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Abstract

Objective To investigate the incidence rate, time-to-onset and recovery, MRI morphology and occurrence of insufficiency
fractures in radiation-induced changes in the sacrum following pelvic radiotherapy.

Material and methods 410 patients with pelvic malignancies treated with radiotherapy were reviewed. Follow-up was 1-124
months (mean 22 months). Serial MRI (average four studies/patient) were analysed using a new semi-quantitative score
(Radiation-Induced Sacral Changes=RISC). A size category (V/II/II), a type category for MR signal morphologies (a/b/c) and
sacral insufficiency fractures (+/-) were applied.

Results Seventy-two patients (17.6 %) were found to have new pathological signal changes. Radiation osteitis was documented
in 83.3 % (60/72, RISC stage a + b), and definite osteonecrosis (stage ¢) in 12 patients (16.7 %, 12/72). Thirty-one patients (43.1
%) had sacral insufficiency fractures. Initial bone marrow signal changes were found 1-35 months (median 4 months) after
radiotherapy. The maximum manifestation of radiation-induced signal changes occurred after 1-35 months (mean 11 months).
Fifty-six cases (77.8 %) showed a significant signal recovery within 16.5 months.

Conclusion Radiation-induced bone marrow changes appear with a high incidence at the sacrum with an early onset and frequent
recovery. The majority presented a pattern of radiation osteitis, whereas osteoradionecrosis was proportionately rare.

Key Points

* Radiation-induced sacral bone marrow changes appear frequently (17.6 %) following pelvic radiotherapy.

* Insufficiency fractures are common late effects (43 %).

* Radiation osteitis develops early (4 mo), with recovery between 16.5 and 39.5 months.

* Definite radiological osteoradionecrosis is proportionately rare (3 %).

* A 3-stage classification system simplifies and standardizes the morphological disease staging.
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Introduction

In 2012 the incidence of cervical and corpus carcinoma
in Europe was 13.4 and 19.3/100.000 women, respec-
tively [1]. Radiotherapy (RT) is essential for the treat-
ment of pelvic malignancies [2—-4]. However, adverse
radiation reactions in healthy, irradiated tissues are com-
mon [5, 6]. Frequent osseous complications such as ra-
diation osteitis (RO) and osteoradionecrosis (ORN) are
summarized as radiation-induced reactions (RIR) [5-9].
A common misinterpretation of RIR is bone metastasis
[10, 11]. The discrimination of different stages of RIR
has not been investigated closely with MRI, and a clas-
sification system has not been established. The sacral
bone is the most common one affected by RIR due to
its amount of red bone marrow within the central field
of pelvic radiation [12]. The reported incidence of pel-
vic ORN varies widely, with a range of 2.1-34 % [7,
13, 14], depending on technique and criteria applied.

The pathophysiology of RIR in the bone is partly under-
stood and believed to result from a toxic response leading to
increased permeability of endothelial bone marrow sinus,
cytoplasmatic swelling and rapid decline in bone marrow cells
[15, 16], as well as impairment of bone remodelling cells
[17-19], resulting in bone degradation [17, 18, 20, 21]. The
extent of cellular and structural damage depends heavily on
treatment-related factors such as the delineation of the clinical
target volume, the type (external radiation and/or intracavital
radiation), total dose, duration and fractionation of RT and
additional concomitant and/or adjuvant therapies [18, 22,
23]. Furthermore, the extent of RIR on bone in particular
depends on patient-related factors such as age, body weight,
sex, skeletal co-morbidities (e.g. osteoporosis) and co-medi-
cations, primarily corticosteroids [18, 22, 24].

One important sequela of RIR in the pelvic skeleton is
progressive biomechanical bone instability that may eventu-
ally lead to insufficiency fractures, with or without clinical
symptoms [7, 22]. While computed tomography (CT) plays
an important role in fracture detection, magnetic resonance
imaging (MRI) is more sensitive to bone marrow abnormali-
ties but has also been proven to be equally or more sensitive in
detection of fractures in the pelvis [25, 26].

