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A B S T R A C T   

Objectives: Current chronic limb threatening ischemia (CLTI) diagnostics require expensive equipment, using 
ionizing radiation or contrast agents, or summative surrogate methods lacking in spatial information. Our aim is 
to develop and improve contactless, non-ionizing and cost-effective diagnostic methods for CLTI assessment with 
high spatial accuracy by utilizing dynamic thermal imaging and the angiosome concept. 
Approach: Dynamic thermal imaging test protocol was suggested and implemented with a number of computa-
tional parameters. Pilot data was measured from 3 healthy young subjects, 4 peripheral artery disease (PAD) 
patients and 4 CLTI patients. The protocol consists of clinical reference measurements, including ankle- and toe- 
brachial indices (ABI, TBI), and a modified patient bed for hydrostatic and thermal modulation tests. The data 
was analyzed using bivariate correlation. 
Results: The thermal recovery time constant was on average higher for the PAD (88%) and CLTI (83%) groups 
with respect to the healthy young subjects. The contralateral symmetry was high for the healthy young group and 
low for the CLTI group. The recovery time constants showed high negative correlation to TBI (ρ = -0.73) and ABI 
(ρ = -0.60). The relation of these clinical parameters to the hydrostatic response and absolute temperatures (|ρ| 
<0.3) remained unclear. 
Conclusion: The lack of correlation for absolute temperatures or their contralateral differences with the clinical 
status, ABI and TBI disputes their use in CLTI diagnostics. Thermal modulation tests tend to augment the signs of 
thermoregulation deficiencies and accordingly high correlations were found with all reference metrics. The 
method is promising for establishing the connection between impaired perfusion and thermography. The hy-
drostatic modulation test requires more research with stricter test conditions.   

1. Introduction 

Chronic Limb Threatening Ischemia (CLTI) is a condition that may at 
its worst lead to necrosis, blood poisoning, and finally amputation of the 
limb or even death if untreated. Lower limb blood perfusion i.e., the 
delivery of oxygenated blood and nutrients to the tissues can be 
permanently disturbed due to certain medical conditions, the most 
important of which is peripheral arterial disease (PAD) caused by 
atherosclerotic narrowings, leading to significant pressure loss along the 
arterial tree, resulting in impaired blood perfusion and subsequently in 
ischemia. 

Current diagnosis of different forms of PAD are based on clinical 
examination, physiological measurements such as Ankle-Brachial-index 

(ABI), toe-brachial index (TBI), toe systolic pressure, transcutaneous 
oximetry, or skin perfusion pressure (SPP) and imaging (Gerhard-Her-
man et al., 2016; Misra et al., 2019). These methods have severe limi-
tations: varying diagnostic accuracy, bias due to media sclerosis, 
invasiveness, and sensors requiring contact with the patient and lack of 
spatial information on perfusion and no information on all factors 
needed to estimate the sufficiency of perfusion (Misra et al., 2019; Xu 
et al., 2010; Tehan et al., 2016). There is a real need to develop methods 
overcoming the current diagnostic limitations, and techniques that 
could guide the treatment procedures by providing real time informa-
tion on the spatial perfusion of the lower limb. 

Thermal imaging (TI) is a contactless imaging modality, which is 
used to detect thermal radiation, naturally emitted by any object above 
absolute zero. Modern thermal cameras can acquire 2-dimensional 
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thermal data in high resolution and frame rate, detecting temperature 
changes in range of 10 mK. TI has been previously utilized in different 
fields of medicine, such as to detect breast cancer (Mambou et al., 2018), 
to study inflammatory diseases and sport injuries (Ring and Ammer, 
2012; Bharara et al., 2006) and to diagnose circulatory conditions 
(Bagavathiappan et al., 2009; Ring and Ammer, 2012). Research on the 
suitability of the TI-based perfusion estimation in diabetic patients has 
been intensive (Peregrina-Barreto et al., 2014; Mori et al., 2013; Gatt 
et al., 2018; Bagavathiappan et al., 2010). For diabetic patients, the 
results have been promising showing changes in lower limb temperature 
profiles and asymmetries in diabetic feet (Gatt et al., 2018), as well as 
connection between thermal hot spots and elevated risk of ulceration 
(Gatt et al., 2015; Bagavathiappan et al., 2009). A statistically signifi-
cant correlation between the post-PTA lower limb perfusion and ABI has 
been found (Misra et al., 2019), but the link between thermography and 
true perfusion remains unclear and full potential of TI in different phases 
of clinical pathway requires further studies including standardized 
measurement protocols and analysis methods (Staffa et al., 2017). 
Additionally, majority of the previous research focuses solely on the 
static acquisition and absolute measures, thus omitting dynamic body 
processes and the possibility of modulation tests. The potential advan-
tages and methods in dynamic TI have been investigated previously 
(Kaczmarek and Nowakowski, 2016; Soliz et al., 2016; Sagaidachnyi 
et al., 2016; Geyer et al., 2004), but the connection to clinical diagnostic 
parameters for CLTI has not been established. 

In this paper, we suggest and test a methodology for dynamic lower 
limb thermography using thermal and hydrostatic modulation in com-
bination with the angiosome concept, where the lower limb is divided in 
single source artery supplied regions. Our aim is to develop non-contact 
and non-invasive methods for assessing the vascular condition and 
diagnosing chronic limb threatening ischemia, which could possibly be 
extended to real-time monitoring during the treatment and post- 
treatment surveillance. The combination of the modulation tests and 
dynamic TI with the angiosome concept is a novel approach in deter-
mining the connection between TI, PAD severity and CLTI. 

