
In vivomeasurement of dose distribution in patients’ lymphocytes: helical
tomotherapy versus step-and-shoot IMRT in prostate cancer

Felix ZWICKER1,2,*, Benedict SWARTMAN1, Falk ROEDER1,2, Florian STERZING1,2,
Henrik HAUSWALD1, Christian THIEKE1,2, Klaus-Josef WEBER1, Peter E. HUBER1,2,

Kai SCHUBERT1, Jürgen DEBUS1,2 and Klaus HERFARTH1

1Department of Radiation Oncology, University of Heidelberg, Im Neuenheimer Feld 400, 69120 Heidelberg, Germany
2Clinical Cooperation Unit Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany
*Corresponding author: Department of Radiation Oncology, University of Heidelberg, Im Neuenheimer Feld 400, 69120
Heidelberg, Germany. Tel: +49-6221-42-2586; Fax: +49-6221-56-5353; Email: f.zwicker@dkfz.de

(Received 7 May 2014; revised 7 September 2014; accepted 13 September 2014)

In radiotherapy, in vivo measurement of dose distribution within patients’ lymphocytes can be performed by
detecting gamma-H2AX foci in lymphocyte nuclei. This method can help in determining the whole-body dose.
Options for risk estimations for toxicities in normal tissue and for the incidence of secondary malignancy are still
under debate. In this investigation, helical tomotherapy (TOMO) is compared with step-and-shoot IMRT
(SSIMRT) of the prostate gland by measuring the dose distribution within patients’ lymphocytes. In this pro-
spective study, blood was taken from 20 patients before and 10 min after their first irradiation fraction for each
technique. The isolated leukocytes were fixed 2 h after radiation. DNA double-stranded breaks in lymphocyte
nuclei were stained immunocytochemically using anti-gamma-H2AX antibodies. Gamma-H2AX foci distribu-
tion in lymphocytes was determined for each patient. Using a calibration line, dose distributions in patients’ lym-
phocytes were determined by studying the gamma-H2AX foci distribution, and these data were used to generate
a cumulative dose–lymphocyte histogram (DLH). Measured in vivo (DLH), significantly fewer lymphocytes
indicated low-dose exposure (<40% of the applied dose) during TOMO compared with SSIMRT. The dose ex-
posure range, between 45 and 100%, was equal with both radiation techniques. The mean number of gamma-
H2AX foci per lymphocyte was significantly lower in the TOMO group compared with the SSIMRT group. In
radiotherapy of the prostate gland, TOMO generates a smaller fraction of patients’ lymphocytes with low-dose
exposure relative to the whole body compared with SSIMRT. Differences in the constructional buildup of the dif-
ferent linear accelerator systems, e.g. the flattening filter, may be the cause thereof. The influence of these
methods on the incidence of secondary malignancy should be investigated in further studies.
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INTRODUCTION

Reduction of dose in organs at risk and healthy tissue is an
important field of radiation research. Ideally, this can be
achieved without impairing the dose being delivered to a
tumor with high conformity.
Variations in irradiation techniques lead to differences in

dose distribution [1]. Recently, we developed an approach
for in vivo measurement of the dose distribution within a
patients’s lymphocytes relative to the whole body. This ap-
proach is based on the detection of gamma-H2AX foci in

lymphocyte nuclei [2], and it could be useful in estimating
the degree of biological dose effect relative to the whole
body volume. It is based on the following strategy.
A well-established method for detecting DNA double-

strand breaks (DSBs) in human lymphocytes is the gamma-
H2AX stain [3]. H2AX-histones at or near irradiation-induced
DSBs are phosphorylated, sensitively indicating the presence
of DSB repair. Thus DSBs can be visualized indirectly by
immunocytochemical staining of the gamma-H2AX foci
using a fluorescence microscope [4, 5]. Since DSB induction
increases linearly with the delivered dose, the number of
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gamma-H2AX foci can be utilized as a reliable parameter for
estimating the delivered dose [6]. These irradiation-induced
cellular responses are equally efficient at a range of dose
levels, but it is evident that a certain level of DNA damage is
necessary to activate DNA repair (~1 mGy) [7]. Gamma-
H2AX foci are an indirect marker, and their numerical equal-
ity with the exact number of DSBs, especially after repair, is
currently under debate [8, 9]. In the human body, lympho-
cytes are convenient biological dosimeters because they can
easily be taken from a peripheral vein.
This new method of biological dosimetry can serve as a