While the literature describes healing without therapy [7,
20] and various imaging patterns, we assumed that radiation-
induced changes in pelvic bones follow a dynamic pattern
with variable morphology and potential remission.

The objective of our study was to evaluate the incidence of
alterations to bone marrow and mineralized bone in the sa-
crum following RT of pelvic malignancies, and to develop
criteria and a classification system to discriminate between
RO and ORN, by observing MRI signal changes over time,
assessing the time-to-onset and bone marrow recovery, as well
as conditions under which insufficiency fractures occur.

Material and methods
Data collection and cohort

The local ethics committee approved this study. Patient
consent was waived due to the retrospective design of the
study. To identify patients with pelvic malignancies with
available imaging, we matched a list of 717 cancer patients
from the local cancer registry who had undergone RT at our
institution with a retrospective search in our clinical RIS/
PACS for patients treated between January 2004 and
July 2015 at our cancer treatment facility with curative
radiotherapy. For a total of 410 patients, imaging studies
were available. Their median age was 58 years (range 22—
90 years). Case results from PACS were matched with a
RIS database query for the same time interval using the
following keywords: ‘osteoradionecrosis’, ‘ORN’,
‘osteonecrosis’, ‘marrow edema’, ‘bone edema’, ‘radiation
osteitis’, ‘sacral necrosis’ and ‘insufficiency fracture’.
Irrespective of whether any of these keywords were found
or not, all pre- and post-radiation studies of the 410 target
patients were searched for abnormalities in the pelvic
skeleton.

Potential risk factors such as age, chemotherapy and
osteopenia were assessed. Patients under 18 years of age
and patients undergoing palliative radiotherapy were exclud-
ed, as well as patients with pre-existing bone metastases in
any location (Table 1).

Data collection included age, location and tumour type,
concomitant or sequential treatment (e.g. chemotherapy),
acute reactions to RT such as skin rash, nausea or diarrhoea,
initial MR imaging findings (t,, baseline), follow-up imaging
results and time until initial bone marrow signal changes (t,),
time until maximum bone marrow alterations (t,) and time
until changes had resolved completely (t3).

Imaging and follow-up

For a case to be included in the cohort, a minimum of one pre-
therapeutic baseline (before RT) MRI and additional CT study
and a minimum of two studies following RT (average four
pre- and post-therapeutic imaging studies) covering a mini-
mum follow-up time of 6 weeks were required. A minimum
of four different MRI sequences (T1wi/ T2wi/ TIRM/ T1wi
with contrast (C+)) in at least two planes were required. All
evaluable CT studies were reviewed for IF and structural
changes. All imaging examinations included in this study
were performed as standard of care. The median follow-up
was 16 months (range 1-20 months). MRI and CT scans of
the pelvis were performed in a routine follow-up (3 months
average). 79.8 % had both CT and MRI scans (n = 327), CT
scans alone were performed in 19.8 % (n = 81) of patients,
MRI scans alone in 0.5 % (n = 2).
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Table 1 Study criteria
Included

Excluded

* > 18 years
* Female (n = 367, 89.5 %)
* Male (n =43, 10.5 %)

* Cervical carcinoma (n = 181, 44.2 %),
» Corpus uteri carcinoma (n = 115, 28 %)

* Anal carcinoma (n = 114, 27.8 %)
* Radiotherapy at our institution (KKE)

* MRI and/or CT scans for follow-up

*AllT, allN

* < 18 years

* Rectal or prostate carcinoma

* Other pelvic carcinomas

* No radiotherapy or only palliative/symptomatic Radiation,
radiotherapy performed outside our institution

* No follow-up scans available
* Bone metastases

KKE Clinical Cooperation Unit

Radiation therapy

Two frequently used types of RT, 3DCRT (3D-conformation-
radiotherapy, 61.7 %) and IMRT (intensity-modulated radio-
therapy, 34.9%), had been used, frequently combined with
brachytherapy.

