Strahlenther Onkol (2020) 196:1116-1127
https://doi.org/10.1007/s00066-020-01662-4

ORIGINAL ARTICLE

®

Check for
updates

Radiation-induced DNA double-strand breaks in peripheral leukocytes
and therapeutic response of heel spur patients treated by orthovoltage
X-rays or a linear accelerator

Sebastian Zahnreich' - Hans-Peter Rosler' - Carina Schwanbeck' - Heiko Karle' - Heinz Schmidberger?

Received: 11 April 2020 / Accepted: 22 June 2020/ Published online: 10 July 2020
© The Author(s) 2020

Abstract

Purpose Biodosimetric assessment and comparison of radiation-induced deoxyribonucleic acid (DNA) double-strand
breaks (DSBs) by YH2AX immunostaining in peripheral leukocytes of patients with painful heel spur after radiation
therapy (RT) with orthovoltage X-rays or a 6-MV linear accelerator (linac). The treatment response for each RT technique
was monitored as a secondary endpoint.

Patients and methods 22 patients were treated either with 140-kV orthovoltage X-rays (n=11) or a 6-MV linac (n=11)
with two weekly fractions of 0.5 Gy for 3 weeks. In both scenarios, the dose was prescribed to the International Commission
on Radiation Units and Measurements (ICRU) dose reference point. Blood samples were obtained before and 30 min after
the first RT session. YH2AX foci were quantified by immunofluorescence microscopy to assess the yield of DSBs at the
basal level and after radiation exposure ex vivo or in vivo. The treatment response was assessed before and 3 months after
RT using a five-level functional calcaneodynia score.

Results RT for painful heel spurs induced a very mild but significant increase of YH2AX foci in patients’ leukocytes.
No difference between the RT techniques was observed. High and comparable therapeutic responses were documented for
both treatment modalities. This trial was terminated preliminarily after an interim analysis (22 patients randomized).
Conclusion Low-dose RT for painful heel spurs with orthovoltage X-rays or a 6-MV linac is an effective treatment option
associated with a very low and comparable radiation burden to the patient, as confirmed by biodosimetric measurements.
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Introduction

The successful treatment of benign inflammatory and de-
generative conditions like calcaneodynia (painful heel spur)
and painful shoulder or elbow syndrome with low-dose ra-
diation therapy (RT) has a longstanding history in Germany
and accounts for more than a third of all RT patients treated
annually [1]. Local administration of photon doses below
1 Gy has been shown to attenuate inflammatory responses as
the causative factor for these painful diseases [2]. Clinical
studies documented comparable positive results for treat-
ment schedules with single fractions of 0.5Gy or 1 Gy ap-
plied twice a week for 3 or 6 weeks [3-5]. Accordingly, the
iso-effective single dose of 0.5 Gy over a course of 3 weeks
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is used for radiation protection purposes to reduce the ra-
diation burden to the patient and the risk of potential radi-
ation-induced (RI) stochastic late effects such as radiation
carcinogenesis [6]. The risk of adverse late effects induced
by low-dose RT for benign diseases is generally considered
to be negligible and the benefit for the patient outweighs
[7-9]. Anthropomorphic phantom-based studies by Jansen
et al. [10] using an effective dose concept for a cumu-
lative dose of 6 Gy administered in six fractions of 1Gy
predict rough estimations for the risk of RI fatal tumors
of 2040 per 1000 patients for heterotopic ossification, 1.5
per 1000 patients for gonarthrosis, 0.5 per 1000 patients for
heel spurs, and 1 per 1000 female patients for hidradenitis
suppurativa. Other predominant factors that influence the
risk of radiation carcinogenesis besides the target dose are
the field size, photon energies, the exposed anatomic re-
gion/organs, sex, and age at exposure. In general, such risk
estimates are fraught with large uncertainties in the order
of a factor of 2 and are expected to be much less for low-
dose RT of benign diseases, since this treatment is predom-
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inantly performed in elderly patients with a strongly and up
to nine-fold reduced excess lifetime risk for RI solid tumors
when compared to young adults [10—12].

