Radiotherapy and Oncology 138 (2019) 1-8

Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

Original Article

Hyperthermia with radiotherapy reduces tumour alpha/beta: Insights
from trials of thermoradiotherapy vs radiotherapy alone

Check for
updates

Niloy R. Datta®*, Stephan Bodis *"

2 Centre for Radiation Oncology KSA-KSB, Kantonsspital Aarau; and ° Department of Radiation Oncology, University Hospital Zurich, Switzerland

ARTICLE INFO ABSTRACT

Article history:

Received 20 February 2019

Received in revised form 16 April 2019
Accepted 5 May 2019

Available online 24 May 2019

Purpose: Hyperthermia inhibits the repair of irradiation-induced DNA damage and thereby could alter
the o/ values of tumours. This study estimates the clinical o./Byrgrr values from clinical trials of thermora-
diotherapy (HTRT) vs radiotherapy (RT) in recurrent breast (RcBC), head and neck (I1I/IV) (LAHNC) and
cervix cancers (IIB-IVA) (LACC).
Methods: Three recently published meta-analyses for HTRT vs RT in RcBC, LAHNC and LACC were evalu-
ated for complete response (CR). Studies with specified RT dose (D), dose/fraction (d) and corresponding
CRs were selected. Tumour biological effective dose (BED) for each study with RT (BEDgr) was computed
assuming an o/Brr of 10 Gy. As outcomes were favourable with HTRT, thermoradiobiological BED
(BEDytrt) Was calculated as a product of BEDgr and %CRyrrr/%CRgr. The o/ Byrrr Was estimated as Dd/
(BEDyrgr - D).
Results: 12 trials with 864 patients were shortlisted - RcBC (3 studies, n=259), LAHNC (5 studies,
n=338) and LACC (4 studies, n =267). Overall risk difference of 0.28 favoured HTRT (p < 0.001). Mean
BEDgr and BEDyrgrr were 64.7 Gy (SD: £15.5) and 109.5 Gy (SD: +32.1) respectively and global o/Bytrr
was 2.25 Gy (SD: +0.79). Mean o/Byrgr for RcBC, LAHNC and LACC were 2.05 Gy, 1.74 Gy and 3.03 Gy
respectively. On meta-regression, o/Byrrr Was the sole predictor for the corresponding risk differences
of the studies (coefficient = —0.096; p = 0.03).
Conclusion: Thermoradiobiological effects on the repair of RT induced DNA damage results in reduction
in o/B values of tumours. This should be considered to effectively optimize HTRT dose-fractionation
schedules in the clinic.
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Hyperthermia (HT), as defined by the Kadota Fund International
Forum in 2004, is the elevation of loco-regional tumour tempera-
ture to a range between 39 and 45 °C [1]. At these modest temper-
atures, HT exhibits a potent radiosensitizing effect [2-4] and also
interacts favourably with numerous chemotherapy (CT) agents.
Importantly, it supplements the immunomodulatory effects of
radiotherapy (RT), akin to “in situ tumour vaccination” [5-9]. Thus,
HT is a unique modality with multifaceted actions, the use of
which has translated into positive therapeutic gains in several

Abbreviations: BED, biological effective dose; BEDyrgr, biological effective dose
with thermoradiotherapy; BEDgr, biological effective dose with radiotherapy alone;
CR, complete response; D, total radiotherapy dose; d, radiotherapy dose per
fraction; HTRT, thermoradiotherapy; LACC, locally advanced cancer cervix; LAHNC,
locally advanced head and neck cancer; L-Q, linear-quadratic; n, number of
fractions; ns, not significant; OR, odds ratio; RcBC, recurrent breast cancer; RD, risk
difference; RR, risk ratio; RT, radiotherapy; o/Burrr, tumour off values with
thermoradiotherapy; o/Bgr, tumour o/p values with radiotherapy alone.
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randomized clinical trials and meta-analyses with RT and/or CT
in different tumour sites [10-17].

