the
evaluation of burns, but quantitative data for support of
this recommendation were not provided [24].

Diabetic foot

A low-quality paper presented non quantified FLIR ONE
thermograms from a small group of patients with a high-
risk diabetic foot [25]. An article from Peru presented some
thermal images merged with photographs from the feet of
diabetics but did not report diagnostic results of this evalu-
ation approach [26]. Bouallal et al. proposed techniques for
segmenting the plantar foot in thermal images [27]. They
also reported the foot temperature behaviour before and
after immersion in cold water in three goups with different
risk to develop foot ulcers. van Doremalen and coworkers
[9] conducted a study in 32 patients with peripheral neurop-
athy and foot ulcers, which were present in 28 patients, but
recently healed in 4 participants comparing foot tempera-
tures recorded with a FLIR ONE and a FLIR SC305 infra-
red camera. They calculated the sensitivity and specificity
of FLIR ONE detected temperature differences that indi-
cate a risk for ulcers using the temperature readings ob-
tained by the FLIR SC305 as gold standard. However, there
is no information whether existing ulcers coincided with
temperature differences above the threshold, thus an infor-
mation on the diagnostic accuracy of temperature for the
clinical picture of foot ulcers is not available.

Plastic and reconstructive surgery

Traditionally, thermal imaging has two main applications in
plastic and reconstructive surgery. One is the assessment
of flap tissue viability, and the other the detection of perfo-
rating vessels.

A study from Ukraine used the FLIR ONE to assess the vi-
ability of skin flaps prepared by the application of an ex-
pander for tissue enlargement. While the covered defects at
the scalp healed successfully, criteria of thermal imaging in-
dicating tissue viability were not reported [28].

Meyer and co-workers assessed the viability of microvas-
cular free flaps based on the difference (dT) between a ref-
erence temperature and the mean temperature of 4 spot
measurements in all quadrants of the flap [29]. Prior to
anastomosis, flaps appeared intraoperatively to be on aver-
age by 6.4 °C cooler. After anastomosis dT averaged be-
tween -0.17 and 0.06 °C in 20 patients. One flap was
inadequately perfused which was indicated by a decrease in
temperature by 2.4°C compared to the reference.

A 93% sensitivity and 96% specificity of thermal imaging
for flap perfusion failure was reported in the abstract of an
article from Mexico [30]. Since details and criteria of as-

Original article

sessing flap viability were not reported in the abstract and
the full version of the article could not be retrieved, the evi-
dence raised by this study cannot be determined. In this
study flap monitoring was based on a very tight schedule of
thermal image recording. On average 60 thermal images
were recorded in each of 40 patients, 24 in the first 24 post-
operative hours, and further 12 on the following day. Via-
bility evaluation was based on temperature differences
between the flap and reference tissue, observed in two con-
secutive images. A cut-off value of 1.15°Clead to the high
diagnostic accuracy of pootly perfused flaps as mentioned
above.

Detection of perforator vessels

Hardwicke etal. [31] were the first who assessed in a proof-
of-concept study patients and healthy volunteers with ther-
mal imaging for (1) detecting and mapping perforators, (2)
defining perforasomes, and (3) monitoring free flaps. The
methods described in this article elicited rapidly comments
from Norway [32], Hong Kong [33], England [34] and
Thailand [35], however, many researchers since followed
the concept of employing low-cost thermal camera for
perforator detection.

A study from Pakistan investigated in a sample of 184 pa-
tients undergoing pedicled or free perforator flap recon-
structive surgery, the diagnostic accuracy of perforator
detection by thermal imaging using preoperative hand-held
ultrasound Doppler as the gold standard [36]. The diagnos-
tic accuracy was found to be 85.9% with a sensitivity of
86.2%, a specificity of 80%. However, thermal characteris-
tics of perforators were not defined. A case report from In-
dia reported the potential of the FLIR ONE to provide
information on the location of perforators instead of a
malfunctioning ultrasound device [37].

Pereira et al. conducted in Chile a concordance study of di-
agnostic tests in patients who underwent limb reconstruc-
tion in 2016 [38]. The authors compared the location of
perforators identified in computed tomographic angio-
graphicimages of the thigh, and as hotspots in thermal im-
ages obtained by the FLIR ONE camera, in relation to their
distance from the anterior superior iliac spine. 20 patients
were studied including 38 anterolateral thigh flap territories
in total, and 117 perforators were identified by computed
tomographic angiography and 120 hotspots by thermo-
graphy. The mean difference in distance was 2.37 mm, with
both measurements being obtained within a radius of 20
mm resulting in a concordance kappa index of 0.975. Ther-
mal imaging showed a 100 % sensitivity of and a 98% spec-
ificity in detecting perforators.