2. Methods 

2.1. Patients 

The study has obtained favorable statement from the ethics com-
mittee of Tampere University Hospital (R19075L) and has been 
approved by the Nation Competent Authority, FIMEA (2020/001201). 
Data was collected at Tampere University hospital at vascular surgery 
and operative radiology unit (VETO) during August 2021. Data consists 
of 3 healthy young volunteers with no history of cardiovascular disease, 
4 patients with PAD with claudication and 4 volunteering patients 
diagnosed with CLTI. The data was considered preliminary due to its low 
sample size. All subjects voluntarily participated in the study after being 
informed via informed consent. 

2.2. The angiosome concept 

Angiosome is defined as a specified body area, to which blood flow is 
governed by a single source artery and thus could be differentiated from 
adjacent angiosomes (Alexandrescu et al., 2012; Peregrina-Barreto 
et al., 2014; Khor and Price, 2017). Usually, the lower limb is divided in 
five to six areas, presented in Fig. 1. 

The purple area corresponding to Dorsum Pedis Angiosome (DPA) is 
supplied by Anterior Tibial Artery. Posterior ankle and anatomical heel 
are supplied by Posterior Tibial and Peroneal Arteries, forming the 
Calcaneal Branch (CB, Dark Red) and Posterior Tibial (PA, Green) 
angiosomes, respectively. Medial Plantar Artery supplies blood to 
Medial Plantar Angiosome (MPA, Brown). The hallux is occasionally 

Nomenclature 

g Gravitational acceleration (ms− 2) 
ϱ Fluid density (kg • m− 3) 
l Limb length measured from the greater trochanter (m) 
Δp Change in hydrostatic pressure (kg • ms− 2) 
θelev Limb elevation angle (◦ deg) 
t Time (s) 
T0 Initial temperature (◦C) 
T(t) Temperature with respect to time (◦C) 
τ Time constant (s) 
A Thermal recovery scaling constant (◦C/s) 
ρ Pearson rho correlation coefficient 
rs Spearman rho correlation coefficient 
Trel Relative temperature difference between rest and limb 

elevation (◦C) 
Trest Mean region of interest temperature during the rest 

period (◦C) 
Telev Mean region of interest temperature during the limb 

elevation period (◦C) 
Trecov Mean region of interest temperature during recovery 

period (◦C)  

Fig. 1. Lower limb, divided in 5 angiosomes. Illustration of the approximate 
angiosome locations. 
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defined as its own angiosome (DML), since both MPA and DPA 
contribute to its blood flow. The Lateral Plantar Angiosome (LPA, Blue) 
is supplied by Lateral Plantar Branch. 

The angiosome system was first introduced by Taylor and Palmer in 
1987 and has been since further conceptualized. (Rother et al., 2015; 
Seixas et al., 2017; Huang et al., 2015; Sumpio et al., 2013). Angiosomes 
have been previously studied with diabetes patients (Peregrina-Barreto 
et al., 2014), for which peripheral arterial diseases and CLTI are part of 
the clinical status (Nukada, 2014), with ischemic tissue healing due to 
direct angiosome revascularization (Kabra et al., 2013; Iida et al., 2012) 
and angiosome specific perfusion abnormalities via radiotracer imaging 
(Alvelo et al., 2018). The angiosome division could be thought as the 
source artery mapping on the skin and by establishing the connection 
between perfusion and heat exchange, one could translate the skin’s 
thermal response to an evaluation of the source artery state. 

2.3. Hydrostatic modulation 

The hydrostatic modulation test used in this study is a derivation 
from the Ratschow test, in which the lower limbs are passively elevated 
and lowered to induce active congestion and ischemia (Pasek et al., 
2020; Kawasaki et al., 2013). The advantage of passive limb elevation 
compared to clinically used cuff modulation methods is avoiding the 
blocking of the venous circulation. In addition, the cuff-based approach 
is not accurate for atherosclerotic patients because the cuff pressure 
must overcome the rigidity of the calcified arterial branch, inducing pain 
and increased perfusion pressure due to decreased venous return. 

In our setup, the hydrostatic modulation is performed by passively 
elevating the limbs from supine position to an angle θ, measured from 
the coxae, at the greater trochanter. As an example, the decrease in 

hydrostatic pressure is approximately = − gϱ
∫helev

h0

dh = − gρl⋅ sin(θelev), 

where l is the length of the limb. An elevation of 30◦ from supine posi-
tion, with l = 70 cm would correspond to a 27.3 mmHg decrease in hy-
drostatic pressure, which is in agreement with measurements during 
lower limb elevation (Wiger and Styf, 1998). The consideration of the 
hydrostatic component alone though is not completely accurate, since 
the human body is a dynamical system, i.e. not hydrostatic, and thus 
there are a number other factors contributing to the final measured 
pressure difference, such as the orthostatic response and microvascular 
regulation. 

