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Abstract
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Purpose: It is of great interest to physicians and patients/patients’ families to be able to predict
the amount of growth decrement following craniospinal irradiation (CSI). Little data exists on
the impact of proton CSI. Our aim is to determine the effect of proton craniospinal irradiation
(CSI) on vertebral body (VB) growth retardation, and to identify factors associated with growth

delay.

Methods and Materials: We performed a retrospective outcome data analysis of 80 patients < 16
years old with central nervous system (CNS) tumors who received proton radiotherapy (PRT) at
our institution between 2002 and 2010 with available spinal MRI imaging. Forty-eight patients
received CSI, while 32 brain tumor patients that received focal cranial irradiation served as
controls. Vertebral body height was measured midline using sagittal T1-weighted contrast or
non-contrast enhanced MRI images of the spine. Measurements were repeated at multiple levels
(C3, C3-C4, T4, T4-T5, C3-T6, T4-T7, L3, L1-L5) on available scans for the duration of follow-
up. Data were fitted using a mixed-effects multivariable regression model, including follow-up

time, CSI dose, age at CSI, and pre-treatment VB percentile as parameters.

Results: Median follow-up was 69.6 months for patients treated with proton CSI and 52.9
months for the control group. There was a significant association of CSI dose, follow-up time,
age at treatment, and pre-treatment VB percentile with VB growth retardation. Growth

retardation was shown to be independent of gender or growth hormone deficiency.

Conclusions: Although the current practice of PRT CSI delivery allows for sparing of the organs
anterior to the spine, the vertebral column receives radiation therapy (RT) due to its close
proximity to the targeted spinal canal. In growing children, the whole vertebral body has

generally been included so that growth impairment is even across the VB. We present a
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quantitative model predicting the growth retardation of patients treated with PRT CSI based on

age at treatment, CSI dose, follow-up time, and pre-treatment growth percentile.

Manuscript
Introduction

Craniospinal irradiation (CSl) is a standard component of curative therapy for several childhood
brain tumors including medulloblastoma, supratentorial primitive neuroectodermal tumors
(PNET), germ cell tumors and other rare brain tumors. Long-term survivors are at risk of late
complication from CSI.1® A known side-effect of CSI is growth impairment of the vertebral
column resulting in decreased sitting height for survivors.* Though protons offer an advantage
over photons by sparing any tissue distal to the target volume allowing for decreased integral
dose to non-target tissue such as the thyroid gland, esophagus, heart, lung, gastrointestinal tract,
and ovaries, the vertebral column inevitability receives a higher radiation dose than most non-
target tissues due to its close proximity to the spinal canal.®*Traditional standard planning
technique with protons for patients who have not reached their full growth potential includes the
entire vertebral column in the treatment field in order to ensure that any arrest of growth is
symmetric.>®More recently, spinal canal irradiation with vertebral body sparing with proton
therapy has been explored as a technique to allow for marrow sparing and more growth potential.
Recent practice patterns show variation in vertebral body dosing for growing children among

pediatric radiation oncologists.°

While it is known that CSI leads to growth impairment and decreased sitting height, little data

exists about the degree of this growth decrement and the dose-response relationship and limited
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data exists for PRT and growth impairment. Physicians are unable to predict for a given child the
amount of growth impairment and it is not known if there exists a difference in growth
impairment for protons versus photons. Only a handful of studies have examined growth
findings following photon CSI as measured by individual or group vertebral bodies on baseline

and follow up imaging studies.**™*3

To our knowledge, we present the first study to compare pediatric patients treated with PRT CSI

with a control non-CSI group and present a quantitative predictive model of growth retardation.
Methods and Materials
Patients and Treatment

The xxx Hospital institutional review board approved this retrospective review. Between
February 2002 and October 2010, a total of 80 pediatric patients with CNS tumors and available
baseline and follow up spinal MRIs were treated with passive scattering technique PRT at our
institution. Our study included 48 patients who received PRT CSI treatment and 32 patients who
received only cranial radiation and comprised our control group. Our inclusion criteria were 1)
age at treatment <16 years old and 2) available spinal magnetic resonance imaging (MRI). We
excluded patients who received surgical intervention or boost dose to the spine for metastatic
disease. Specifically, we used MRI measurements as performed in Hartley et al® for a cohort of
patients treated with proton CSI. We also used a control group consisting of patients who
received focal brain radiation but underwent MRI of the spine in follow up (mainly ependymoma
patients). This control group was chosen because of MRI availability and in order to see if there
was still vertebral body impairment caused by other contributors such as growth hormone

deficiency (GHD) and because a cohort of patients with sequential MRIs of the spine in healthy
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children does not exist. We collected information about the patient’s standing height, weight,
pubertal status, and growth hormone status. These factors were incorporated into a multivariable

analysis, in order to assess the impact of radiation dose.