A study from Denmark compared the detection rate of ar-
terial perforators obtained by the FLIR ONE Pro and the
high-end infrared camera FLIR A35S8C[39]. The authors
examined 23 thighs in 13 healthy volunteers and identified
a total of 779 hotspots using both cameras. The A355C
identified on average 33.5 hotspots per thigh, and the FLIR
ONE Pro detected identified on average 31.5 hotspots per
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thigh. Hot spots were verified by hand-held Doppler and
Colour Doppler Ultrasound devices. Both ultrasound de-
vices confirmed in approximately 95% of hot spots de-
tected with either infrared camera a typical signal of per-
forating arteries.

Chen etal. investigated the value of the FLIR ONE camera
in the mapping of the peroneal artery perforators in com-
parison CT angiography and intraoperative findings [41].
The authors were aware of different behavior of spot tem-
peratures and differentiated between hotspots and slow re-
warming spots, but used a questionable e discrimination
procedures which was based on normalised temperatures.
Thermal imaging detected 42 of the 57 dominant perfora-
tors in 24 limbs, resulting in an sensitivity of 74 %.

Vascular disorders

The FLIR ONE was applied in assessment of vatious vas-
cular disorders including Raynaud's phenomenon [42, 43,
44|, varicose veins [45], monitoring vascular surgery [45,
46, 47, 48, 49] and normobaric hypoxia [50]. While the
abstracts of Dakin [42] and Taylor [43] do not reflect the
content of their article, the multicentre evaluation of the
validity and reliability of responses to hand cold challenge
as measured by laser speckle contrast imaging(LSCI) and
thermography as an outcome measure for Raynaud's phe-
nomenon [44] contributed a lot to the value of assessment
by the FLIR ONE.

In this study, the behaviour of recovering finger tem-
perature after cold water immersion was analysed with
standard infrared cameras and a FLIR ONE and compared
to LSC-images. Despite the limited facilities of settings for
image capture and evaluation of the FLIR ONE, the
test-retest reliability of the distal dorsal dif- ference (DDD)
and of the reperfusion/rewarming AUC were not signi-
ficantly different between the three imaging techniques.
High convergent validity was found between standard
thermography and the FLIR ONE with latent correlation
coefficients of 0.9 for DDD and 0.98 for rewarming. Valid-
ity of LSCI for standard thermography was 0.65 for DDD
and 0.94 for reperfusion/rewarming, It seems there- fore,
that rewarming of fingers after cold challenge can be reli-
ably evaluated with a FLIR ONE when standard pro-
cedures for image capture and evaluation are strictly fol-
lowed.

Lin and Sains reported clinical variables of eight patients
undergoing endovascular or surgical revascularization con-
firmed by improvements in thermal images recorded with a
FLIR ONE [46]. However, a definition of an improved
thermal image was not provided.

The surgical treatment of testicular torsion in a 5-year-old
patient was documented by a FLIR ONE [47]. The temper-
ature of the twisted testicle immediately after opening the
tunica vaginalis was 31.5°C. 30 seconds after correcting the
torsion, the temperature increased to 34.3°C indicating un-
disturbed testicular perfusion.
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Al Shakarchi conducted a prospective cohort study with 25
patients to predict infra inguinal bypass outcome in the im-
mediate post-operative period on basis of thermal images
recorded with a FLIR ONE [48]. Spot temperatures were
obtained in the posterior tibial, anterior tibial and peroneal
angiosome of the foot, the temperature difference between
the operated and the contralateral extremity was used to
conclude on patent bypass. Thermal findings were com-
pared to the results of hand-held ultrasound Doppler ex-
amination. Bypass occlusion occurred in 6/25 patients. 17
patients presented with a warmer foot on the operated side
and none of them developed bypass occlusion, but 6 of 8
patients with a colder foot postoperatively lost their bypass
patency.

A prospective cohort study was conducted in 100 consecu-
tive patients with chronic kidney disease who had arterio-
venous fistula (AVF) formation to prepare them for
haemo- dialysis [49]. Infrared thermal imaging was under-
taken pre- and post-operatively on the day of surgery to
predict clinical patency and functional maturation of AVFs.
For evaluation, spot temperature at tip of the middle finger
of both hands were measured and the temperature differ-
ence between AVI hand and the contralateral hand was de-
fined. Post-operative fistula assessment was performed at 6
weeks after creation and patency was based on clinical as-
sessment of the anastomosis and a AVEF width >6mm as
measured by ultrasound. Functional maturation as defined
by successful successive catheter-free dialysis with two nee-
dles. Primary clinical patency was achieved in 70 patients.
For 22 patients, whose relative distal temperature remained
the same or increased post-operatively, only 3 (14%) achieved
fistula clinical patency, compared to 88% of the 76 patients
with a drop in relative temperature.