Although the drop in perfusion pressure due to PAD seems to be 
compensated by the microvascular vasodilation (Anderson et al., 2021; 
de Graaff and Ubbink, 2003), in case of CLTI, increase in peripheral 
vascular resistance, drop in SPP and microvascular dysfunction ad-
vances to hemodynamic imbalance, where arterial blood pressure and 
microvascular regulatory function decrease and cell damage occurs. The 
severity of PAD is also associated with decrease in capillary density that 
prevents sufficient perfusion and thus oxygen delivery to the tissues, 
inferior to the occluded artery (Anderson et al., 2021; Signorelli et al., 
2020; Anvar et al., 2000). We hypothesize that in case of CLTI, an 
additional hydrostatic pressure drop Δp cannot be completely 
compensated due to the increased vascular resistance and decreased 
blood flow in the main arterial branch, associated with a decreased 
microvascular function and microvascular density. This could result in 
overall restricted blood flow and thus, heat delivery within the occluded 
angiosome. 

The decrease in SPP during limb elevation against upright position 
has been previously demonstrated in a number of studies throughout 
several decades (Willingham et al., 2016; Rother et al., 2015; Kawasaki 
et al., 2013; Wiger and Styf, 1998; Beaconsfield and Ginsburg, 1955), yet 
the total capillary perfusion appears to be regulatorily compensated for 
healthy individuals during limb elevation against the supine position 
(Fedorovich et al., 2021). There is no clear consensus if this is the case 

for CLTI patients. 

2.4. Thermal modulation 

The thermal modulation tests use either active limb cooling to induce 
reactive thermal regulation (Lahiri et al., 2020) and thus a rapid thermal 
recovery, or alternatively active heating (Dremin et al., 2017) of the 
lower limbs. In this study, thermal cooling was chosen as the thermal 
modulation method. Based on our pilot measurements, the observed 
rapid thermal recovery for healthy individuals follows an exponential 
form (equation (1)) of physical heating with close approximation. 

T(t)=T0 exp(− t / τ) + Aτ(1 − exp(− t / τ)) (1)  

Here T0 is the initial temperature, A is a scaling constant and τ is the time 
constant, which is a descriptive metric for thermal recovery rate. The 
thermal recovery time constant can be solved e.g., by finding least 
squares fit of Equation (1) for the given temperature recovery recording 
and by setting A and τ as optimization parameters. Note that Equation 
(1) serves only as an approximation to the effective thermal recovery 
behavior of the skin, and thus implies no explanation of the underlying 
processes. In reality, the active cooling of the limb provokes vasocon-
striction (Lahiri et al., 2020), which increases the peripheral vascular 
resistance and thus, restricts perfusion. After the active cooling period, 
conduction, convection, and arterial inflow start to heat rapidly the 
affected tissues provoking vasodilation (Dremin et al., 2017; Liao et al., 
2013). Our hypothesis is that for an angiosome governed by an occluded 
artery, the blood flow and thus the thermal gradient remain smaller 
during the recovery period, resulting in a significantly higher time 
constant in Equation (1) or possibly to a poor exponential fit due to the 
complexity of the compensatory mechanisms. Similar approach has 
been used previously by Merla et al., in 2000 for cold provocation re-
covery analysis. However, the connection to current diagnostic param-
eters, such as ABI and TBI have not been established. 

2.5. Test setup and measurement protocol 

The test protocol is divided into 5 phases 1) reference data collection 
2) Rest phase 3) Limb elevation 4) Hydrostatic recovery and 5) thermal 
modulation. Completing all test phases, the total execution time is 
approximately 50 min. 

The used test equipment was two FLIR E8 microbolometer thermal 
cameras with 320 × 240 pixel spatial resolution, 60 mK noise equivalent 
temperature difference (NETD) and ±2% absolute accuracy from the 
reading. The data was acquired using the FLIR Tools + software with 
9Hz acquisition rate and 0.98 emissivity for skin (Jones and Plassmann, 
2002). The reference ABI and TBI measurements were conducted prior 
the TI with a medical CE certified Viasonix Falcon Pro (Viasonix, Israel) 
vascular assessment device. The measurements were conducted in a 
temperature controlled (24.5 ◦C ± 1.5◦C) examination room. 

The setup consists of a modified patient bed allowing constant field- 
of-view (FOV) and relative angle during the modulation tests. A poly-
methyl methacrylate thermal blocker screen was used to restrict stray 
infrared radiation (IR) and to aid image processing. The test setup is 
presented in Fig. 2. 

Hydrostatic modulation test was divided in 3 subphases: stabilization 
(8 min), limb elevation (3 min) and recovery (3 min). In thermal mod-
ulation tests, plantar and dorsal lower limbs were simultaneously and 
symmetrically cooled by moldable cold pads. Alternative cooling 
methods, such as cold-water submerging (Janský et al., 2003), or cooled 
air (Das et al., 2016; Kaczmarek and Nowakowski, 2016) were found 
unsuitable for CLTI patients. The cooling process and conformity was 
followed periodically with the thermal cameras, until the desired tem-
perature drop had been reached uniformly, i.e. 15% temperature drop 
from the initial reading (◦C) for both limbs, which corresponds 
approximately to 2.5–5 ◦C. Fabric cloth insulation was used to avoid 
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direct skin contact and to moderate the conductivity. The measurement 
was continued until the asymptotic recovery curve has been reached i.e., 
the 30 s mean temperature had not increased over 0.5 ◦C. The recovery 
period lasted for 10–15 min for each subject. 

2.6. Motion correction 

Limb movement and slow lower limb drifting was noticeable 
throughout the measurements for all subjects. Fig. 3 presents limb 
movement and drifting changes the measurement location. 