surrogate for dose distribution in the irradiated body volume.
The limitations of this method, e.g. circulation of the lym-
phocytes in the body during irradiation [6], have previously
been critically discussed [2].
Prostate cancer is a frequent malignant tumor and a typical

malignancy that is regularly treated with radiotherapy, result-
ing in long-term patient survival [10, 11]. The use of radiother-
apy in locally limited prostate cancer is increasing compared
with surgical techniques. Both methods are seen as compar-
able in terms of local control and long-term survival.
In order to minimize normal tissue dosage, conformal tech-

niques, including intensity-modulated radiotherapy (IMRT),
have become standard in the irradiation treatment of prostate
cancer [12, 13].
Using the methodology of in vivo measurement of the

dose distribution within patients’ lymphocytes, our group
has recently demonstrated in prostate cancer that lympho-
cytes indicated a significantly decreased middle-dose expos-
ure during SSIMRT compared with during conventional
3D-conformal radiotherapy [2].
A relatively new method in intensity-modulated radiother-

apy is helical tomotherapy (TOMO). The technical details of
TOMO have been discussed in detail previously [14].
Essentially, a TOMO unit is a hybrid of a 6-MV linear accel-
erator and a helical CT scanner. Treatment is administered

using a rotating fan beam, and as the patient is moved
through the gantry bore, the treatment beam forms a helix
[14, 15]. The beam is modulated by a very fast-moving,
pneumatically driven, binary multileaf collimator (MLC). In
an inverse treatment-planning process, the MLC conform-
ation is optimized to obtain highly conformal radiation doses
at the target [16].
Because tomotherapy is increasingly used for radiotherapy

for prostate cancer, we present our data using this in vivo radi-
ation dosimetry approach, comparing helical IMRT/tomotherapy
(TOMO) and SSIMRT. Our results suggest that TOMO may
have advantages with respect to low-dose radiation distribu-
tions, at least in the context of the current linac equipment.

MATERIALS ANDMETHODS

Patients and irradiation
Individuals of both groups were treated and investigated in
the same period (2009–2010) within a prospective study. All
patients exhibited prostate cancer saved by biopsy and had an
indication for irradiation of the prostate gland.
The study was approved by the Ethics Committee of the

University Hospital of Heidelberg. All patients gave their
informed consent.
Exclusion criteria were prior radiation in the patient’s

medical history or additional radiation of lymphatic pelvic
regions. A total of 20 patients were recruited for each treatment
method (SSIMRT, TOMO); see Fig. 1. Patients’ treatment was
not influenced by the study, and attribution to the different mo-
dalities was made coincidentally in the clinical daily routine, as
it was quasi-randomized. Definitions of CTV and PTV for all
patients were performed identically, according to the institute’s
guidelines. For treatment planning, CT scans were performed
with 3-mm slice thickness at full bladder and empty rectum.
The PTV comprised the prostate gland, seminal vesicles (in-
cluding the bottom of the bladder) and the anterior rectal wall,

Fig. 1. Examples of dose distribution in radiotherapy of the prostate gland with (a) SSIMRT and (b) TOMO.

F. Zwicker et al.240



with a margin of 0.5 cm dorsally and 0.8 cm in other directions.
The anterior rectal wall (one-third of the total circumference)
did not exceed more than 70 Gy in median.
Clinical follow-up was carried out according to the nation-

al guidelines including clinical investigation and PSA con-
trols carried out by the patient’s attending urologic doctor.
Patients of the SSIMRT and TOMO groups demonstrated a
very distinct reduction of the PSA value 3–12 months after
the end of radiotherapy, with the exception of two patients
(SSIMRT) with distant metastases in the follow-up. Side
effects > Grade 3 (RTOG) were not described.
Inverse treatment planning was performed using the

