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ABSTRACT

Background: During re-irradiation plus hyperthermia for recurrent breast cancer, thermal
skin damage (TSD) occurs in a median of 21.4 % of patients. TSD presents as a 2nd degree
burn and may result in long-term ulceration. Current clinically used temperature threshold
values are based on healthy human skin data. Patients with recurrent breast cancer have
had previous surgery and/or irradiation. Scar tissue, particularly when irradiated, is less
perfused than healthy skin and might be more at risk of developing TSD.

Methods: In this observational study, temperature characteristics of HT sessions were
analyzed in 262 patients with recurrent breast cancer treated in the AMC from 2010
through 2014 with re-irradiation and weekly hyperthermia for one hour. Skin temperature
was measured using a median of 42 (range 29 - 82) measurement points per hyperthermia
session.

Results: Sixty-eight patients (26 %) developed 79 sites of TSD; after the first (n = 26),
second (n =17), third (n = 27) and fourth (n = 9) hyperthermia session. 70 % of TSD occurred
on or near scar tissue. Scar tissue reached higher temperatures than other skin tissue
(0.4 °C, p < 0.001). One-hundred-and-two measurement points corresponded to actual
TSD sites in 35/79 sessions where TSD developed. TSD sites had much higher maximum
temperatures than non-TSD sites (2.8 °C, p < 0.001). Generalized linear mixed models
showed that the probability of TSD is related to temperature and thermal dose values
(p < 0.001) and that scar tissue is more at risk (odds ratio 0.4, p < 0.001). Limiting the
maximum temperature of a measurement point to 43.7 °C would mean that the probability
of observing TSD was at most 5 %.

Conclusion: Thermal skin damage during re-irradiation plus hyperthermia for recurrent
breast cancer was related to higher local temperatures and time-temperature isoeffect
levels. Scar tissue reached higher temperatures than other skin tissue, and TSD occurred
at lower temperatures and thermal dose values in scar tissue compared with other skin
tissue. Indeed, TSD developed often on and around scar tissue from previous surgical
procedures.
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INTRODUCTION

Based on clinical evidence [1] re-irradiation with hyperthermia (reRT-HT) is standard
therapy for patients with locoregional recurrent breast cancer in previously irradiated
area in the Netherlands [2] and other countries [3, 4]. Hyperthermia involves elevation
of the temperature of the re-irradiated area to 40 - 44 °C for one hour and is given once
or twice weekly during the re-irradiation series. In poorly perfused areas, such as scar
tissue or fibrosis, hotspots with temperatures exceeding 43 °C may occur. Scar tissue and
fibrosis are present in most recurrent breast cancer patients since they have had previous
surgery and/or irradiation. Pain sensation may be compromised in these areas, hotspots
are therefore not always noticed by the patient. These hotspots may lead to acute thermal
skin damage (TSD), presenting as 2nd degree burns, potentially becoming ulcers. Typically,
these ulcers take a long time to heal and may require additional therapy. Thus, there is a
need for clear guidelines on temperature limits to prevent the occurrence of TSD.

In 1947 Moritz and Henriques [5] investigated time-temperature thresholds for thermal
injury of human skin in 8 subjects in the temperature range 44 - 60 °C. They found a clear
exponential time-temperature relationship for complete necrosis of the skin. Heating
human skin to 44 °C for 5 h resulted in mild hyperemia in two subjects, while heating at
44 °Cfor 6 h resulted in complete epidermal necrosis. Stoll and Greene [6] found that the
pain threshold occurs at about 45 °C in three human subjects, much lower than the skin
damage threshold. The onset of skin damage depended strongly on both temperature
and time, for example the threshold of a blister was found at 53 °C for 30 seconds.
Partially based on these studies [5, 6], Sapareto and Dewey [7] proposed to convert time-
temperature data achieved during hyperthermia to cumulative equivalent minutes at 43 °C
(CEM43). More recently, Greenhalgh et al. [8] investigated the TSD threshold in 18 patients
undergoing removal of redundant skin in the temperature range of 42.5 - 44 °C. Heating
well-perfused skin for 8 h at 43 °C did not result in TSD. Using numerical simulations,
Viglianti et al. [9] found the threshold for a significant decrease in cell viability at the basal
cell layer to be at 100 CEM43.