Small-scale motion artifacts were found detrimental especially in 
spectral measurements, where low amplitude temperature variations 
are inspected. Additionally, the ankle extension during hydrostatic 
modulation changes the plantar and dorsal plane orientation with 
respect to the camera plane, thus changing the region of interest (ROI) 
area coverage. To prevent plantar or dorsal feet covering, physical limb 
fixation was found unsuitable. Additionally, minor movements are 
difficult to eliminate completely and the ankle extension during hy-
drostatic elevation is necessary. Thus, computational motion correction 
was used, where rigid transformations (translation and rotation) were 

Fig. 2. Test setup from lateral view in the elevated limbs configuration (a) and cold pad thermal modulation (b). The thermal (IR) cameras and the thermal blocker 
screen are annotated in the figures. 

Fig. 3. Timelapse with 1-min intervals from the dorsal camera demonstrating the drifting for three healthy test subjects during the thermal modulation recovery. The 
drifting is significant especially for the right limb hallux in the 1st series. Slight lateral and medial motion are visible in the 2nd series in relation to the diagonal 
reference line. The 3rd series presents significant medial inversion drifting. 
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computed via iterative, intensity based multiresolution optimization. 
The optimization was performed for every image frame against a 
reference image (at t0), and the resulting transformation matrices were 
used to rotate and translate each respective frame. Maximum bounds 
were defined for the transformation matrix components according to the 
expected extent of the limb movement between subsequent frames (ti −
ti− 1). This eliminates problems caused by the NUC frames and ignores 
ambiguous frame optimizations results due to divergence. It also results 
in lesser iteration rounds and thus speeds up the process considerably. In 
this study, the registration was aided by using low conduction ceramic 
thermal markers that were attached to the sides of the patient’s feet. The 
markers held a constant temperature slightly above the body tempera-
ture and were thus visible in the image frames (Fig. 4). It is important to 
use sufficient insulation at the attachment boundary to avoid thermal 
conduction to the skin. 

Image resolution and frame rate is preferred to be kept modest due to 
large number of registration frames. Simple rigid registration, with no 
scaling or shear appears to be sufficient for rest phase and thermal 
modulation measurements. We found that either deformative, affine 
registration or a rigid registration with ROI re-delineation might be used 
during the elevated period. The latter is preferred, due to the preser-
vation of the original thermography data. 

2.7. Measurement parameters and analysis methods 

Plantar and dorsal limb datasets were analyzed for each patient by 
delineating the angiosome ROIs, resulting in 3 datasets on the dorsal 
side (DPA, LPA and DML) and 5 datasets on the plantar side (MPA, LPA, 
PA, CB and DML) for both limbs. Additional ROIs were added for 
possible ulcers and necrotic areas. Each dataset consists of thermal and 
hydrostatic modulation measurement data, which resulted in 64 
measured temperature curves for each subject, and in total 384 time 
series were computed with methods presented in Table 1. The data was 
processed and analyzed with Matlab R2020b based, open-source ther-
mal imaging research platform (Pakarinen et al., 2022). All data was 
resampled and preprocessed prior to the analysis. Motion correction was 
applied to the resampled data. The analysis parameters for each test 
phase and the reference measurements are presented in Table 1. 

Each parameter is measured as a median value of a region of interest 
covering a sufficient number of pixels to reduce noise (Budzan and 
Wyżgolik, 2015). The ROIs are delineated near the center of mass for 
each angiosome with clear margins to adjacent angiosomes to minimize 
interference. The setup is used to measure absolute and relative mea-
surements. The latter is performed as contralateral limb analysis, where 
adjacent limbs for healthy individuals are expected to have similar 
thermal behavior and properties (Gatt et al., 2015; Vardasca et al., 
2012), whereas asymmetric behavior could be expected for PAD and 

CLTI patients (Nagase et al., 2011). 
The thermal recovery data was resampled to 3Hz using 3-frame mean 

temperature values for each pixel to increase the Signal to Noise Ratio 
(SNR). The thermal recovery is a relatively slow process containing 
mainly low spectral frequencies within the endothelial (0.005–0.02 Hz) 
and DC bands, thus the resulting 1Hz sampling rate is sufficient for 
determining the time constant in Equation (1). The final recovery curves 
represent the time dependent, (spatial) median temperature within each 
angiosome. The time constants (τ) were solved from Equation (1) for 
each angiosome via least squares function fitting. 

Data was excluded from the thermal modulation analysis if the 
goodness-of-fit (GOF) parameters (GOF R-square under 0.7) or visual 
inspection of the fit was poor, or if the active cooling temperature drop 
was less than 1.5 ◦C for the given area. The hydrostatic modulation data 
was excluded in cases of unsuccessful registration or large motion arti-
facts. Finally, the Pearson Rho correlation coefficients against reference 
metrics were computed using the angiosome mean temperatures. The 
correlation was determined either as high (|ρ| ≥ 0.70), high to moderate 
(0.70> |ρ| ≥ 0.60), moderate (0.60> |ρ| ≥ 0.40) or low to no correla-
tion (|ρ|< 0.40). 

3. Results 

3.1. Hydrostatic modulation comparison between groups 

Table 2 presents the relative mean temperature differences of 
contralateral angiosomes for the rest, elevated and recovery periods. 
The table also presents the endothelial and neurogenic spectral powers 
in each test phase. 

