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Abstract

Objective: The role of skin temperature and soft tissue hardness in the development of plantar ulcers
is still in debate. However, the relationship between skin temperature and soft tissue hardness has not
been explored. This study intends to analyse an eventual association between skin temperature and
soft tissue hardness in the foot of diabetic patients Approach: Twenty diabetic patients enrolled for
this study. The analysis was done at the foot level, therefore, skin temperature and soft tissue hardness
data of the plantar surface of 40 feet were obtained in eight regions of the foot, two in the heel, two

in the midfoot, three in the forefoot and one in the hallux. Information regarding glycaemic control
(HbA1lclevels) was retrieved from the clinical records of the patients. Main results: After averaging
skin temperature and soft tissue hardness in the calcaneum (medial and lateral), in the midfoot
(medial and lateral) and in the metatarsal head (1st, 2nd—3rd and 4th—5th), a negative, moderate

and significant association was found between skin temperature and soft tissue hardness in the
metatarsal head (tho = —0.553; p < 0.001), a positive, low and significant association was found in
the midfoot (rho = 0.333; p = 0.036), but no association was found in the heel. The multiple linear
regression models with skin temperature as dependent variable and soft tissue hardness as predictor
were statistically significant in the metatarsal heads and midfoot, and explained 28.8% (R?> = 0.288,
F(38 = 15.37,p < 0.001) and 11.9% (R* = 0.119, F(; 33) = 5.151,p = 0.029) of the variance in

skin temperature, respectively. Significance: Skin temperature is negatively associated with soft tissue
hardness in the metatarsal head region and positively associated with soft tissue hardness in the
midfoot. These findings imply that soft tissue hardness should be considered in the assessment of
diabetic foot patients and that this variable should be controlled in studies assessing the determinants
of foot skin temperature.

1. Introduction

The prevalence of diabetes is increasing worldwide. Diabetes is a chronic condition that occurs when high levels
of glucose are present in the blood and is often associated with disabling and life-threatening complications
(International Diabetes Federation 2017), such as foot ulcers. The yearly incidence of foot ulcers is around
2%—4% in developed countries (Boulton et al 2005) and the recurrence rate may reach 40% (Pound et al 2005),
illustrating the elevated burden to the patients, health care systems and society. Sensory loss, foot deformities,
inability to coordinate movements and impairments in sweat and sebaceous glands functioning increase the
vulnerability of the foot to infection and ulcer formation (Frykberg et al 2006, Noor et al 2015). Altered pressure
distribution throughout the sole of the foot due to soft tissue changes, might also contribute to foot ulceration
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(Frykberg et al 2006). These soft tissue changes include limited joint mobility, callus formation and increased
hardness of plantar tissues (Pavicic and Korting 2006, Chao et al 2011, Periyasamy et al 2012a).

Regarding soft tissue hardness, the balance between proliferation, differentiation and cell death of
keratinocytes sustains the thickness of the epidermis (Truong and Khavari 2007). Previous research has
evidenced thatan increase in proliferation is related to the accumulation of advanced glycation products induced
by hyperglycaemia in patients with diabetes (Kennedy and Baynes 1984, Sternberg et al 1985, Chao et al 2011),
which in turn increase skin stiffness through increase in cross-linking of collagen (Nikkels-Tassoudji et al 1996).
This is even more evident in patients with diabetes and foot complications such as neuropathy and ulceration
(Chao etal2011). Soft tissue hardness has a small but significant influence on the ability to perceive light touch in
healthy feet (Strzalkowski et al 2015) and it is logical to assume that it may worsen this already impaired ability in
diabetic patients with foot complications. Moreover, patients with neuropathy have higher soft tissue hardness
than diabetic patients without neuropathy and nondiabetic subjects (Piaggesi et al 1999), and the severity of
neuropathy is strongly correlated with the increase in hardness. Another study has evidenced that patients with
diabetes, neuropathy and a history of ulcers had higher stiffness than age, gender and BMI matched controls
(Klaesner et al 2002). Previous research has suggested that soft tissue stiffness may be related to peak plantar
pressure (Zheng et al 2000, Klaesner et al 2002, Charanya et al 2004), therefore it may contribute to foot ulcer
occurrence.

Clinical abnormalities related to changes in blood flow and inflammation may affect skin temperature (Ring
and Ammer 2012), and its relevance in the study of diabetes is well established (Armstrong et al 2007, Ring 2010).
Increments in skin temperature, when compared to the contralateral side, can predict the occurrence of foot
ulcers (Houghton et al 2013) and the International Working Group on the Diabetic Foot has suggested that
monitoring skin temperature can reduce the recurrence of plantar ulcers (van Netten et al 2016). Neuropathy, a
common feature in diabetic patients has been associated with higher values of skin temperature (Papanas et al
2009, Bagavathiappan et al 2010).

Autonomic dysfunction is a feature associated with the increase in soft tissue hardness and skin temperature
in diabetic patients. Sudomotor dysfunction, a consequence of impaired innervation of sweat glands (Vinik et al
2015, Castro et al 2016) is associated with dry skin, callus formation and increased skin temperature (Goodman
1966, Fealey et al 1989, Boulton 2004, Sun et al 2006, Papanas et al 2010) and has been reported to be correlated
with glycated haemoglobin (HbA1c) levels, a measure of glycaemic control (Chahal et al 2017). Regardless the
relevance of studying soft tissue hardness and skin temperature in patients with diabetes and their common
features, the relationship between both parameters has not been investigated. Therefore, the aim of this study was
to explore whether an association between skin temperature and soft tissue hardness exists in the foot of diabetic
patients.

2. Methodology

This study was conducted with data from a larger prospective cohort study (ClinicalTrials.gov Identifier:
NCT03254095), approved by the ethical committee of Centro Hospitalar do Porto.