Calcaneodynia is observed in 10-15% of the popula-
tion and is associated with severe heel pain causing restric-
tions and reduced quality in everyday life [13, 14]. In Ger-
many, approximately 10,000 heel spur patients per annum
are treated by low-dose RT in about 340 active facilities
offering RT for benign diseases [15]. Treatments are usu-
ally conducted with a medical linear accelerator (linac) and
megavoltage (MV) photons or orthovoltage devices deliv-
ering X-rays in the range of 100-400keV, with a preva-
lence for linacs [15]. Compared to an orthovoltage device,
RT with a linac achieves a more homogeneous dose dis-
tribution in the target volume, which has been discussed
to have improved therapeutic effectiveness [16]. However,
the penetration depth of MV photons from a linac exceeds
the cross-section of the patient and causes reflections in the
RT bunker that contribute to an inevitable dose burden to
the patient’s normal tissue outside the target volume. So-
called out-of-field doses are also generated by scattering
and leakage from the linac treatment head, collimation de-
vices, and, to a lesser extent, by scattering from within the
patient’s body [17]. Such low-dose exposures far from the
primary beam have been associated with various radiation-
related late adverse effects [18, 19]. Orthovoltage RT with
low-energy photons has an inferior dose distribution but al-
lows for protection of the patient’s healthy tissue by lead
shielding which cannot be applied for high-energy photon
units due to the generation of scatter radiation within the
shielding equipment. However, for linac RT, treatment plan-
ning including field collimation can be conducted to protect
the patients’ healthy tissue outside the target volume.

Besides conventional physical measurements to de-
termine the patient’s radiation exposure, the detection of
biological indicators of RI deoxyribonucleic acid (DNA)
damage in peripheral leukocytes has been frequently ap-
plied for biodosimetric purposes in patients undergoing
various radiologic procedures or RT [20-29]. By far the
most sensitive and rapid measure is the immediate quan-
tification of RI DNA double-strand breaks (DSB) using the
phosphorylated histone variant H2AX (yH2AX) or tumor
protein 53 binding protein 1 (53BP1), representing well-
established surrogate markers of DSBs [30]. Immunos-
taining and fluorescence microscopic quantification of so-
called YH2AX or 53BP1 foci at the level of single cells
is proportional to the number of RI DSBs and therefore
increases linearly with radiation dose after ex vivo and in
vivo exposure with a detection threshold of a few mGy [22,
26, 27].

However, it is hitherto unknown whether the largely
random application of linac or orthovoltage RT for the
treatment of painful heel spur is associated with a vary-

ing unwanted but inevitable radiation exposure of the pa-
tients’ normal healthy tissue to out-of-field doses and differ-
ing therapeutic effectiveness. Therefore, we conducted this
prospective randomized trial as a biodosimetric approach
to assess the radiation burden of heel spur patients treated
either with orthovoltage X-rays or a linac by quantitation
of the DSB marker YH2AX in peripheral leukocytes. RT
was given twice per week with a single dose of 0.5 Gy and
six total fractions. Venous blood samples were drawn im-
mediately before and 30min after the first fraction of RT
and were processed for fluorescence microscopic scoring
of YH2AX foci in leukocytes. As a secondary endpoint the
analgesic effectiveness was monitored based on a five-level
function calcaneodynia score (CS) before and 3 months af-
ter RT.

Patients and methods
Patients and radiation therapy

Patients suffering from painful heel spur were enrolled
based on the following inclusion criteria: radiologic ev-
idence of spur formation, anamnesis of a painful heel
and functional impairment, painful symptoms for a least
3 months, age =40 years, overall condition allowing for
repeated venous blood sampling, and a signed an informed
consent form approved by the local ethics committee. The
following exclusion criteria were applied: known gene
defects associated with compromised DNA repair (e.g.,
ataxia—telangiectasia, Werner syndrome, or Bloom syn-
drome), age <40 years, previous RT or trauma in the treated
anatomical region, any exposure to ionizing radiation less
than 5 days before the start of RT, any additional inflam-
matory or rheumatic disease, pregnancy, breastfeeding,
intellectual disability or psychiatric disorder, legal care in
health matters, and lack of a signed informed consent form
approved by the local ethics committee. The characteristics
of the participants are summarized in Table 1. Based on
these criteria, 22 patients (36%) of a total number of 61 en-
tered the study between August 2016 and August 2019, and
were randomized into two groups: 11 patients (50%) were
treated with orthovoltage X-rays (140kV, D3150 X-Ray
Therapy System, Gulmay Ltd., Byfleet, UK) and 11 pa-
tients (50%) were treated with a linac (6 MV, Clinac DHX,
Unique™ or Truebeam® Varian Medical Systems, Palo
Alto, CA, USA) at the Department of Radiation Oncology
and Radiation Therapy at the University Medical Centre
Mainz, Germany. All patients received two weekly fractions
of 0.5 Gy applied as two lateral opposing fields up to a total
dose of 3Gy. The calcaneus and the plantar aponeurosis
were included in the target volume. The average field size
for both RT techniques was 8x 10cm?. For orthovoltage
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Table 1 Patient characteristics and previous treatments

Criteria All patients Orthovoltage Linac
n (%) n (%) n (%)

Patients 22 11 (50%) 11
(50%)

Sex

Females 14 (64%) 6 (55%) 8 (73%)

Males 8 (36%) 5 (45%) 3 (27%)

Age (years)

Median (range) 54 (40-77) 57 (40-77) 53
(42-69)

Site

Left 11 (50%) 7 (64%) 4 (36%)

Right 11 (50%) 4 (36%) 7 (64%)

Duration of symptoms (months)

Median (range) 9 (2-36) 8 (2-36) 9 (3-36)

<6 months 7 (35%) 4 (40%) 3 (30%)

>6 months 13 (65%) 6 (60%) 7 (70%)

Previous treatments

Insoles 1 (5%) 0 (0%) 1 (9%)

NSAID 5(23%) 3(27%) 0 (0%)

ESWT/ultrasound 7 (32%) 6 (55%) 1 9%)

Corticoid infiltra- 3 (14%) 10 (91%) 2 (18%)

tion

Heel pad 17 (77%) 10 (91%) 7 (64%)

TENS 1 (5%) 1 (9%) 0 (0%)

Ice bag 3 (14%) 1 (9%) 2 (18%)

Linac linear accelerator, ESWT extracorporeal shock wave therapy,
NSAID nonsteroidal anti-inflammatory drugs, TENS transcutaneous
electrical nerve stimulation

RT the field size was defined by a mechanical applicator
with a diameter of 15cm to collimate the beam and set
the source-to-skin distance (SSD) and was further adjusted
using lead rubber shielding. For linac RT the treatment
field was defined by the aperture with no collimation, since
no computed tomography-based treatment planning was

performed. Representative treatment planning images for
both RT techniques are shown in Fig. 1. The dose rate for
orthovoltage RT was 3.64 Gy per minute and approximately
3Gy per minute for linac RT, resulting in comparable av-
erage beam-on times of 0.17 and 0.19min, respectively.
The average SSD for orthovoltage and linac RT was 25cm
and 97cm, respectively. The study was approved by the
Ethics Committee of the Medical Association of Rhineland-
Palatinate, number 837.216.15 (9984) on 07/30/2015, and
by the expert committee of the DEGRO (German Society
for Radiation Oncology). Patients were assigned to one of
the RT techniques by block randomization with an equal
probability for both arms. According to the results of our
previous biodosimetric studies based on YH2AX foci quan-
tification in peripheral leukocytes after fractionated RT of
prostate and breast cancer patients [26, 27], 60 patients are
required to detect a difference of 25% with a power of 80%
and an error probability of 5%. To detect a difference of
10% in the CS scores with a power of 80% and an error
probability of 5%, we estimated a total number of 120
participants. This trial was terminated preliminarily after
an interim analysis (22 patients randomized).

Treatment response

The treatment response was documented based on standard-
ized questionnaires using a five-level functional CS score
according to [3, 31] before and 3 months after the first
course of RT. Data were available for 20 patients pre-RT
and 19 patients post RT.

Blood sampling and ex vivo irradiation

Venous blood collection, irradiation of whole blood, and
isolation of leukocytes were performed as described previ-
ously [26, 27]. Venous blood was drawn immediately be-
fore and 30 min after the first fraction of RT. Blood samples

Fig.1 Exemplary representation of radiation therapy (RT) for plantar fasciitis treated either by a orthovoltage X-rays performed with a round
mechanical applicator with a diameter of 15cm or b linac RT. The treatment field was shaped for orthovoltage therapy using lead rubber shielding
and for linac RT using the aperture only with no collimation. Simulated radiographs are shown since no computed tomography-based treatment

planning was performed
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Fig.2 Immunofluorescence a
staining for YH2AX (green) in
DAPI-stained (blue) nuclei of
peripheral leukocytes 30 min
after a sham irradiation, b the
first fraction of radiation therapy
(RT) or ¢, d homogeneous
ionizing radiation (IR) exposure
ex vivo. d Nuclei extracted from
¢ as used for manual counting
of YH2AX foci at the level of
single cells

taken before RT were sham irradiated or exposed to a test
dose of 0.5Gy X-rays and analyzed 30min after irradia-
tion to assess the individual yield of basal or RI DSBs
by YH2AX foci quantitation, respectively. Ex vivo irradia-
tion of whole blood was performed with a D3150 X-Ray
Therapy System (Gulmay Ltd., Byfleet, UK) at 140kV and
a dose rate of 3.6 Gy per min at room temperature. Sham-
irradiated cells were kept under the same conditions in the
radiation device control room.

vH2AX foci quantification

Fixation of leukocytes, YH2AX immunostaining, fluores-
cence microscopy, image capturing, and scoring of foci was
performed as described previously [26, 27]. After irradia-
tion ex vivo or in vivo, at least 100 or 1000 cells were
analyzed manually for each datapoint, respectively. Repre-
sentative immunofluorescent images for YH2AX foci quan-
titation are shown in Fig. 2.

Before RT (0 Gy)

b 30 min post-RT (0.5 Gy)

30 min post-IR ex vivo (0.5 Gy)
d

yH2AX  DAPI

merge

Equivalent whole-body dose estimation

To approximate an equivalent whole-body dose (EWBD)
for each patient according to [32], calculations were per-
formed based on the formula:

Integral dose = (1.44 x Dy x dj/» x Ax
[1 —exp(=0.6938d /dy /)] x (1 +2.88d,/2/f))/1000

where D, represents the administered dose (Gy), A the field
area (cm?), d the patient diameter (cm), d,. the half-value
thickness (140kV=5cm and 6 MV =15cm), and f the SSD
(cm). The formula was applied to each treatment field to
obtain an integrated dose that was divided by the patient’s
weight to obtain the EWBD.

Data and statistical analysis

For quantification of YH2AX foci in leukocytes a single
sample was available and analyzed per datapoint for each
patient. Due to the limited amount of blood, no biological
or technical replicates could be performed. All data were
scored by one observer. To obtain the numbers of RI foci
only, the individual basal yield of YH2AX foci was sub-
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Fig.3 Scoring of YH2AX foci in patients’ leukocytes. Average numbers of YH2AX foci per leukocyte in sham-irradiated cells before radiotherapy
(RT) and a 30 min after ex vivo exposure to 0.5-Gy X-rays or b 30 min after RT for each patient as well as the respective mean =+ standard deviation
(SD) of all patients (n=18) and patients treated by orthovoltage (n= 10) or linac (n=8) RT. Ex vivo irradiated samples of donors 1 and 14 were not
available. Error bars for individual patients represent the 95% confidence interval of the Poisson mean. ¢ Average numbers of radiation-induced
YH2AX foci per leukocyte 30 min after the first fraction of RT in all patients and patients treated by orthovoltage RT or linac RT only. Dots show
the individual values of each patient. Solid lines represent the mean and error bars the SD. d Comparison of the average yield of radiation-induced
YH2AX foci per leukocyte in all heel spur patients of the present study and in tumor patients as obtained in our previous studies [26, 27] in
dependence of the administered equivalent whole-body dose. Error bars represent the SD

tracted from the yield after ex vivo or in vivo irradiation.
Summarized patient data are provided as the mean and stan-
dard deviation unless stated otherwise. Data handling, plot-
ting, and statistics were performed using SigmaPlot™11®
(Systatt Software Inc., San Jose, CA, USA). The relation-
ship between two variables was analyzed using the Pearson
correlation. For comparison of two groups the Student’s #-
test or the Mann—Whitney rank sum test was used. The com-
parison between two categorical variables was performed
using the Fishers’ exact test. All levels of significance were
set at p<0.05.

@ Springer

Results

vH2AX foci before radiation therapy and after
irradiation ex vivo

To examine the individual basal level of DSBs and the
ex vivo radiation response in patients’ leukocytes, blood
samples obtained before RT were sham irradiated or ex-
posed to 0.5Gy X-rays and analyzed 30min post radia-
tion. The results are shown in Fig. 3a and detailed infor-
mation on YH2AX foci quantitation are provided in Ta-
ble 2. The average rate of basal YH2AX foci in leukocytes
scored in 18 patients was 0.184+0.206 per cell. The en-



Strahlenther Onkol (2020) 196:1116-1127

1121

Table 2 yHZAX foci per ce.ll RT EWBD VH2AX foci per cell
before RT, 30 min after ex YIVO (mSV) Befors KT T vivo Yoot KT
exposure to 0.5Gy or 30 min
after the first fraction of RT 0Gy 0.5Gy
Orthovoltage 2.52 0.011 n.a. 0.106
2.36 0.167 5.44 0.186
2.79 0.051 4.81 0.072
3.49 0.200 5.23 0.211
2.44 0.310 6.15 0.215
2.55 0.169 5.98 0.816
3.24 0.940 7.32 1.371
3.15 0.200 5.82 0.321
2.34 0.147 5.02 0.272
2.39 0.071 4.88 0.199
Mean+ SD 2.73+042 0.227+0.265 5.63+0.80 0.377+0.406
Linac 9.99 0.076 5.46 0.183
13.48 0.183 6.81 0.358
9.97 0.060 6.23 0.745
14.67 0.239 n.a. 0.446
10.96 0.093 5.77 0.074
13.30 0.252 6.02 0.199
9.50 0.109 5.33 0.210
12.63 0.025 5.84 0.010
Mean+ SD 11.81+1.95 0.130+0.085 5.92+0.499 0.278+0.235
All patients 5.26+3.90 0.184+0.206 5.76+0.680 0.333+0.335
Mean+ SD

RT radiation therapy, EWBD equivalent whole-body dose, SD standard deviation, Linac linear accelerator

dogenous level of YH2AX foci in leukocytes before RT did
not correlate with the patients’ age (r=0.346, p=0.160),
gender (r=-0.159, p=0.528), or CS sum score prior to
RT (r=-0.063, p=0.817). 30min after exposure to 0.5-
Gy X-rays ex vivo we observed a comparable induction
of YH2AX foci per leukocyte for all patients. On average,
5.76+0.68 YH2AX foci per cell were scored in 16 an-
alyzable patient samples corresponding to an excess of
5.57+0.56 RI foci per cell. Thus, despite large variations
in the individual background number of YH2AX foci in pa-
tients’ leukocytes, a more uniform and comparable response
after homogeneous ex vivo exposure to ionizing radiation
was observed. There was no significant difference in the
average yield of basal (p=0.625) or ex vivo RI (p=0.223)
vyH2AX foci per leukocyte between the two RT groups.

vH2AX foci after radiation therapy

After the first session of RT the frequency of YH2AX foci
per leukocyte exceeded the background rate in 78% (14/18)
of all patients. Increments were detected in 90% (9/10)
of patients after orthovoltage RT and 63% (5/8) of pa-
tients after linac RT, with no significant difference between
the treatment arms (p=0.725). Fig. 3b, c show the level
of YH2AX foci before and after the different in vivo ex-

posure scenarios and detailed information is provided in
Table 2. After RT the rate of YH2AX foci per leukocyte
increased significantly from the average basal number of
0.184+0.206 to 0.333+0.335 (p=0.045) for all patients,
corresponding to an excess of 0.149+0.222 RI foci per
cell. No significant increment of YH2AX foci after RT
was observed within the orthovoltage (p=0.089) or linac
(»=0.091) arm only. In patients treated with orthovolt-
age X-rays or a linac, the average rate of RI YH2AX foci
post RT reached a comparable level of 0.150+0.222 or
0.149+0.236, respectively (p=0.51). However, the aver-
age EWBD of linac RT (11.81+1.95mSV) was signifi-
cantly higher than for orthovoltage RT (2.73+0.42mSV;
p<0.0001, Table 2). Accordingly, we observed no corre-
lation between the calculated EWBD and the yield of RI
vyH2AX foci per cell post RT (r=-0.074, p=0.769).

To evaluate the patient’s radiation burden during RT
of heel spurs, Fig. 3d shows the mean frequencies of RI
yH2AX foci 30 min after RT from this work related to data
from our previous biodosimetric studies 30 min after RT of
breast or prostate cancer patients with an average single
dose of 2 Gy [26, 27]. Compared to the mean number of RI
vyH2AX foci in leukocytes after heel spur RT with a single
dose of 0.5Gy (0.159+0.227, n=18), the rate of YH2AX
foci was 2.4- or 5.5-fold higher after the first fraction of
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Fig.4 Variation of the summed calcaneodynia score (CS) before and at 3 months after radiotherapy (RT) for a each patient and compiled for
all patients or orthovoltage RT or linac RT only. b Summarized data on changes in the sum score 3 months after RT. Numbers of patients are
indicated. The CS score of patient no. 16at a 3-month follow-up was not available. Statistical comparisons between two groups were performed
by the student’s t-test. SD standard deviation, *p <0.05, **p<0.01, ***p<0.001

prostate (0.360+0.0180, n=25) or breast (0.807+0.360,
n=107) cancer RT, respectively.

Treatment response

For each patient the CS single score criteria and the sum
score were assessed before and 3 months after RT and are
shown in Fig. 4a. The average CS sum score for all patients
before RT was 49.5+ 14.1 and was comparable for patients
treated with an orthovoltage device (49.6+ 12.2) or a linac
(49.3+16.4; p=0.963). At 3 months follow-up we observed
a significant 1.6-fold increase of the CS sum score up to
78.4+14.1 for all patients (p<0.001) and to 83.3+20.3
(»=0.017) or 72.9+£22.2 (p=0.017) in the orthovoltage or
linac arms, respectively. There was no significant difference
in the sum score post RT between patients treated by or-
thovoltage or linac RT (p=0.301). 89% (17/19) of patients
in both arms had an improved sum score and unchanged
or worsened conditions were reported by only 5.5% (1/19)
of the patients each (Fig. 4b). After orthovoltage RT all pa-
tients had an elevated sum score, whereas after linac RT the
sum score increased in 78% (7/9) of patients only and was
unchanged or worsened in 11% (1/9) of the patients each.
Statistical comparison of the proportions of patients with
an improved sum score showed no significant difference
between the two RT groups (p=0.211).

Fig. 5 shows the distribution of patients classified in the
performance categories excellent (CS sum score 90-100),
good (CS sum score 70-85), moderate (CS sum score
45-65), or poor (CS sum score 0—40). Before RT, none
of the patients were classified as excellent and only 10%
(2/19) as good (Fig. 5a). The majority of patients, 53%

@ Springer

(10/19) and 37% (7/19), were in the categories moder-
ate and poor, respectively. Before RT the patients were
distributed similarly among the four categories between
both RT techniques (Fig. 5b, c¢). At 3 months follow-
up, 47% (9/19) of all patients were ranked as excellent,
21% (4/19) as good or moderate each, and the remaining
11% (2/19) as poor (Fig. 5a). After orthovoltage RT, 56%
(5/9) of the patients were in the category excellent, 22%
(2/9) in good, and 11% (1/9) in moderate or poor each
(Fig. 5b). After linac RT, 40% (7/10) of patients were in
the category excellent, 20% (2/10) in good, 30% (3/10) in
moderate, and 10% (1/10) in poor (Fig. 5¢). No correlation
was found between an improved sum score and patient’s
age (r=0.439, p=0.0601), duration of painful symptoms
(r=0.228, p=0.347), or gender (r=0.259, p=0.285). In-
formation on patient characteristics is provided in Table 1.

Discussion

In the present study we measured RI DSBs by YH2AX foci
quantification in peripheral leukocytes of painful heel spur
patients treated with a 140kV orthovoltage device or a 6-
MV linac to assess the patients’ radiation burden for radia-
tion protection purposes. Immediately after the first fraction
of RT we detected an overall slight but significant increase
of YH2AX foci with no difference between orthovoltage
and linac RT. The application of either RT technique led to
significant and comparable pain relief at 3 months follow-
up. Based on this outcome as well as low participation and
inclusion rates, the trial was terminated preliminarily after
an interim analysis (22 patients randomized).
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DSBs are potently induced by ionizing radiation and rep-
resent the most deleterious DNA lesion causing cell death,
chromosomal rearrangements, and malignant transforma-
tion [33]. The by far most prominent biomarker of RI DSBs
is the phosphorylated histone variant YH2AX, which has
been applied in numerous studies to evaluate the in vivo
radiation exposure of patients after low-dose radiologic ex-
aminations like computed tomography (CT) (e.g., [20, 22,
23, 34]) and mammography [21, 25], or after high-dose
RT of tumor patients [24, 26-29]. The present study is the
first, at least to our knowledge, to apply this method with
a biodosimetric intention in patients treated by low-dose
RT for benign inflammatory and degenerative diseases with
pain relief as the second clinical endpoint. RT of this med-
ical condition is very well received and frequently used in
German-speaking regions but is barely applied in other, par-
ticularly Anglo-American, countries [1]. Such geographical
differences are due to fear of RI late adverse effects, which,
however, are estimated to be very low or negligible for this
type of local low-dose RT [7, 8]. Various studies on the RT
of heel spurs showed equal effectiveness for single doses of
1 Gy or 0.5 Gy administered twice a week for 3 or 6 weeks
[3-5, 16]. Accordingly, the lower dose of 0.5 Gy represents
the standard option to decrease the potential risk for ra-
diation-related late adverse effects [6]. Depending on the
institutional equipment, benign diseases are treated either
with a linac and MV photons or with an orthovoltage de-
vice operating in the low-energy kV range. This instrumen-
tation-specific difference might be associated with varying
therapeutic effectiveness [16] but also with divergent ex-
posures to undesirable out-of-field doses [17]. Also, from
a health economic perspective, orthovoltage RT is associ-
ated with lower costs compared to linac RT. Based on this
rationale, we investigated both endpoints in this prospec-
tive randomized trial after low-dose RT of calcaneodynia
patients with a linac or orthovoltage unit for a treatment
schedule of 0.5Gy given twice a week over a course of
3 weeks. According to our scoring criteria adapted from
Rowe et al. [31] and Heyd et al. [3], we observed high re-
sponse rates and pain reduction in up to 89% of patients at
3 months follow-up in line with improvement rates of pre-
vious studies ranging between 65-100% [16]. About 50%
of patients reported on an excellent and pain-free perfor-
mance status after the first RT series. We did not observe
any difference in the therapeutic response between the two
RT techniques, but the small number of participants does
not allow meaningful statistical comparisons. Previously,
Muecke et al. [16] performed a retrospective study on the
long-term treatment success of low-dose RT for painful heel
spurs in 502 patients treated either with 6—10-MV pho-
tons twice per week or with 175kV X-rays three times per
week at four different facilities in Germany. Patients re-
ceived 10 fractions of 0.5Gy or 5-6 fractions of 1Gy for

@ Springer

6—10-MV photons or six fractions of 1Gy for orthovolt-
age X-rays. In their study, multivariate analysis revealed
a significantly worse prognosis for orthovoltage RT than
for MV photons, with no impact of radiation dose. This
finding has been related to a more homogeneous and fa-
vorable dose distribution achieved with MV units. No other
study has yet confirmed this observation. Although a bet-
ter distribution of dose is achieved in the target volume for
linac RT, it may increase the radiation burden of the pa-
tient through higher peripheral doses outside the primary
beam caused by radiation scattering, leakage, and reflec-
tions [17]. Besides physical dosimetry, biodosimetric at-
tempts have been made to compare the inherent radiation
exposure of different RT techniques [27-29] or CT proto-
cols [35] based on the quantification of RI YH2AX foci in
peripheral leukocytes. Thresholds for this highly sensitive
assay to monitor the induction of RI DSBs in vitro and in
vivo have been set at 1 mGy and 3 mGy, respectively [22,
36]. So far, only few comparable studies on foci quantifica-
tion of DSB repair proteins in systemic lymphocytes after
a planned medical IR exposure in vivo are available for
the low EWBDs of the present work, which were able to
demonstrate dose-dependent increments or even differences
between radiation techniques. Kuefner et al. [35] reported
on significantly reduced levels ofyH2AX foci in peripheral
leukocytes 30 min after multidetector coronary CT angiog-
raphy performed with a dose-reducing sequential protocol
compared to a conventional helical protocol in line with
physical dose estimates. For an approximated median ef-
fective dose ranging from 2.1 to 23.8 mSv, the authors de-
scribed a linear dose response for the induction of excess
yH2AX foci in vivo from 0.04 to 0.71 foci per leukocyte
with a median of 0.33 in line with similar studies [22]. In an-
other study these authors investigated the impact of digital
mammography executed with doses even lower than for CT
examinations [25]. Again, a very slight but significant incre-
ment of YH2AX foci was found in systemic leukocytes of
20 patients. The average EWBD in our study was estimated
to be in the range of just 2.34—14.67 mSV and was signifi-
cantly higher for linac than for orthovoltage RT. Based on
our calculations, this variation of the EWBD between the
radiation techniques was determined by differences in the
SSD and half-value thickness. For otherwise identical pa-
rameterization, a higher SSD for linac RT caused an average
1.9-fold reduction of the integral dose compared to ortho-
voltage RT and, conversely, the higher half-value thickness
for linac RT resulted in a six-fold increment of the integral
dose than for orthovoltage RT. The impact of these two pa-
rameters resulted in a general significant 4.4-fold increase
of the integral dose for linac RT compared to orthovoltage
RT. This value also applied for calculated EWBD, since
there were no significant differences in the distribution of
the patients’ bodyweight between the two radiation modali-
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ties. We observed a general slight but significant increase of
vYH2AX foci per cell after RT for all patients but no differ-
ence between the RT techniques nor a correlation with the
EWBD. 30min after RT the numbers of excess YH2AX foci
per cell were in a low range of 0 to 0.685, with a median
of 0.104.

In our previous studies on the quantification of YH2AX
foci in peripheral leukocytes of breast and prostate cancer
patients after RT, we have shown linear dose—response re-
lationships and good approximations of the administered
whole-body dose based on ex vivo calibration data [26,
27]. However, cancer patients were exposed to significantly
higher EWBDs compared to patients with benign diseases
of the present study (Fig. 3d). According to our reference
data on linear dose-response relationships of YH2AX foci
in leukocytes at various times post exposure [26], the av-
erage frequency of 0.149 RI foci per cell after RT of all
patients in the present work equates to a mean absorbed
X-ray dose of 15.1 mGy, which exceeds our calculated av-
erage EWBD of 6.77 mSv. But assuming that the number
of foci of DSB repair proteins in peripheral leukocytes after
RT is a quantitative measure of the patient’s dose burden
and correlates with the risk of adverse side and late effects
of medical radiation exposure, it is expectedly and signifi-
cantly far lower in heel spur patients than for tumor patients.
However, as we reported in our previous work [26, 27], the
induction of DSBs in peripheral leukocytes during RT de-
pends on various radiation and physiological parameters,
which strongly limits such direct comparisons. Although
the yield of YH2AX foci in peripheral leukocytes during
RT of cancer patients is primarily governed by general RT
parameters such as the planning target volume or the ad-
ministered EWBD, we described volume- and dose-inde-
pendent variations of radiation biomarkers in leukocytes
among different RT techniques for breast cancer treatment
which were heavily dominated by the absolute beam-on
time [27]. Therefore, the radiation parameters between the
two RT techniques of the present study, such as the field
size or the dose rate, were adjusted as well as possible to
achieve comparable exposure scenarios and beam-on times,
to detect the impact of diverse out-of-field doses only. Be-
sides, a strong dependency of foci induction in systemic
leukocytes on physical variables such as the regional blood
volume and kinetics of leukocyte circulation in the exposed
anatomic region has to be considered for any comparative
tactic [22, 24]. These confounding factors also greatly de-
teriorate the accuracy of radiation biomarkers for dose esti-
mates after RT, in particular in the range of very low doses.

Taken together, using a biodosimetric approach to mon-
itor the radiation burden of heel spur patients after the first
fraction of RT with a single dose of 0.5Gy administered
with a 140-kV orthovoltage device or a 6-MV linac, we
observed a marginal but significant overall increase in the

DSB surrogate marker YH2AX in peripheral leukocytes,
with no difference between the RT techniques. Both treat-
ment modalities were associated with very modest radiation
exposures and showed high and comparable analgesic ef-
fectiveness. Our data confirm the use of low-dose RT as an
attractive treatment option for benign diseases.
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