HT-induced radiosensitization has been primarily attributed to
its influence on the hypoxic tumour cells and its ability to inhibit
the repair of the RT-induced DNA damage [5,18,19]. HT sensitizes
the radioresistant hypoxic cells by improving oxygen delivery at
temperatures between 40.5 °C and 42.5 °C [19]. The action of HT
on DNA repair is reported at multiple points in the mechanisms
[18]. RT-induced DNA damage, namely base damage and single
and double strand breaks can result in sublethal, potentially lethal
or lethal damage depending on the DNA repair mechanisms [20].
HT is known to inhibit the repair of such DNA damage by inactivat-
ing various DNA repair enzymes of these repair pathways [18,21].
Even though the exact mechanisms of inhibition of HT-induced
DNA repair have not yet been fully elucidated, multiple pathways
result in enhancing RT-induced cell kill and thermoradiosensitiza-
tion. These radiobiological attributes of HT share considerable sim-
ilarity with those of high linear energy transfer radiation, e.g. 12C
ion therapy [22].
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The linear-quadratic (L-Q) model is based on the ratio of the lin-
ear and quadratic components of cell kill. The sensitivity to fraction
size summarized by the a/B value (where the linear and quadratic
components are equal) has been widely used to design RT dose
fraction schedules in clinical practice. The linear component o
determines the initial slope of the cell survival curve and the effect
of single ionization events at low RT doses whilst B, the quadratic
component, represents the cell survival after two or more chromo-
somal lesions [23]. Data from various tumours indicate that o/f
values with RT (ot/Bgr) could vary from ~4 Gy to ~10 Gy depending
on the high or low fractionation sensitivity of the tumours respec-
tively [24-26].

In clinical practice, RT dose-fractionation schedules are usually
based on the L-Q model. Even though this mechanistic model
empirically fits the complex interactions of ionizing radiation at
the molecular and cellular levels, it is ubiquitous due to its simplis-
tic approach using few parameters and has been validated both in
in vitro and in vivo conditions over a specified dose per fraction
range [27].

Various mechanisms have been proposed for the linear (o) and
quadratic (B) DNA damages in the L-Q model. Most of the cell kill is
attributed to o inactivation which, in contrast to B inactivation, is
not repairable [28]. It would be prudent to note that the estimates
of o/ in in vitro conditions are of cell populations with homoge-
nous radiosensitivity due to the presence of synchronized cells.
Furthermore, the high dose rates and optimum controlled condi-
tions inhibit DNA repair enzymes and could thereby minimize
the repair of sublethal or potentially lethal RT damage [28]. As
the clinical situation is far from that created in the laboratory, o/
B estimates from clinical data of the same tumour type have shown
wide variation. This is partly attributed to the clinical and method-
ological factors used for these estimations [20,24]. Nonetheless, a
generic o/p value of 10 Gy has usually been assumed for most
tumour types for various radiobiological computations including
BED [25,26,29,30].

The linear component of cell kill, o, being non-repairable, con-
tributes to the majority of the cell kill. Unlike the steeper cell sur-
vival curves of oxic (aerobic) cell lines, the cell survival curves of
hypoxic cells usually have a wider shoulder indicating a lower o
component of cell kill [19,31]. In vitro, HT can moderately enhance
the oo component [32,33]. In the clinic, the HT-induced oxygenation
of radioresistant hypoxic tumour tissue could achieve radiosensiti-
zation, analogous to the enhancement of o observed in vitro.

In contrast to the oo component of cell kill, the quadratic (B)
component contributes to a small proportion of RT cell kill as most
of the base damage and single strand DNA breaks are repairable.
However the B contribution could increase if the DNA repair path-
ways were to be inhibited [20]. Using cell survival studies with
SiHa cell lines, Franken et al. [33] reported that at 41 °C, the o/B
reduced from 13.8 to 3.3 Gy. HT at both 41 °C and 43 °C was shown
to enhance the B by 3.9 and 2.7 times respectively. This resulted in
a reduction in the o/ ratio by nearly 76% (from 13.8 to 3.3 Gy) at
41 °C and by 37% (from 13.8 to 8.7 Gy) at 43 °C. The reduction at
41 °C was reported to be primarily due to an increase in B, whilst
at 43 °C, both components showed an increase, g more so than o.