However, patients with recurrent breast cancer treated with reRT-HT have had previous
irradiation, and usually previous surgery and/or chemotherapy. The resulting scar tissue
as well as fibrotic tissue is less perfused than normal skin [10, 11]. In our institute, the
presently allowed maximum temperatures during superficial hyperthermia treatment for
heavily pre-treated skin are based on the data of Moritz and Henriques [5] and Stoll and
Greene [6] of healthy human skin and may therefore underestimate the risk on thermal
injury for this patient group.

105



Chapter 4

The complication rate from HT in breast cancer patients has been shown to increase with
a higher thermal dose [12-17]. Complications can be avoided by implementing a lower
normal tissue temperature limit, but unfortunately this conflicts with the therapeutic
effect as treatment outcome is also positively related to thermal dose, i.e. the higher the
tumor temperature the better the tumor response [17-28]. It is thus important to know the
time-temperature relationship of TSD in recurrent breast cancer to minimize toxicity and
maximize treatment response.

Aim of our study was to investigate the relationship of TSD to time-temperature isoeffect
levels for patients with breast cancer recurrence treated with reRT-HT at the AMC. To
this end, temperatures at the actual site of TSD immediately prior to the development
of TSD were compared to temperatures measured during other hyperthermia sessions, a
distinction was made between scar and other skin. Furthermore, we investigated whether
the treatment history of previous treatments (scar tissue) is a risk factor for TSD.
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METHODS

Patients with locoregional recurrent breast cancer treated with reRT-HT at the AMC from
2010 through 2014 were included. Patients were treated with 8 x 4 Gy twice a week in
four weeks with weekly hyperthermia sessions per tumor area. Hyperthermia treatment
objectives were to elevate intratumoral temperatures to a minimum of 41 °C for 1 h while
maintaining maximum normal tissue temperatures below 44 °C. Hyperthermia started
within 30 - 60 minutes following radiation therapy. Conformal Contact Flexible Microstrip
Applicators (CFMA, Istok, Fryazino, Russia) operating at 434 MHz were used (1 - 2 applicators,
effective field size 64 - 702 cm?). A flat water bag containing temperature controlled
circulating deionized water was positioned between antenna and skin [29-31], with a heat
transfer coefficient varying between 350 - 850 W m? °C' depending on antenna type.
Water temperature was adjusted to maintain a therapeutic temperature level of 42 °C as
recorded on the skin surface.

Tumor and normal tissue temperature monitoring was performed during treatment
with multisensory copper-constantan thermocouple probes (ELLA-CS, Hradec Kralove,
Czech Republic) placed on the skin, perpendicular to the dominant direction of the
electromagnetic field to avoid selfheating of the thermocouple probes [32]. Power of the
microwave device was on for 25 seconds and then off for 5 seconds to enable undisturbed
temperature measurements. At least seven 7-point thermocouple probes were placed in or
at the target area. Typically one 7-point thermocouple probe was positioned invasively, 2 - 3
probes were placed on areas with low-perfusion, such as scar tissue, and the remaining
probes were spread out over the target area. This resulted in at least 42 measurement
points located on the skin. Temperature measurements were performed every 30 seconds.

Data analysis

In patients who developed TSD, temperature characteristics of sessions during which
TSD developed were compared to sessions before and after TSD occurrence. Patients
who developed TSD were thus their own control group to compare session temperature
characteristics: the maximum temperature (T T10, 750, and T90 (the temperature
exceeded by 10,50 and 90 % of all measurement points during the pre-heating and steady

max)'

state of the session, respectively).