2.1. Participants

Considering the association between skin temperature and soft tissue hardness reported in a conference
paper by Seixas et al (2018b), an av = 0.05 and a statistical power of 80%, a minimum sample size of 27 feet
was required (Lachin 1981). Twenty adults with diabetes, recruited from a specialized foot surveillance centre
(mean age: 67.3 years; mean BMI: 26.1 kg m ™% mean diabetes duration: 17.8 years), volunteered to participate
in this study. Risk categories for ulceration, according to the International Working Group on the Diabetic Foot,
ranged between 1 and 3. Glycaemic control information was assessed retrieving HbA1c levels from the clinical
registry of the patients (mean HbA1c: 60 mmol mol™~!; minimum HbA1c: 37 mmol mol~}; maximum HbAlc:
104 mmol mol!). Considering that study variables are relevant at the foot level and not at the patient level, data
was collected for both feet and all analysis were done at the foot level, therefore, 40 feet were analysed.

2.2. Soft tissue assessment

Soft tissue hardness (STH) was assessed in eight regions using a Shore-A PCE-DDA 10 durometer (PCE
Instruments, Meschede, Germany), with a resolution of 0.1 and a repeatability <41 Shore units. Measurements
were made at the heel (medial and lateral), midfoot (medial and lateral), first metatarsal head, between the second
and third metatarsal head, between the fourth and fifth metatarsal head, and at the hallux. The durometer consists
of a spring-loaded truncated cone-tipped indenter and is an instrument frequently used in research to assess soft
tissue hardness in patients with diabetes (Piaggesi et al 1999, Periyasamy et al 2012a). For this assessment the
patients were seated, with the knees extended and toes pointing upwards. The durometer was pressed against the
surface of both feet at the selected locations. Three measurements were recorded at each location and averaged.
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Figure 1. Regions of interest (ROI) on the foot, both for thermal and hardness assessment.

The durometer quantifies the relative degree of soft tissue hardness in Shore units (S), in a scale from 0-100
units. Soft materials, such as skin, evidence lower Shore values and hard materials evidence higher Shore values
(Periyasamy et al 2012b).

2.3. Skin temperature assessment

Skin temperature (TSk) data was collected between 9 a.m. and 1 p.m., away from airflow and infrared radiation
sources. After a 10 min acclimation period, thermal images were recorded in a room with controlled ambient
temperature (23.2°C £ 0.5 °C) and relative humidity (53.2% =+ 5.1%). Plantar foot thermograms were
recorded with an infrared camera FLIR E60 (FLIR Systems, Wilsonville, OR, USA) with a sensor array size of
320 x 240 and + 2% of measurement uncertainty of the overall reading and with emissivity set to 0.98. The
camera was always turned on at least 40 min before the first assessment, allowing sensor stabilization. For image
acquisition, the camera was positioned perpendicular to the feet, at 1 m distance. The patients were seated, with
legs supported by a chair. Patients were instructed to keep their foot in zero degrees dorsiflexion while acquiring
the thermograms. All thermograms were acquired by the same researcher.

Thermal images were analysed with FLIR ResearchIR Max software (FLIR Systems, version 4.30.0.69).
Circular regions of interest (ROI) were defined in the same areas where soft tissue hardness was assessed (figure
1),and mean temperature values were extracted and further analysed. The ROI were always the same, with a size
of 96 pixels.

The assessment of STH and TSk was performed in the same session, with feet in the same position.

2.4. Dataanalysis

Data analysis was performed using Statistical Package for the Social Sciences (SPSS Statistics version 25, IBM
Corp., Armonk, NY, USA). Data distribution was assessed with the Shapiro-Wilk test and through histogram
visual inspection. The related samples Friedman’s two-way analysis of variance test was used to compare TSk
and STH between the areas of the foot and pairwise comparisons were made, adjusting the significance values
using the Bonferroni correction. Non-parametric correlation (Spearman’s rho) was selected to analyse the
association between the measures of TSk and STH of selected regions and to analyse the association between
the measurements of TSk and STH in each selected region. The areas in the heel (medial and lateral aspects),
in the midfoot (medial and lateral aspects) and in the metatarsal head (1st, 2nd—3rd and 4th—5th metatarsal
head) were averaged and the association between TSk and STH in these 3 regions was assessed with the same
method. Confidence intervals for the correlation were obtained through a bootstrapping approach. Considering
the results of the assessment of the association between TSk and STH, two multiple linear regression model
(method enter) was tested, considering TSk as the dependent variable and STH, adjusting for glycaemic control
as independent variables, for the region of the metatarsal head and midfoot. Glycaemic control was included
in the model because sudomotor dysfunction, which is in the origin of dry skin and increased hardness, has
been shown to be associated with HbAlc values (Chahal et al 2017). The assumptions of the models for the
metatarsal head region and midfoot were assessed graphically (residual distribution and homoscedasticity) and
through the Durbin—Watson statistic (d = 1.457 and d = 1.781, respectively). Multicollinearity between the
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Table 1. TSkand STH values, presented as median values (interquartile range) in the regions of the foot and significance values
(Friedman s test) for the comparison across regions.

Foot regions TSk (°C) STH (S)
Heel medial 27.8 (3.1) 12.6 (5.9)
Heel lateral 27.5(3.0) 12.2 (6.0)
Midfoot medial 28.7 (1.3) 7 (4.4)
Midfoot lateral 27.1(2.1) 12.1 (4.6)
1st metatarsal head 27.7 (3.7) 13.7 (15.6)
2nd-3rd metatarsal head 27.5(2.3) 11.9 (4.9)
4th—5th metatarsal head 27.3(2.8) 13.8 (7.5)
Hallux 26.0 (4.6) 6.8 (3.9)
P <0.001 <0.001

independent variables in the metatarsal head region and midfoot was assessed through the variance inflation
factor (VIF = 1.000 and VIF = 1.139, respectively). The assumptions and multicollinearity analysis have not
revealed relevant issues. A post-hoc analysis has been conducted using G * Power (Faul et al 2007) to determine
the statistical power of the correlation and regression analysis. Statistical significance was admitted if p < 0.05.