Clinical data obtained via a retrospective review of medical records included demographics,
primary malignancy, risk status for the medulloblastoma patients, pathology, chemotherapy, CSI
dose, brain dose and volume for non-CSI patients, involved-field (IF) boost dose, posterior fossa
(PF) dose, doses to the hypothalamus and the pituitary. We also recorded standing height,
weight, and body mass index (BMI) before the delivery of RT along with the latest available
standing height, weight and BMI following the completion of RT. Last but not least, we

collected data GHD status and replacement therapy following the completion of RT.

Computed tomography (CT)-based 3-dimensional planning was used for each patient. All

patients received proton therapy with passive scattering technique.

All CSl-patients (n=48) were treated in the prone position. The clinical target volume (CTV) for
the whole brain followed conventional anatomical definition. The CTV for the spine included the
thecal sac (defined as dura surrounding the spinal cord, cauda equine, and cerebrospinal fluid).
Exiting nerves were included only until their emergence from the spinal foramina. Brain and
spine fields were matched in a similar manner to the technique used for photon CSI, using a
feathered junction that alternated every day across 3 locations. The whole VB was included to
receive full dose. There was no A/P dose gradient across vertebral bodies at all levels. Posterior-
anterior (PA) fields were used for the spinal portion of radiation and matched anterior to the
spinal cord. Patients received an involved field (IF) boost, a whole posterior fossa (PF) boost or a
sequential PF followed by IF boost. All non-CSI patients (n=32) were treated in the supine

position with a partial brain field.
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Vertebral Body Measurements

Serial MRI scans of the spine were obtained for each patient prior to treatment initiation and
during follow-up (range, 5-154 months). MRIs were performed at our institution or were
uploaded to the institutional picture archiving and communication system (PACS™; AGFA
IMPAX, Morstel, Belgium). All measurements were performed on the PACS to ensure
consistency and reproducibility. Vertebral body height was measured in the midline of the
vertebral body in a craniocaudal direction perpendicular to the vertebral endplate using sagittal
T;-weighted contrast or non-contrast enhanced MRI images of the spine. For reproducibility, we
measured the ossified portion of the vertebral body as the cartilaginous portion could not be

readily differentiated from the intervertebral disk.
Measurements were obtained as follows:

Vertebral bodies C3, T4 and L3. Vertebral segments C3-C4, T4-T5, C6-T3, T4-T7, and L1-L5
measuring from the superior endplate of the highest level of the segment to the inferior endplate
of the lowest endplate of the segment. Segments were measured aiming to limit the
measurement error. All scans were measured by two investigators in consensus who were
blinded to the patients’ demographic and clinical characteristics. Measurements were all verified
by a board-certified radiologist. In addition to measuring vertebral bodies, we collected the
standing height pre-treatment and at each follow-up visit. These measurements were used for

statistical analysis.
Statistical analysis

Clinical and treatment characteristics were summarized using descriptive statistics. Comparisons

between baseline characteristics between CSI and non-CSI cohort were compared using
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Pearson's chi-squared test for categorical variables, two sample t test for variables normally
distributed, and Wilcoxon rank-sum test for variables with skewed distributions. A p-value <
0.05 was considered statistically significant. Data analyses were performed using Stata 16
software (StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX:

StataCorp LLC).
Modeling growth and growth retardation

The CSl-related VB growth retardation was estimated in relation to reference (normal) growth
adjusted for baseline (pre-CSl) percentile. The reference growth curves for each of the eight VB
segments as a function of age were estimated from combined all non-CSI VB measurements and
baseline (pre-treament) CSI VB measurements. Published CDC reference statue-for-age growth
curves are approximately linear up to the inflections point which is about 14 years of age for
girls and 15 years for boys. **** Since almost all our baseline and follow-up measurements were
taken before the age of inflection on the growth curve, we modeled growth retardation during the
linear part of the growth curve, that is up to 14 years for girls and up to 15 years for boys.
According to the growth charts, the flattening of the growth curve for both boys and girls takes
about 3 years. We decided to include more data points by using 14 years as a threshold for girls.
In our exploratory analysis we tried a range of thresholds, and our decision was made based on
our judgment of bias versus variance. To fit the reference growth data, we accounted for
clustering structure of the data (or longitudinal character of the data) by using multilevel mixed-
effects linear regression model with random effects at the patient level. To account for variation
in the growth rate between patients our mixed-effects model included random slope for age at

measurement variable. On multivariable mixed-effects model we did not find gender to be
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statistically significantly associated with normal VB growth therefore age and GHD were the

only independent variables of normal VB growth model.

