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Abstract

Purpose—Dysfunction of pharyngeal constrictors (PCs) after chemo-irradiation of head and neck
(HN) cancer has been proposed as major cause of dysphagia. We conducted prospective MRI study
to evaluate anatomical changes in the PCs after chemoirradiation, to gain insight of the mechanism
of their dysfunction and their dose-effect relationships. The PCs were compared to the
sternocleidomastoid muscles (SCMs), which receive high doses but do not relate to swallowing.

Patients and Methods—Twelve patients with stage I11-1VV HN cancer underwent MRI before and
3 months after the completing chemo-irradiation. T1- and T2-weighted signals and muscle thickness
were evaluated for PCs (superior, middle, and inferior), and SCMs. Mean muscle doses were
determined after registration with the planning CT.

Results—T1-weighted signals decreased in both PCs and SCMs receiving >50 Gy (p<0.03), but
not in muscles receiving lower doses. T2-weighted signals in the PCs increased significantly as the
dose increased (R2=0.34, p=0.01). The T2 signal changes in the PCs were significantly higher than
the T2 changes in the SCMs (p<0.001). Increased thickness was noted in all PCs, with muscles
receiving >50 Gy gaining significantly more thickness than PCs receiving lesser doses (p=0.02). In
contrast, the SCM thickness decreased post-therapy (p=0.002).

Conclusions—These MRI-based findings, notably the differences between PCs and SCMs,
suggest that underlying causes of PC dysfunction are inflammation and edema, likely consequential
to acute mucositis affecting the submucosa - lying PCs. These results support reducing mean PC
doses to <50 Gy, as well as reducing acute mucositis, to improve long-term dysphagia.
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Introduction

Intensified chemo-irradiation (RT) regimens for head and neck have led to improved tumor
control rates at the expense of high rates of dysphagia and aspirations, which have emerged as
major sequellae of treatment intensification [1]. Recent studies have suggested that these
sequellae are, at least in part, due to damage and dysfunction of specific swallowing structures
including the glottic and supraglottic larynx (GSL), and the pharyngeal constrictors (PC). These
structures were found to change anatomically after chemo-RT, and their malfunction explained
the post- therapy abnormalities observed in objective assessments of swallowing [2]. We and
others have recently reported significant correlations between the radiation doses delivered to
the PCs or GSL and clinical measures of swallowing dysfunction, including videoflouroscopy
and observer-based, or patient-reported, dysphagia [3-9]. However, what is the nature of the
anatomical damage of the swallowing structures, its pathophysiology, whether and how it
differs from the effect of chemo-RT on other muscles in the head and neck, and whether there
are dose-effect relationships for these anatomical changes, have not yet been explored. These
are the subjects of the current study.

MRI is often used as an imaging tool for assessment of muscle pathology. It can demonstrate
muscle inflammation, edema, myositis, fibrosis, and denervation atrophy, by discriminating
between mesenchymal alterations of muscle fat and edema, and by defining less common
processes such as calcification and hemorrhage [10-12]. An assessment of the MRI-based
changes in the swallowing structures due to chemo-RT can help understand the
pathophysiology of their malfunction, which may help devise effective measures to ameliorate
it.

In this pilot prospective study we sought to determine whether there are unique MRI-detected
changes occurring in the PCs from pre-therapy to 3 months after the completion of therapy,
and whether these changes may correlate with the radiation doses delivered to these muscles.
We also compared these changes to those observed in muscles which do not participate in the
swallowing process, like the sternocleidomastoid (SCM) ipsilateral to the tumor, which
typically receive high RT doses but do not usually demonstrate clinically apparent dysfunction
after therapy.

Patients and Methods

This was a prospective study of MRI performed before chemo-RT and 3 months after the
completion of therapy in 12 patients with locoregionally advanced HN squamous cell cancer.
The study was approved by the Institutional Review Board of the University of Michigan and
all patients signed an approved study-specific consent form.