The enhancement of the quadratic component of cell kill from
the addition of HT to RT could result from the inactivation of
DNA repair enzymes, an increase in chromosomal aberrations,
increased induction of apoptosis and breakdown of BRCA2, a pro-
tein of the homologous recombination DNA repair pathway [32-
34]. All of these would result in a reduced o/ value due to the
overwhelming enhancement of § by HTRT.

To further assess whether such a correlation could be evident
clinically with thermoradiotherapy (HTRT), o/f values following
HTRT (o/ButrT) Were estimated in recurrent breast cancers (RcBC)
[35,36], locally advanced head and neck cancers (stages III/IV)

(LAHNC) [37-41] and locally advanced cancer cervix (stages IIB-
IVA) (LACC) [42-45] based on data from clinical trials between
HTRT and RT.

Materials and methods

Study selection

Clinical trials comparing HTRT against RT in patients diagnosed
with RcBC, LAHNC and LACC were considered for this study. Three
recently reported meta-analyses published in 2016 for each of
these tumour sites were screened [14-16]. In addition, a PubMed
search using the Medical Subject Headings (MeSH) terms “Hyper-
thermia, Induced”, “Clinical Trial”, “Radiotherapy” was conducted
to check for any additional relevant trials that might have been
reported up to the date of the last search on February 8, 2019.
The inclusion criteria were studies in which (a) majority of patients
were treated with the specified RT dose and dose per fraction and
(b) complete response rate (CR) at end of treatment was reported.
Studies which treated patients with different RT doses or dose per
fraction and whose corresponding CRs were not reported for each
fractionation schedule were not included in this study.

Estimation of biological effective dose (BED) and o,/ with or without
hyperthermia

The tumour BED for each study was computed using the L-Q
model without a time factor correction as [29]:

BED = nd [1 +d/(o;/p)] (1)

where, n represents the number of fractions and d the dose/fraction.
An o/p of 10 Gy has been assumed for RcBC, LAHNC and LACC in this
computation [24,29]. For treatments with RT alone, the BED is indi-
cated as BEDgr. As the dose-fractionation parameters for both HTRT
and RT groups of each trial were identical, the better CRs observed
uniformly across all trials with HTRT could be attributed to a higher
BED resulting from the addition of HT to RT. Thus, the effective BED
for HTRT (BEDyrgrr) Was computed as:

BEDyrrr = BEDgr x (% Complete response with HTRT
/% Complete response with RT) (2)
As the n and d were the same for both HTRT and RT schedules,
the only factor underlying the increased BEDygr could be a differ-

ence in o/B value, due to addition of HT to RT, denoted as o/Burrr.
This was computed as:

BEDyrrr = nd (1 +d/o/Byrrr) = D (1 +d/0/ Byyrer) 3)
As D, the total RT dose, = nd,
0/ Byrrr = Dd/(BEDyrgr — D) (4)

The o/Byrrr Was thus estimated separately for each of the trials
in RcBC, LAHNC and LACC.

Computation of the effect measures and meta-regression for complete
response

The effect measures - odds ratio (OR), risk ratio (RR) and risk
difference (RD) for CR between HTRT and RT were computed using
the Comprehensive Meta-analysis Software package (version 3.0)
[46]. A random effects model was used and the results given by
the point estimate, the 95% confidence interval (CI), Z and p value.
Heterogeneity was assessed using the I statistic, which represents
the estimated proportion of unexplained inter-study variance prior
to pooling of the studies. An I? of <40% was interpreted as the
absence of any substantial heterogeneity [47]. Potential publica-
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tion bias was evaluated through funnel plots and rank correlation
tests with Kendall’s tau [48].

Subgroup analyses were performed to look for the impact of the
three different tumour sites on the risk difference. The Q value,
degree of freedom and p value were computed. Meta-regression
was undertaken to evaluate the relationship of the covariates and
the RD. Intercept was used in the meta-regression model. All p-
values are two-sided and considered statistically significant if
<0.05.