KonRad software developed at the German Cancer Research
Center (DKFZ). The planning process for IMRT treatment
has been described in detail previously [17]. Inverse planning
for regular TOMO delivery was performed with the
Tomotherapy planning software. Further patient data comparing
SSIMRTwith TOMO are shown in Table 1.
Radiotherapy was performed using the Department’s

linear accelerators: (i) Oncor (Siemens/Germany) for
SSIMRT and (ii) Tomotherapy Hi-Art (Accuray/USA) for
helical-IMRT (TOMO). Technical parameters of the different
radiation modalities are presented in Table 2.
A calibration line was generated from ex vivo irradiation of

the blood of five volunteers to calibrate absolute doses to the
investigated number of gamma-H2AX foci; see Zwicker
et al. [2]. The previous calibration curve that was published
in [2] shows the slope y = 7.86 × dose, (y = number of
gamma-H2AX foci per nucleus, x = dose in Gy).
Experiments, treatments and analyses of both groups and

the calibration line were performed in the same period and at
our institute.

Lymphocyte separation and immunofluorescence
analysis
For intermixture of irradiated with non-irradiated lympho-
cytes, blood circulation was given 10 min after the end of the
first treatment fraction until the patients’s blood (7.5 ml) was
taken from a peripheral vein. Negative controls were also
taken from each patient before irradiation treatment. All
samples were coded to prevent bias during manual scoring.
Gamma-H2AX foci in lymphocyte nuclei were stained by

indirect immunofluorescence. This validated method for
detecting DNA DSBs has been published in numerous
papers [18, 19, 20].

Separating of the lymphocytes from the blood was per-
formed by layering 5 ml of heparinized venous blood onto 3
ml of Ficoll and centrifuging at 2300 rpm for 20 min at 37°C.
Then lymphocytes were washed in PBS (6 ml) and centri-
fuged at 1500 rpm for 10 min (37°C). The generated cell
pellet was resuspended at a 1:15 dilution after the buffer was
aspirated (room temperature). Approximately 300 000 lym-
phocytes, diluted in 200 µl, were spread onto a clean slide by
means of the Cytospine Centrifuge at 22 rpm for 4 min
(room temperature).
Then the lymphocytes were fixed using fixation buffer

(3% paraformaldehyde, 2% sucrose in PBS) for 10 min at
room temperature. The fixation step was performed 2 h after
the end of the first radiation fraction to allow comparability
between the samples for all experiments (patients and volun-
teers for calibration line). Subsequently, cells were permeabi-
lized for 4 min at 4°C (permeabilization buffer: 20 mMHEPES
(pH 7.4), 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose and
0.5% Triton X-100). Afterwards, lymphocytes were incubated
with anti-gamma-H2AX antibody (Anti-Phospho-Histone-
gamma-H2AX Monoclonal IgG-mouse-Antibody (#05-636),
Upstate, Charlottesville, VA) at a 1:500 dilution for 1 h (37°C),
washed in PBS four times, and incubated with the secondary
antibody (Fluorescein-isothiocyanate (FITC)-conjugate,
Alexa Fluor 488 Goat-anti-mouse-IgG-conjugate, Molecular
Probes, Eugene, OR) at a dilution of 1:200 for 0.5 h (37°C).
Then lymphocytes were washed in PBS (4×, 20°C). To cor-

relate the gamma-H2AX foci with the nuclei, lymphocytes
were mounted with VECTASHIELD mounting medium, in-
cluding the nuclear stain DAPI (Vector Laboratories).

Table 1. Patient data

age (years) body volume (l) PTV (cm3)

SSIMRT 71.6 (65.4–81.9) 85.4 (53.8–103.2) 181.0 (71.8–337.1)

TOMO 69.9 (54.9–78.8) 86.5 (63.4–107.5) 153.4 (104.1–202.9)

The median values (with range) are shown. The body volume (l) was calculated as body weight (kg) × 1.075 l/kg.