3. Results

3.1. Skintemperature and soft tissue hardness
The results of TSk and STH measurements are presented in table 1.

The region with highest TSK was the medial aspect of the midfoot and the region with lower TSk was the hal-
lux. TSk in the medial aspect of the midfoot was significantly higher than TSk in the hallux (p < 0.001), in the
4th—5th metatarsal head (p < 0.001), in the 1st metatarsal head (p = 0.004), in the lateral aspect of the midfoot
(p < 0.001), in th medial aspect of the heel (p = 0.002) and in the lateral aspect of the heel (p < 0.001). TSk in
the hallux was lower than TSk in the medial aspect of the heel (p < 0.001),in the 1st metatarsal head (p = 0.010),
in the 2nd-3rd metatarsal head (p < 0.001) and the medial aspect of the midfoot (p < 0.001). Concerning
STH, the region with highest values was the 4th—5th metatarsal head and the region with lower values was the
medial aspect of the midfoot. STH in the 4th—5th metatarsal head was significantly higher than STH in the hallux
(p < 0.001) and in the medial aspect of the midfoot (p < 0.001). STH in the medial aspect of the midfoot was
lower than STH in the 1st metatarsal head (p < 0.001), in the 2nd—3rd metatarsal head (p = 0.006), in the 4th—
5th metatarsal head (p < 0.001), in the lateral aspect of the midfoot (p < 0.001), in the lateral aspect of the heel
(p < 0.001) and in the medial aspect of the heel (p < 0.001).

3.2. Association between skin temperature and soft tissue hardness
The association between TSk and HST in the selected regions of the foot is represented in table 2.

Considering TSk, a positive and significant association was observed between all the ROI. Regarding STH,
significant correlations were observed between the regions in the heel and the midfoot and the other regions
(with exception of the 1st metatarsal head), between the 2nd—3rd metatarsal head and the 4th—5th metatarsal
head and between the hallux and the regions in the heel and midfoot.

A negative, moderate and significant correlation was observed between TSk and STH in the 1st metatarsal
head region. No significant correlations were observed between TSk and STH in the other regions of the foot.

Considering the heel, midfootand metatarsal head in the foot, after averaging the TSkand STH measurements
in each region as detailed in the data analysis section, a moderate, negative and significant correlation was
observed in the metatarsal head (tho = —0.553,p < 0.001) with 30.6% of the variance in TSk being predicted by
STH, and a low positive and significant correlation was observed in the midfoot (rtho = 0.333, p = 0.036) with
11% of the variance in TSk being predicted by STH (table 3 and figure 2).

3.3. Regression analysis
In the metatarsal head region, multiple linear regression identified STH (5 = —0.155; t = —3.868; p < 0.001)
as significant predictor of TSk, but not HbAlc (8 = 0.008; t = 0.056; p = 0.956), therefore, HbAlc was not
included in the final model. A significant regression equation was found (F(; 33 = 15.37, p < 0.001), with an
R? 0f 0.288 (1 — 3= 0.975), explaining 28.8% of the variance of TSk. Participants predicted TSk is equal to
29.715-0.155 (STH) °C when STH is measured in Shore units.

In the midfoot region, multiple linear regression identified STH (8 = 0.155; t = 2.698; p < 0.001) as signifi-
cant predictor of TSk, but not HbAlc (G = —0.163;t = —1.530; p = 0.134), therefore, HbAlc was not included
in the final model. A significant regression equation was found (F(; 35) = 5.151, p = 0.029), with an R? of 0.119
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Table2. Correlation matrix for TSk and STH. Correlation between TSk and STH in each foot region in bold (diagonal), correlation
between TSk in the different foot regions below the diagonal and correlation between STH in the different foot regions above the diagonal.

1) 2 3) (4) (5) (6) 7 (8)

(1) Heel medial — 0207  .0.754¢ 0.454" 0.514" 0.184 0.329° 0.350°" 0.368"
(2) Heel lateral 0.959°  0.028 0.541¢ 0.620° 0.091 0.341° 0.494° 0.535"
(3) Midfoot medial 0.699°  0.700° 0.045 0.376 0.308 0.141 0.343° 0.507°
(4) Midfoot lateral 0.661°  0.672° 0.925¢ 0.296 0.115 0.236 0.310 0.577°
(5) 1st metatarsal head 0.529°  0.517° 0.633° 0.670° — 0.450° 0.238 0232 —0.077
(6) 2nd—3rd metatarsal head 0.545°  0.576° 0.719¢ 0.805° 0.853¢ —0.157 0.534" 0.073
(7) 4th—5th metatarsal head 0.583°  0.615° 0.755¢ 0.865°¢ 0.735°¢ 0.905¢ — 0.078 0.092
(8) Hallux 0.513"  0.510" 0.520° 0.536" 0.796¢ 0.810¢ 0.685¢ 0.084
ip <0.05.

bp <0.0l1.

€p < 0.001.

Table 3. Correlation between TSk and STH in the heel, midfoot and metatarsal head: correlation coefficient (Spearman’s rho), 95%
confidence interval (CI), significance (p), determination coefficient (rho?) and power (1 — j3).