Results

Overview of the shortlisted clinical trials

Based on our inclusion criteria, only 12 of the 18 trials included
in the three meta-analyses [14-16] could be considered for this
study [35-45]. Six trials were excluded as the patients in both
groups received varying RT dose fractionation schedules. No addi-
tional studies were discovered through the updated search. Thus
12 trials of which two were nonrandomized [35,41] totalling 864
patients were included in this analysis. 454 patients received HTRT
whilst 410 were treated with RT. The summary of the RT dose, RT
dose per fraction, temperatures attained, duration of treatment,
number of HT sessions per week and total number of HT sessions
are given in Table 1. Locoregional superficial HT was used for RcBC
and LAHNC whilst deep HT was used in LACC. The number of HT
sessions varied between 1 and 3 per week (mean +SD: 1.7 £ 0.6)
whilst the total number of HT sessions delivered ranged from 3
to 12 (mean = SD: 7.5 +3.3). In nine studies, RT was followed by
HT whilst in two, HT was delivered before RT. In one study, the
sequence of HT and RT was not stated. The mean + SD tempera-
tures for RcBC, LAHNC, LABC were 43.0 £ 0.0 °C, 42.8 £ 0.8 °C and
41.7 £0.9 °C and was nonsignificant (ANOVA, F = 2.502, p = 0.143).

CR was achieved in 43.1% (177/410) with RT compared to 69.8%
(317/454) with HTRT (RD: 0.28, 95% C1 0.22-0.34, p < 0.001, Fig. 1).
Likewise, the OR and RR were both in favour of HTRT (OR: 3.33, 95%
CI 2.48-4.46, p < 0.001; RR: 1.61, 95% CI 1.43-1.82, p <0.001). No
publication bias was evident (Kendall’s tau: 0.075, p: ns) (Fig. 2).
On subgroup analysis, the differences in RD between the three
tumour sites were not significant (Q = 1.72, I* = 0.00, p: ns) (Fig. 1).

Table 1

Three of 12 studies (259 patients) were in loco-regional RcBC
[35,36]. 106 patients received RT whilst 153 were treated with
HTRT. RT to both arms ranged between 28.8 Gy and 48 Gy
(mean * SD: 36.3 + 10.3 Gy) and was delivered at a dose per frac-
tion of 2 to 4 Gy (3.2 + 1.0 Gy). Patients in the HTRT group received
60 min of once or twice weekly HT to a temperature of 43 °C for 3
to 8 sessions (median: 5.5) (Table 1). The CR rate at end of treat-
ment was reported as 33% with RT, compared to 62.7% with HTRT
(RD =0.31, 95% CI: 0.19-0.42, p < 0.001) (Table 1, Fig. 1).

Five studies (338 patient) in LAHNC received 60 to 70 Gy
(66.4+4.3 Gy) at 1.5 to 2 Gy (1.9 £0.2 Gy) per fraction [37-41].
Six to 12 HT sessions (median: 7.0) were usually delivered twice
weekly (range 1-3). A mean temperature of 42.8 °C was attained
(range: 42.3-44.4°C). CR with HTRT and RT were 71.6% and
41.2% respectively (RD = 0.31,95% CI: 0.21-0.41, p < 0.001) (Table 1,
Fig. 1).

In four studies in LACC, 267 patients were randomized to
receive HTRT (n=135) or RT (n=132) [42-45]. The mean external
RT dose was 50.1 Gy (range: 40-60 Gy) and delivered at a mean
dose per fraction of 1.95 Gy (range: 1.8-2 Gy). A mean temperature
of 41.7 °C (range: 40.6-42.5 °C) was attained during the 3 to 12 HT
sessions (median: 6.5) delivered once or twice a week over 45—
60 min (mean: 52.5 min) (Table 1). 75.5% achieved CR with HTRT
in contrast to 53.7% with RT (RD=0.22, 95% CI: 0.11-0.33,
p<0.001) (Table 1, Fig. 1).