Furthermore, the temperature data were analyzed per measurement pointand the tissue type
of each point was characterized as either invasive-, scar tissue-, or other target skin tissue.
Measurement points positioned on a TSD site were identified. Temperature characteristics
of individual measurement points on a TSD site were compared to measurement points on
unaffected skin during sessions before and after the occurrence of TSD. Per measurement
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), Tt10, Tt50, Tt90 (the temperature exceeded by 10, 50
and 90 % of all temperature measurements per measurement point during the pre-heating

point the maximum temperature (Tt,
and steady state of the session, respectively) and the cumulative equivalent minutes at
43 °C (CEM43) were calculated,

t =total
CEM43 = Z R(43-T) At

t=0

where At = time interval (min), T = average temperature during time interval At (°C)
and R represents the sensitivity to temperature change. R is commonly set to 0.25 for
T <43 °Cand 0.5 for T2 43 °C[7 33, 34]. When there was temporal variation in the
temperature of a measurement point, the time at each temperature was determined and
the CEM43 summed. The resultant CEM43 value represents the cumulative equivalent
thermal isoeffect dose during the entire history of exposure [33, 34].

The time-temperature distribution of measurement points on TSD and on unaffected
skin were compared per tissue type. The probability of TSD was calculated for intervals
(bins) of Tt and CEM43.

Statistical analysis

Patient treatment history was presented using descriptive statistics. Logistic
regression was used to examine associations between the occurrence of TSD and
previous chemotherapy, previous surgery, number of surgical procedures and type of
disease at referral for reRT-HT; microscopic or macroscopic. Firstly, we used univariate
logistic regression. Then we performed a stepwise backwards selection to obtain a
multivariable model. Subgroup analyses were done, no corrections for multiple testing
were performed.

A generalized linear mixed model (GLMM) was developed to examine associations
between treatment characteristics and TSD. Treatment characteristics may vary between
patients and between treatment weeks, therefore we used random intercepts for
patients and for weeks (for details, see supplementary material). Parameter estimates
and 95 % Wald confidence intervals (Cl) were reported for fixed effects [35].

Linear mixed models (LMM) with a random intercept for patient were developed to

investigate if temperature characteristics of sessions and measurement points were
influenced by the presence of TSD, the location of measurement points (TSD site;
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scar or other skin) and by timing (session before, during or after TSD). Parameter
estimates and 95 % Wald Cl were reported for fixed effects. Post-hoc analysis was done
to determine differences between sessions before and after TSD.

We used SPSS version 20 to estimate logistic regression parameters and R version 3.31 to

estimate the parameters in the mixed effects models. A p < 0.05 was used to determine
statistical significance.
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RESULTS

In all, 262 women were treated for locoregional recurrent breast cancer with reRT-HT
in the AMC from 2010 through 2014. In 38 patients the intact breast was treated and in
211 patients the chest wall, of whom 167 had a primarily closed mastectomy scar, 36 a
latissimus dorsi reconstruction and 8 a split skin graft, 13 patients were treated at other
sites, such as supraclavicular. Patients were treated with 574 + 13.8 W (mean + SD) and a
water bolus temperature of 40.5 + 1.9 °C. Sixty-eight patients (26.0 %) developed one or
multiple sites of TSD. Previous chemotherapy was the only variable in the final step of
the logistic regression model (Table 1). The model described the relationship between
treatment history and TSD well (x? (6) = 6,151, p = 0.406). In a subgroup of 211 patients,
in whom the chest wall was treated, a history of two or more surgical procedures was
associated with the development of TSD (p = 0.019).

The location of TSD was mostly (55 cases; 70 %) on or within one cm of scar tissue from
previous surgical procedures (Figure 1). Another frequent location was at prominent body
parts, such as the breast, axilla or most caudal rib.

Figure 1. Schematic drawing of the location of thermal skin damage (TSD; red dot). A) depicts an
intact breast (n = 38), B) a standard mastectomy scar (n = 167), C) a latissimus dorsi reconstruction
scar (n = 36). One patient developed TSD on a cardiac surgery scar.
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Table 1. Treatment history of patients with locoregional recurrent breast cancer with and
without thermal skin damage (TSD).