The data indicates that the contralateral angiosome differences are 
lowest for healthy subjects in all hydrostatic test phases and that the 
hydrostatic modulation has no clear impact on the contralateral differ-
ence. The test phase and angiosome specific temperatures are presented 
in the supplementary material for all CLTI patients and healthy in-
dividuals. There is no detectable relation between hydrostatic test 
phases and mean angiosome temperatures. Hydrostatic mean tempera-
ture results for healthy subjects show no specific response or dependence 
on the hydrostatic test, except that the recovery period temperature is 
mainly higher than the elevation, yet the temperature decrease or in-
crease between rest and elevation phases seems to follow no pattern. 

The endothelial and neurogenic band powers are highest for the 
healthy individuals in the rest phase, as expected. The elevation and rest 
phases show band power drop for healthy individuals and PAD patients, 
yet a higher value for CLTI group. The neurogenic band powers are 
higher for both PAD and CLTI groups during elevation. Additionally, the 
contralateral mean band power differences showed high asymmetry 
(>50%) for all groups. 

Fig. 4. Low resolution registration time lapse of one test subject illustrating the required rotation and translation correction. The registration is performed for all 
video frames (targets), against the 1st frame (reference). Here each indexed pair consists of the left limb (left side) and the mirrored right limb (right side). The red 
background area coverage indicates the required transformation to correct the motion artifacts, such as drifting. The three hot spots located at the limb boundary are 
thermal markers. 
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3.2. Thermal modulation comparison between groups 

Table 3 presents the mean thermal recovery time constant values and 
standard deviations for healthy individuals, PAD and CLTI groups. 

Table 3 shows that the mean recovery time constants were 88% 
larger for PAD subjects with claudication and 83% larger for CLTI sub-
jects relative to the healthy young reference. However, the sample size 
was small and deviation within the groups was high, especially for PAD 
subjects. 

In contralateral limb measurements the lateral symmetry should be 
high (Gatt et al., 2015; Vardasca et al., 2012) and thus discrepancy in 
thermal profiles may indicate an underlying vascular condition. Table 4 
presents the mean relative differences between the lateral sides for 
plantar angiosomes and Table 5 for the dorsal angiosomes. 

The contralateral limb relative time constant measures in Tables 4–5 
show high similarity with healthy young subjects especially in plantar 
angiosomes, excluding DML. The mean time constant differences rela-
tive to maximum were 11% (8% STD) for healthy young subjects, 15% 
(9% STD) for PAD subjects, and 25% (9% STD) for CLTI subjects. Time 
constants from function fits with low GOF with poor visual estimate or 
with no proper cooling (less than 1.5 ◦C) were excluded. Fig. 5 presents 
the angiosome specific time constants for 3 healthy individuals. 

Both examples show high contralateral symmetry, especially on the 
plantar angiosomes. Fig. 6 shows time constants for the CLTI patients. 

CLTI patient (N = 2) shown in Fig. 6 had a necrotic area on the right 
limb’s 3rd phalanx and a necrotic wound on the 4th phalanx. The left 
side 5th digit was previously amputated. CLTI patient (N = 3) had a total 
popliteal artery block on both limbs and necrotic 5th phalanx on the left 
side. The missing data indicated that the time constant was too large for 
meaningful comparison or could not be defined for the area. The TBI was 
used as a reference for patient (N = 3), since ABI could not be defined for 
the left limb. The right limb ABI was 0.85 (no CLTI). 

The contralateral differences in part of the ROIs or in time constants 
were too large to be comparable i.e., recovery curves did not follow the 

exponential function or there is no detectable thermal recovery. The 
necrotic area time constant for the left limb for the CLTI patient (N = 3) 
could not be defined, since the ROI temperature did not recover. There is 
an indication of overall lateral asymmetry in thermal recovery time 
constants in comparison to the healthy individuals. 

3.3. Thermal imaging and the severity of PAD and CLTI 

Thermal recovery time constants are presented in relation to the 
reference measurements (TBI and ABI) in Fig. 7. 

As seen in Fig. 7, thermal recovery time constant has high negative 
linear correlation with TBI (ρ = -0.73). The correlation with ABI is 
somewhat lower (ρ = -0.60). ABI also shows signs of divergence around 
the ABI = 0.5 - 0.6. Although this could be a result from low sample size, 
one explanation could relate to the fact that ABI reliability at this range 
is not clear due to possible media sclerosis, overestimating the measured 
ankle pressure. The TBI correlations with LPA and DML angiosomes 
independently were ρ = -0.71, ρ = -0.49, respectively. The linear fits are 
presented in the supplementary material in Figures A.7 and A.8. The 
spatial STD relation to ABI (ρ = -0.47) is presented in A.9. 

The mean temperatures over all angiosomes, elevation and recovery 
periods are presented in Fig. 8. No dependency was discovered between 
temperature and ABI. Also, the hydrostatic intervention by limb eleva-
tion did not have a significant effect on the mean temperature. The 
spatial STD against test phases is presented in A.10. 

As seen in Fig. 8 there is no linear correlation with the absolute mean 
temperatures and ABI and the inter-individual deviation is larger than 

Table 1 
Reference and analysis parameters for different test phases.  