Jones et al. used the FLIR ONE to record the finger tem-
perature during exposure to graded normobaric hypoxia
[50]. As expected, increasing levels of hypoxia resulted in
decreased blood oxygen saturation that was paralelled by a
drop in skin temperature most marked at the nail bed. Re-
turning to the baseline fraction of inspired oxygen lead to
rewarming of acral temperatures.

Other medical applications

Anzengruber et al. evaluated the patch testing of contact
allergens by thermal imaging using a FLLIR ONE and aimed
to find possible correlation between the intensity of the
patch test response and temperature change [51]. An inde-
pendent physician who was not part of the study team eval-
uated clinically the lesions as "negative", "irritant", "allergic
(+, ++, +++)". Only 420 positive lesions in 129 patients
were considered and served as gold standard for the
thermographic evaluation, which was based on the differ-
ence of spot temperatures within the area of the skin re-
sponse and the adjacent not tested skin. The mean change
of temperature (At) of irritant skin was 0.17 °C £ 0.31
Patch tests classified as allergic reactions were warmer

(mean At = 0.72 °C £0.67).
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Li et al. compared the accuracy of the ALT-70 predictive
model and thermal imaging in diagnosing lower extremity
cellulitis [52]. A FLIR ONE Gen 2 was used to acquire skin
temperatures corresponding to the warmest area of the af-
fected and (contralateral) sites of the lower extremities. A
temperature difference of 20.47°Cand an ALT-70 score =3
points and the combined criteria of thermography and
ALT-70 were used to calculate the diagnostic accuracy in
relation to the clinical diagnosis of cellulitis as gold stan-
dard. Both sensitivity and specificity were higher for ALT-70
than for thermography, but the combined criteria achieved
the highest diagnostic accuracy with a sensitivity of 84.8%
and a specificity of 71.4%.

A Dutch study compared FLIR ONE Pro thermal images
to the cold sensation test (CST) as indicator of successful
epidural anaesthesia [53]. Thermal images were taken of
the abdomen and the thighs of the supine patient in a
non-perpendicular, angled view at 5, 10 and 15 minutes af-
ter administration of epidural anaesthesia. Thermal images
were evaluated quantitatively and after image storage quan-
titatively, but the procedures of temperature measurement
were not reported. An ice cube was used to perform the
cold sensation test after recording the third thermogram. A
cold sensation test was scored positive when cold percep-
tion was absent in the blocked dermatomes, and negative
when a perception of cold existed. In patients with a suc-
cessful block a temperature drop was observed after 10 min
following epidural anaesthesia and this drop remained for
further 5 minutes. In patients with an unsuccessful block,
there was an initial drop in temperature, there was an initial
drop in temperature that returned to baseline temperature
at 15 min following epidural anaesthesia. Successful epi-
dural anaesthesia was defined as a Numeric Rating Scale
(NRS) score for pain<4 measured immediately after sur-
gery. The NRS was used as gold standard for defining the
diagnostic accuracy of thermography and cold sensation
testing. The diagnostic accuracy of thermal imaging and
cold sensations testing was similar, with higher sensitivity
for CST (0.97 vs.0.54 thermal imaging) and higher specific-
ity for thermal imaging (0.67 vs.0.25 CST).

A conference paper from Korea was primarily focused on
image processing of breast thermograms recorded with a
FLIR A320 and a FLIR ONEiOS [54]. There was a slightly
better automatic detection of ROIs in images recorded
with the FLIR A320 than with the smartphone based infra-
red camera. Due to the study design, no information was
obtained on the value of FLIR ONE in breast cancer
diagnosis.

A paper from Peru claimed to show the effects of heating
the muscles of sportsmen by using a FLIR ONE Pro An-
droid | 55]. However, it remains unclear if passive heating
was applied or just warming-up exercises have performed.

Della Corte recorded with a FLIR ONE Pro iOS skin tem-
peratures on the anterior thigh of recreational athletes after
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resistance training of the dominant leg at an intensity equal
to 70% of 10 repetition maximum [56]. Thigh tempera-
tures prior and post exercise were not significantly different
neither on the exercising side nor on the contralateral leg;
The study was performed under strictly controlled condi-
tions, but the automatically selected temperature window
of the infrared camera resulted in different temperature
endpoints of the colour bar that makes visual comparison
of thermal images difficult.