Foot regions Spearman’s rho 95% CI p-value rho? (1-7)
Heel —0.192 [—0.475;0.134] 0.255 0.036 0.222
Midfoot 0.333 [0.023;0.584] 0.036" 0.110 0.586
Metatarsal head —0.553 [—0.742; —0.257] <0.001" 0.306 0.969
ap < 0.05.

b p < 0.001.

(1 — 8= 0.620), explaining 11.9% of the variance of TSk. Participants predicted TSk is equal to 26.944 + 0.124
(STH) °C when STH is measured in Shore units.

4. Discussion

The goal of this study was to analyse whether an association between TSk and STH is present in the foot of
diabetic patients. To the best of our knowledge, this has not been reported in the literature, although the relevance
of studying these variables in diabetic patients has been already demonstrated. The main finding of this research
is that TSk and STH are significantly correlated in the metatarsal head region and midfoot. In the region of the
metatarsal head, one of the areas at high risk to develop foot ulcers given the exposure to high pressure (Boulton
2018), TSk and STH are negatively correlated and in the midfoot TSk and STH are positively correlated.

There is alack of research regarding the association of TSk and STH. Soft tissue hardness has been assessed in
diabetic patients before (Piaggesi et al 1999, Thomas et al 2003, Periyasamy et al 2012b) but no association with
TSk has been attempted. Ammer et al (2001) have assessed the association between the presence of hotspots,
defined asanyareaatleast 0.5 °Cwarmer than the surroundings, and callus formation and reported no significant
association. However, although not significant, the association was negative in half of the analysed sites. Increased
skin thickness and callus formation are not the only reasons for increased STH. Small-muscle wasting, a common
feature in diabetic foot patients (Boulton 2018), is also a possible cause, leading to metatarsophalangeal joint
deformity (Cheuy et al 2016), which increases STH measurements.

The findings of the present study suggest a negative association between TSk and STH in the metatarsal head
region, with STH explaining 28.8% of the variance in TSk. It is possible that increased skin thickness, might act
as an insulator, affecting heat dissipation, similarly to how fat tissue affects skin temperature (Chudecka and
Lubkowska 2015). Considering that muscle activity is a source of heat output (Kuht and Farmery 2018), the
small-muscle wasting in the foot, which leads to lower muscle activity, may also have contributed to lower skin
temperature. Previous research has demonstrated that TSk in feet with paralysed muscles is significantly lower
than TSk in the healthy contralateral limb (Zurek et al 2008). However, not being the focus of this study, these
factors were not assessed and should be addressed in future research.

In the midfoot, the results suggest an opposite relation between TSk and STH. Although week, the correla-
tion between these variables is positive and significant. However, the small variance of TSk explained by STH and
the low statistical power in the analysis warrant further investigation. This area of the foot is less prone to STH
increments and is the area of the foot with lower hardness, decreasing the eventual role of skin thickness as an
insulator. Moreover, the midfoot is the area of the foot with higher TSk, being the entrance of vascular structures
in the plantar foot. This conjugation of factors may be related to the differences in the association between TSk
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Figure2. Correlation plots between TSk and STH in the metatarsal head and midfoot regions, and density plots for each variable.

and STH in the midfoot and in the metatarsal heads. Further research is needed to clarify these differences in the
association between TSk and STH in different areas of the foot.

Regarding glycaemic control, the present results suggest the absence of association between HbAlc and TSk,
however glycaemic control through HbAlc only reflects the glycaemic control over the previous three months.
Sudomotor dysfunction has been shown to be associated with higher HbA1clevels (Chahal et al2017) and higher
TSk (Sun et al 2006, Papanas et al 2010). Sivanandam et al (2013), contrary to the present findings, reported a
negative association between TSk and HbA1c measurements in all analysed body regions, but the feet were not
included in the analysis. A recent study (Chatchawan et al 2018) has evidenced a positive correlation between TSk
and ankle brachial index, suggesting an association between TSk and blood perfusion and Ding et al (2018) have
reported a strong association between HbA1c and incident peripheral artery disease, which leads to a decrease
in TSk (Seixas et al 2018a). Foot blood flow impairment can have both atherosclerotic occlusive disease affecting
medium-sized arteries and microcirculatory dysfunction, which is not fully understood (Deery and Guzman
2018), affectingblood flow at the arteriolar and capillary levels (Akbari and LoGerfo 1999), contributing to lower
skin temperature as disease progresses. These evidences were not supported by the results of the present study.

Few studies have reported TSk in various regions of the feet in diabetic patients, especially in the midfoot,
which limits the ability to compare the present results with other studies. A recent study has reported lower
TSk in the hallux than in the 1st and 5th metatarsal regions and heel (Astasio-Picado et al 2018), and similar
TSk in the region of the metatarsal head (Astasio-Picado et al 2018, Silva et al 2018) which is in line with our
findings. However, these authors have not reported the size of the ROl and considering the available information,
point measurements may have been performed, which, in addition to the variability in foot temperature, could
explain why temperature values are globally lower in the study of Astasio-Picado et al (2018) than those in the
present study, and higher in the study of Silva et al (2018). In the present study, the medial aspect of the midfoot
was the ROI with highest TSk, in line with the findings of Bharara et al (2014). Other authors, although only
providing a qualitative analysis of thermograms (Mori et al 2013), also support these findings since the most
frequent typologies of foot thermograms had the medial aspect of the midfoot identified as possible area of
higher temperature values.

Concerning STH, previous research has reported highest STH in the region of the first metatarsal, and lowest
values of STH in the region of the second metatarsal in patients with diabetes (Periyasamy et al 2012b). The
present results are partially in line with these findings since higher STH was found in the fourth-fifth and first
metatarsal heads regions but the lowest STH values were found in the medial aspect of the midfoot and hallux,
which was the second area with highest STH in the study of Periyasamy et al (2012b). Although not the focus of
this study, these differences might be related to differences in the mobility of the hallux of the assessed patients.
Patients with lower mobility of the hallux will evidence higher values of STH because, during the assessment,
more pressure is exerted in the indenter of the durometer. Another study has assessed STH in the heel, in the
midpoint of the line connecting the centre of the heel and the base of the first toe and in the midpoint of the line
connecting the centre of the heel and the base of the fifth toe, and reported the lowest values in the medial aspect
of the midfoot and similar values in the heel and lateral aspect of the midfoot (Piaggesi et al 1999), which isin line
with the present results. Considering the foot anatomy, it is expectable to find higher STH values in the metatarsal
head and lower STH in the medial aspect of the foot, except in patients with foot deformities (e.g. Charcot foot).
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This study has some limitations, the most important being the relatively small sample size. However, the
post-hoc analysis of the statistical power gives confidence to the results. Moreover, given the exploratory nature
of the study, we have not explored variables such as active ankle and hallux mobility, foot deformities and periph-
eral artery disease, which would provide information regarding muscle function and blood flow, possible skin
temperature determinants influencing the study results. We have not assessed core temperature, mean body skin
temperature, resting blood pressure or heart rate to confirm the thermal status or hemodynamic stability. We
have also not assessed physical activity levels, but patient characteristics (age and risk of ulceration) suggest that
this is unlikely to have influenced the study results. Moreover, not having included healthy controls, the relevance
of these findings in the management of diabetic patients needs further analysis.

5. Conclusion

The findings of this exploratory study suggest a negative association between skin temperature and soft tissue
hardness in the metatarsal head region and a positive association between these variables in the midfoot. Soft
tissue hardness (but not glycaemic control) is a significant predictor of skin temperature in these areas of the foot.
Notwithstanding the relatively small sample size, that limit the study findings to this sample only, this work offers
valuable insights into the relationship between two important variables in diabetic foot research. Considering
the evidence relating skin temperature to the risk of ulceration, these findings suggest that soft tissue hardness
should be considered in the assessment of diabetic foot patients. Moreover, studies analysing the determinants of
skin temperature should control for soft tissue hardness.

Future research should be conducted in a larger sample to confirm, or refute, these findings and to analyse
additional determinants of foot skin temperature, such as active range of motion, the existence of peripheral
artery disease and plantar pressure. Their role in the development of foot ulcers should also be addressed in
future studies.

Disclosure statement

No potential conflict of interest was reported by the authors.
Funding

This work was funded by Project LAETA—UID/EMS/50022/2013.
ORCIDiDs

Adérito Seixas ® https://orcid.org/0000-0002-6563-8246

Jodo Paulo Vilas-Boas ® https://orcid.org/0000-0002-4109-2939
Joaquim Mendes @ https://orcid.org/0000-0003-4254-1879
Ricardo Vardasca ® https://orcid.org/0000-0003-4217-2882

References

Akbari C M and Logerfo FW 1999 Diabetes and peripheral vascular disease J. Vascular Surg. 30 373-84

Ammer K, Melnizky P, Rathkolb O and Ring E 2001 Thermal imaging of skin changes on the feet of type II diabetics Engineering in Medicine
and Biology Society, 2001. Proc. 23rd Annual Int. Conf. of the IEEE, 2001 (IEEE) pp 2870-2

Armstrong D G, Holtz-Neiderer K, Wendel C, Mohler M J, Kimbriel H R and Lavery L A 2007 Skin temperature monitoring reduces the risk
for diabetic foot ulceration in high-risk patients Am. J. Med. 120 1042—6

Astasio-Picado A, Escamilla Martinez E, Martinez Nova A, Sanchez Rodriguez R and Gémez-Martin B 2018 Thermal map of the diabetic
foot using infrared thermography Infrared Phys. Technol. 93 59—62

Bagavathiappan S, Philip J, Jayakumar T, Raj B, Rao P N S, Varalakshmi M and Mohan V 2010 Correlation between plantar foot temperature
and diabetic neuropathy: a case study by using an infrared thermal imaging technique J. Diabetes Sci. Technol. 4 1386-92

Bharara M, Boulger E, Grewal G S, Schoess ] N and Armstrong D G 2014 Applications of angiosome classification model for monitoring
disease progression in the diabetic feet Proc. 2014 Summer Simulation Multiconference, 2014. Society for Computer Simulation Int. p 34

Boulton A 2004 The diabetic foot: from art to science. The 18th Camillo Golgi lecture Diabetologia 47 1343-53

Boulton AJM 2018 The diabetic foot Medicine 47 100-5

Boulton A, Vileikyte L, Ragnarson-Tennvall G and Apelgvist ] 2005 The global burden of diabetic foot disease Lancet 366 171924

Castro J,Miranda B, Castro I, De Carvalho M and Conceigao I 2016 The diagnostic accuracy of Sudoscan in transthyretin familial amyloid
polyneuropathy Clin. Neurophysiol. 127 2222-7

Chahal S, Vohra K and Syngle A 2017 Association of sudomotor function with peripheral artery disease in type 2 diabetes Neurol. Sci.
38151-6

Chao CY L, Zheng Y-P and Cheing GLY 2011 Epidermal thickness and biomechanical properties of plantar tissues in diabetic foot
Ultrasound Med. Biol. 37 1029-38

Charanya G, Patil K, NarayanamurthyV, Parivalavan R and Visvanathan K 2004 Effect of foot sole hardness, thickness and footwear on foot
pressure distribution parameters in diabetic neuropathy Proc. Inst. Mech. Eng. H 218 431-43

7


https://orcid.org/0000-0002-6563-8246
https://orcid.org/0000-0002-6563-8246
https://orcid.org/0000-0002-4109-2939
https://orcid.org/0000-0002-4109-2939
https://orcid.org/0000-0003-4254-1879
https://orcid.org/0000-0003-4254-1879
https://orcid.org/0000-0003-4217-2882
https://orcid.org/0000-0003-4217-2882
https://doi.org/10.1016/S0741-5214(99)70154-0
https://doi.org/10.1016/S0741-5214(99)70154-0
https://doi.org/10.1016/S0741-5214(99)70154-0
https://doi.org/10.1016/j.amjmed.2007.06.028
https://doi.org/10.1016/j.amjmed.2007.06.028
https://doi.org/10.1016/j.amjmed.2007.06.028
https://doi.org/10.1016/j.infrared.2018.07.008
https://doi.org/10.1016/j.infrared.2018.07.008
https://doi.org/10.1016/j.infrared.2018.07.008
https://doi.org/10.1177/193229681000400613
https://doi.org/10.1177/193229681000400613
https://doi.org/10.1177/193229681000400613
https://doi.org/10.1007/s00125-004-1463-y
https://doi.org/10.1007/s00125-004-1463-y
https://doi.org/10.1007/s00125-004-1463-y
https://doi.org/10.1016/j.mpmed.2018.11.001
https://doi.org/10.1016/j.mpmed.2018.11.001
https://doi.org/10.1016/j.mpmed.2018.11.001
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/j.clinph.2016.02.013
https://doi.org/10.1016/j.clinph.2016.02.013
https://doi.org/10.1016/j.clinph.2016.02.013
https://doi.org/10.1007/s10072-016-2742-3
https://doi.org/10.1007/s10072-016-2742-3
https://doi.org/10.1007/s10072-016-2742-3
https://doi.org/10.1016/j.ultrasmedbio.2011.04.004
https://doi.org/10.1016/j.ultrasmedbio.2011.04.004
https://doi.org/10.1016/j.ultrasmedbio.2011.04.004
https://doi.org/10.1243/0954411042632117
https://doi.org/10.1243/0954411042632117
https://doi.org/10.1243/0954411042632117

I0P Publishing

Physiol. Meas. 40 (2019) 074007 (8pp) A Seixasetal

Chatchawan U, Narkto P, Damri T and Yamauchi ] 2018 An exploration of the relationship between foot skin temperature and blood flow in
type 2 diabetes mellitus patients: a cross-sectional study J. Phys. Therapy Sci. 30 1359—63

CheuyV A, Hastings M K, Commean P K and Mueller M ] 2016 Muscle and joint factors associated with forefoot deformity in the diabetic
neuropathic foot Foot Ankle Int. 37 514-21

Chudecka M and Lubkowska A 2015 Thermal maps of young women and men Infrared Phys. Technol. 69 81-7

Deery S E and Guzman R ] 2018 Diagnosis of peripheral artery disease in the diabetic patient The Diabetic Foot: Medical and Surgical
Management ed A Veves et al (Cham: Springer)

Ding N et al 2018 Traditional and nontraditional glycemic markers and risk of peripheral artery disease: the Atherosclerosis Risk in
Communities (ARIC) study Atherosclerosis 274 8693

Faul F, Erdfelder E, Lang A-G and Buchner A 2007 G*Power 3: a flexible statistical power analysis program for the social, behavioral, and
biomedical sciences Behav. Res. Methods 39 175-91

Fealey R D, Low P A and ThomasJ E 1989 Thermoregulatory sweating abnormalities in diabetes mellitus Mayo Clin. Proc. 64 617-28

Frykberg R G, Zgonis T, Armstrong D G, Driver V R, Giurini ] M, Kravitz SR, Landsman A S, Lavery L A, Moore ] C and Schuberth ] M 2006
Diabetic foot disorders: a clinical practice guideline (2006 revision) J. Foot Ankle Surg. 45 S1-S66

Goodman J 1966 Diabetic anhidrosis Am. J. Med. 41 831-5

Houghton V ], Bower VM and Chant D C 2013 Is an increase in skin temperature predictive of neuropathic foot ulceration in people with
diabetes? A systematic review and meta-analysis J. Foot Ankle Res. 6 31

International Diabetes Federation 2017 IDF Diabetes Atlas (Brussels: International Diabetes Federation)

Kennedy L and Baynes ] 1984 Non-enzymatic glycosylation and the chronic complications of diabetes: an overview Diabetologia 26 93—8

Klaesner ] W, Hastings M K, Zou D, Lewis C and Mueller M ] 2002 Plantar tissue stiffness in patients with diabetes mellitus and peripheral
neuropathy Arch. Phys. Med. Rehabil. 83 1796—801

KuhtJ and Farmery A D 2018 Body temperature and its regulation Anaesthesia Intensive Care Med. 19 507-12

Lachin J M 1981 Introduction to sample size determination and power analysis for clinical trials Control. Clin. Trials 2 93—113

Mori T, Nagase T, Takehara K, Oe M, Ohashi Y, Amemiya A, Noguchi H, Ueki K, Kadowaki T and Sanada H 2013 Morphological pattern
classification system for plantar thermography of patients with diabetes J. Diabetes Sci. Technol. 7 1102—12

Nikkels-Tassoudji N, Henry F, Letawe C, Pierard-Franchimont C, Lefebvre P and Pierard G 1996 Mechanical properties of the diabetic waxy
skin Dermatology 192 19-22

Noor S, Zubair M and Ahmad J 2015 Diabetic foot ulcer—a review on pathophysiology, classification and microbial etiology Diabetes
Metabolic Syndrome: Clin. Res. Rev. 9 1929

Papanas N, Papatheodorou K, Papazoglou D, Kotsiou S and Maltezos E 2010 Association between foot temperature and sudomotor
dysfunction in type 2 diabetes J. Diabetes Sci. Technol. 4 8037

Papanas N, Papatheodorou K, Papazoglou D, Monastiriotis C and Maltezos E 2009 Foot temperature in type 2 diabetic patients with or
without peripheral neuropathy Exp. Clin. Endocrinol. Diabetes 117 44—7

Pavicic T and Korting H C 2006 Xerosis and callus formation as a key to the diabetic foot syndrome: dermatologic view of the problem and
its management J. Dtsch. Dermatol. Ges. 4 935-41

Periyasamy R, Anand S and Ammini A 2012a Association of limited joint mobility and increased plantar hardness in diabetic foot ulceration
in north Asian Indian: a preliminary study Proc. Inst. Mech. Eng. H 226 305-11

Periyasamy R, Anand S and Ammini A 2012b Investigation of Shore meter in assessing foot sole hardness in patients with diabetes mellitus-a
pilot study Int. J. Diabetes Dev. Ctries 32 169—75

Piaggesi A, Romanelli M, Schipani E, Campi F, Magliaro A, Baccetti F and Navalesi R 1999 Hardness of plantar skin in diabetic neuropathic
feet J. Diabetes Complications 13 129-34

Pound N, Chipchase S, Treece K, Game F and Jeffcoate W 2005 Ulcer-free survival following management of foot ulcers in diabetes Diabetic
Med. 22 1306-9

Ring E 2010 Thermal imaging today and its relevance to diabetes J. Diabetes Sci. Technol. 4 857—62

Ring E and Ammer K 2012 Infrared thermal imaging in medicine Physiol. Meas. 33 R33

Seixas A, Ammer K, Carvalho R, Vilas-Boas ] P, Vardasca R and Mendes ] 2018a Skin temperature in diabetic foot patients: a study focusing
on the angiosome concept Jorge VipIMAGE 2017: Proc. VI ECCOMAS Thematic Conf. on Computational Vision and Medical Image
Processing Porto (Portugal, 1820 October 2017) ed ] M R Tavares and R M Natal (Cham: Springer International Publishing)

Seixas A, Carvalho R, Ammer K, Vilas-Boas ] P, Mendes ] and Vardasca R 2018b Relationship between skin temperature and soft tissue
hardness in diabetic patients: preliminary study. XIV Congress of the European Association of Thermology, 2018b London, UK
Thermol. Int. 28 82

SilvaN C, Castro H A, Carvalho L C, Chaves E C, Ruela L O and Iunes D H 2018 Reliability of infrared thermography images in the analysis
of the plantar surface temperature in diabetes mellitus J. Chiropractic Med. 17 30-5

Sivanandam S, Anburajan M, Venkatraman B, Menaka M and Sharath D 2013 Estimation of blood glucose by non-invasive infrared
thermography for diagnosis of type 2 diabetes: an alternative for blood sample extraction Mol. Cell. Endocrinol. 367 57-63

Sternberg M, Cohen-Forterre L and Peyroux J 1985 Connective tissue in diabetes mellitus: biochemical alterations of the intercellular
matrix with special reference to proteoglycans, collagens and basement membranes Diabete Metabolisme 11 27-50

Strzalkowski N D, Triano ] J, Lam C K, Templeton C A and Bent L R 2015 Thresholds of skin sensitivity are partially influenced by
mechanical properties of the skin on the foot sole Physiol. Rep. 3 e12425

Sun P-C, Lin H-D, Jao S-H E, Ku Y-C, Chan R-C and Cheng C-K 2006 Relationship of skin temperature to sympathetic dysfunction in
diabetic at-risk feet Diabetes Res. Clin. Pract. 73 41-6

ThomasV J, Patil K M, Radhakrishnan S, Narayanamurthy V B and Parivalavan R 2003 The role of skin hardness, thickness, and sensory
loss on standing foot power in the development of plantar ulcers in patients with diabetes mellitus—a preliminary study Int. . Lower
Extremity Wounds 2 132-9

Truong A B and Khavari P A 2007 Control of keratinocyte proliferation and differentiation by p63 Cell Cycle 6 295-9

Van Netten J, Price P E, Lavery L, Monteiro-Soares M, Rasmussen A, Jubiz Y and Bus S 2016 Prevention of foot ulcers in the at-risk patient
with diabetes: a systematic review Diabetes/Metabolism Res. Rev. 32 84-98

Vinik A I, Nevoret M-L and Casellini C 2015 The new age of sudomotor function testing: a sensitive and specific biomarker for diagnosis,
estimation of severity, monitoring progression, and regression in response to intervention Frontiers Endocrinol. 6 94

Zheng Y-P, ChoiY, Wong K, Chan S and Mak A F 2000 Biomechanical assessment of plantar foot tissue in diabetic patients using an
ultrasound indentation system Ultrasound Med. Biol. 26 451-6

Zurek G, Dudek K, Pirogowicz I, Dziuba A and Pokorski M 2008 Influence of mechanical hippotherapy on skin temperature responses in
lower limbs in children with cerebral palsy J. Physiol. Pharmacol. 59 819-24