Reference 
parameters 

ABI, TBI Age Diagnosis 

Hydrostatic 
modulation 

Angiosome specific temperature 
differences 

Spatial standard deviation to detect locational 
changes, such as mottling (Ferraris et al., 2018) 

Spectral band powers in endothelial and neurogenic 
temperature fluctuation bands (Geyer et al., 2004; Sagaidachnyi 
et al., 2016) 

Thermal 
modulation 

Thermal recovery (Merla et al., 2000) 
- time constants and curve shape 

Temperature differences (Soliz et al., 2016) 
between test modulation phases   

Table 2 
Mean (std) relative contralateral temperature differences, and relative endothelial (PowE) and neurogenic (PowN) spectral band power differences. ΔPow is the 
spectral power relative to healthy individuals during the rest phase. The values were measured as the average band powers from all angiosomes free from artifacts.   

Healthy Rest Healthy Elev Healthy Recov PAD Rest PAD Elev PAD Recov CLTI Rest CLTI Elev CLTI Recov 

ΔT 0.65% (0.2%) 0.57% (0.17%) 0.43% (0.25%) 0.98% (0.23%) 0.99% (0.51%) 0.78% (0.69%) 0.70% (0.38%) 0.80% (0.18%) 0.78% (0.17%) 
ΔPowE 100% 73% 50% 63% 44% 51% 65% 96% 57% 
ΔPowN 100% 82% 51% 65% 79% 47% 51% 115% 54%  

Table 3 
Mean thermal recovery time constants in minutes from all angiosomes.   

Healthy young (N 
= 3) 

PAD with claudication (N 
= 4) 

CLTI (N =
4) 

Subject 1 1.52 min 1.91 min 2.68 min 
Subject 2 0.86 min 3.94 min 1.55 min 
Subject 3 1.19 min 1.94 min 1.84 min 
Subject 4  1.19 min 2.65 min 
Mean 1.19 min 2.24 min 2.18 min 
Standard 

deviation 
0.33 min 1.18 min 0.56 min  

Table 4 
Mean recovery time constant differences between contralateral plantar angio-
somes relative to maximum. (*GOF or minimum cooling requirements not met 
for any subject for the given angiosome).   

MPA LPA PA CB DML 

Healthy young 0.05 0.06 0.13 0.03 0.45 
PAD with claudication 0.15 0.87* 0.26 0.15 0.13 
CLTI 0.18 0.38 0.26 0.31 0.30  

Table 5 
Mean recovery time constant differences between contralateral dorsal angio-
somes relative to maximum.   

DPA LPA DML 

Healthy young 0.19 0.23 0.31 
PAD with claudication 0.02 0.17 0.48 
CLI 0.14 0.21 0.40  
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the induced temperature change. Additionally, there is no monotonic 
correlation calculated with Spearman’s correlation (rs = 0.044, p =

0.86). The results for TBI are similar. 
Finally, contralateral relative temperature change during hydrostatic 

test is presented in Fig. 9. 
The relative temperature was computed as the mean angiosome 

temperature difference between rest and elevation, standardized by the 
maximum test phase temperature (equation (2)). 

Trel =
Trest − Telev

max(Trest,Telev, Trecov)
(2) 

Fig. 9 shows no correlation with ABI and variation is high. Also, the 
recovery rate to initial temperature of the cooled limb showed only low 
negative correlation (ρ = -0.30) with ABI, presented in Figure A.11. 

Small thermal oscillation spectral band power analysis showed no 
correlation between reference measurements ABI and band powers 
(endothelial and neurogenic), with ρ = 0.23 and ρ = 0.15, respectively. 

Fig. 5. Angiosome specific contralateral time constants for healthy young subjects. The measured angiosomes were medial and lateral plantar angiosomes (MPA, 
LPA), posterior tibial angiosome (PA), calcaneal branch (CB), hallux (DML) and dorsum pedis angiosome (DPA). The dorsal angiosomes are indicated with (d). 

Fig. 6. Angiosome specific contralateral time constants for all CLTI patients. The measured angiosomes were medial and lateral plantar angiosomes (MPA, LPA), 
posterior tibial angiosome (PA), calcaneal branch (CB), hallux (DML) and dorsum pedis angiosome (DPA). Dorsal angiosomes marked with (d). 

Fig. 7. Thermal modulation recovery time constant from lateral angiosomes (LPA and DML) in relation to TBI and all angiosomes in relation to ABI. TBI shows high 
negative correlation (ρ = − 0.73). The relation to ABI shows high to moderate negative correlation (ρ = − 0.60). 
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The linear correlation was slightly higher between TBI and endothelial 
(ρ = 0.39, R2 = 0.15) and neurogenic (ρ = 0.37, R2 = 0.14) band powers 
in steady state. It is worth noting that a 2nd order predictive model could 
be justified over linear regression due to the 2nd order relation between 
change in spectral density function and the corresponding band power 
(R2 = 0.22, R2 = 0.19). The model fits are presented in supplementary 
material Figure A.12 and A.13. 