In another study, Della Corte described skin temperature
changes after a single session of resistance training of dif-
ferent workload, again recorded by the FLIR ONE Pro
108 camera. The participants performed three sets of max-
imal repetitions (up to concentric failure) in the leg exten-
sion exercise with loads of 60% (power training protocol
-PTP) and 90% (strength training protocol - STP) of 1 rep-
etition maximum (RM). respectively. Thermal Imaging and
vertical countermovement jumps were performed before
and after the training session. There were increases by ~5
degree in both mean maximum and mean minimum skin
temperature of after the PTP training, also a reduction of
jump height. The temperature changes were much smaller
(approximately 2.8°C) after STP training, but jump height
increased slightly by 0.6 cm, although the jump height prior
to STP training was 4cm less than the height before PTP
training,

Robinson and colleagues recorded with a FLIR ONE PRo
camera temperature changes of the burr used for osteo-
tomy in foot surgery [59]. The temperature generated dur-
ing the procedure was found to be significantly associated
with the burr diameter used but was not affected by the
type of motor. The highest mean of burr temperature was

36 £ 5°C with a corresponding temperature in adjacent tissue
of 29 £ 1°C.

A conference paper from China announced a FLIR ONE
Pro based device for screening of respiratory disease [60].
But only the concept of such a device and preliminary re-
port of successful functioning were provided, but experi-
mental data were not given.

FLIR ONE cameras were used to obtain the surface tem-
perature of the eye [61,62], for monitoring heat production
during teeth preparation [63] and for mass fever screening
[64]. The exceptional high eye temperatures between 37.2
and 40.1 reported in [62] for patients with active Graves'
ophthalmopathy, raise questions on the accuracy of the
temperature measurements and the thermo-physiological
background of the authors and the editor of the journal,
who published these data without any comment.

In veterinary medicine, the FLIR ONE was used in equine
medicine [65] and in zoo animals, particulatly birds, to de-
tect signs of inflammation [66]. However, the performance
of the FLIR ONE does not meet the minimal require-
ments proposed by the American Academy of Thermo-
logy for animal thermography [66].




Animal experiments

FLIR ONE cameras were used for thermal assessmentin a
mouse model of fatty liver disease [67] and of cardiac re-
modelling [68], respectively. Han et al. compared in a rat
perforator tlap model the potential of indocyanine green
angiography, near-infrared spectroscopy derived tissue oxi-
metry, and thermal imaging to predict tissue necrosis [69].
Indocyanine green angiography performed best in predict-
ing flap necrosis in this study, but tissue oximetry and ther-
mal imaging were also capable of predicting necrosis.

Hummelink and co-workers studied in a porcine model the
potential of the FLIR ONE in the detection of failing free
tlaps during post-operative monitoring [70]. Free myo-cu-
taneous rectus abdominis flaps were harvested in 16 female
landrace pigs and replanted after several hours of storage.
All flaps were assessed with indocyanine green fluores-
cence angiography as well as houtly clinical assessment of
skin colour, turgor, and capillary refill. In addition, visual
and thermal images were taken simultaneously with a FLIR
One Gen 2. A Matlab based software was used to convert
the thermal image into numerical value, register the ther-
mal image to the photograph and calculate temperatures
for the flap and the reference area. The surface temperature
of the replanted flap was compared to the reference skin,
and the temperature difference of the free flap calculated
over time. Out of 16 flaps, three flaps failed due to arterial
failure and one flap developed venous congestion. All un-
successful flaps showed lower temperatures after failure
compared to the uncompromised free flaps.

Two studies investigated cardiovascular circulation with
the FLIR ONE in animal models. Barron et co-workers
studied in 10 swine limb perfusion and tourniquet effec-
tiveness under normal and haemorrhagic conditions with
40% loss of total blood volume [70]. Three experiments
were conducted: experiment 1 simulated proper tourniquet
application, experiment 2 had one of two tourniquets inad-
equately tightened, and experiment 3 had one of two tour-
niquets inadequately tightened while simulating blackout-
combat conditions. Static thermal images were taken at
multiple time points up to 30 minutes. Thermal images
were then presented to blinded evaluators who assessed ad-
equacy of tourniquet placement. The temperature readings
from thermal images decreased significantly after proper
tourniquet placement in all animals, with no difference be-
tween haemorrhaged and non-haemorrhaged groups at 30
minutes. Qualitative thermal image analysis showed clearly
visible temperature differences in all animals between base-
line, adequate tourniquet, and inadequate tourniquet irre-
spective to circulating blood volume. 55 out of 62 blinded
evaluators correctly identified adequate and inadequate
tourniquet placement at 5 minutes.

Sokol et al. investigated in 6 swine the effects of the
resuscitative endovascular balloon occlusion of the aorta
on the surface temperature at five anatomic points (axilla

[A], subcostal [S], umbilical [U], inguinal [I], medial malleolar

Original article

[M]), recorded with a FLIR ONE [71]. The authors based
their evaluation on temperature ratios, with best prediction
of occlusion for the ratio S/M. Since temperature as an in-
terval scaled quantity, the formation of a ratio is regarded
as an inappropriate method of evaluation.

Reporting of measurement conditions

6 of 11 selected clinical papers listed in table 5 did not re-
port ambient temperature, while all but one articles report-
ing camera performance provided information on room
temperature (table 3). All articles reported the distance
from the camera to the target and/or the content of the
field of view. The FLLIR ONE model was identified unam-
biguously in 12/16 articles. For image capture, the device
was mounted to a tripod in 3 studies, held in hand in 11
studies, and camera fixation was unclear in the remaining 2
investigations. In all articles, there was information on
form and position of ROIs, the extracted temperature vari-
able and the software used for temperature readings. Infor-
mation on comparative assessments was also available.

Discussion

The hype in smartphone based infrared cameras has al-
ready arrived in medicine, where an increasing number of
new medical applications is now published. The current
publications may be classified in projects, wishful thinking
based promotional material, case reports, reports on the
performance assessment of the device, and well-planned
and well-conducted clinical trials. Since the measurement
performance of the FLIR ONE camera is far from excel-
lence [1, 3, 65] it is not surprising that applications which
function very well with qualitative to semiquantitative eval-
uation of the thermal image achieve favourable results with
the FLIR One [38,39,48,49]. Relative temperatures such as
the side-to-side difference in temperature of correspond-
ing regions of interest or the temperature difference be-
tween wound area and unaffected skin can also be reliably
measured [2,10]. Strictly following standard procedures for
infrared imaging can remove other sources of measure-
ment uncertainty not related to the camera performance
[44, 65].

The FLIR ONE may have a place for quick documentation
of unexpected thermal phenomena [37,47]. When used as
pictorial documentation, it is important to take images al-
ways in the same temperature window. Allowing that the
temperature window is automatically selected by the tem-
perature scene, leads to the fact, that the same colour indi-
cate different temperature levels. Novices in the application
of thermal imaging, should also remember that human
skin temperature exceeds the value of 37.0 °C only in the
case of fever or severe exertional hyperthermia. In all other
conditions, a skin temperature higher than 37.0 C° might
be caused by an external heat source pointing to the skin or
most likely a measurement failure of the device. In the eval-
uation of temperature readings, the rules of statistics must
notbe infringed. Itis mostimportant to remember, that the
temperature unit °C indicates an interval scaled quantity, of
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which a ratio (Ztemperature/temperature) must not be de-
fined. Consequently, normalised temperatures [41] or tem-
perature percentages [57] are meaningless constructs.

It is admitted that the price for a FLIR ONE is extremely
attractive. However, the thermal information you can get is
similar to that derived from liquid crystal contact thermo-
graphy or commercial infrared camera produced in the
1980ties, when spot temperature measurements become
established in the evaluation software of that time. How-
ever, using the FLIR One in combination with a strict pro-
tocol, can improve the performance of the camera, in
trade-off to the flexibility and spontaneity of its applica-
tion. Itis possible to use the FLIR ONE in a pilot study.
However, if accurate and reliable temperature measure-
ments are needed, the low-cost camera will quickly be iden-
tified as the weakest link in the whole project.
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Sonography and Thermography in the Painful Shoulder Syndrome
Review of the book ”Sonografické a Termografické Nalezy Ramena” by Jozef Gabrhel
(Vzdelavcie centrum SLK, 2020, ISBN 978-80-88320-39-5)

Kurt Ammer

Editor in chief, Thermology international, European Association of Thermology, Vienna, Austria

The longlasting EAT member Dr Jozef Gabrhel published
a comprehensive case book on shoulder pain. Although the
book is written in Slovak language which should be reason-
able understood by Czech or Polish thermologists, this case
collection is of interest for all who are interested in thermal
imaging irrespective to their natural language.

As in his previous articles on pain syndromes located at the
knee, the low back or the elbow, the author combines ther-
mal imaging and sonography for the evaluation of the pa-
tients' complaints. Intended as course book for continuous
medical education organised by the Slovak Chamber of
Physicians, this publication displays on 149 pages with 225
thermal and 310 sonographic images the abundance of Dr
Gabrhel's experience in applying either imaging technique
in painful conditions of the shoulder region.

The book is organised in ten sections, starting with

1.) bony defects in the humerus head, 2.) lesions in vatious
bursae and recessus 3.) tendon lesions of the biceps brachii
muscle 4.) findings at the actomioclavicular joint 5.) lesions
of the subscapularis muscle 6.) lesions of the supraspinatus

muscle, 7.) lesions of the infraspinatus and teres minor
muscle 8.) ruptures of the major pectoral muscle, the tri-
ceps, the deltoid and rhomboid muscles 9.) bony fractures
and 10.) osteosynthesis. In the beginning ofeach section the
anatomy is sketched, and normal thermographic and sono-
graphic findings are provided. They are followed by com-
bined findings in thermal imaging and sonography, occa-
sionally supplemented by radiographs or magnetic reso-
nance images.