Biological equivalent dose and o/Bytrr

The BEDgr varied in the 12 studies between 39.2 and 84.0 Gy
depending on the individual total RT dose and dose/fraction used
in these studies. The mean BEDgr was 64.7 Gy (£SD: 15.6). For
each tumour site, the mean BED (+SD) for RcBC, LAHNC and LACC
were 47.2 Gy (29.4) (3 studies), 79.1 Gy, (26.3) (5 studies) and
59.9 Gy (£9.9) (4 studies). The BEDyrrr computed for each study
using the BEDgr and ratio of the %complete response in HTRT vs RT
groups (equation (2)) ranged between 61.7Gy and 165Gy
(mean £ SD: 109.5 Gy +32.1). Correspondingly, the estimated o/
Burrr varied from 1.28 to 3.70 Gy (2.25 +0.79, 95% CI: 1.80-2.70)
(Table 1).

Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated o/ with HTRT for each study.

Author Site RT/HTRT Hyperthermia RT HTRT BED %CRurrr/  BEDurmrr  Estimated o/B
(RT)  %CRgr (%) (Gy) for HTRT (Gy)
Dose Dose/ T (°C) Time Per Total Total CR Total CR (Gyio)
(Gy) fr (mins) week sessions
(Gy)
Wahl et al. [35] RcBC 480 20 NA NA NA NA 18 7 36 24 57.6 1.71 98.7 1.89
Vernon et al. (MRC) [36] RcBC 288 3.6 43.0 60.0 1 3 59 17 90 51 39.2 1.97 77.0 2.15
Vernon et al. (ESHO) [36] RcBC 320 4.0 430 600 2 8 29 1 27 21 448  2.05 91.9 2.14
Wen et al. [37] LAHNC 70.0 2.0 444  60.0 2 6 49 23 49 34 84.0 1.48 124.2 2.58
Huilgol et al. [38] LAHNC 700 2.0 423 30.0 1 7 26 1 28 22 84.0 1.86 156.0 1.63
Valdagni et al. [39] LAHNC 68.0 2.0 42.5 30.0 2 12 22 9 18 15 81.6 2.04 165.0 1.38
Datta et al. [40] LAHNC 640 20 42,5 50.0 2 12 32 10 33 18 768 1.75 134.1 1.83
Arcangeli et al. [41] LAHNC 600 15 425 450 3 7 43 18 38 30 69.0 1.89 130.1 1.28
Harima et al. [42] LACC 522 1.8 40.6 60.0 1 3 20 10 20 16 61.6 1.60 98.6 2.03
Franckena et al. [43] LACC 483 2.0 42.0 60.0 1 5 56 32 58 48 58.0 1.45 83.9 2.71
Chen et al. [44] LACC 40.0 2.0 42.0 450 2 8 30 14 30 18 48.0 1.29 61.7 3.68
Datta et al. [45] LACC 60.0 2.0 425 450 2 12 26 15 27 20 72.0 1.28 92.4 3.70

Abbreviations: RT: Radiotherapy; HTRT: Thermoradiotherapy; T: Temperature; RcBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally
advanced cancer cervix; BED: Biologically effective dose; RcBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally advanced cancer

cervix; %CRytrr: % complete response with HTRT; %CRgr: % complete response with RT.

BEDyrr and o/Byrrr are estimated as described in text.
‘Average dose to RT group: 68 Gy whilst to HTRT 67.5 Gy.

*Only patients with neck nodes were considered, treated with 1.5 Gy-2 Gy per fraction, 3 fractions/day.

For all LACC studies, only external RT doses were considered.
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Risk difference for "Complete Response atend of RT(HTRTvs RT)"

Group by Study name
Subgroup within study X

Risk  Standard

difference  error

Cenix (IIB-IVA) Harima et al (35) 0.300 0.143
Cenix (IIB-IVA) Franckena et al (36) 0.256 0.083
Cewix (IIB-IVA) Chen et al (37) 0.133 0.128
Cemix (IIB-IVA) Datta et al (38) 0.164 0.128
Cemix (IIB-IVA) 0.221 0.056
Head neck (Il /1V) Wen et al (30) 0.224 0.097
Head neck (Il /1V) Huilgol et al (31) 0.363 0.124
Head neck (lll /1V) Valdagni et al (32) 0424 0.137
Head neck (Il /1V) Datta et al (33) 0.233 0.119
Head neck (Il /1V) Arcangeli et al (34) 0.371 0.100
Head neck (Il /1V) 0.313 0.050
Recurrent breast Wahl et al (28) 0.278 0.139
Recurrent breast Vermon et al (MRC)(29) 0.279 0.079
Recurrent breast Vemon et al (ESHO) (29) 0.398 0.120
Recurrent breast 0.308 0.060
Overall 0.282 0.032

Test for heterogeneity, 12=0.00, p:ns
Subgroup analysis: Q=1.721, df = 2, p:ns

Statistics for each study

Lower Upper

Variance limit limit Z-Value p-Value
0.021 0.019 0581 2.095 0.036
0.007 0.094 0418 3.099 0.002 -
0.016 -0.117 0.384 1.044 0.296 T
0.017 -0.088 0416 1.275 0.202 S
0.003 0.111 0332 3.944 0.000 <>
0.009 0034 0415 2313 0.021 —o—
0.015 0.119 0.606 2922 0.003 s—o=r=
0.019 0.156 0.692 3.102 0.002 =er=—
0.014 -0.001 0467 1953 0.051 [—o—s,
0.010 0.175 0567 3.702 0.000 —oT
0.003 0.214 0411 6.213 0.000 <
0.019 0.005 0.551 1.996 0.046
0.006 0.124 0433 3.536 0.000 0
0.015 0.162 0635 3.307 0.001 —or—
0.004 0.191 0425 5.164 0.000 <
0.001 0220 0.344 8.894 0.000 L 4

-1.00 -0.50 0.00 0.50 1.00

FavoursRT  Favours HTRT

Fig. 1. Forest plots for the risk difference between radiotherapy (RT) vs thermoradiotherapy (HTRT) studies in locally advanced cancer cervix, locally advanced head & neck

cancer and recurrent breast cancer.
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Fig. 2. Funnel plot along with Kendall’s tau and p value for the risk difference for the clinical trials with radiotherapy (RT) vs thermoradiotherapy (HTRT).

For RcBC, the mean effective BEDytgrr was 89.2 Gy (range: 77.0-
98.7) compared with 47.2 Gy;o for RT (range: 39.2-57.6). The
o/Byrrr Varied from 1.89 to 2.15 (mean: 2.05, 95% CI: 1.90-2.22).
The mean effective BEDyrrr for LAHNC was 141.9 Gy (range:
124.2-165.0) compared with 79.1 Gy;o (range: 69-84). Thus the
computed o/Byrry varied between 1.28 and 2.58 Gy (mean: 1.74,
95% Cl: 1.29-2.19) (Table 1). For LACC, the mean effective BEDytrr
was 84.2 Gy (range: 61.7-98.5) vs 59.9 Gy (range: 48-72) with
RT alone. Correspondingly the computed o/Byrgrr varied between
2.03 and 3.70 Gy (mean: 3.03, 95% CI: 2.24-3.82) (Table 1).

On an independent sample “t test”, the significant difference in
o/ Byrrr Was evident for LAHNC vs LACC (p = 0.041). The o/ Byrrr for
the three tumour sites were significantly different (ANOVA,
F=5.579, df=11, p=0.027). On meta-regression, only the com-

puted o/Byrrr predicted for RD and showed an inverse relation
(coefficient: —0.096, p = 0.037) (Fig. 3). None of the other RT and
HT parameters were found to be significant on meta-regression
for RD.

Discussion

Radiation therapy treatment protocols are often dictated by the
radiation sensitivity (ot/B) of the tumour to fraction size in relation
to the adjacent normal structures. It would therefore be of consid-
erable interest to investigate any changes in o/p due to added ther-
apeutic interventions such as hyperthermia, which is known to be
one of the most potent radiosensitizers [4].
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Regression of Risk difference on a/B (HTRT)
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Fig. 3. Regression plots for risk difference using random-effects model for the estimated o/ values for thermoradiotherapy (HTRT) (coefficient = —0.096; p = 0.03). Each study
is shown as a circle and the size of the circle is proportional to the study’s weight in the analysis. The central bold line indicates the regression line whilst the upper and the

lower lines indicate the respective 95% confidence interval limits.

The direct thermophysiological effects of local hyperthermia in
tumour and normal tissues (perfusion, oxygenation, blood flow)
are usually transient but could indirectly influence the thermal
radiosensitization through reoxygenation. However, DNA damage
by inhibition of DNA repair could be expected to be more robust
as this is reflected by a markedly higher p component of cell kill
in contrast to the alteration in the o0 component [33]. This is evi-
dent from the in vitro experiments which show a fall in o/ByrrT
after just 1 hour of heating. Thermophysiological modifications in
tissues cannot be attributed to this alteration in o/p. All the effects
observed with HTRT could therefore be primarily due to the inter-
ference of HT with DNA repair pathways.

The 12 studies provided an opportunity to estimate the clinical
o/B values in patients receiving HTRT. As all studies showed an
improved CR rate with HTRT, it was logical to assume that the
enhancement in clinical outcome was the result of a higher BED
in tumours treated with HTRT as the RT doses were identical in
both groups. This allowed us to estimate the o/Byrrr and the values
derived corresponded well with the in vitro studies [33] (Fig. 4).

In the clinical setting, heterogeneity in the temperature distri-
bution within the tumour and normal tissues is expected. The nor-
mal tissues are spared from thermal radiosensitization by
physiological vasodilation and consequent ‘washing out’ of heat,
a phenomenon similar to the “heat sink” effect. This is corrobo-
rated by clinical studies of HTRT where neither acute nor late mor-
bidities were significantly augmented by addition of HT to RT in
most series [5,14,15,49,50]. Tumours are known to have complex
and chaotic vascular arrangements, supplemented by raised inter-
stitial pressure due to high tumour cell density [51]. Thus, applied
heat could be differentially trapped resulting in heterogeneity of
temperature. This could result in differential thermal enhancement
of o and B components as observed in in vitro experiments [33] and
lower the overall tumour o/B with HTRT as evident in this study.

The present estimates are based on a minimum data set of RT
dose parameters available in only 12 studies. Six additional studies,
in which a significant proportion of patients received varying RT
doses and/or fractionation, could not be included as the analysis
of individual patient data was beyond the scope of this study. In

addition, to safeguard against the introduction of any assumptions
for radiobiological parameters in our BED estimations, the time
factor was omitted for both groups. Similarly in LACC, only the
external RT dose was considered and no attempt was made to con-
vert and add the various dose-rates of brachytherapy. This has
been adhered to uniformly for all studies.

The difference in o/Byrrr between the 3 sites was shown to be
significantly different on ANOVA (p =0.027). On an independent
sample t test to check which individual groups contributed to this
difference in o/Byrry, it was evident that ofByrrr varied only
between LAHNC and LACC (p=0.04) and not between LAHNC
and RcBC or RcBC and LACC. Although the exact reason for this is
not very apparent, it could be a function of sample size as only 3
studies (total patients = 259) were included in RcBC whilst LAHNC
and LACC had 5 (total patients = 338) and 4 (total patients = 267)
studies respectively. However, it was more important to see which
predictive variables influenced o/Byrrr. A meta-regression was
therefore carried out to identify the significant predictive vari-
able(s). This revealed that o/Byrrr Was significantly and solely
influenced by the risk difference between HTRT and RT, which
showed an inverse correlation (coeff: —0.096, p = 0.037) (Fig. 3).