We defined growth retardation as the difference between the measured VB length and the expected
VB length for a given age and GHD status. Since different VB segments have different lengths and
they grow over time we standardized growth retardation by expressing it as a percentage of the
expected length (for a given age and GHD status). At any follow-up time the eight VB
measurements represent growth status of a patient. Therefore, to maximize statistical power and to
minimize VB measurement error we combined standardized growth retardation data for each patient
at each follow-up time. That is, the average growth retardation over the eight VB segments was
defined as the patient’s growth retardation at any follow-up time. The patient’s growth retardation
data were fitted using a mixed-effects linear regression model with random effects at the patient
level. To account for variation in the growth retardation rate between patients our mixed-effects
model included random slope for follow-up time. To allow for non-linearity of growth retardation
over time the follow-up time was modelled using fractional polynomials. Other investigated
covariates included age at CSI, gender, GHD status, CSI dose, and a surrogate of baseline growth
percentile expressed by pre-treatment growth retardation. Competing multivariable models of
growth retardation were evaluated using Bayesian Information Criterion (BIC) and final
parsimonious model included age at CSI, CSI dose, pre-treatment growth retardation, and fractional
polynomial of follow-up time. We modelled vertebral body height for control group using mixed-
effects model included random slope for age and with age, gender, and growth hormone deficiency

as independent variables.

Results
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Baseline measurements included 1,256 measurements collected from the non-CSI patients and
440 measurements collected from the CSI patients before the delivery of CSI. We collected
2,205 post-RT measurements for patients treated with CSI. In regular follow-ups after the

completion of RT, we collected 2,205 measurements from the patients treated with CSI.

Patient clinical characteristics are summarized in Table 1. Our CSI-group consists of 20 female
and 28 male patients, while the control group consists of 22 female and 10 male patients. Median
age of patients at the time of diagnosis was 6 years (range: 2 — 12) and 5 years (range: 0.5 — 13)
for the CSI and non-CSI cohorts, respectively. Thirty-nine of the patients who received proton
CSI were treated for medulloblastoma, 5 for non-germinoma germ cell tumor (NGGCT), 2 for
pure germinoma (PG), 1 for atypical teratoid/rhabdoid tumor (ATRT) and 1 for pinealoblastoma.
Our control group consists of 25 patients treated for ependymoma, 6 patients with PG and 1

patient with NGGCT.

The median follow-up after completion of RT was 69.6 months (range: 12 - 156) for patients

treated with proton CSlI and 52.9 months (range: 24 — 120) for our control group.

Patient treatment characteristics are summarized in Table 2. The median CSI dose was 23.4 Gy
(range: 18 — 36 Gy). In the CSI-group, 34 patients received involved field (IF) boosts, 10 patients
received whole posterior fossa (WPF) boost, and 4 patients received both IF and WPF boost. All
patients in the control cohort received IF boost. The median dose to the hypothalamus was 34.5
Gy (range: 22.6—53.6) and 5 Gy (range: 0 — 50.8) for the CSI and non-CSI cohorts, respectively,
and to the pituitary was 24.7 Gy (range: 18.5 — 52.7) for the CSI-group and 0.2 Gy (range: 0 —

45.7) for the non-CSI group.
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Overall, the cohorts differ significantly in terms of gender distribution, type of malignancy, pre —
RT BMI (the CSl-patients are slimmer), and doses to the hypothalamus and the pituitary (higher
doses in CSI-group). Regarding the measured baseline VBs and VB segments, no statistically
significant difference was found between study groups. No gap or junction overlap in cervical
spine was found in our study population. Our imaging review showed no deformity that could

affect our measurements.

In the CSI-group, 39 patients were found to have GHD at baseline, and 35 of those deficient
patients received GH replacement therapy. In our control group, 8 patients were GH deficient
and all of them began hormone replacement therapy. Using this data, we analyzed the effect of
GH deficiency on growth and on growth impairment. We found that GH deficient patients on
average had shorter VBs (p = 0.02 on two-sample Wilcoxon rank-sum test). This GHD effect
persisted at any time post-CSI. However, the relative growth retardation resulting from CSI did

not significantly differ between the patients who are GH deficient and those who are not.