Table 2. Technical data: SSIMRT vs TOMO

SSIMRT TOMO

Beams 7–9 helical

Energy (MV) 6 6

SD (Gy) 2.17 2.17

CD (Gy) 76 76

Boost integrated integrated

Dose output (Gy/min) 2 8.7

Mean beam-on time (min) 6.2 7.8

Mean table time (min) 16.3 15.5

SD = Single fraction dose, CD = Cumulative dose,
MV =Megavolts.
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Lymphocytes on the slides were examined with a ×100
objective (fluorescence microscope Laborlux S, Leica
Microsystems CMS GmbH, Wetzlar, Germany). Immuno-
fluorescence spots of nuclei were counted by eye because that
enabled focusing manually through the whole nucleus with the
microscope, thus detecting each focus in the 3D space. Only
one trained person counted the gamma-H2AX foci for all the
experiments. Within each patient sample (with a heterogeneous
dose-distribution), 300 lymphocytes were analyzed. All nuclei
were morphologically considered by eye (cell form and size).
Control samples before the first irradiation fraction and

in vitro samples were analyzed by counting 50 cells for each
measuring point and experiment due to their homogenous
radiation. Three independent experiments were executed in
in vitro experiments.

Data and statistical analysis
Gamma-H2AX foci of the lymphocytes were counted for
every patient. The averaged relative number of cells was cal-
culated from 20 patients per group (SSIMRT and TOMO)
for every count of gamma-H2AX foci per nucleus.
The calibration graph contained lymphocytes of five sub-

jects irradiated ex vivo at six different doses (0, 0.02, 0.1, 0.5,
1 and 2 Gy). For each measuring point, three independent
experiments were performed.
Due to their homogenous radiation, the in vitro samples

were investigated by counting 50 cells for each experiment and
each measuring point. Background foci levels were subtracted.
The relationship between dose application and irradiation-

induced gamma-H2AX foci formation is linear [4]. Thus,
we generated a linear regression curve (please see Zwicker
et al. [2]).
Equivalent absolute doses for every count of irradiation-

induced gamma-H2AX foci per nucleus in a patient’s lympho-
cytes were calculated by generated linear regression curve,
whereas background foci (controls before irradiation) were
subtracted again.
Next, values of gamma-H2AX foci were converted into

relative doses related to the prescribed dose (100% corre-
sponds to the given 2.17 Gy in the SSIMRT and TOMO
groups). Irrespective of body site or blood flow, this calibra-
tion concerns only a single lymphocyte. In addition, we gen-
erated a further integral diagram, in which the relative
number of lymphocytes with gamma-H2AX foci was plotted
against the relative applied dose as a percentage (dose–
lymphocyte-histogram/DLH).
The statistics were performed in Sigma.Plot.10.0®. Student’s

t-test with a P-value < 0.05 was defined as significant.

RESULTS

In vivo measurements of patients’ lymphocytes
For the investigated lymphocytes of 20 patients per group,
the mean numbers of gamma-H2AX foci per nucleus were

0.47 (SSIMRT) and 0.24 (TOMO) (P < 0.05) in the irra-
diated samples (Fig. 2), whereas the non-irradiated controls
scored 0.037 gamma-H2AX foci per nucleus on average
(P < 0.05).
Putting the average in vivo foci counts for SSIMRT and

TOMO into the calibration curve described above (y = 7.86x)
[2], the estimated mean biological dose per lymphocyte rela-
tive to the whole body is 5.51 cGy in the SSIMRT group and
2.58 cGy in the TOMO group.

Distribution of gamma-H2AX foci
The mean number of lymphocytes with <7 gamma-H2AX
foci per nucleus on average was significantly lower in the
TOMO than in the SSIMRT group. The mean number of
lymphocytes with 7–16 gamma-H2AX foci per nucleus on
average was not significantly different between the groups.
Lymphocytes with more than 16 gamma-H2AX foci per
nucleus were not detected in the TOMO group (Fig. 3).