https://doi.org/10.1589/jpts.30.1359
https://doi.org/10.1589/jpts.30.1359
https://doi.org/10.1589/jpts.30.1359
https://doi.org/10.1177/1071100715621544
https://doi.org/10.1177/1071100715621544
https://doi.org/10.1177/1071100715621544
https://doi.org/10.1016/j.infrared.2015.01.012
https://doi.org/10.1016/j.infrared.2015.01.012
https://doi.org/10.1016/j.infrared.2015.01.012
https://doi.org/10.1016/j.atherosclerosis.2018.04.042
https://doi.org/10.1016/j.atherosclerosis.2018.04.042
https://doi.org/10.1016/j.atherosclerosis.2018.04.042
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
https://doi.org/10.1016/S0025-6196(12)65338-5
https://doi.org/10.1016/S0025-6196(12)65338-5
https://doi.org/10.1016/S0025-6196(12)65338-5
https://doi.org/10.1053/j.jfas.2005.10.013
https://doi.org/10.1053/j.jfas.2005.10.013
https://doi.org/10.1053/j.jfas.2005.10.013
https://doi.org/10.1016/0002-9343(66)90040-4
https://doi.org/10.1016/0002-9343(66)90040-4
https://doi.org/10.1016/0002-9343(66)90040-4
https://doi.org/10.1186/1757-1146-6-31
https://doi.org/10.1186/1757-1146-6-31
https://doi.org/10.1007/BF00281113
https://doi.org/10.1007/BF00281113
https://doi.org/10.1007/BF00281113
https://doi.org/10.1053/apmr.2002.35661
https://doi.org/10.1053/apmr.2002.35661
https://doi.org/10.1053/apmr.2002.35661
https://doi.org/10.1016/j.mpaic.2018.06.003
https://doi.org/10.1016/j.mpaic.2018.06.003
https://doi.org/10.1016/j.mpaic.2018.06.003
https://doi.org/10.1016/0197-2456(81)90001-5
https://doi.org/10.1016/0197-2456(81)90001-5
https://doi.org/10.1016/0197-2456(81)90001-5
https://doi.org/10.1177/193229681300700502
https://doi.org/10.1177/193229681300700502
https://doi.org/10.1177/193229681300700502
https://doi.org/10.1159/000246307
https://doi.org/10.1159/000246307
https://doi.org/10.1159/000246307
https://doi.org/10.1016/j.dsx.2015.04.007
https://doi.org/10.1016/j.dsx.2015.04.007
https://doi.org/10.1016/j.dsx.2015.04.007
https://doi.org/10.1177/193229681000400406
https://doi.org/10.1177/193229681000400406
https://doi.org/10.1177/193229681000400406
https://doi.org/10.1055/s-2008-1081498
https://doi.org/10.1055/s-2008-1081498
https://doi.org/10.1055/s-2008-1081498
https://doi.org/10.1111/j.1610-0387.2006.06123.x
https://doi.org/10.1111/j.1610-0387.2006.06123.x
https://doi.org/10.1111/j.1610-0387.2006.06123.x
https://doi.org/10.1177/0954411911435613
https://doi.org/10.1177/0954411911435613
https://doi.org/10.1177/0954411911435613
https://doi.org/10.1007/s13410-012-0085-z
https://doi.org/10.1007/s13410-012-0085-z
https://doi.org/10.1007/s13410-012-0085-z
https://doi.org/10.1016/S1056-8727(98)00022-1
https://doi.org/10.1016/S1056-8727(98)00022-1
https://doi.org/10.1016/S1056-8727(98)00022-1
https://doi.org/10.1111/j.1464-5491.2005.01640.x
https://doi.org/10.1111/j.1464-5491.2005.01640.x
https://doi.org/10.1111/j.1464-5491.2005.01640.x
https://doi.org/10.1177/193229681000400414
https://doi.org/10.1177/193229681000400414
https://doi.org/10.1177/193229681000400414
https://doi.org/10.1088/0967-3334/33/3/R33
https://doi.org/10.1088/0967-3334/33/3/R33
https://doi.org/10.1016/j.jcm.2017.10.006
https://doi.org/10.1016/j.jcm.2017.10.006
https://doi.org/10.1016/j.jcm.2017.10.006
https://doi.org/10.1016/j.mce.2012.12.017
https://doi.org/10.1016/j.mce.2012.12.017
https://doi.org/10.1016/j.mce.2012.12.017
https://doi.org/10.14814/phy2.12425
https://doi.org/10.14814/phy2.12425
https://doi.org/10.1016/j.diabres.2005.12.012
https://doi.org/10.1016/j.diabres.2005.12.012
https://doi.org/10.1016/j.diabres.2005.12.012
https://doi.org/10.1177/1534734603258601
https://doi.org/10.1177/1534734603258601
https://doi.org/10.1177/1534734603258601
https://doi.org/10.4161/cc.6.3.3753
https://doi.org/10.4161/cc.6.3.3753
https://doi.org/10.4161/cc.6.3.3753
https://doi.org/10.1002/dmrr.2701
https://doi.org/10.1002/dmrr.2701
https://doi.org/10.1002/dmrr.2701
https://doi.org/10.3389/fendo.2015.00094
https://doi.org/10.3389/fendo.2015.00094
https://doi.org/10.1016/S0301-5629(99)00163-5
https://doi.org/10.1016/S0301-5629(99)00163-5
https://doi.org/10.1016/S0301-5629(99)00163-5

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Relationship between skin temperature and soft tissue hardness 
in diabetic patients: an exploratory study﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Methodology
	﻿﻿2.1. ﻿﻿﻿Participants
	﻿﻿2.2. ﻿﻿﻿Soft tissue assessment
	﻿﻿2.3. ﻿﻿﻿Skin temperature assessment
	﻿﻿2.4. ﻿﻿﻿Data analysis

	﻿﻿3. ﻿﻿﻿Results
	﻿﻿3.1. ﻿﻿﻿Skin temperature and soft tissue hardness
	﻿﻿3.2. ﻿﻿﻿Association between skin temperature and soft tissue hardness
	﻿﻿3.3. ﻿﻿﻿Regression analysis

	﻿﻿4. ﻿﻿﻿Discussion
	﻿﻿5. ﻿﻿﻿Conclusion
	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Disclosure statement
	﻿﻿﻿Funding
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿References