4. Discussion 

This study introduced a thermal imaging test setup for thermal and 
hydrostatic modulation tests and investigates their feasibility and po-
tential in CLTI diagnostics. Similar approaches have become more 
common in PAD research due to the technological advances and better 
affordability for high quality thermal cameras. However, measurement 
methodology, especially for absolute temperatures (Gatt et al., 2015), 
measured metrics and their connection to clinical diagnostics are lack-
ing. The peripheral thermal behavior due to arterial occlusion is not 
completely clear due to multiple coexisting factors, such as several 
vascular regulatory mechanisms - the regulatory response in different 
stages of PAD and for CLTI, and the severity and the thermoregulatory 
effect of microcirculatory dysfunction (Anderson et al., 2021). Addi-
tionally, the inter-angiosome artery-to-artery connections contribute to 
the adjacent angiosome blood flow (Huang et al., 2015). Standardiza-
tion and reproducibility of thermal measurements are limited by large 
number of peripheral temperature confounding dependencies within 
individuals e.g., circadian rhythm, sleep deprivation and light (Cuesta 
et al., 2017), sex specificity (Martínez-Téllez et al., 2018; Chudecka and 
Lubkowska, 2015; Vinkers et al., 2013; Kaciuba-Uscilko and Grucza, 
2001), acute stress (Vinkers et al., 2013; Herborn et al., 2015), physical 
activity (Neves et al., 2015), age and body mass index (Lahiri et al., 
2020) and other medical conditions affecting on thermoregulation, such 
as Raynaud’s syndrome (Gardner-Medwin et al., 2001; Greenstein et al., 
1995). Hence, significance of absolute temperature measures in CLTI 

diagnostics remains uncertain, and they do not necessarily provide 
meaningful information alone. In order to eliminate or minimize the 
confounding factors, the thermal environment should be strictly 
controlled, including ambient temperature, humidity, airflow, thermal 
conduction, and thermal radiation (Gagge and Nishi, 2011). 

In this study we found a prolonging in thermal recovery time con-
stants for the central angiosomes in CLTI and PAD patients, supporting 
our initial hypothesis. The high negative correlation of recovery time 
constant to TBI and ABI implies that even an approximative exponential 
model of physical heating may be sufficient to evaluate the impaired 
perfusion and thus, heat delivery. Similar conclusions have been made 
by Kaczmarek and Nowakowsk in 2016. Part of the thermal recovery 
results can be explained with the age difference of the compared groups. 
A research paper from Lahiri et al., in 2020 showed strong positive 
correlation (ρ = 0.94) with cold provocation inversion time and age. 
However, the recovery time for our preliminary data cannot be 
completely explained with the subject’s age, with moderate positive 
correlation (ρ = 0.61). In future research a healthy age control group 
will be included for a more in-depth analysis. 

The lateral symmetry for angiosome specific mean temperatures and 
thermal modulation time constant were high for healthy individuals and 
especially for plantar angiosomes, excluding the DML angiosome. It 
worth noting that DML is supplied from 2 different arteries, thus being a 
combination of 2 different angiosomes (MPA and DPA) rather than an 
individual angiosome, by definition. There was also an indication of 
contralateral asymmetry for CLTI patients, especially in necrotic areas 
and ulcers. Thermal images with proper windowing can offer an intui-
tive visual representation of the regional differences and aid in initial 
determination of the affected angiosomes. Example thermal profiles are 
presented in the supplementary material in Figures A.14 - A.16. 

The lack of correlation between absolute temperatures and the 
reference measurements in any hydrostatic test phase questions our 
initial hypothesis. Only a single healthy subject presented clear response 
to the modulation, but it is possible that this individual result is a 
consequence from the microbolometer sensor NUC stabilization, 
although efforts were made to prevent and to correct baseline and 
calibration frame artifacts. The results considering the contralateral and 
inter-individual absolute temperatures conflict with some of the previ-
ous studies (Strzelecki et al., 2017; Zenunaj et al., 2021; Gatt et al., 
2018). However, the usefulness of absolute temperatures in PAD eval-
uation has been also questioned previously (Ilo et al., 2020). Carabott 
et al., in 2021 also found that the hydrostatic elevation did not have 
significant effect on temperature profiles on PAD patients. This seems to 
be the case also for CLTI patients. 

The relation between reference metrics and the small temperature 
fluctuations could not be reliably quantified with the current test 
equipment. Prior studies suggest that thermal cameras with noise 
equivalent temperature difference of 60 mK (NETD) should be sufficient 
for endothelial and neurogenic band determination (Sagaidachnyi et al., 
2016, 2017), but we must conclude that the thermal cameras used in this 
study have too low absolute accuracy (±2% from reading) and high 
NETD (60mK) for spectral measurements or in determination of small 
thermal fluctuations. Hence, proceeding with the data collection for this 
part with current equipment is not ethically justifiable. The hydrostatic 
measurements should be repeated using thermal cameras with higher 
absolute temperature accuracy, lower NETD (preferably NETD ≤ 20 mK) 
and stricter test conditions. 

5. Conclusions 

In this work we examined the relation between chronic limb 
threatening ischemia and dynamic thermal imaging, utilizing the 
angiosome concept, hydrostatic and thermal modulation tests. There is 
evidence supporting our hypothesis for the thermal time constant pro-
longing due to severity of PAD and exponential fit validity, yet a dif-
ference in absolute temperatures and decreased perfusion due to 

Fig. 8. Mean temperatures in each hydrostatic phase (rest, elevation, recov-
ery). Temperature values show no correlation with ABI with ρ = − 0.11, ρ =
− 0.15, ρ = − 0.10, respectively. 