Dose–lymphocyte histogram
The DLH is a cumulative histogram; each point shows the
accumulated number of lymphocytes that has been exposed
to at least a certain dose (Fig. 4). Background foci levels
have been subtracted because they were also subtracted in
the calibration line. The two groups were compared by

Fig. 2. The average of mean number of gamma-H2AX foci per
nucleus in irradiated lymphocytes and negative controls of 20
patients per group is shown (SSIMRT and TOMO). Standard errors
are shown. All patients were irradiated in the prostate region, and
venous blood was taken before (control) and 10 min after their first
irradiation fraction. Lymphocytes were fixed 2 h after the end of the
irradiation. In the negative control, 50 lymphocytes were analyzed
per patient; in the irradiated samples, 300 lymphocytes were
analyzed per patient.
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performing t-tests for each individual pair of datapoints
along the curves. At dose levels lower than 40% of the
described dose, the TOMO curve lies significantly below the
SSIMRT curve (P ≤ 0.05). There is no significant difference
in the relative number of lymphocytes between 45 and 100%
of the applied dose. In comparison with the SSIMRT group,
lymphocytes of the TOMO group do not show dose exposure
above 100% of the described dose.
The percentage of lymphocytes exposed to more than

50% of the prescribed dose is 0.9% in the SSIMRT group
and 0.5% in the TOMO group.

Analyses of dose–volume histograms
Analyses of dose–volume histograms of patients’ PTVs
(Fig. 5) for the two groups (SSIMRT and TOMO) showed
the following results: the mean dose maximum (Dmax) of
the prescribed dose in the PTV prostate was 107.8% (stand-
ard error: 0.389) in the SSIMRT group and 104.3% (standard
error: 0.415) in the TOMO group. The difference was signifi-
cant (P ≤ 0.05). The mean volume (V) of the prostate PTV
that received a dose more than 102% of the prescribed dose
(D > 102%) was 30.2% (standard error: 2.49; range: 8–47%)
in the SSIMRT group and 4.57% (standard error: 0.61;
range: 1–9%) in the TOMO group. This difference was also
significant (P ≤ 0.05).

DISCUSSION

The method used for in vivo measurement of dose dis-
tribution within a patients’s lymphocytes by detecting

gamma-H2AX foci (and the potential limitations of this
method) have been discussed earlier [2], whereas subsequent
articles [6, 19–28] have considered what determines the
presence of the lymphocytes in body tissue as a result of
their kinetics—i.e. circulation, migration and adhesion to
vessel walls.
Salk et al. have discussed these circumstances in detail

previously [6]. In in-field capillaries, the speed of lympho-
cytes is slower; thus they receive a higher radiation dose
than do the fast-moving lymphocytes in larger vessels.
Differences in the mean number of gamma-H2XA foci in
lymphocytes after dose exposure depend on the irradiated
target sites, e.g. brain or thorax. The target site was not a
variable parameter in our study. We compared TOMO and
SSIMRT only for the treatment of prostate cancer. The PTV
volume included blood vessels/rami of the arteria iliaca
interna, which were reproducible and comparable in both
patient groups.
Attention also must be paid to repair kinetics and the with-

drawal of gamma-H2AX foci, which makes it necessary to
stop cell metabolism after a certain duration post-irradiation.
In this context, we fixed all cells 2 h after irradiation (in vivo
and in vitro) to allow comparability between samples.

Fig. 3. Distribution of gamma-H2AX foci in patients’
lymphocytes. Data from 20 patients per group (SSIMRT and
TOMO) are summarized in two curves. Standard errors are shown.

Fig. 4. Dose–lymphocyte histogram (DLH). In this integral
histogram, data from 20 patients per group (SSIMRT and TOMO)
are summarized in two curves. Standard errors are shown. Initially
irradiation dose was correlated with each number of γH2AX foci.
Background foci levels were subtracted. Referring to a previously
generated calibration line (see Materials and Methods and [2]), the
count of γH2AX foci leads to the equivalent delivered dose for each
lymphocyte. Each point represents the mean relative sum of
lymphocytes with at least the indicated relative dose (≥x). A dose of
100% is equivalent to 2.17 Gy for SSIMRT and TOMO.
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Considering the physical parameters of the two groups
(Table 2), the dose rate (Gy/min) appears to be a different
factor. In TOMO (8.7 Gy/min), the dose rate is 4.35-fold
higher than in SSIMRT (2 Gy/min). This results in more in-
homogeneity of the dose rate in a patients’s irradiated
volume in the TOMO group and may potentially produce a
higher fraction of lymphocytes with low-dose exposure.

It cannot be ruled out that differences in dose rates can
have distinct effects on the induction and withdrawal of
gamma-H2AX foci. Speculatively, lower dose rates may
result in slower gamma-H2AX foci withdrawal during repair,
with potentially higher gamma-H2AX foci counts in the
SSIMRT group. Conversely, higher dose rates may result in
increased gamma-H2AX foci induction, with the same effect
for the TOMO group. To date, it has only been described that
a reduction of the dose rate from 2 Gy/min to 0.07 Gy/min (a
factor of 30) produces no difference in the number of residual
gamma-H2AX foci at 24 h after irradiation (2 Gy) [29].
However, reduction of the dose rate from 2 Gy/min to 0.07
Gy/min results in a slight but significant increase in clono-
genic cell survival [29, 30]. Considering these results, it
could be suggested that the difference in the dose rates of the
two radiation techniques does not essentially influence the
different results of the two groups (SSIMRT and TOMO)
with respect to the distribution of gamma-H2AX foci in lym-
phocytes. But it has to be mentioned that data about this
issue is rare in the literature.
At first, it is surprising that only SSIMRT appears to

deliver >100% of the peak dose to some lymphocytes. Doses
>100% of the applied dose were expected in the inner PTV
of the prostate gland. The expected number of detected lym-
phocytes with doses >100% of the described dose is per se
very small. The median dose of 2.17 Gy was prescribed to
the PTV in both groups. Helical IMRT (tomotherapy)
reached a significantly higher conformity in dose distribution
than SSIMRT during radiotherapy for prostate cancer [31].
The corresponding DVH data of our study indicate that mean
maximum doses and the percentage of the PTV with a dose
>102% of the prescribed dose were significant higher in the
SSIMRT group than in the TOMO group (see Fig. 5).
Considering this, the difference in dose distribution of relative
dose >100% in the patients’ lymphocytes was more under-
standable.
Physical phantom measurements investigating the periph-

eral doses for different IMRT techniques published previous-
ly should also be considered in explaining the significantly
smaller fraction of lymphocytes with low-dose exposure in
the TOMO group.
The horizontal peripheral dose distribution in the lower

dose range in SSIMRT is more heterogeneous than in
TOMO. An influence on our results cannot be excluded, but
it is difficult to define a conclusive relationship.
Recently, it was shown that for small PTVs (295 cm3) in

the horizontal direction, TOMO shows a slightly increased
relative peripheral dose (RPD)—up to 0.8% compared with
SSIMRT in a distance range of 15–20 cm around the central
axis. For substantially larger volumes (2356 and 7952 cm3),
TOMO shows a distinct relative increase in horizontal RPD
compared with SSIMRT [32].
In the same experimental setting, the RPD does not differ

in SSIMRT compared with TOMO for small (295 cm3) and

Fig. 5. Analyses of dose–volume histograms (DVH) of patients’
PTV prostate of the SSIMRT and the TOMO group (20 patients
each): (a) mean relative dose maximum (D max) of the prescribed
dose in the PTV prostate, and (b) mean relative volume (V) of PTV
prostate that received dose more than 102% of the prescribed dose
(D > 102%). Standard errors are shown.
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medium PTVs (2356 cm3) in the vertical direction from the
isocenter (measured distance ≤ 16 cm) [28]. The prostate
PTV of all treated patients averaged 167.2 cm3 in our study.
Thus, we detected the dose distribution in lymphocytes of
the whole body, requiring the consideration of the vertical
peripheral dose.
It is believed that the vertical RPD in the whole body (out

of the directly treated volume) is composed of sideways
Compton-scattering from the irradiated volume and of radi-
ation components of the linear accelerator (transmission and
scatter doses of the machine-head and accelerator) [32–35].
Compton-scattering from the irradiated PTV depends on the
photon energy and the size of the PTV [32]. The PTV and
the total body volume were not significantly different
between the two groups. The photon energy used in both
groups was 6 MV.
However, it was shown by physical phantom measure-

ments that the second important component of the RPD,
which depends on leakage and shielding of the linear accel-
erator, is up to two-thirds lower in the Tomotherapy-HiArt
system than in a Siemens linac [32, 34].
This linac-dependent component is relatively more im-

portant in the patient’s distant periphery. In particular, the
geometric construction of the linac (flattening filter, target
and accelerator) may play a substantial role [32, 34]. In this
context, results from Syme et al. (2009) [36] are notable.
They reported that scattered radiation with lower energies
may be more effective in inducing gamma-H2AX foci in
human fibroblasts compared with open-beam radiation. At 2
Gy, the difference is up to 20%, whereas a scattering dose
was applied at a lower dose rate.
Compared with the Siemens/Oncor system, the Tomotherapy-

HiART system does not have a flattening filter, and the
accelerator is located vertical to the longitudinal axis of the
patient (in the Siemens/Oncor parallel). Previous results can
shed light on this: the low-dose exposure in patients’
lymphocytes and the mean number of gamma-H2AX foci
per nucleus were not significantly different between 3D-
conformal and SSIMRT techniques in radiotherapy of the
prostate region, when both techniques were performed with
the same linear accelerator (Siemens/Oncor) [2].
Considering the whole body volume, the Tomotherapy-

HiArt system could perform lower vertical RPD compared
with the Siemens/Oncor system. In our setting, the relation-
ship of the PTV to body volume averaged 167 cm3 to 86 000
cm3, or 1:515. Therefore, the absolute number of lymphocytes
exposed to vertical RPD is relatively higher than the lympho-
cytes exposed to horizontal RPD, apart from the consideration
of the lymphocytes’movement.
This has been confirmed by experimental phantom mea-

surements by Bennett et al. [37]. They compared the
Tomotherapy-HiArt system with a classical linear accelerator
in relation to the peripheral doses in an anthropomorphic
whole-body phantom in IMRT for head and neck tumors.

Within 2.5 cm (one TOMO field width) superior and inferior
to the field edges, the normal tissue dose was significantly
lower using a classic linear accelerator. However, beyond
2.5 cm in the vertical direction, the TOMO normal tissue
dose was an average of 52% lower. From this, they calculated
a probability of secondary malignancy of 5.88% for the clas-
sical linear accelerator and 4.08% for the TOMO in their
set-up [37].
In our set-up, we also measured the dose distribution in

lymphocytes for the whole body.
The significantly decreased fraction of lymphocytes with

low-dose exposure during TOMO compared with SSIMRT
can be observed in the context of the results discussed above.
It is also notable that Bennett’s results correspond with our
findings, even though the PTV of head and neck tumors is
substantially larger than the PTV in prostate cancer.
Our in vivo results confirm in principle the measurement

of peripheral doses in the anthropomorphic phantom [37].
The influences of the different radiation techniques on sec-
ondary malignancy rates could be explored through retro-
spective analyses in the future.
The results of our study are only representative of small

PTVs (in our study, up to ca. 350 cm3). Whether our results
are transferable to cases of larger volumes is uncertain.
Further investigations with larger volumes are necessary.
The results of Bennett et al. [37] support the thesis that

whole-body low-dose exposure is also lower in the case of a
larger PTV (e.g. head and neck tumors) during TOMO than
in step-and-shoot IMRT.
With respect to its limits, the in vivo method of measuring

the dose distribution by gamma-H2AX foci in lymphocytes
and creating a dose–lymphocyte histogram can help to esti-
mate differences in whole body dosimetry between different
irradiation techniques.

CONCLUSION

In summary, TOMO causes low-dose exposure of a smaller
fraction of a patients’s lymphocytes relative to the entire
body compared with the step-and-shoot-IMRT in radiother-
apy of the prostate gland. Differences in the constructional
buildup of the different linear-accelerator systems, e.g. a flat-
tening filter, may be the cause of this variation.
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