Median prescribed dose of pelvic RT was 45 Gray (Gy)
(range 12-65 Gy). 133/410 (32.4 %) patients received addi-
tional intra-cavity brachytherapy (ICBT). End-organ doses in
the sacrum were not available and will be part of future
investigations.

Image analysis, findings and classification

Following a 2-week image training period for detecting
sacral pathologies (degenerative, inflammatory, necrosis)
a radiology resident reviewed all 410 cases considering
the above-mentioned pathologies. All cases with suspi-
cious findings in the sacrum or pelvic bone were marked
and reviewed independently by a musculoskeletal radiol-
ogist with 10 years of experience, who was blinded to the
original study interpretation and report, but in knowledge
of the clinical tumour history, age and gender. All MR
sequences were scrutinized for subtle signal changes,
using CT alongside, whenever available, to depict struc-
tural bone alterations and early IF. Osteopenia was de-
fined semi-quantitatively as a significantly rarefied osse-
ous trabecular structure of the sacral massa lateralis in
baseline CT-studies. Degenerative changes (DJD) of the
sacroiliac joint (SIJ) and related focal bone marrow signal
changes were documented. Follow-up findings were
reviewed in a side-by-side fashion. After reviewing 20
patients in follow-up with initial signs of RIR in the sa-
crum, a definitive dynamic MRI pattern was recognized,
starting with localized punctuated contrast enhancement
that eventually becomes more diffuse over time, followed
by recurrent enhancement. Since a uniform classification
for sacral bone/marrow changes following radiotherapy
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does not exist in the literature, we decided to introduce
a semi-quantitative three-stage scoring system for sacral
pathologies, based on MRI studies with and without con-
trast (T1wi TSE, T2wi TSE, TIRM, T1wi+contrast), and
termed it ‘RISC’-classification (Radiation-Induced Sacral
Changes). The RISC-classification consists of three dif-
ferent categories accounting for the extent of alterations,
the type of signal change, and the presence or absence of
fractures (Tables 2 and 3, Figs. 1 and 2). The rationale for
the classification was to prove or disprove correlations
between (1) signal size, (2) signal morphology and (3)
fractures of the sacrum, which required a system that
combines this information. In general, RO is defined as
an inflammatory reaction with a bone marrow oedema
pattern, without morphological evidence of necrosis, indi-
cated by punctuated or confluent hyperintensities on T1wi
+contrast and TIRM sequences. ORN is defined as a
longer-lasting detrimental damage to bone marrow cells
and marrow reticulum with one or more non-enhancing,
necrotic parts on MRI.

Statistical analysis

Log-rank-test, cox-regression and Fisher’s exact test were
used for comparison of the data between two groups.
Significant statistical difference was defined by p<0.05.

Results
Incidence of RO and ORN

The overall incidence of all radiation-induced reactions
(RIRs) combined in pelvic bones following RT of pelvic ma-
lignancies was 17.6 % (72/410 cases); 83.3 % (60/72) were
classified as radiation osteitis (RO, type-categories >a< and
>b< combined), while 16.7 % (12/72) were classified as
osteoradionecrosis (ORN, category >c<), thus radiological
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Table 2 RISC (Radiation-

Induced Sacral Changes) Categories

Description

classification
First: for size (I, 11, IIT)

Second: for type and morphology (a, b, ¢)

Third: for fractures (+/-)

Extension and distribution pattern of pathological signal changes
in the sacrum

Morphology of pathological signal changes in the sacrum
Presence or absence of insufficiency fractures in the sacrum

ORN was 4-5 times less frequent than RO. Median age of
patients with RO and ORN was 55 years (range 28-84 years)
and 60 years (range 43—84 years), respectively.

Median latency time between termination of RT and first
onset of RIR on MRI was 4 months (range 1.5-35 months)
and median latency time between termination of RT and the
maximum of RIR was 8.5 months (range 1.5-35 months). The
predominant site of involvement was the sacrum (43.1 %, 31/
72 patients), with extra-sacral bone involvement in 54.2 %
(39/72), most frequently the acetabulum and adjacent to the
symphysis (Electronic Supplemental Material, Fig. 1). Fatty
conversion of the bone marrow within the irradiated field was
seen in all patients.