Figure 1 shows VB growth data and mixed-effect linear regression fits for combined control
cases and pre-RT CSI cases. Growth retardation for each VB and at each follow-up measurement
was defined as the difference between the measured VB length and the reference VB length
shown in supplemental figure. Growth retardation for each patient was defined as the average of
growth deficiency values over the eight VB segments. The variation, as expressed by coefficient
of variation (CV) was on average about 60% and is rather consistent across all patients.
However, there is no systematic inter-VB variation that would indicate VVB-specific sensitivity.
Therefore, assuming that the existing variation is not systematic but random, we used the average
over eight segments. That way we minimized the effect of random variation. A multivariable

model of patient growth retardation included age at CSI, CSI dose, pre-CSI growth retardation,
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and follow-up time (Supplemental material model). The non-linearity of growth retardation as a
function of follow-up time is illustrated in Figure 2 for three ages at CSI and assuming CSI dose
of 23.4Gy and no pre-CSI growth retardation. We would caution applying this model after a
patient’s growth spurt as we did not have enough measurements during and after that time to
adequately model the nonlinearity and inter-patient variability of growth. The effect of CSI dose
on expected growth retardation at age 15 is illustrated in figure 3A. Figure 3B illustrates the
effect of age at CSI on expected growth retardation at age 15 assuming CSI dose of 23.4 Gy and

no pre-CSI growth retardation. The dashed lines show 95% confidence intervals.
Discussion and Conclusion

This study represents the first report, to our knowledge, that quantitatively models vertebral body
growth following PRT and its dependence on multiple parameters with a long-term follow up
(median of 69.6 months). These findings may assist physicians and patient families to better
understand what the likely growth effects will be based on CSI dose, age at treatment, GHD
status and follow-up time. As more children are treated with proton CSI, this data also adds to

the literature information on the late effects on growth from proton radiation.

Probert and Parker® reported on growth impairment following photon CSI as measured by sitting
and standing height and found that children <6 years old were more sensitive to height
impairment. In a study by Shalet et al®, standing height, sitting height, and leg length were
measured in 79 patients (aged 16-30 years), who had been given conventional CSI or cranial
irradiation in childhood for a brain tumor and had completed their growth. Their measurements
were compared with established standards for sitting height and leg length in British children
(aged 16-18 years). They showed a linear relationship for age and loss in growth potential,

estimating a 9 cm loss for radiotherapy delivered at 1 year of age to 5.5 cm loss for patients
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receiving radiotherapy at 10 years of age.® The minimal dose to cause clinical growth
impairment is not conclusive, but most series suggest a threshold of 15-25 Gy with a steep dose-
effect relationship between 15-20 Gy and 35 Gy.'*® Hartley, et al.' reported on growth
following photon radiotherapy CSI as measured by individual or grouped vertebral bodies on
baseline and follow up imaging studies. The manuscript studied patients with medulloblastoma
or supratentorial primitive neuroectodermal tumors under the age of 13 and found that growth
was dependent on gender, age and dose of photon RT. A recent study by Oshiro et al** found that
vertebral bone growth was significantly correlated with dose, and gradually decreased after >20
Gy, with a sharp decrease after 39 Gy. In contrast, age at time of treatment was not a significant
factor for growth rate. Johnson et al*’” examined the impact of CSI on spine growth in pediatric
medulloblastoma using either photon or electron, and they found that electron CSI had no
significant difference in spine growth compared to the predicted spine growth based on

previously published models with photon cohorts. ** Mizumoto et al*?

recently published their
results on the height impairment following photon CSI in pediatric patients with CNS embryonal
tumors. CSI doses >36 Gy, female sex, younger age at CSI, and omitting hormone replacement

were significantly associated with height impairment.*? De et al*®

examined growth after PRT
with or without the inclusion of the whole vertebral body by examining height z-scores before
and after irradiation and found at a median follow up of 19 months that proton therapy including
the entire vertebral body showed a greater reduction in height. In the aforementioned study'®, all
patients (n=37) were treated with either whole VB proton CSI (n=21) or partial VB CSI (n=16),
and growth changes were evaluated by comparing height at baseline and during follow-up visit.

Target volumes along the entire spinal axis included whole VB in 67% and partial VB in 33%.

Most common doses were 23.4, 36, and 18 Gy (RBE) used for 40%, 36%, and 16% of patients,
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respectively. Boost RT to 1 or more sites was additionally given to all patients with cumulative
median dose 54 Gy (RBE) [range, 18— 59.4 Gy (RBE)]. Baba et al'® also investigated the
relationship of the dose of proton beam therapy with subsequent growth of vertebral bodies in 23
children with a median age at treatment of 4 years old and a median observation period of 13.9

months. Outside of these studies, no other study has examined growth following proton CSI.