Treatment history Patients (%) Total  Univariate Multivariable
analysis analysis
TSD NoTSD (n=262) OR 95% OR 95%Cl
(n=68) (n=19%4) Cl
Type of disease
Microscopic 31 85 116 13 0.7to
(46 %) (44 %) 2.5
Macroscopic 37 109 146
(54 %) (56 %)
Previous radiotherapy (yes) 68 194 262

Previous chemotherapy

Yes 32 131 163 22 13to 24 13to4l
(47 %) (69 %) 4.0
No 36 63 99

(53 %) (31 %)

Previous surgery

Yes 67 183 250 04 0.0to
(99 %) (94 %) 3.5
No 1 i 12

(1%) (6 %)

Number of surgical procedures

0or1 12 57 69 1.8 08to
(18 %) (29 %) 39
2 or more 56 137 193

(82 %) (71 %)

Abbreviations: Cl = confidence interval; OR = odds ratio.
0dds ratios and corresponding 95 % Cls are reported for univariate analysis and for the final
step of multivariable analysis, which included previous chemotherapy.
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The 68 patients who developed TSD underwent a total of 335 hyperthermia sessions
(median of 4 sessions per patient); in 51 of the 335 sessions a different target region than
the region where TSD occurred was treated. These sessions were not included in the
analysis. There were 79 incidences of TSD and they occurred at the first (26), second (17),
third (27) and fourth (9) hyperthermia session, respectively. LMMs indicated that T__ and
T10 were not the same for sessions before TSD, sessions that resulted in TSD and sessions
after TSD (p < 0.001, Figure 2). The sessions of patients without TSD had a significantly lower
T _.and T10 than the sessions where TSD occurred (p < 0.001).
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Figure 2. Tukey boxplots of hyperthermia session temperature characteristics (median, 25, 75t
percentile, minimum and maximum) of sessions before (85), during (79) and after (120) thermal skin
damage (TSD) occurred. Grey boxplots indicate sessions of patients without TSD (851).

During a hyperthermia session the temperature was measured using on average 42 (range
29 - 82) measurement points on the skin, of which 26 % (2779) were located on scar tissue.
Scar tissue reached higher temperatures than other skin tissue (0.4 °C, 95 % Cl 0.4 t0 0.5 °C,
p < 0.001), see Figure 3. Figure 1in the supplementary materials shows a similar plot solely
for measurement points on TSD sites. In 35 out of 79 sessions, at least one measurement
point (102 in total) was present at the site where TSD developed. The LMM indicated that
TSD sites had higher temperatures and thermal dose values than measurement points
before (4423) and after (6164) TSD (2.8 °C, 95% Cl 2.6 t0 3.0 °C; 94.4 CEMA43, 95 % Cl 90.4 t0 98.5
CEM43, p < 0.001). Post-hoc analysis showed that temperatures and thermal dose values
were significantly lower in sessions after TSD than in sessions before TSD (-0.3 °C, 95 % Cl
-0.31t0-0.2 °C, p < 0.001). TSD occurred, relative to the size of the scar and the number of
measurement points, more often on scar tissue (p < 0.001).
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The average time-temperature distribution of measurement points on all sites during
sessions before and after TSD and measurement points on TSD sites is shown in Figure 4.
A distinction is made between scar and other skin tissue. Figure 2 in the supplementary
materials shows a similar plot solely for measurement points on TSD sites.