The primary tumor sites included: tonsil (five patients), base of tongue (three), unknown
primary (two), nasopharynx (one),and hypopharynx (one patient). Tumor stages included T4-
three patients, T3-one, T2-five, T1-two, and unknown -two patients. N stages included N3-three
patients, N2-eight, and NO-one. All patients were treated with concomitant chemotherapy:
weekly carboplatin and taxotere -10 patients, and cisplatin-5FU combination -two patients.
Ten patients were treated with intensity modulated RT (IMRT) and two with 3D RT. The total
prescribed gross tumor volume (GTV) dose was 70 Gy in all cases. The clinical target volumes
(CTVs) received 50-63 Gy at 1.6-1.8 Gy/fraction.

MR imaging was performed on a 3.0 Tesla Philips Achieva scanner (Netherlands) using a head-
and-neck coil in supine position. MR imaging sequences included high-resolution axial fast
spin-echo T2-weighted (T2W) images (TR/TE = 3000 -9700 ms/120 ms, ~0.5%0.5x5.5

Radiother Oncol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Popovtzer et al.

Page 3

mm?3), and T1-weighted (T1W) images (TR/TE = 560-700 ms/9-ms, ~0.5x0.5x5.5 mm3) prior
to gadolinium contrast.

Muscle contouring

Results

The muscles were contoured on each MRI axial cuts. The whole PC, as well as the SCM
ipsilateral to the primary tumor, were contoured on each T1 and T2 weighted axial MRI cuts.
The PCs were then divided to superior (SPC), middle (MPC), and inferior (IPC). This division
was performed according to a scheme following Gray's Anatomy [13], detailed in previous
studies [2-3]. The cranial-most extent of the whole PC's was the caudal tips of the pterygoid
plates, and the caudal-most extent was the inferior border of the cricoid cartilage. The SPC
was defined from the caudal tips of the pterygoid plates through the upper edge of the hyoid
bone, MPC was defined from the upper through the caudal-most edge of the hyoid, and the
IPC was defined from below the hyoid through the caudal edge of the cricoid cartilage. Only
the parts of the PCs which were clearly detected on MRI were outlined. In general, the lateral
extents of the PCs were outlined to the approximate sites of the pterygomandibuilar rephe
(SPC), the lateral edges of the hyoid (MPC), or the lateral edges of the thyroid cartilage (IPC),
as previously detailed [3].

The SCM ipsilateral to the primary tumor was contoured in each patient from the mastoid
process cranially through its caudal connection to the sternum and clavicle. For comparisons
with the PCs, the SCM was divided to three parts corresponding in the cranio-caudal axis to
the PCs: superior, middle, and inferior (SSCM, MSCM, ISCM).

The parts of the PCs and the SCMs which were grossly involved by tumor were excluded from
the muscle volumes used for MRI analysis in order to obtain only muscle-specific MRI
changes. Muscle thickness was measured in the MRI axial cut at the middle of the cranio-
caudal axis of each muscle. Pre and post —treatment comparisons were performed among MRI
cuts from the same anatomical locations.

The mean radiation dose for each muscle was calculated via co-registration of the treatment
planning CT and dose distributions with the pre-treatment MRI. Registration was achieved
using a mutual information translation algorithm as previously described [14]. After
registration, the mean dose to each muscle was derived from the treatment plan dose
distributions.

The T1W and T2W MR signal intensities of the PC and SCM were normalized to the intensities
in the regions of the brain that received very low doses (<10 Gy). Changes in signal intensities
of each of the three PCs in each patient post RT compared to pre-RT for T1W and for T2W
MRI were measured based on elongation of relaxation times of MRI in the muscular units.

Comparisons of the radiologic measures before vs. after therapy for the same patients were
made by paired t tests. The correlations of the mean doses to each muscle with the changes in
T1W or T2W signals, or thickness, were tested using Pearson correlation coefficients.
Statistical significance was determined as p< 0.05, two-tailed.