RIR-related factors

Patients with Ny commonly underwent 3DCRT, while patients
with Ny_; generally received IMRT, with an extra irradiation
boost to pathologic lymphatic nodes (p = .036, hazard ratio
(HR) 5.5). Patients who received irradiation with IMRT had a
significantly higher risk for pathological sacral signal changes
compared to 3DCRT technique (p = .000). Patients with
lymph node metastases (N;_3, 52.4 %) showed an increased
risk with a HR of 2.4 to develop RIR compared to patients
without lymph node metastases (Ng, 47.6 %).

RIR frequently occurred in patients with RT receiving a
threshold dose >40 Gy (177/374, p=0.034, HR 4.0) (Fig. 6).

Patients with acute (clinically apparent) RT reactions (45.6
%) showed an increased risk for RIR (p=0.014, HR 1.8).

Table 3

Patients with osteopenia combined with SIJ degeneration
had a statistically significant risk for RIR compared to patients
without bone loss or degenerative disease (p=0.002, HR 4.9).

Patients with additional chemotherapy demonstrated a sta-
tistically non-significant higher risk to develop RIR (p=.069).

The statistically non-significant characteristics of RO and
ORN are listed in Table 4.

Classification system

The MR signal changes would frequently start laterally, close
to the sacroiliac joint line (Fig. 2a) and then extend medially
with increasing size. If bilateral RIR were present, the highest
category was used for the classification (Fig. 2d). In our study
the RIR in the sacrum were classified into three different cat-
egories and its stages using MRI studies (I/II/1ll,a/b/c, -/
+). Additional CT-studies were used to diagnose IF in a ma-
jority of patients (Electronic Supplemental Material, Fig. 2).
In the size category, a relatively equal distribution for stages I,
IT and 11, with 23/72 (31.9 %), 26/72 36.1 %, 21/72 (29.2 %)
and 2/72 (2.8 %) with extra sacral changes were observed,
respectively.

The early stage Ia- (Fig. 2a), representative of minor RO
without fractures, occurred with 25.7 % (18/70), while full
expression of ORN with involvement of the entire sacrum
and insufficiency fractures — stage Illc+ — occurred in 11.4
% (8/70). Of the patients, 15.7 % (11/70) were classified as
[a- (Fig. 3a) and 14.3 % (10/70) as IIIb+ (Fig. 3c). Stage I1b+
was diagnosed in 7.1 % (5/70) and stage Ib- in 5.7 % (4/70) of

RISC (Radiation-Induced Sacral Changes) MRI criteria (second and third categories)

a c
Radiation osteitis (RO)

Osteoradionecrosis (ORN)

+
Insufficiency fracture (IF)

Hypointense line (if not masked by diffuse signal decrease)

Hypointense line, adjacent to hyperintens bands

Hyperintense adjacent to hypointense fracture line

Sequence

Tlwi Iso-/hypointense Hypointense centre
Hyperintense periphery

T2wi Hyperintense Iso-/hypointense centre
Hyperintense periphery
(‘double-line sign’)

T1wi + contrast Hyperintense Iso-/hypointense centre

(punctuated or confluent) Hyperintense periphery (halo-like)
TIRM Hyperintense Iso-/hypointense centre

Hyperintense periphery

Hyperintense adjacent to fracture line

Type-category >b< was applied when neither criteria for type-category >a< nor for type-category >c< were met, presenting mostly with intense

heterogenous signal changes with contrast enhancement
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Fig. 1 Schematic representation
of pathological MR signal
changes in the sacrum with
respect to size and expansion,
type, morphology and fracture
documentation according to the
‘RISC-Score’. (a) Size category
(RISC I-11I) dividing the sacral ala
in three thirds. (b) Type category
(RISC a) representing initial bone
marrow signal changes with
punctuated or curvy-linear
morphology. (¢) Type category
(RISC b) representing generally
larger, more intense sacral signal
change without definite signs of
osteonecrosis. (d) Type category
(RISC c) representing full
osteonecrosis with a central
region of non-enhancing tissue.
(e) Fracture category (RISC +/-)
documenting insufficiency
fractures on one or both side of
the sacrum (yellow lines)