In the GLMM, the measurement point characteristics Tt and tissue type had an OR
(95% Cl) 0f 2.2 (1.9 t0 2.5) and -11 (-1.8 to -0.5), respectively. The GLMM for CEM43 and tissue
type had an OR of 71 (5.9 to 8.3) and -1.0 (-1.6 to -0.3), respectively. The fitted logit function
for scar and other skin tissue on the probability of Tt and CEM43 is displayed in Figure 5.
According to these models, limiting the maximum temperature of scar tissue at any given
measurement point to 43.7 °C and the CEM43 to 66 min would mean that the probability
of observing TSD at that measurement point was at most 5 %.
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Figure 3. Tukey boxplots of temperature and thermal dose values (median, 25", 75" percentile,
minimum and maximum) of patients with thermal skin damage (TSD) calculated from individual
skin measurement points at TSD sites (102) during the development of TSD and at all sites during
sessions before (4423) and after (6164) TSD. Scar tissue is displayed with grey boxplots, other skin
tissue is displayed with white boxplots.
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Time-temperature distribution
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Figure 4. The average time-temperature distribution of all measurement points of patients with TSD
during sessions before TSD (n = 958, n = 3465 for scar and other skin, respectively), sessions after
TSD (n = 1203, n = 4961 for scar and other skin, respectively) and at TSD sites during the session
where TSD developed (TSD; n = 44, n = 58 for scar and other skin, respectively).
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Figure 5. The probability of thermal skin damage (TSD) at a measurement point on the skin related
to its maximum temperature (left), and cumulative equivalent minutes at 43 °C (CEM43; right) during
the hyperthermia session. The actual data (TSD sites (n = 102) vs. measurement points before (4423)
and after (6164) TSD in 30 bins) are presented with circles, the lines indicate the generalized linear
mixed model (GLMM), scar tissue is displayed in green, other skin tissue in black.
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DISCUSSION

Earlier reported percentages of TSD in patients with recurrent breast cancer are median
214 % (range 2.3 - 67 %) [14, 16, 17, 24, 26, 28, 36-47], compared to 26 % in our series. Patients
in our series with a recurrence on the chest wall (n = 211) who previously had two or
more surgical procedures in the heated area had a higher risk of TSD (p = 0.019), as was
found by Linthorst et al. [16]. We showed that TSD occurred significantly more often in
scar tissue than in other skin tissue. In contrast to the findings of Linthorst et al. [15] we
found a significant association between previous chemotherapy and less TSD. We have no
explanation for this association.

In this study, scar tissue reached higher temperatures than other skin tissue (0.4 °C,
p < 0.001, Figure 3 - 5), which can be attributed to poorer perfusion of scar tissue resulting
in lower heat removal. An additional explanation for the occurrence of TSD on and around
scars may be impaired skin sensitivity around the scar due to loss of small sensory nerves,
this results in less pain complaints and therefore no reduction of power during treatment.
Furthermore, a difference in threshold was shown for the development of TSD between
scar and other skin tissue (Figure 5).

To our knowledge no analysis linking temperatures to exact locations of TSD has been
published before. In the literature, solely overall maximum temperatures of hyperthermia
sessions have been related to thermal toxicity in recurrent breast cancer patients [12-
17]. The temperature thresholds found by Linthorst et al. [16] suggest that TSD occurs at
lower temperatures than our data indicate; they found TSD in 15 % of the patients who
had a T__ lower than 43 °C. However, they may have systematically underestimated the
actual temperature at the TSD site prior to the development of TSD as they used only 24
measurement locations. This may also be the case in papers that reported no correlation
between thermal toxicity and thermal parameters [28, 36, 44].

Our data showed that the probability of TSD increases with higher temperature and dose
values (Figure 5). However, CEM43 is calculated from skin temperatures, which is in our study
an underestimation of CEM43 at the basal cell layer. To gain a deeper heat penetration in
tissue, our water bolus was cooler (40.5 °C) than the skin temperature during treatment.
This results in a temperature peak not at the skin but subcutaneously [25, 48]. In scar tissue,
this difference may be even stronger. The maximum CEM43 will be at the surface when
using a higher water bolus temperature, however, this treatment strategy results in less
penetration depth. When this higher water bolus temperature strategy is used the apparent
threshold will be higher than the thresholds found in this study. This also explains why
higher CEM43 damage threshold values were reported in literature: values for skin vary
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from 21 - 40 CEM43 for minor damage to skin function [5, 6, 33], whereas Greenhalgh et al.
[8] found that 240 CEM43 caused no damage and heat between 480 - 960 CEM43 caused
immediate burns, to 288 - 15000 CEM43 for complete necrosis [5, 6, 33].