Fig. 9. Relative temperature change between rest and elevation with respect to 
ABI shows no correlation (ρ = 0.12) and high variance. 
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hydrostatic modulation could not be confirmed and more research is 
required with stricter test conditions and larger sample size. Regional 
asymmetry for CLTI patients, especially for thermal recovery, and 
moderate symmetry for healthy individual in contralateral analysis 
advocate the diagnostic potential of relative temperature measures and 
angiosome division. Measurement of absolute temperatures and small 
thermal fluctuations require particular attention in standardizing the 
measurement environment and high camera sensitivity and accuracy. 
Additionally, the challenges in minimizing motion artefact and patient 
positioning must be considered carefully, especially for CLTI patients for 
who facultative immobilization is difficult. We recommend the combi-
nation of minimally compulsive fixation to prevent larger motion 
together with computerized motion correction. The camera framerate 
should allow multiple frames averaging and angiosome delineation 
should cover large portion of the angiosomes, so that spatial filtering 
may be used to increase signal-to-noise ratio. Additionally, estimated 
angiosome boundaries should be excluded with clear margins to mini-
mize adjacent artery interference. Dynamic thermal imaging has po-
tential as a supportive future technology in CLTI diagnostics, yet its 
implications and real value are still unclear, though worthy of further 
research. 

Funding sources 

This research was funded by the Academy of Finland (351471, 
351472), State Research Fund (VTR, 9AP052), and by Instrumentarium 
Science Foundation, Finland, as a personal grant for Tomppa Pakar-
inen’s doctoral research. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Tomppa Pakarinen: Conceptualization, Methodology, Software, 
Formal analysis, Investigation, Data curation, Writing – original draft, 
Visualization, Funding acquisition. Atte Joutsen: Methodology, Inves-
tigation, Resources. Niku Oksala: Conceptualization, Writing – review 
& editing, Supervision, Project administration, Resources, Funding 
acquisition. Antti Vehkaoja: Conceptualization, Writing – review & 
editing, Supervision, Resources, Funding acquisition. 

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

Authors have no competing interest to declare. This research was 
funded by the Academy of Finland (351471, 351472), State Research 
Fund (VTR, 9AP052), and by Instrumentarium Science Foundation, 
Finland, as a personal grant for Tomppa Pakarinen’s doctoral research. 
Research nurses Anna-Maija Purosola and Milka Ahola, and medical 
student Julia Koskela are acknowledged for collecting the preliminary 
data. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jtherbio.2023.103467. 

References 
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Skin temperature changes in humans induced by local peripheral cooling. J. Therm. 
Biol. 28 (5), 429–437. https://doi.org/10.1016/s0306-4565(03)00028-7. 

Jones, B.F., Plassmann, P., 2002. Digital infrared thermal imaging of human skin. IEEE 
Eng. Med. Biol. Mag. 21 (6), 41–48. https://doi.org/10.1109/MEMB.2002.1175137. 
Nov.-Dec.  

Kabra, A., Suresh, K.R., Vivekanand, V., Vishnu, M., Sumanth, R., Nekkanti, M., 2013. 
Outcomes of angiosome and non-angiosome targeted revascularization in critical 
lower limb ischemia. J. Vasc. Surg. 57 (1), 44–49. https://doi.org/10.1016/j. 
jvs.2012.07.042. 

Kaciuba-Uscilko, H., Grucza, R., 2001. Gender differences in thermoregulation. Nov 
Curr. Opin. Clin. Nutr. Metab. Care 4 (6), 533–536. https://doi.org/10.1097/ 
00075197-200111000-00012. PMID: 11706289.  

Kaczmarek, Mariusz, Nowakowski, Antoni, 2016. Active IR-thermal imaging in 
medicine. J. Nondestr. Eval. 35 https://doi.org/10.1007/s10921-016-0335-y. 

Kawasaki, T., Uemura, T., Matsuo, K., Masumoto, K., Harada, Y., Chuman, T., Murata, T., 
2013. The effect of different positions on lower limbs skin perfusion pressure. Sep 
Indian J. Plast. Surg. 46 (3), 508–512. https://doi.org/10.4103/0970-0358.121995. 
PMID: 24459340; PMCID: PMC3897095.  

Khor, B., Price, P., 2017. The comparative efficacy of angiosome-directed and indirect 
revascularisation strategies to aid healing of chronic foot wounds in patients with co- 
morbid diabetes mellitus and critical limb ischaemia: a literature review. J. Foot 
Ankle Res. 10, 26. 

Lahiri, B.B., Bagavathiappan, S., Philip, J., 2020. Infrared thermal imaging based study 
of localized cold stress induced thermoregulation in lower limbs: the role of age on 
the inversion time. Dec J. Therm. Biol. 94, 102781. https://doi.org/10.1016/j. 
jtherbio.2020.102781. Epub 2020 Nov 14, PMID: 33292979.  

Liao, F., Burns, S., Jan, Y.K., 2013. Skin blood flow dynamics and its role in pressure 
ulcers. J. Tissue Viability 22 (2), 25–36. https://doi.org/10.1016/j.jtv.2013.03.001. 

Mambou, S.J., Maresova, P., Krejcar, O., Selamat, A., Kuca, K., 2018. Breast cancer 
detection using infrared thermal imaging and a deep learning model. Sensors 18 (9), 
2799. https://doi.org/10.3390/s18092799. 

Martínez-Téllez, Borja, Ortiz, Alvarez, Lourdes, Sánchez-Delgado, Guillermo, 
Xu, Huiwen, Acosta, Francisco, Ramírez, Merchán, Elisa, Hernández, Victoria, 
Martínez-Avila, Wendy, Contreras-Gomez, Miguel, Gil, Ángel, Labayen, Idoia, 
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