This case collection clearly demonstrate that similar struc-
tural lesions are not always associated with the same pattern
of skin temperature distribution, underlining the compli-
mentary information obtained by either imaging tech-
niques. Since the shoulder is regarded as the most complex
joint of the locomotor apparatus, itis not unexpected thata
wide range of lesions can be detected by a carefully evalua-
tion with combined imaging modalities as Dr Gabrhel
demonstrated with this book. As the preface of this book
mentioned, that other books of this kind are planned, I
look with curiosity forward to see them, preferably in an bi-
lingual version (Slovak and English).

NALEZY RAMENA
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Letter to the Editor

Letter

Missed reference in the article published in Thermology international 2020; 30(3) 89-90

Dear Editor,

Following on from my review in the last issue of Thermo-
logy International [1] of the paper by Maley et. al. 2], I was
delighted to receive a message from EAT member Prof.
George Havenith at the Environmental Ergonomics Re-
search Centre, Loughborough University, UK.

Prof. Havenith drew to my attention his recent article in the
Journal of Thermal Biology, authored with his colleague
Alex Lloyd [3] which also reviews the Maley et. al. paper
and offers some further very interesting criticisms of the
study.

In a year when the opportunity to discuss research “face-
to-face” has been severely limited, it is good to see that
EAT members remain at the forefront of scientific debate
in the field of biomedical temperature measurement by
means of their contribution to journals.

Meetings

Due to the on-going Covid-19 pandemy, we
have not received any reliable information
on Thermology conferences planned for the
next 6 months.

There might be small opportunity for the tra-
ditional meeting in Zakopane, but propably
not prior to the end of April orin early May.

I hope that we can all meet again to expand on our debates
as soon as possible in 2021.

Regards

Kevin J. Howell PhD ASIS FRPS

Institute of Immnunity and Transplantation,
Royal Free Hospital, London, UK

President, European Association of Thermology
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The date for EAT2021 conference in Wroclaw
seems to be save, however, the EAT Board
and the Conference Organising Committee
will discuss that matter in due course in a video
conference.
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The EAT and Wroctaw University of Environmental and Life Sciences are delighted to invite you to

participate in the XV EAT Congress in Wroctaw, Poland from 1 to 4" September 2021.

The European Association of Thermology exists to promote, support and disseminate research in
thermometry and thermal imaging in the fields of human and veterinary medicine and biclogy. We do this
through our peer-reviewed journal Thermology International, regional seminars around Europe, and our
flagship Congress, which takes place every three years.

Following on from the most recent meetings in Porto (2012), Madrid (2015) and London (2018) the

Congress heads to eastern Europe for 2021 to Wroctaw in Poland.

The Organising Committee looks forward to welcoming you to Wroctaw University of Environmental and
Life Sciences in the summer of 2021.

Dr. Kevin Howell
EAT President

VENUE.

Wroclaw lies on the banks of the River Oder in western Poland, and is the capital of the Lower Silesian
Vovoideship. It was the European Capital of Culture in 2016, and won the "European Best Destination”
title in 2018.

Our venue will be the Faculty of Biology and Animal Science at the prestigious University of Environmental
and Life Sciences on Chelmonskiego Street in the eastern suburbs of Wroctaw. The Faculty building
boasts excellent conference facilities including a large lecture theatre, ample lobby space for networking
and poster presentations, and a spacious restaurant for lunch breaks. This is the perfect environment for

delegates to present their thermological research at Europe's flagship biomedical temperature congress.

((" XV Congress of the European XV EAT CONGRESS, 1% - 4" September 2021, Wroctaw
‘ ( Association of Thermology
Wroctaw « POLAND 2021

Meetings
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ORGANISING COMMITTEE

Maria Soroko (POL), Chair
Kurt Ammer (AUT)
Wanda Gérniak (POL)
Kevin Howell (GBR)
Anna Jung (POL)
Damian Knecht (POL)
Alicja Kowalczyk (POL)
Sebastian Opalinski (POL)
Adam Roman (POL)
Adérito Seixas (POR)
Manuel Sillero-Quintana (ESP)
Ricardo Vardasca (POR)
Klaudia Wlazlak (POL)
Anna Zielak-Steciwko (POL)

INTERNATIONAL SCIENTIFIC
COMMITTEE
Kurt Ammer (AUT), Chair
John Allen (GBR)
Danilo Gomes Moreira (BRA)
Kevin Howell (GBR)
Anna Jung (POL)
Mariusz Korczynski (POL)
Robert Kupczynski (POL)
James Mercer (NOR)
Sebastian Opalinski (POL)
David Pascoe (USA)
Adérito Seixas (POR)
Manuel Sillero-Quintana (ESP)
Maria Soroko (POL)
Hisashi Usuki (JPN)
Ricardo Vardasca (POR)
Ho Yeol Zhang (KOR)

KEY DATES.