The results of this study have some inherent limitations as the
estimates have been carried out using summary data and not indi-
vidual patient data. These include that (a) the thermal dose rela-
tionship could not be ascertained from the summary data as this
would require the temperature profiles vs time for each individual
patient; (b) a considerable variability was evident in the sequenc-
ing of HT and RT in these 12 studies (Table 1). Furthermore, the
interval between HT and RT was also variable or was not uniformly
reported in these studies. The time intervals were not reported in 5
of the 12 studies whilst in others it varied between immediately
and 60 mins. Thus, no conclusion could be drawn regarding the
impact of time interval between HT and RT on the outcomes and
o/Burrt- Nevertheless, we acknowledge the importance of the time
interval between the two treatments and it is often recommended
that this should be kept to a minimum. However two contradictory
studies on this issue have been recently reported in LACC. Whilst
van Leeuwen et al. [52] reported that in 58 LACC patients, a short
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the present study.

time interval between RT and HT reduced in field recurrences;
Kroesen et al. [53] showed that a time interval between RT and
HT of up to 4 hours had no effect on clinical outcome in 400 LACC
patients. Thus it is evident that the optimum time interval between
HT and RT remains under debate.

A prospective randomized trial is therefore required with accu-
rate volumetric temperature distribution in tumour and adjoining
normal tissue. This should enable comparison of the duration of
hyperthermia, the time interval between HT and RT and the
sequencing of HT and RT. All of these are necessary to address
the key thermoradiobiological issues with reasonable certainty
and could also help to quantify the o/Byrrr in each individual case.
This is beyond the scope of this manuscript; however the findings
of this study should encourage the planning of such a prospective
well-designed study to optimize the clinical practice of HTRT.

The implications of a reduction in o/ with HTRT could be con-
sidered whilst designing RT schedules with HT. The lowering of o/
with HTRT could justify hypofractionated regimens. This could be
useful as HT is usually performed one or twice weekly in most cen-
tres. The hypofractionated RT schedules could be combined with
HT sessions to gain the maximum thermoradiosensitization effect.
As there is a general trend towards practising hypofractionated
regimes [54], such schedules may not be out of place, especially
in palliative situations like RcBC. Hypofractionation has been effec-
tively practised in the palliation of RcBCs with HTRT using RT doses
ranging from 1.8 to 4 Gy/fraction (2.8 + 0.9) [14]. Similarly a higher
RT dose per fraction with HT in elderly patients with muscle inva-
sive bladder cancer enhanced the BEDyrry and subsequently
tumour control without any significant detrimental effects on
acute and late morbidities [49].

In curative situations, such as LAHNC or LACC, if hypofractiona-
tion is not feasible due to the potential risk of increased normal tis-
sue morbidity, one could use HT along with simultaneous
integrated boost intensity modulated radiotherapy, to selectively
deliver a higher RT dose per fraction to the gross tumour. Palliative
RT schedules in RcBC are usually delivered with relatively higher
dose/fraction. With regard to brachytherapy, most centres cur-
rently practice high-dose-rate brachytherapy which usually deliv-
ers a higher dose/fraction.

Presently, efforts are underway to develop integrated HTRT
treatment planning systems to model the biological effectiveness
of HTRT [5,55,56]. Correct mathematical models with valid ther-
moradiobiological parameters to compute the BEDyrgry, are there-
fore mandatory. The reduction in o/pf with HTRT and the
resultant increased BEDyrrr, as estimated in this study, could assist
in truly representing the effectiveness of HTRT in integrated treat-
ment planning systems. However, as in RT treatment plans, the
heterogeneity in temperature distributions in tumours and normal
tissue during clinical HT delivery and its impact on the alteration in
o/BuTrr Needs to be taken into account in integrated HTRT treat-
ment planning systems. This might even require a volumetric tem-
perature profile mapping within the heated volume akin to
radiation dose distribution in the irradiated volume.

In conclusion, HT added to RT achieves a significant reduction in
o/B value, as estimated clinically in RcBC, LAHNC and LACC. This is
congruent with the in vitro data, and is consequent to the HT-
induced inhibition of post-irradiation DNA damage repair which
enhances the quadratic component of cell kill. These estimates
should help to judiciously design and optimize RT dose-
fractionation schedules for the clinical practice of HTRT and could
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also assist in designing biologically effective thermoradiotherapy
treatment planning systems.
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