cases. Stages Ila+, IIb- (Fig. 3b) and Ilc+ developed in 4.3 %
(3/70) of patients. Stages la+, Ilc-, Illa-, Illa+ and IIIb- each
occurred in one patient only (1.4 %, 1/70). Stages Ib+, Ic-, Ic+

Fig. 2 MR case examples
according to the ‘RISC-Score’ in
Fig. 1. (a) Coronal T1wi +C
representing initial signal
abnormalities according to RISC
Ia-, often very subtle, generally
arising laterally (arrow), adjacent
to the SIJ. (b) MR case example
(coronal T1wi +C) for RISC Ia-
showing a more areal distribution
with high signal intensity. (¢) MR
case example (coronal T1wi +C)
for RISC IIb- showing a more
intense and geographically
outlined enhancement. (d) MR
case example (coronal T1wi +C)
for RISC Ilc+ demonstrating a
central necrosis (white arrows)
and a small fracture line (black
arrow). (e€) MR case example for
RISC IIb+ with a sacral fracture
line parallel to the SIJ on the right
seen on axial T1wi (VIBE)

@ Springer
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and Illc- were not seen. Two patients with exclusively extra-
sacral involvement (Electronic Supplemental Material, Fig. 1)
were not categorized.
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Table 4  Radiation osteitis (RO) vs. osteoradionecrosis (ORN)

n=72 RO ORN total p-value
Sex

Female 56 11 67 -

Male 4 1 5 .836™
Age

< 60 years 36 5 41 -

> 60 years 24 7 31 242
Chemotherapy

yes 49 10 59 -

no 11 2 13 .891™
Radiation technique

3DCRT 8 0 8 -

IMRT 51 12 63 -

Other 1 0 1 176™
Threshold dose

<40 Gy 2 0 2 -

>40 Gy 58 12 70 S21m
Acute side effects

Yes 31 8 39 -

No 29 4 33 341™
Osseous abnormalities

None 25 3 28 -

Degenerative joint disease (DJD) 17 3 20 -

Osteopenia 11 4 15 -

Osteopenia + DJD 7 2 9 .565™
Insufficiency fractures

Yes 20 11 31 -

No 40 1 41 .000%*
Bone marrow recovery

None 10 0 10 -

Partial 44 12 56 -

Total 6 0 6 .128™

Pearson’s chi-squared test (X2 test)
n="72
RO radiation osteitis, ORN osteoradionecrosis, /MRT intensity-modulated

radiotherapy, 3DCRT 3D-conformation radiotherapy, ns statistically not
significant

*Statistically significant (p < .05)

Insufficiency fractures

Of patients with pathological sacral RIR, 43.1 % (31/72) were
diagnosed with one or more IF, 25 % (18/72) with a single IF
and 18.1 % (13/72) with multiple, bilateral IF (Fig. 3d)
(Electronic Supplemental Material, Fig. 2). Of the cases, 23
% had additional bone scintigraphies during follow-up
(Electronic Supplemental Material, Fig. 3). As a side finding,
only cases with fracture-adjacent sclerosis in CT showed a
positive uptake in scintigraphy, indicating increased bone re-
modelling during fracture healing, which has an important

implication in the interpretation of historic data from studies
using scintigraphy only for facture detection. Forty-one pa-
tients (56.9 %) had no evidence of IF (Fig. 5). The median
time period from the end of radiotherapy to first appearance of
fractures was 10 months.

Bone marrow recovery

Fifty-six cases (56/72, 77.8 %) showed a significant recovery
towards a normal bone marrow signal, six (6/72, 8.3 %) even
returned to normal (Electronic Supplemental Material, Fig. 4).
Ten patients (10/72, 13.9 %) showed no recovery on MRI.