Figure 5 can be used to limit the occurrence of TSD, by determining a maximum
acceptable temperature in the target area. The models in Figure 5 are based on
temperature measurements at the exact location of TSD. Despite using a high number
(42) of measurement points, temperature measurements were only available for 44 %
of the TSD sites. In hyperthermia centers where less thermometry is used it is even less
likely to measure at the exact location of TSD, in which case the threshold values should
be taken more conservatively. TSD mostly occurs on and around scar tissue, therefore we
recommend to monitor those areas in particular when less thermometry is available. An
important disadvantage is that when the maximum allowed temperature is restricted too
much, the risk of underdosage of the target area is increased. This is reflected in the lower
temperatures measured in the sessions after the development of TSD. Apparently, the
hyperthermia technicians became more cautious after TSD, resulting in lower temperatures.
Modification of the surface temperature can be used to reduce the risk for TSD while
maintaining the thermal dose and taking the depth of tumor involvement into account [25,
48]. As mentioned previously, a higher thermal dose yields a higher tumor response [17,
18, 27, 28, 19-26]. Future investigations should focus on determining the optimal thermal
dose to achieve the best tumor response and the least side effects.

Limitations

Temperature measurements during hyperthermia are influenced by the type of temperature
measurement, the hyperthermia equipment and the settings of the equipment. In this
study we measured surface temperatures which do not give an accurate estimate of the
potentially higher temperature at the level of the basal layer of the epithelium [33, 49].
Settings of the hyperthermia equipment, such as the flow rate and temperature of the
water bolus [50], influence (sub-) cutaneous temperatures. Therefore, thresholds found
in this study may need to be modified when different hyperthermia equipment, protocols
or temperature measurement techniques are used.
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CONCLUSION

Thermal skin damage during re-irradiation plus hyperthermia for recurrent breast cancer
was related to higher local temperatures and time-temperature isoeffect levels. Scar tissue
reached higher temperatures than other skin tissue. Furthermore, thermal skin damage
occurred at lower temperatures and thermal dose values in scar tissue compared to other
skin tissue. Indeed, thermal skin damage developed often on and around scar tissue from
previous surgical procedures.
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SUPPLEMENTARY MATERIALS

Methods generalized linear mixed model

A generalized linear mixed model (GLMM) was developed with the Ime4 package (version
11-12) in R (version 3.311) to identify an association between treatment characteristics
and thermal skin damage (TSD) in patients with recurrent breast cancer treated with
re-irradiation plus hyperthermia. Not all patients may be equally prone to developing
TSD. Similarly the accumulation of radiation dose and/or thermal stresses is not equal
throughout the treatment weeks. Hence, patient and treatment week were used as intercept
random effects in the GLMM. Fixed effects were temperature characteristics of the sessions
(T, T10, T50 and T90).

A second GLMM was developed to identify an association between temperature
characteristics of measurement points and TSD. Again, patient and week were used as
intercept random effects. As fixed effects, tissue type (scar or other skin tissue) was
iteratively combined with one of the temperature characteristics of measurement points
(Tt Tt10, Tt50, Tt90, CEM43). Because CEM43 is derived from an exponential function it
has a distribution with a right skew. Thus a logarithmic transformation (10 base) of CEM43

max’

was done before performing the GLMM, resulting in a linear-log model for CEM43.

Because of the high degree of multicollinearity of temperature characteristics, combinations
of multiple temperature characteristics were not tested. Resulting GLMM models were
compared, and the best model was selected based on Akaike information criterion (AIC).
The fit for both GLMM models was done using maximum likelihood with the Laplace
approximation. Since the response variable was binomial (TSD or no TSD), a logit link-
function was used. In our analysis, we considered AAIC > 6 as sufficient evidence that the
quality of a model is lower than the quality of the model with the lowest AIC (similar to a
likelihood ratio < 0.05), as suggested by Burnham and Anderson [35]. Odds ratios (OR) of
parameter estimates and their 95 % Wald confidence intervals (Cl) were reported. Models
were compared using analysis of variance (ANOVA).