Similar to Hartley et al**, we found that age and spinal dose significantly affected spinal growth
and that some level of growth retardation was seen at all investigated dose levels. We
intentionally used the same method of measurement as described by Hartley et to allow for some
level of comparison to the most contemporary photon experience. Though a constant RBE value
of 1.1 is used in proton therapy, comparison of the biological effect of CSI proton versus photon
treatments to pediatric patients has not been well documented clinically or in large numbers of
patients with long-term follow up: In contrast to Hartley et al**, who studied 61 CSI patients and
developed an overfitted model of 50 parameters, we compared 48 CSI patients to a control group
of 32 non-CSlI patients and we created a parsimonious predictive growth model with four

parameters including foilow-up time, CSI dose, age at CSlI, and pre-CSI growth percentile.

The effect of gender on vertebral body growth has been previously described.?*?* During both
prepubertal and pubertal development, females tend to increase cortical thickness
disproportionately to bone width in response to mechanical stress, whereas males do the
opposite. Hormonal effects on growth plates also differ. Females begin their vertebral body
growth spurt earlier (between ages 10-11) and peak by age 11. Males begin their vertebral body
growth spurt later (near 12 years of age), and their peak is even further delayed, sometimes as
late as 18 years of age.?! Interestingly, some studies suggest that, in prepubertal children, before

these hormonal effects are prominent, the difference between male and female vertebral body
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volumes can be accounted for by height and weight alone®*. However, in our analysis, similar to

Baba et al*®

, gender was not statistically significantly associated with growth nor with growth
retardation caused by radiation. Therefore, our final growth retardation model does not include
gender. Interestingly, we did find that the most substantial impact on growth delay was in the 5
years after RT, suggesting the possibility some recovery of growth after this period. This is
hypothesis forming only and must be validated by additional studies. A study by Spiegler et al*
reporting on the effect of cranial radiation on neurocognitive function over a prolonged survival
period in pediatric brain malignancies showed early decline in intellectual functioning after

treatment, and then an attenuation of that decline. Additional studies should explore and validate

all of these findings that suggest some recovery.

Given the young age of patients and the possibility of cure, morbidity and toxicity of RT is of
particular interest.”*** Studies have found short and long-term toxicity of RT, and in particular
CSlI, for pediatric brain tumors, including hematologic toxicities, cardiac disease, endocrine
dysfunction, neurocognitive decline, ototoxicity, pulmonary disease, and secondary
malignancies.?*°. Unfortunately, the literature on detailed growth analyses following RT is

limited. Similar to De et al*®

, we found that age at treatment and RT dose are significantly
associated with VB growth retardation. All patients in our study received whole VB proton CSI.
Baba et al'® found that bone growth retardation occurred even at a low dose of 10 Gy and that the

growth rate linearly decreased as the dose increased without reaching a threshold value. In

addition, no other factors had a significant impact on bone growth, including age and sex.**

Extracting growth retardation effect from follow-up measures of VB length is challenging
because of complexity of the underlying radiobiological mechanisms of growth, significant inter-

patient differences in normal growth, significant inter-patient differences in response to
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radiation, and complex interplay of malignancy, GHD and GHD treatment on bone growth over
time. Our multivariable fractional polynomial mixed-effects models represent a statistically
sound approach to these challenging problems. Proton CSI allows for sparing of the organs
anterior to the vertebral bodies, but standard technique still includes the entire vertebral body in
the target for growing children. Although proton CSI allows avoidance of organs anterior to the
vertebral bodies, it provides no advantage in marrow sparing or adverse effects of spine
irradiation on growth or bone density for growing children. Advances in proton therapy
including pencil beam scanning (PBS) and improvements in immobilization and set up
verification now allow for delivery of proton CSI with substantial sparing of the vertebral bodies.
Treatment planning techniques for vertebral body sparing (VBS) CSI have been recently
published by XXX et al and demonstrate the feasibility of planning this treatment with
substantial vertebral body sparing.*!In addition, early clinical results for a small number of
patients from Loma Linda indicate favorable outcomes and safety of a VBS technique that used

less refined techniques.® De et al*®

also found that the inclusion of the whole vertebral body in
younger proton CSI patients was associated with similar spinal curvature and more growth
suppression as compared to partial vertebral body proton CSI. Further studies should explore the
effects of VBS-CSI on growth retardation and spine curvature abnormalities and several

institutions are investigating the use of VBS CSI on prospective trials (NCT03281889 and

NCTO04276194).

Limitations of our study include the small sample size, heterogenous patient population and
therapeutic management, retrospective design, possible confounders such as GH replacement
therapy, and the lack of data supporting the correlation between vertebral body height and

standing height in adults. