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Objectives: Microbeam radiotherapy (MRT) with wafers of microscopically narrow,
synchrotron generated X-rays is being used for pre-clinical cancer trials in animal
models. It has been shown that high dose MRT can be effective at destroying tumours
in animal models, while causing unexpectedly little damage to normal tissue. The aim
of this study was to use a dermatopathological scoring system to quantify and compare
the acute biological response of normal mouse skin with microplanar and broad-beam
(BB) radiation as a basis for biological dosimetry.
Method: The skin flaps of three groups of mice were irradiated with high entrance
doses (200 Gy, 400 Gy and 800 Gy) of MRT and BB and low dose BB (11 Gy, 22 Gy and
44 Gy). The mice were culled at different time-points post-irradiation. Skin sections
were evaluated histologically using the following parameters: epidermal cell death,
nuclear enlargement, spongiosis, hair follicle damage and dermal inflammation. The
fields of irradiation were identified by cH2AX-positive immunostaining.
Results: The acute radiation damage in skin from high dose MRT was significantly
lower than from high dose BB and, importantly, similar to low dose BB.
Conclusion: The integrated MRT dose was more relevant than the peak or valley dose
when comparing with BB fields. In MRT-treated skin, the apoptotic cells of epidermis
and hair follicles were not confined to the microbeam paths.
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Synchrotron microbeam radiotherapy (MRT) uses wa-
fers of microscopically narrow, synchrotron-generated
X-rays for pre-clinical cancer trials in animal models
[1–6]. Previous studies have shown normal tissue to be
extremely tolerant to MRT at doses in considerable
excess of those that were therapeutically effective [7].
Further, MRT has been proven to have palliative and
even curative effects on cerebral tumours implanted in
rat brains [1, 8]. The interpretation of the effects of MRT
on biological tissue is complicated by difficulties in
accurately measuring the absorbed dose deposited in
tissue by MRT. Physical dosimetry associated with MRT
is more complex than that for conventional broad-beam
(BB) radiotherapy because there are different compo-
nents to an MRT dose profile [9–12]. These compo-
nents include the in-beam or \peak" dose, the valley
dose (between adjacent microbeams) and the integrated

dose. Dilmanian et al [13] defined the integrated dose as
\the microbeam dose averaged over the entire irradia-
tion area" and further \the integrated dose takes into
account the volume of tissue in the low dose regions
between the microbeams". Zhong et al [7] stated that
the \integrated microbeam doses, (which for low valley
doses) can be approximated as the in-beam dose times
the ratio of the beam width to beam spacing". There
exists a vast body of literature over several decades on
the acute effects of radiation therapy on skin tissue
(radiodermatitis), some of which have been documented
in review articles [14, 15] and text books [16–19]. McKee
et al [20] state:

The histological features of acute radiation damage to
skin involve both the epidermis and its adnexae, and the
underlying dermis. The epithelium may be necrotic and
accompanied by both spongiosis (inter-cellular oedema)
and intra-cellular edema. The dermis is edematous and
may show fibrin deposition. An inflammatory cell infil-
trate consisting of macrophages, eosinophils, plasma
cells and lymphocytes is present in the dermis.
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Further, Lever and Schaumburg-Lever [21] state:

The cells of the hair follicles, sebaceous glands, and
sweat glands also show degenerative changes. Some of
the blood vessels are dilated, whereas others, especially
large ones in the deep portions of the dermis show
edema of their walls, endothelium and even thrombo-
sis. The collagen bundles show edema. In cases with
blisters, the degenerated epidermis is detached from
the dermis, and, if ulceration is present, not only the
epidermis but also the upper dermis has undergone
necrosis. The area of necrosis is then surrounded by
neutrophils.

The effects of synchrotron MRT on skin are less well
documented [7, 22] and to our knowledge a quantitative,
histopathological comparison of MRT and BB has not
been reported. The aim of this study was to use a histo-
pathological skin scoring system to quantify the acute
biological response of normal mouse skin to MRT and
BB irradiations as a basis of biological dosimetry. We
hypothesise high dose BB (hundreds of Gy) will cause
more skin damage than high dose MRT for the same peak
entrance dose. Further, low dose BB (tens of Gy) will cause
equivalent levels of damage as high dose MRT.

Methods and materials

Synchrotron radiation source and microbeam
generation

All irradiations were carried out on beamline BL28B2
(SPring-8 synchrotron, Hyogo, Japan). A bending magnet
produces polychromatic X-rays from electrons travelling
at relativistic speeds around a storage ring with energies
of 8 GeV and a stable beam current of approximately
100 mA. The synchrotron X-ray beam was filtered by
passing through a 3 mm-thick copper absorber that
preferentially absorbs low energy X-rays and hence
increases the beam’s mean energy. The mean energy of
the filtered X-ray beam was 125 keV [23]. A tungsten/
kapton collimator segmented the BB into a lattice of
planar microbeams. The thickness of the tungsten/
kapton collimator in the direction of the beam was
approximately 5 mm. The nominal beam width was
25 mm (industrial-grade kapton sheets). Ohno et al [23]
reported the effective beam width for this collimator at
full width half maximum was 21.2–23.1 mm with a
centre-to-centre spacing of exactly 200 mm. The peak-
to-valley dose ratio for this collimator was measured
using radiochromic films of different sensitivity. In a
solid water phantom, the dose in the valley region is
typically between 1% and 2% of the dose in the peaks. A
complete description of the dosimetry used for this MRT
research is described elsewhere [10, 23].

Mouse preparation

Adult female mice (ddY and BALB/C strain) aged
11 weeks were used for this study. All experimen-
tal protocols were approved by the animal welfare
committees of the Japanese Synchrotron Radiation

Research Institute (SPring-8) and Monash University
(MMCAECA). The animals were fed a standard rodent
diet and given water ad libitum in the animal house of the
biomedical imaging centre on the SPring-8 synchrotron
campus. The animals were anaesthetised using a 1:10
dilution of pentobarbitone (Nembutal, Sigma Aldrich, St
Louis, MO) at a concentration of approximately 1 ml
kg21 (equivalent to 50 mg kg21 body weight). The hair
along the animals, back was shaved using a standard
electric rodent shaver. A skin flap was raised along the
animals’ back and pre-cut lengths of radiochromic film
(Gafchromic HD-810, ISP Corp, Wayne, NJ) were placed
on both sides of the skin flap to demarcate the entrance
and exit radiation fields. The mice were secured on a
perspex jig by placing them inside a 50 ml vial with a
cut-away made to expose the raised skin flap for
irradiation.

Mouse irradiation

A group of mice (n527) were irradiated unidirection-
ally with MRT, with three adjacent fields, using different
in-beam entrance doses (200 Gy, 400 Gy and 800 Gy).
Another group of mice (n527) were irradiated with three
adjacent fields of BB radiation entrance doses of 200 Gy,
400 Gy and 800 Gy. A further set of mice were irradiated
with BB radiation entrance doses of 11 Gy, 22 Gy and
44 Gy. The MRT and high dose BB array size was
6 mm66 mm. The low dose BB array size was 10 mm
(horizontally)6 6 mm (vertically). The high dose BB and
MRT dose rates were approximately 100 Gy s21 and
80 Gy s21, respectively. We used six mice as sham-
irradiated controls. These unirradiated mice were pre-
pared, anaesthetised and positioned on the treatment jig
in an identical fashion to the irradiated mice. Imme-
diately post-irradiation, a fine gauge needle containing
Evans blue dye (Sigma Aldrich, St Louis, MO) was used
to mark the corners of the irradiated fields on the mice
skin using the exposed radiochromic film as a visual
guide. The overall irradiated region was marked with
permanent marker. The mice recovered from the ana-
esthesia and were returned to the animal facility in the
biomedical imaging centre at SPring-8.

Tissue harvesting

Mice were culled by cervical dislocation at specific
time-points post-irradiation. There were 6 mice in
each high dose category (MRT and BB) at each culling
time, with the exception of the 6 h point, for which there
were 3 mice in the MRT group and 3 in the BB group. In
the low dose BB category (11 Gy, 22 Gy and 44 Gy),
there were two mice at each culling time. Table 1
summarises the radiation doses and culling times of the
mice. The skin flap was excised from the mouse,
flattened and fixed in 10% neutral-buffered formalin
for at least 6 h. Small sections of irradiated tissue,
perpendicular to the path of the microbeams for each of
the three delivered doses, were then removed and
placed into histology cassettes. The tissue sections were
returned to Australia in phosphate-buffered saline for
analysis.
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Histology and immunohistochemistry

Haematoxylin and eosin
All tissue sections were embedded into paraffin wax

blocks to enable sectioning on a microtome. A routine
haematoxylin and eosin (H&E) staining protocol was
used to stain the tissue sections. Both entrance and exit
skin flaps were stained for histology; however, we
performed our analysis only on the entrance fields. The
section thickness for all histological and immunohisto-
chemical sections was 5 mm.

c-H2AX assay
The primary antibody was a 1:1000 dilution of anti-

phosphohistone H2AX (Ser139) Clone JBW301 (Upstate,
Temecula, CA) diluted in mouse-on-mouse (MOM) dilu-
ents (8:100 in tris-buffered saline). The MOM kit (also
used for protein blocking) was purchased from Vector
Labs Inc (Burlingame, CA) as BMK-2202. Antigen retrie-
val was carried out on the sections via microwave heating
of citrate buffer (pH 6) for 10 min. The primary antibody
was applied to the sections and allowed to sit overnight at
4uC. The MOM kit secondary antibody diluted in MOM
diluent (1:250 in tris-buffered saline (TBS)) was applied to
the sections for 10 min at room temperature. The primary
antibody was detected using the Dako EnVision kit, as
per the manufacturer’s instructions (DAKO Corporation,

Carpenteria, CA). Sections were stained using Harris’s
haematoxylin and 1% aqueous eosin.

A semi-quantitative assessment of acute radiation der-
matitis was performed using H&E sections. The para-
meters used to analyse the radiation-induced damage
were epidermal cell death identified by the presence of
cells with ghosted outlines and lack of nuclear details
(necrotic cells) or cells with dense cytoplasm and dark
pyknotic nuclei (apoptotic bodies); adnexal damage
defined as cell death or damage in the pilo-sebaceous
units based on quantification of necrotic cells and
apoptotic bodies in hair follicles or partial or complete
absence of hair follicles and sebaceous glands; epidermal
spongiosis (intercellular oedema); epidermal nuclear
enlargement (variations in size of nucleus); and dermal
inflammation. Each parameter was given a score of
between 0–3 according to severity. Table 2 summarises
the details of the scoring system used. Scoring was done
using a high power (640) objective lens with a field
diameter of 0.5 mm and a surface area of 0.196 mm2. The
scorer was blind to the irradiation modality (high dose
BB, MRT, low dose BB). The slides were numbered
before scoring and the sequence was revealed after
scoring. We compared and analysed the extent of skin
damage following varying doses of MRT and BB at
different time-points (Table 1). We also made qualitiative
examinations of the distribution of apoptotic cells in the
epidermis and hair matrix, in relation to irradiated strips

Table 1. Radiation doses and culling times post-irradiation

Modality Peak entrance dose (Gy) Valley dose (Gy) Integrated dose (Gy) Culling times post irradiation (h)

High dose BB 200 N/A 200 6, 12, 24, 48 and 120
400 400(ddY mice)
800 800

High dose MRT 200 ,2–4 ,25 6, 12, 24, 48 and 120
400 ,4–8 ,50(ddY mice)
800 ,8–16 ,100

Low dose BB 11 N/A 11 4, 12, 24, 48 and 84
(BALB/C mice) 22 22

44 44
Control
(ddY and BALB/C mice)

0 0 0 N/A

BB, broad-beam; MRT, microbeam radiotherapy.

Table 2. Histological parameters used to quantify the skin changes. High power field (h.p.f) 50.196 mm2

Parameter Score 0 Score 1 Score 2 Score 3

Epidermal cell death No apoptosis 1–5 apoptotic or
necrotic bodies
per 10 h.p.f.

>6 apoptotic or
necrotic bodies
per 10 h.p.f.

Full thickness
epidermal necrosis

Spongiosis No spongiosis Focal Involving lower 1/2
of the epidermis

Involving full thickness
of the epidermis

Epidermal nuclear
enlargement
(average size 50
nuclei)

,10 mm 10–12 mm 12–15 mm .15 mm

Adnexal damage Normal hair follicles 1–5 apoptotic or
necrotic bodies
in pilo-sebaceous
unit per 10 h.p.f.

>6 apoptotic or
necrotic bodies
in pilo-sebaceous
unit per 10 h.p.f.

Partial loss of
hair follicles

Dermal leukocytic
infiltration

No leukocytic
infiltration

Leukocytes
covering ,10%
of the dermis

Leukocytes covering
10–70% of the dermis

Leukocytes
covering .70%
of the dermis

Biodosimetric comparison of synchrotron MRT and broad-beam radiation therapy to mouse skin

The British Journal of Radiology, September 2011 835



in MRT cases using sections co-stained with c-H2AX and
H&E.

Statistical analysis

We used the SPSS 17 statistical software program
(SPSS Inc, Chicago, IL) to evaluate statistically significant
differences in the histological parameters measured for
different radiation modalities and times. Univariate
ANOVA with post hoc correction was used to calculate
p-values.

Results

The integrated epidermal cell death scores (averaged
over 10 high power field (h.p.f)) in high dose MRT
groups were significantly lower than the high dose BB
groups at all time-points. The epidermal cell death scores
in the 200 Gy and 400 Gy MRT groups were comparable
to the low dose BB scores.

We observed apoptotic cells in the basal layer of the
epidermis by 6 h post-irradiation in all cases of high dose
MRT (200 Gy, 400 Gy and 800 Gy) and high dose BB
(200 Gy, 400 Gy and 800 Gy). The epidermal cell death

score gradually increased in the high dose BB groups,
which may in part have lead to full-thickness epidermal
necrosis by 120 h post-irradiation in all cases of 800 Gy
and 400 Gy, and 1 case of 200 Gy BB (Figure 1a,d).
Necrosis was not confined to the epithelial cells in the
epidermis; we also observed ulceration extending to
almost half the dermal depth in 4 mice in the 800 Gy BB
group and 5 mice in the 400 Gy BB group by 5 days.
The epidermal cell death scores in high dose MRT, were
significantly lower than in the high dose BB groups
(p,0.0001). We did not encounter full thickness epider-
mal necrosis in any case of high dose MRT at any time-
point. Further, apoptotic score in the epidermis did not
show any marked changes by 24, 48 or 120 h post
irradiation in all three groups of high dose MRT.
(Figure 1b,c). We observed a few scattered apoptotic
cells (Score 1) in the epidermis in all three low dose BB
groups (11, 22 and 44 Gy) across all time-points. There
was no full thickness epidermal necrosis in the low dose
BB groups. This finding is similar to that in 200 Gy and
400 Gy MRT. There were no significant differences in
levels of epidermal cell death between low dose BB
(all doses) and the 200 Gy and 400 Gy MRT dose groups
(p50.904). However, 800 Gy MRT caused signifi-
cantly more epidermal cell death than 44 Gy BB by

(a) (b)

(c) (d)

Figure 1. Epidermal cell death scores in (a) high dose broad-beam (BB) and (b) low dose BB and microbeam radiotherapy (MRT)-
irradiated mouse skin tissue for different doses and times. (c) Score 1 (arrows show apoptosis) in 400 Gy MRT 5 days post-
irradiation. (d) Score 3 (full thickness epidermal necrosis) in 400 Gy BB 5 days post-irradiation. Necrosis was not confined to the
epithelial cells in the epidermis; we also observed ulceration extending to almost half the dermal depth in mice in the high dose
BB group by day 5. The graphs in Figure 1 (and subsequent plots) contain connecting lines to aid visualisation only. The scoring
data at the different time-points are from different mice. Error bars are standard error of the mean (SEM).
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48 h (p,0.0001). We note the graphs in Figure 1 (and
subsequent plots) contain connecting lines to aid
visualisation only. The scoring data at the different
time-points are from different mice.

The integrated adnexal damage scores (averaged over
10 h.p.f.) in the high dose MRT groups were significantly
lower than the high dose BB groups at all time-points. The
adnexal damage scores in the 200 Gy MRT group were
comparable with the low dose BB groups (all doses).

We observed apoptotic cells in the hair follicles by 6 h
post-irradiation in all cases of high dose MRT (200 Gy,
400 Gy and 800 Gy) and high dose BB (200 Gy, 400 Gy
and 800 Gy). We did not observe partial or complete
hair follicle loss in any case of high dose MRT at any
time-point (based on quantification of necrotic and/or
apoptotic bodies in hair follicles or partial or complete
absence of hair follicles and sebaceous glands). The
adnexal damage scores in the high dose MRT groups
were significantly lower than the high dose BB groups at
all time-points (p,0.0001). There were no significant
differences in levels of adnexal damage between low
dose BB (all doses) and the 200 Gy MRT dose group
(Figure 2b). The apoptotic scores in the adnexa were
lower 120 h post-irradiation than at 48 h post-irradiation
in the high dose MRT cases (Figure 2b).

The occurrences of epidermal and adnexal cell death
were not exclusively confined to the peak irradiated
fields in MRT.

We qualitatively identified fields of irradiation with
the use of c-H2AX immunostaining, which showed posi-
tive cell nuclei in the peak irradiated fields. Although
apoptotic bodies were mainly observed within the irra-
diated strips, there were also apoptotic bodies in epi-
dermis and hair follicles in the non-irradiated areas
(Figure 3a,b).

There was significantly more epidermal spongiosis in
the high dose BB groups compared with the 200 Gy and
400 Gy MRT dose groups, but not compared with the
800 Gy MRT group. Epidermal spongiosis was unde-
tectable in the low dose BB groups and the 200 Gy MRT
group. In the 800 Gy groups, spongiosis or intercellular
oedema first appeared by 24 h post-irradiation with
both BB and MRT (Figure 4a). The spongiosis score
gradually increased and reached a maximum at 48 h
post-irradiation in 800 Gy BB (Figure 4), with 1 case
showing intra-epidermal blister formation (Figure 4d). In
the 800 Gy MRT group, there was a steady increase in
spongiosis that peaked at 120 h and was comparable
with the levels of spongiosis observed with high dose
BB at the same time-point (Figure 4a,b). The 400 Gy MRT

(a) (b)

(c) (d)

Figure 2. Adnexal damage scores in (a) high dose broad-beam (BB) and (b) low dose BB and MRT-irradiated mouse skin tissue
for different doses and times. Error bars are standard error of the mean (SEM). (c) Score 1 (arrows show apoptosis). (d) Score 3
(partial loss of hair follicles).
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group elicited some degree of epidermal spongiosis by
120 h post-irradiation but was not significantly different
to the low dose BB groups and the 200 Gy MRT group

(p50.574). Spongiosis was undetectable in the low dose
BB groups and the 200 Gy MRT group by 84 h and 120 h
post-irradiation, respectively (Figure 4b).

(a) (b)

Figure 3. Microbeam radiotherapy (MRT)-irradiated mouse skin stained with haematoxylin and eosin and the c-H2AX
immunohistochemical assay. (a) Apoptotic cell in \valley" region of epidermis; (b) apoptotic cell in both irradiated and non-
irradiated hair follicles. Continuous arrows indicate apoptotic cells, dashed arrows indicate the path of the microbeams as
inferred by c-H2AX immunostaining.

(a) (b)

(c) (d)

Figure 4. Epidermal spongiosis scores in (a) high dose broad-beam (BB) and (b) low dose BB and microbeam radiotherapy-
irradiated mouse skin tissue for different doses and times. Error bars are standard error of the mean (SEM). (c) Spongiosis
involving only the bottom third of the epidermis layer. (d) Spongiosis with intra-epidermal vesicles.
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The epidermal nuclear enlargement score for 200 Gy
and 400 Gy MRT was not significantly different than the
low dose BB scores.

There were only a few cases of mild nuclear enlarge-
ment by 12 h post-irradiation, in both high dose BB
(200 Gy, 400 Gy and 800 Gy) and MRT (200 Gy, 400 Gy
and 800 Gy). High dose BB caused obvious nuclear
enlargement by 48 h (Figure 5a). The extent of nuclear
enlargement was maximum by 120 h with both high
dose BB and MRT treatments (Figure 5a,b), most of
which showed enlarged epidermal keratinocytes with
scattered giant nuclei measuring up to 18 mm in cross-
sectional diameter, with irregular nuclear membranes
and multiple nucleoli (Figure 5d). All three dose groups
of high dose BB showed greater nuclear enlargement in
epidermal cells than with high dose MRT. None of the
low dose BB cases showed epidermal nuclear enlarge-
ment by 84 h post-irradiation. The nuclear enlargement
score for 800 Gy MRT was inbetween the high dose BB
and the low dose BB scores. There was no statistically
significant difference in nuclear enlargement score for
400 Gy MRT and 22 Gy BB (p50.322) and for 200 Gy
MRT and 11 Gy BB (p50.486) (Figure 5b).

Dermal leukocytic infiltration was higher in high dose
BB than high dose MRT (Figure 6). The 400 Gy and

200 Gy MRT groups did not have significantly different
leukocyte scores than the 22 Gy and 11 Gy BB groups.

We observed dermal neutrophils (leukocytes) by 6 h
post irradiation in all cases of high dose BB (200 Gy, 400 Gy
and 800 Gy), whereas leukocytes first appeared 12 h post
irradiation in high dose MRT (Figure 6a–c). The density of
the leukocytic infiltrate peaked 24 h post-irradiation in
800 Gy BB and persisted at the same level until 120 h
(Figure 6a). Infiltration was maximal by 120 h in the 200
and 400 Gy BB groups. After 48 h there were a few lym-
phocytes mixed with neutrophils; however, neutrophils
were the predominant inflammatory cell component
throughout the study. The inflammatory cells were more
obvious at the deep dermis and in most cases extended to
the subcutaneous tissue (Figure 6d). In high dose MRT
groups, leukocytic infiltration decreased towards 120 h
post irradiation (Figures 6b–c). Two cases of 200 Gy MRT
did not show leukocytic cells by 120 h. Low dose BB cases
(11, 22 and 44 Gy) showed very mild dermal leukocytic
infiltration throughout the study period. There was no
statistically significant difference in dermal leukocytic
infiltration between 400 Gy MRT and 22 Gy BB at the
0.05 level (p50.113) and there was borderline statistical
significance in infiltration between 11 Gy BB and 200 Gy
MRT (p50.075). There was a statistically significant

(a) (b)

(c) (d)

Figure 5. Epidermal cell nuclear enlargement scores in (a) high dose broad-beam (BB) and (b) low dose BB and microbeam
radiotherapy (MRT)-irradiated mouse skin tissue for different doses and times. Error bars are standard error of the mean (SEM).
(c) Score 1; (d) Score 3.

Biodosimetric comparison of synchrotron MRT and broad-beam radiation therapy to mouse skin

The British Journal of Radiology, September 2011 839



difference in the extent of dermal leukocytic infiltration
between 800 Gy MRT and 44 Gy BB (p,0.0001).

Discussion

Our most important finding is that peak entrance
doses of 200 Gy and 400 Gy MRT produced a similar
pathological response to low dose BB (11, 22 and 44 Gy).
In this study we quantified the acute effects of high dose
MRT, high dose BB and low dose BB in normal mouse
skin using a dermatopathological scoring system. The
use of such a scoring system allows us to compare BB

with MRT from a purely biological perspective with less
emphasis on the physical dosimetry. Table 3 summarises
our principal findings for MRT and low dose BB.

In this study we showed that the extent of epidermal
cell death, hair follicle damage, epidermal spongiosis,
nuclear enlargement and dermal leukocytic infiltration in
high dose BB was greater than that for high dose MRT.
This finding is perhaps not surprising given the smaller
integrated dose of MRT compared with BB at equivalent
peak entrance doses (Table 1).

The integrated MRT doses, defined as the peak dose
multiplied by the ratio of the beam width to beam
spacing (about 12.5% in our study), for 200 Gy MRT

(a) (b)

(c) (d)

Figure 6. Leukocytic infiltration scores in (a) high dose broad-beam (BB) and (b) low dose BB and microbeam radiotherapy
(MRT)-irradiated mouse skin tissue for different doses and times. Error bars are standard error of the mean (SEM). (c) Occasional
neutrophils covering ,10% of the dermis (Score 1). (d) Dense infiltrate of neutrophils covering .70% of the dermis (Score 3).

Table 3. Summary of principal findings for microbeam radiotherapy (MRT) and low dose broad-beam (BB)

Pathological parameter Comparison

Epidermal cell death 400 Gy, 200 Gy MRT not significantly different to low dose BB
(44, 22 and 11 Gy)

Adnexal damage 200 Gy MRT not significantly different to low dose BB (all doses)
Spongiosis 400 Gy and 200 Gy MRT not significantly different to 22 Gy and

11 Gy BB
Nuclear enlargement 400 Gy, 200 Gy MRT not significantly different to low dose BB

(44, 22 and 11 Gy)
Dermal leukocytic infiltration 800 Gy MRT significantly different to 44 Gy BB, 400 Gy MRT not

significantly different to 22 Gy BB, 200 Gy MRT borderline
differences compared with 11 Gy BB
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(integrated dose approximately 25 Gy) and 400 Gy
MRT (integrated dose approximately 50 Gy) were
comparable with the 22 Gy and 44 Gy doses in our
low dose BB group (Tables 1 and 3). This finding is im-
portant because it indicates that the integrated dose in
MRT may be more relevant than the peak or valley dose
in determining the acute pathological response of
radiation dermatitis, at least in mouse skin tissue. The
valley dose, as seen in Table 1, was only 1–2% of the
peak dose [10].

Double staining sections with c-H2AX/H&E (Figure 3)
showed that epithelial cell apoptosis, spongiosis and
leukocytic infiltration were not confined to the path of
the microbeams through the tissue. This is not entirely
surprising for biological processes such as spongiosis
and inflammation where intracellular signalling and
leukocyte migration are likely to occur some distance
from radiation damaged cells. It is also possible that
some cells may have migrated out from the irradiated
zones and subsequently become apoptotic. In support of
this concept, we have previously reported migration of
tumour cells post-synchrotron MRT [25]. The absorbed
dose in the valley region was estimated to be between
2 and 16 Gy depending on the peak dose (Table 1). These
valley doses may have been high enough to explain
pathological damage outside the peak regions. An alter-
native explanation for damage outside of the irradiated
zones is local radiation-induced cellular communication
(a type of bystander effect) due to release of cytokines
and other factors from damaged cells. However, we do
not have any direct evidence to confirm such a hypo-
thesis, as yet.

Despite physical dosimetry differences, there were
some similar histological observations in our present
study and the study by Zhong et al [7] on MRT to rat
skin. Zhong et al reported hypertrophy of the epidermis
and damage to hair follicle structure 3–6 days post
900 Gy MRT and necrotic/pyknotic cells appeared in the
matrix (of the follicle). They observed no epidermal
denudation or exudation 6 days post 900 Gy MRT. These
findings are similar to our own; however, they noted that
the sebaceous glands had disappeared by day 6 post
900 Gy MRT, something we did not. The disappearing
sebaceous glands in Zhong et al’s study may be a result
of their higher integrated dose. For example, for a skin
entrance in-beam dose of 835 Gy, their valley dose was
approximately 21 Gy and their integrated dose appro-
ximately 260 Gy, based on Monte-Carlo simulations
(Table 1 in [7]).

John Hopewell described the special cases of acute
ulceration and acute epidermal necrosis in his review of
the skin’s response to ionising radiation [14]; the former
being \an early loss (,14 days) of the epidermis and to
a varying degree, deeper dermal tissues as a result of
the death of cells in interphase", and the latter as
\(,10 days) interphase death of post-mitotic keratino-
cytes in the upper viable layers of the epidermis". These
cases are associated with high doses of radiation and are
phenomena we observed in our high dose BB groups, in
particular 400 Gy and 800 Gy BB, 5 days post-irradiation
(Figure 1e).

Our findings are limited in scope to the first 5 days
post-irradiation. Subacute and chronic changes weeks
and months post-irradiation are also important to

understand the dermatopathology of radiation dermati-
tis. With data at longer time-points, we could make
further comparisons with Zhong et al [7] and with, for
example, some of Hopewell’s rodent skin experiments
using small field sizes [24].

As noted in our Introduction and elsewhere [25],
measurement-based dosimetry is challenging owing to
the different components of the MRT dose profile. The
pathological scoring approach described in this study is
concerned with the tissue’s radiobiological response,
irrespective of modality. Biological methods of dosime-
try may play an important role in MRT as a way of
predicting the normal tissue toxicity and comparing it
with conventional RT. This might have useful applica-
tions for future clinical (i.e. human) trials of MRT.

Conclusion

We report the extent of skin damage in high dose MRT
was significantly lower than for high dose BB, but more
importantly, high dose MRT elicited a similar patholo-
gical response as low dose BB. The integrated MRT dose
was a more useful dosimetric parameter for comparing
the response of mouse skin with BB radiation fields than
either the peak or valley doses. The damage from MRT
(particularly spongiosis and leukocytic infiltration) was
spread evenly across the skin tissue and not exclusively
confined to regions or zones of high dose.
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