The median time from occurrence of RIR until first signs of
recovery from RIR in MRI was 16.5 months (range 1-74
months), the time to complete return to normal was 39.5
months (range 14-113 months) (Fig. 4). The occurrence of
IF did not influence the time to bone marrow recovery, and
healing of fractures without therapeutic measures was
observed.

The median age was 63.5 years (range 43-84 years) for
patients without any recovery to physiological bone marrow
signal, 56 years (range 28-84 years) for those with a partial
recovery, and 48 years (range 3559 years) for those whose
bone marrow signal returned to normal as imaged by MRI
(Figs. 5 and 6).

Interestingly, acute clinical RT-related side effects had not
only a statistically significant positive correlation with time to
first occurrence of RIR but also with regard to recovery to
physiological bone marrow signal (p=.011; p=0.036,
respectively).

Discussion

In our study on radiation-induced reactions (RIRs) of the pel-
vic skeleton we observed a repetitive sequence of pathological
changes in the sacrum on MRI, from the frequently observed
radiation-osteitis (~83 %) leading to the occasional end-stage
of osteoradionecrosis (~16 %) with frequently associated in-
sufficiency fractures (43 %). All radiation-induced reactions
were temporary and resolved over time (~21 months average).
A new classification system (RISC) helped to structure dis-
casc stages.

A number of publications exist investigating the incidence
of pelvic insufficiency fractures related to irradiation [12, 24,
27-29], but to date, there is no study that evaluates the differ-
ences in occurrence and MR morphology of potential precur-
sor stages: radiation osteitis (RO) and osteoradionecrosis
(ORN). Also, morphological criteria and imaging modalities
to describe RO, ORN and IF vary widely [7, 24, 30]. As a
result of these inconsistencies, the reported incidence of pelvic
RIR in the literature ranges from 0.44 % to 34 % [7, 12—14,
24, 30, 31]. We therefore suggest a new classification
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Fig. 3 MR follow-up (including CT and scintigraphy in Electronic
Supplemental Material, Figs. 2—4) in a 66-year-old patient with a history
of corpus carcinoma (T1aNOMO) following radiation therapy (RT) of the
small pelvis with a total of 45 Gy. (a) Nine months after RT, axial T1wi
+C shows initial punctuated and linear signal abnormalities (RISC Ila-) in
the sacrum (arrows). (b) Five months after RT, there are increasing areas

(abbreviated RISC), to improve standardization and compari-
son of post-irradiation MR signal changes in the sacrum.

In two CT studies, the time-to-onset of symptomatic ORN
or IF was between 11 and 44 months [7, 24]. Median time
following RT to MR diagnosis of RIR was 25 months average
in the Ugurluer et al. study [12]. In our study, initial and
maximal RIR presented earlier, after 5.9 and 10.7 months,
respectively, after RT, which could be explained by different
follow-up regimens and evaluation of asymptomatic patients
in our cohort in contrast to Ugurluer et al. [12] .

with bilateral contrast enhancement on coronal T1wi +C (RISC IIb-)
medially to the SIJ (arrows). (¢) Eight months after RT, the sacral
alterations typical of radiation osteitis (RO) have reached their maximum
(RISC IIIb+). (d) In the same study as image (c) a fracture line on the left
side parallel to the S1J is seen uniquely on axial T1wi (arrows) (Electronic
Supplemental Material, Fig. 2)

IF of pelvic bones are common complications of ORN and
occur frequently in the sacrum [25, 32, 33]. High loading forces
through the sacrum in combination with osteopenia increases
the risk for biomechanical failure and IF [30, 34]. Patients in our
cohort with osteopenia had a higher risk (p = .008, hazard ratio
3.6) for developing IF than patients without.

According to literature, the incidence of radiation-induced
IF in the sacrum ranges from 1.7 % to 89 % [12, 14, 29, 32,
35-37]. Tai et al. demonstrated a 5-year cumulative incidence
rate of 2.1 % for symptomatic patients [14]. Ugurluer et al.

Fig. 4 Bone marrow recovery in
correlation with months after first
occurrence. Radiation osteitis
(RO) shows an early onset and ¢
rapid recovery within 1 year,
whereas osteoradionecrosis
(ORN) shows an early onset and
delayed recovery

—ORN
e RO

9 12 15 18 21 24 27 30 33 36 39 42 45 48

-~ T -

months after therapy
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Fig. 5 Insufficiency fracture (IF) in correlation with type-category. (a)
Oedema-like lesion with contrast-enhancement = radiation osteitis. (b)
Heterogeneous morphology, possible necrosis = radiation osteitis. (c)
Osteoradionecrosis. * Significant

reported that 41.2 % of patients with IF had clinical symptoms
[12]. In our study, IF was diagnosed in 31 of 410 patients,
resulting in a cumulative incidence of 7.6 %. The difference
is probably due to the fact that the combined imaging modal-
ities in our study were more sensitive for IF, and that our cohort
included asymptomatic patients. IF did not significantly pro-
long time to recovery from RO or ORN, and all IF showed
signs of healing without treatment during follow-up, which is
important for clinical management. This wide range may re-
flect varying protocols, definitions and methods applied, but
may also be influenced by imaging methods used in follow-up
as well as the radiologist’s attention to such findings.
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Fig.6 Cox-regression. Osseous changes in the sacrum in correlation with
total dose. * Significant

In our study ORN (category c) with an extended sacral
involvement (category III) was always associated with IF
and vice versa (p = 0.000, HR 6.8), as opposed to early stages
(I and II). The mechanism of action is likely related to a de-
creased elasticity of necrotic bone prone to failure. Also, ORN
was significantly correlated with higher radiation doses as
compared to radiation osteitis, although doses of 50 Gy or
higher, as stated by Ramalho et al., had not been reached in
all cases [38, 39].

Few studies describe the evolution of radiological features
of RIR in bones. Daldrup-Link et al. describe subtle MR sig-
nal changes related to RO, hyperintense on T2w, which we
observed in 50 % (RISC type >a<) of all affected cases [15;
16]. Our findings demonstrated that initial findings most fre-
quently grow in size and intensity suggesting a variable course
of pathobiological evolution from RO to ORN to IF that may
halt at any stage during the development. Confounding factors
(e.g. chemotherapy) have yet to be studied. Previously pub-
lished studies indicated that most pathological osseous signal
changes after pelvic RT would eventually demonstrate partial
bone marrow recovery [7, 30, 33]. Time to remission was in a
range of 3 and 30 months, depending on the study and pres-
ence or absence of IF [13, 30, 37, 39]. Holler et al. demon-
strated a partial or complete remission of IF in 71.4 %, which
is comparable to our study with a partial or complete remis-
sion of RIR in 77.8 %, independent of the presence of IF [7].

Limitations

Due to the retrospective character of this study, protocols for
follow-up examinations were variable. We believe that our
exclusion criteria for insufficient imaging were adequate for
a thorough image analysis before and after RT and that the
cohort size created valuable follow-up data. Another limiting
factor may be a gender bias due to a predominance of
gynaecological tumours. Due to the retrospective character
of this study, no pathological confirmation could be obtained.
Furthermore, the diagnosis of DJD and osteopenia was based
on CT findings. ORN may have been underestimated in RISC
stage >b<, but we believe that the strict application of objec-
tive MR parameters increases overall standardization and re-
liability for MR follow-up comparisons. Lastly, the relevance
of the received organ dose to bone and influence of radiation
technique is yet unknown and the subject of further
investigation.

Conclusion

Radiation-induced sacral bone marrow changes following pel-
vic radiotherapy appear with a high incidence in about one out
of six patients. Insufficiency fractures are common, self-
limiting late effects with no delayed healing. The majority of
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patients presented a pattern of limited radiation osteitis with an
early onset and bone marrow recovery within 1-2 years,
whereas persisting osteoradionecrosis is proportionately rare.
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