Results generalized linear mixed model

The first GLMM was based on temperature characteristics of 284 hyperthermia sessions. AIC
scores for the models are displayed in Supplementary Table 1. The final model included
The OR for T___ was 1.6 (95 % Cl 1.2 to 2.2). This means

max’ max

the temperature characteristic T
that the odds of TSD was multiplied by 1.6 for each 1 °Cincrease in T__

X
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Supplementary Table 1. AIC results of the generalized linear mixed models (GLMM) based on
284 hyperthermia sessions. Patient and treatment week were set as intercept random effect.

GLMM AIC AAIC
Random effect 337

Random effect + T__ 329 -8
Random effect + T10 334 -3
Random effect + T50 338 +]
Random effect + T90 338 +]

Abbreviations: AlC= Akaike information criterion; Tmax= maximum temperature; T10, T50,
T90= the temperature exceeded by 10 %, 50 % and 90 % of the temperature measurements,
respectively.

The second GLMM was based on 10689 measurement points during the 284 sessions. AlC
scores for the models are displayed in Supplementary Table 2. The best model included
the thermal dose variable CEM43 and tissue type. The OR for CEM43 was 71 (95 % Cl 5.9
to 8.3) and for tissue type -1.0 (95% ClI -1.6 to -0.3). This means that the odds of TSD was
multiplied by 71 for each "log(CEM43) increase in CEM43 and by -1.0 when the measurement
point was located on other skin tissue.

Tt and CEM43 are temperature characteristics often used in hyperthermia literature and
easily reproducible, therefore the results of these models are displayed on the actual data,
see Figure 5 in the manuscript. The model with Tt__ differed from the best model with
AAIC = 60.The OR of Tt,_ was 2.2 (95 % CI 1.9 to 2.5) and tissue type -1.1 (95 % CI -1.8 to -0.5).
This means that the odds of TSD was multiplied by 2.2 for each 1 °Cincrease in Tt and

by -11 when the measurement point was located on other skin tissue.

Because the outcome of both GLMMs are binary, under- or overdispersion could not be
determined.
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Supplementary Table 2. AIC results of the generalized linear mixed models (GLMM) based on
10689 measurement points. Patient and treatment week were set as intercept random effects.

GLMM AIC AAIC
Random effects 1033

Random effects + Tt 577 -456
Random effects + Tt10 549 484
Random effects + Tt50 555 478
Random effects + Tt90 817 -216
Random effects + CEM43 524 -509
Random effects + tissue type 1015 -18

Random effects + tissue type + Tt 567 -466
Random effects + tissue type + Tt10 541 -492
Random effects + tissue type + Tt50 548 -485
Random effects + tissue type + Tt90 806 -227
Random effects + tissue type + CEM43 517 -516

Abbreviations: AlC= Akaike information criterion; Tt = The maximum temperature per
measurement point; Tt10, Tt50, Tt90= the temperature exceeded by 10 %, 50 % and 90 % of all
temperature measurements per measurement point during the pre-heating and steady state
of the session, respectively; CEM43 = cumulative equivalent minutes at 43 °C.
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Supplementary Figure 1. Tukey boxplots of temperature and thermal dose values (median, 25th,
75th percentile and the minimum and maximum) of patients with thermal skin damage (TSD)
calculated from individual skin measurement points at TSD sites (n = 44, n = 58 for scar and other
skin respectively) during the development of TSD and during sessions before (n = 30, n = 76 for scar
and other skin respectively) and after TSD (n = 54, n = 41 for scar and other skin respectively). Scar
tissue is displayed with grey boxplots, other skin tissue is displayed with white boxplots.
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Supplementary Figure 2. The average time-temperature distribution of skin measurement points
at the TSD sites of patients with TSD, before TSD occurred (n = 30, n = 76 for scar and other skin

respectively), when TSD occurred (TSD; n = 44, n = 58 for scar and other skin, respectively) and after
TSD occurred (n = 54, n = 41 for scar and other skin respectively).
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