Abstract submission will open online on 31 August 2020, and authors will be notified of acceptance for

oral or poster presentation by 15 March 2021,

31 August 2020. Opening of abstract submission and registration.
31t December 2020. Abstract submission deadline.

1°* March 2021. Acceptance notification to authors.

3 May 2021. End of Early Registration and deadline for registration of presenting authors

{ (" XV Congress of the European XV EAT CONGRESS, 1st - 4th September 2021, Wroclaw.
‘ l Association of Thermology

Wroclaw « POLAND 2021
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REGISTRATION FEES (*)

Early Registration

Late Registration

(Until 03 MAY (After 03 MAY
2021) 2021)
EAT MEMBER £250 €300
Non-Member €300 €350
One-day registration €100 €150
Student €100 €150
Accompanying person €50 €50

(*) Further information about the registration process is online at www.eurothermology.org/XVCongress.html
Registration includes access to all congress sessions, congress lunch and coffee breaks, the Gala Dinner, and other

congress social programme events,

ACCOMMODATION
Recommended hotels:

1. Hotel ZOO
Address: ul. Wroblewskiego 7, 51-627 Wroclaw
website: http://zoo-hotel.pl/

2. Radisson Blu Hotel Wroclaw*****
Address: ul. Purkyniego 10, 50-156 Wroclaw

website: https://www.radissonblu.com/pl/hotel-wroclaw

3. Grape Hotel & Restaurant™***
Address: Parkowa 8, 51-616 Wroclaw
website: https://www.grapehotel.pl

4. URO Wroclaw Old Town***
Address: Pawla Wilodkowica 6, 50-072 Wroclaw

website: https://purohotel.pl/pl/wroclaw

5. HOTEL EUROPEUM ***
Address: ul. Kazimierza Wielkiego 27A, 50-077 Wroclaw
website: https://europeum.pl

6. Hotel Mercure Wroclaw Centrum®****

Address: pl. Dominikanski 1, 50-159, Wroclaw
website: https://www.accorhotels.com/pl/hotel-3374-hotel-mercure-wroclaw-centrum/index.shtml

ACCOMPANYING PERSONS

All accompanying persons will be invited to join the Congress Gala Dinner and full social programme upon

payment of the appropriate €50 fee.

(fm XV Congress of the European XV EAT CONGRESS, 1st - 4th September 2021, Wroctaw.

Association of Thermology

Wroctaw - POLAND 2021

Meetings
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KEY MEETING THEMES

e Infrared thermography in biomedicine.

¢ Temperature measurement in animal welfare, veterinary applications and equine physiology.
e Contact temperature measurement,

e Hardware and software solutions for infrared imaging.

e Biomedical applications: surgery, neurology, vascular and pain syndromes.

e Thermometry in exercise physiology, rehabilitation, and human performance research.

o Calibration and traceability in biomedical thermometry,

ABOUT WROCLAW

Wroclaw is also called "The Venice of the North" due to the fact that, after Amsterdam, Venice and St.
Petersburg, it has the biggest number of bridges and footbridges in Europe.

Notable landmarks include the 10th century Cathedral, the Centennial Hall from 1913 (one of the UNESCO
world heritage sites), and the distinctive architecture of the Town Hall and Market Square. Wroclaw is
also host to the Raclawice Panorama, a 114m-long cycloramic painting from 18394, commemorating the
100th anniversary of the Battle of Raclawice. In recent years Wroclaw has also become well-known for its
“little people” or “dwarves”: small figurines scattered across the city streets which were first conceived
as part of the city's anti-communist movement in 2005, These now number more than 350, and can be
located with the help of a dedicated tourist map. Wroclaw Zoo, close to our congress venue, is the oldest
zoo in Poland, and the third largest zoological gardens in the world in terms of the number of species on
display. In summertime, large numbers of visitors are attracted at night to Wroclaw's *Multimedia Fountain”
close to the Centennial Hall. This is one of the largest operating fountains in Europe, and stages dramatic
light shows set to music. We will have the opportunity to visit this spectacle as part of the congress social
programme.

TRAVEL

COPERNICUS AIRPORT WROCLAW is about 10 km from the city centre, and connects Wroclaw with
Warsaw, Gdansk, and destinations throughout Europe. From the airport you can reach the city centre by
a shuttle bus (journey time about 30 minutes), or by bus No. 106, which leaves every 15 minutes (journey
time about 40 minutes) or by taxi. Wroclaw's main rail station, WROCLAW GLOWNY, connects the city to
other major destinations across Poland and eastern Europe. Wroclaw's central bus station is located at
1/11 ul. Sucha, adjacent to the main railway station, and connects the city by road to all major Polish and
European destinations.
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Preliminary Schedule.