The average (£S.D.) mean dose to the whole PCs was 52+18 Gy and the average mean doses
to the SPCs, MPCs, and IPCs were 59+13 Gy, 56+15 Gy, and 41+22 Gy, respectively. The
average mean doses to all SCM muscles was 59+17 Gy, and the average mean doses to the
SCM segments which corresponded anatomically to the PCs: SSCM, MSCM, and ISCM, were
60+13 Gy, 60+£14Gy, and 57+22Gy, respectively. MRI-based changes were assessed in the
SPCs and MPCs in all 12 patients, and in the IPCs of 11 patients, due to post-therapy MRI
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study in one patient which was not caudal enough to encompass the whole IPC. MRI changes
in the SCMs could not be assessed in the ISCM of the patient whose scan was not caudal
enough, as well as in the SSCM of one patient with lymph node metastasis which infiltrated a
large part of the upper SCM.

The intensities of the T1W signal post-RT compared to pre-RT for the PCs and SCMs are
detailed in Table 1. The changes in the post vs. pre-RT T1W intensities for all PCs did not
reach statistical significance (p=0.06). Visual examination of the relative changes in TIW
signal intensities from pre-RT to post—RT revealed that at dose levels <50 Gy, almost all PC
muscles had changes confined to a narrow band of + 0.2, while some muscles receiving > 50
Gy had a substantial decrease of T1W signal intensity (prolongation of T1 relaxation time)
after therapy (Fig 1 A). The decrease in TIW intensity in PCs receiving > 50 Gy was significant
(p=0.03) (Table 1) and was similar in each of the three constrictors (UPC, MPC, or IPC)
receiving >50 Gy. No significant changes in the post- vs pre-RT T1W intensities were noted
in muscles which had received < 50 Gy (p=0.5) (Table 1). Similar findings were noted in the
T1W signal intensity differences from pre- to post-therapy in the SCMs, with changes in signal
confined to £ 0.2 in muscles receiving <50 Gy, and markedly reduced intensities in some of
the muscles receiving > 50 Gy (Fig 1B). Similar to the PCs, there were no significant changes
in post-RT T1W signal intensities compared to pre RT in the SCMs which had received < 50
Gy (p=0.5), compared with a significant decrease in intensity in the SCMs which had received
>50 Gy (P=0.003) (Table 1).

The T2W signal intensities before and after therapy in the PCs and SCMs are demonstrated in
Fig 2 and detailed in Table 2. A significant increase in signal intensity throughout the dose
range was noted for the PCs (p=0.001). The increase was linearly correlated with the dose
(R?=0.34, p=0.01) (Fig 3A). In the SCMs, a modest increase in T2 signal intensity was noted
for most muscles after therapy. This modest increase was not correlated with the mean muscle
doses (Fig 3B). The increase of T2 signal intensity post-therapy in the PCs was on average
more than double the increase in the T2 signal inthe SCMs (p<0.001) (Table 2). The differences
between the PCs and SCMs in the effects of therapy on the T2 signal intensities were even
higher in muscles receiving high doses: The T2 signal in PCs receiving >50 Gy increased after
therapy by an average of 200%, compared with an average increase of T2 signal of 50% in
SCMs receiving >50 Gy (Table 2).

Changes from pre- to post-therapy in PC thickness are demonstrated in Fig 2 and detailed in
Table 3 and Fig 4A. There was a significant increase in thickness of almost all PCs (p=0.001).
The increase in thickness was confined to <100% in muscles receiving <50 Gy, and increased
even further in muscles receiving >50 Gy, where an increase of >100% was noted in the
thickness of half the number of muscles (Fig 4A). The difference in the increase in thickness
between PCs receiving < 50 Gy (average increase 66%) and PCs receiving >50 Gy (average
increase 118%) was significant (p=0.02).

The changes in the thickness of the SCMs from pre-therapy to post therapy are detailed in
Table 3 and Fig 4b. In contrast to the PCs, which thickened after therapy, there was a significant
reduction in the thickness of the SCMs (p=0.002). This decrease in thickness was dose
dependent: All the muscles receiving <50 Gy had a relative change of <10% (p=0.2), while
39% of the muscles receiving >50 Gy had a >10% decrease in thickness, and the thickness
reduction in all SCMs receiving >50 Gy was statistically significant (p=0.005). From pre-RT
to 3 months post-RT, a mean patient weight loss of 13% (SD 5%) was noted. The correlation
between weight loss and loss of thickness of the SCMs was not statistically significant (p=0.1),
suggesting that the reduced thickness of the SCMs was due to therapy rather than to patients'
weight loss.
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The changes from pre- to post-therapy in TIW or T2W signal intensities, and in thickness, and
their relations to the mean doses, were similar among the individual PCs (SPC, MPC, and IPC)
and no qualitative differences were noted among these segments (data not shown).

At the time of the three month post-RT MRI, two patients were gastric-tube dependent, two
patients needed liquid food supplements, and eight patients had no or mild dysphagia. The PCs
in the two patients who were gastric tube dependent received mean doses >60 Gy (mean PC
doses were 66 Gy and 71 Gy in these two patients). T1W signal intensities 3 months after RT
in the PCs in these patients had a large extent of decrease compared with the pre-RT intensities
(0.28 and 0.34), and the increase in T2 signal intensities were 0.57 and 0.96, both above the
average group increase of 0.52. The increase in PC thickness in these two patients following
therapy was 91% and 178%, both were above the group mean (86% increase in thickness).

Discussion

The results of this MRI-based study shed light on both the nature of the damage of the PCs
after chemo- RT, and on its pathophysiology. We have demonstrated that the anatomical
changes in the PCs include T1 and T2 elongation and increased thickness, and that most of
these anatomical changes seem to have a threshold at 50 Gy, with muscles receiving lower
doses having only minor radiological changes. While the SCMs demonstrated T1 prolongation
which was similar to that observed in the PCs, their thickness was reduced after receiving >50
Gy, an opposite direction than the PCs, and their increased T2 signal after RT was modest in
comparison to the PCs. What are the reasons for these differences, and what are their clinical
implications?

Tissue edema causes hyperintensity on T2-weighted MRI and to a less extent hypointensity
on T1-weighted ones, while T1-weighted sequences are mostly useful for depicting disrupted
muscle architecture which is not related to edema, like dystrophies, fibrosis, and fatty
degeneration [15]. These properties can be used to explain the different effects of therapy on
the different muscles and their MRI sequences. Muscle irradiation causes two main
pathologies: 1) inflammation and edema, and 2) fibrosis, cell or mitochondrial necrosis, and
denervation [16-19]. Our study's results are consistent with the first main pathology, edema-
like process, as the major change occurring in the in the PCs following therapy, compared with
minor edema-like changes in the SMGs, in which the MRI changes were consistent with the
latter pathologies. As the PCs lie beneath the mucosa, it is likely that their MRI-observed edema
is secondary to acute mucositis. Acute mucositis is characterized by exudates of inflammatory
cells and cytokines (20), which can easily infiltrate the underlying PCs and lead to the dose-
dependent thickening of the PCs and increase in T2 signal intensity observed in this study.
Thus, acute mucositis, which is typically transient and recovers within few weeks after therapy,
seem to have caused longer-term edema and inflammatory changes in the sub-mucosal PCs.

Similar processes likely take place also in the glottic and supraglottic larynx (GSL), whose
intrinsic muscles lie in close proximity to the mucosa. The GSL undergoes thickening after
chemo-RT (2), and like the PCs, its RT doses have been correlated with dysphagia and
aspiration [3,7,9]. The consequential effect of severe acute mucositis on late mucosal ulceration
has been proposed by Peters et al [21]. More recently, this concept has been expanded to include
“bystander effect” of late reactive phenomena occurring in response to injury in other tissue
[22]. Our study supports this postulation, demonstrating a likely late, consequential effect of
acute mucositis on the submucosal PCs. Supporting this postulation is also a recent study by
Dornfeld et al, who have recently reported increased FDG-PET uptake in the larynx and
oropharynx after chemo-RT, which correlated with dysphagia [23].
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In contrast to the PCs, the SCMs, which do not lie near the mucosa, demonstrated MRI changes
characteristic of the direct effects of chemo-RT: slight edema (manifested in modest increase
of T2), fibrosis, and reduced thickness. Fig 2 demonstrates a striking difference in the post-
therapy edema-related T2 signal in the PCs compared with the SCMs and other muscles like
the pterygoids. Parts of these muscles had received high doses, however, they demonstrated
only subtle changes in their T2 signal. These muscles were likely affected by RT in a
mechanism in which inflammation was not the dominant process, and in which pure radiation
injury has little or no inflammatory exudates (18). Cell necrosis and vascular and mitochondrial
damage have been observed early after RT in rodent and dog muscles [16-17]. These effects
explain the slight muscle parenchymal edema detected by prolonged T1 and modestly increased
T2 sequences observed in our study, and the reduced muscle thickness and volume, which have
been reported by others following muscle irradiation [24-26]. One of the processes which may
explain some of these changes is muscle denervation, characterized by initial high T2 signal
intensity and normal intensity on T1-weighted images in the acute phase, followed with muscle
atrophy and fatty infiltration causing high signal on T1 and muscle volume loss (27). The
changes in the PCs or SCMs three months after therapy did not match these characteristics,
however, whether denervation plays some part in the effect of radiation on these muscles cannot
be excluded.

The differences between the MRI-based changes in the PCs vs the SCMs suggest that the
inflammatory processes associated with acute mucositis are major factors causing late
anatomical changes and dysfunction of the submucosal PCs. These considerations highlight
the need to both reduce PC doses as well as reduce the severity of acute mucositis, in order to
improve chemo-RT related dysphagia. Reducing the severity of acute mucositis may be
achieved by mucosal protectants and by radiation sensitizers targeting cancer in preference to
the mucosa. Efforts to identify effective agents fulfilling these goals are currently being made
by many groups.

Few previous CT-based studies evaluated the change in thickness of the PCs following RT or
chemo-RT [2,28]. Thickening and edema of the pharyngeal wall was reported in an MRI study
of Nomayr et al, who found significant thickening in all patients 6-24 weeks after a dose of 70
Gy [11]. To the best of our knowledge, our study is the first which has examined detailed dose-
response relationships for PC thickening and MRI signal changes.

Recent prospective [3-6,9] and retrospective[7-8] studies of the relationships between the PCs
and/or laryngeal doses and dysphagia used a variety of endpoints, including objective
swallowing measures, observer rated dysphagia, or patient-reported questionnaires. These
studies demonstrated a relatively narrow range of mean doses to these structures, between
45-60 Gy, beyond which significantly higher rates of dysphagia were observed. Our findings
of significantly worsening MRI-based measures in PCs receiving mean doses >50 Gy provides
a validation, using anatomical damage dose-response relationships, to the clinical studies of
dysphagia. Thus, the dose-response relationships for RT on both the anatomical changes and
the functional effects on the PCs seem to be similar. Some of the studies cited above reported
different statistical significances for different PCs, some reporting that the doses to the SPCs
were most significant [3,5] and others reporting that the doses to the MPCs or IPCs may be
more significant [7,8]. In the current study we have not observed any qualitative differences
between the dose-effect relationships of the SPCs, MPCs, or IPCs, suggesting that the dose-
effect relationships for their structural changes after chemo-RT are similar, and that the
different dosimetric effects found in the clinical studies of dysphagia are likely related to
different functions of each PC in the swallowing process. It is also likely that different patient
populations receiving different doses to the various PCs will demonstrate differences in the
“importance” of the various PCs in dose-response studies of clinical dysphagia.
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Our results suggest an association between severe dysphagia and MRI changes, as the two
patients who were feeding-tube dependent at 3 months had larger changes in most MRI
measures than the average changes in the whole patient group. Larger patient numbers and
longer follow-up are required to validate the findings of this pilot study.

In conclusion, we have demonstrated thickening and hypointensity on T1-weighted images,
and hyperintensity on T2 weighted images, in the PCs following chemo-RT of HN cancer,
which were most prominent in muscles receiving a mean dose > 50 Gy. These findings
contrasted with thinning of the SCMs receiving high doses, as well as significantly less changes
in the T2-weighted signal in the SCMs. These differences support acute mucositis and resulting
tissue inflammation and edema as the likely, consequential cause of the late dysfunction of the
PCs, which lie close to the mucosa. Therefore, in addition to reducing the doses to the PCs
whenever possible, reducing the severity of acute mucositis should be a major goal in the efforts
to reduce longer-term dysphagia. Taking into account the small number of patients in this study,
these results need to be confirmed by others.
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Fig 1.

Differences in the T1-weighted signals from pre- to 3 months post-therapy vs. mean doses to
the muscles. 1A: pharyngeal constrictors (PCs), 1B: sternocleidomastoid muscles (SCMs).
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Fig 2.

An MRI cut of a T2-weighted image. 1A: pre-RT. 1B: 3 months post-RT. Note the increase of
the width and signal of the pharyngeal constrictor (PC) compared to the mild differences in T2
signal and slightly reduced widths of the ipsilateral sternocleidomastoid (SCM) and pterygoid
(arrowhead) muscles, which received high doses.
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Fig 3.

Differences in the T2-weighted signals from pre- to 3 months post-therapy vs. mean doses to
the muscles. 1A: pharyngeal constrictors (PCs), 1B: sternocleidomastoid muscles (SCMs).
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Percent changes in muscle thickness from pre- to 3 months post-therapy vs. mean doses to the
muscles. 1A: pharyngeal constrictors (PCs), 1B: sternocleidomastoid muscles (SCMs).

Radiother Oncol. Author manuscript; available in PMC 2010 December 1.



Page 13

Popovtzer et al.

NIH-PA Author Manuscript

€00°0f 8T°0+6.°0] ¥T1°0+68°0) 9+99] AD0SG< 9SOP UeaW PaAIsdsy

S0< 9T'0+GL°0] €T'0+9.°0) ST+8¢| AD0S> 9SOP UBaW PaAISd8y

S00°0f TC'0+8L°0] 0T 0¥.8°0) LT+69 11V
NOS|

€0°0 0C'0+LL°0] 9T°0+88°0) LFEAD 0G< 9S0P Uesll PIAISIRY

S0< 91°0+98°0] <¢T'0+58°0) €T+8¢| AD(0S> 3S0p Uesll PIAISIY

90°0 61°0+08°0] ST'0+.8°0) 8T+¢Y| 11V
Ade1aU1-1s0d| Adeiayi-aig| 5d
AdlaSTUBSIN - A1ISUaIUT AT L|oSOp Uealu abelony| eS|

T alqel

Adeasy -1sod pue -aud NDS pue Dd Ul Sanisusiul MTL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Radiother Oncol. Author manuscript; available in PMC 2010 December 1.



Page 14

Popovtzer et al.

NIH-PA Author Manuscript

700°0f TS'0+T9°0] TE0+0V 0 9+99| AD(0G< 9S0P Ueall PIAISIRY

L0°0 ¢C'0+¢v0] v0'0+8T°0) YT+5¢| AD0S> 3S0P Uesll PIAISIY

TO00f 87'0+89°0] 0E'0+LE0) 9T+09) 11V
NOS|

TO00f 00'T+8E'T| LS'O¥T.L0) LF29IAD 0G< 9S0p Uesll PIAISIRY

T0°0 81°0+09°0] L0'0+c¥ () CT+/Z| AD0S> 3S0p Ueall PIAISIRY

TO00f 6 0+/T'T S'0+¢9°(f 8T+19| 11V
Ade1aU1-1s0d| Adeiayi-aig| SOd|
d|gSFUesIN -AlSUaIU] Me L|esop Ueall abelany] _mw_o4_>_

Adeasy -3s0d pue -aid SINDS pue SOd Ul $allsuaiu| AAZL

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Radiother Oncol. Author manuscript; available in PMC 2010 December 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Popovtzer et al.

Table 3

Muscle thickness pre- and post-therapy

Musclegl [Average thickness (mm): Mean+SD|p
PCs Pre-therapy Post-therapy
All 2.9+0.9 5.4+1.5 0.001]
Received Mean dose <50Gy |3.3+1.0 5.3+1.7 0.001
Received Mean dose >50 Gy|2.7+0.8 5.7+1.4 0.001
SCMs
All 11.4+3.5 10.5+3.7 0.002]
Received mean dose <50Gy |13.5+3.2 12.9+3.6 0.2
Received Mean dose >50Gy |11.0+3.4 10.0+3.6 0.005
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