XV Congress of the European Association of Thermology, 15! - 4" September

2021, Wroctaw University of Environmental and Life Sciences.
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Wroctaw - POLAND 2021

Time Wednesday Thursday Friday Saturday
8.30 R ezg::g o Registration Registration
9.00 - Morning Morning
10.30 session 1 session 1 Tour around
1233 ) Coffee break | Coffee break Tg\\:rr: Ca*z:: gg:gw
11.00 - Morning Morning
12.30 ShoColisa session 2 session 2
12.30 - Poster Poster
on Medical : 5
13.00 Thenmo h viewing 1 viewing 2
13.00 - SR
14.00 Lunch Lunch
14.00 - Afternoon Afternoon
15.30 session 1 session 1
1540 Tea break Tea break
16.15
16.15 - Afternoon Afternoon
17.30 session 2 session 2
17.30 -
18.30 Registration oy
18.30 — Welcome
20.00 Reception.
Faculty of
Biology and
Animal Science
19.00-
22.00

XV Congress of the European XV EAT CONGRESS, 1st - 4th September 2021, Wroclaw.
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European Association of Thermology
Short Course on Medical

Thermography

Wednesday 1°* September 2021, Wroctaw University of
Environmental and Life Sciences Wrocfaw, Poland

Following on from successful courses in Porto, Madrid and London, the next EAT Short Course on Medical
Thermography will take place immediately prior to the EAT 2021 Congress in Wroclaw, Poland. The course
aims to deliver a thorough introduction over one full teaching day to basic thermal physiology and the
principles of infrared thermography for human body surface temperature measurement, It will be taught
by an experienced faculty of EAT clinicians, biomedical researchers and imaging scientists. Aspects of
reliable thermogram capture will be demonstrated in a laboratory session, and students will have the
opportunity to practice thermal image analysis in a supervised *hands-on” session.

Syllabus
e Physical principles of heat transfer
e Principles of thermal physiology/skin blood perfusion
e Standardisation of thermal imaging, recording and analysis
e Quality assurance for thermal imaging systems
e Producing a thermographic report
e Provocation tests
e Image analysis
e Hands-on supervised practice
e Educational resources

Registration

The course fee (inclusive of lunch and coffee breaks) is €200
Register from 1* January 2021: details online at www.eurothermology.org/education.htm|
Questions? Contact the EAT at eurothermology@gmail.com
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A Practical Guide to Thermal Imaging

Kurt Ammer | Frandis Ring

>
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978-981-4745-82-6 (Hardback)
978-0-429-01998-2 (eBook)

US$149.95

260 Pages - 19 Color & 38 B/W Illustrations
May 2019

e  Combines the physics of heat transfer
with thermal physiology to understand
skin temperature distribution

e  Provides a framework for standardized
recording and analysis of medical
thermal images

e Includes an atlas of body positions of
proven reproducibility for infrared
image capture

e  Proposes regions of interests for reliable
quantitative analysis

SAVE 20% with FREE standard
shipping when you order online at
www.crcpress.com and enter
Promo Code PANO1.

(/save)
. . Alternatively, you can contact
your nearest bookstore, or our

distributor as follows:

CRC Press (Taylor & Francis)

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487, USA

Tel: +1 800-272-7737

Fax: +1 800-374-3401

Email: orders@taylorandfrancis.com

The Thermal Human Body

A Practical Guide to Thermal Imaging

Kurt Ammer & Francis Ring

“There is no way to study thermal imaging and not learn from
the writings of Francis Ring and Kurt Ammer. Pioneers of the
application of infrared thermography in medicine, the authors
unveil the direction for a sensible use of the method. Luck for
us—students, professionals and enthusiasts—because we can be
grateful to receive a differentiated material that shortens the
learning path. No doubt a remarkable book.”

- Prof. Danilo Gomes Moreira, Science and Technology of
Minas Gerais, Brazil

“This book is set to become essential reading for anyone who
wants to perform reliable thermal imaging of the human body,
whether it be in medicine, clinical practice, sports science or
research.”

- Prof. Graham Machin, National Physical Laboratory, UK

“This book is a wonderful practical guide that takes the reader
through all the main stages required and will be of special
interest for those interested in entering the fascinating field of
clinical thermal imaging.”

- Prof. James B. Mercer, UiT—The Arctic University of
Norway, Norway

This book is a guide for the constantly growing community of
the users of medical thermal imaging. It describes where and
how an infrared equipment can be used in a strictly
standardized way and how one can ultimately
comprehensively report the findings. Due to their insight into
the complex mechanisms behind the distribution of surface
temperature, future users of medical thermal imaging should
be able to provide careful, and cautious, interpretations of
infrared thermograms, thus avoiding the pitfalls of the past.
The authors are well-known pioneers of the technique of
infrared imaging in medicine who have combined strict
standard-based evaluation of medical thermal images with
their expertise in clinical medicine and related fields of health
management.

JENNY STANFORD
PUBLISHING
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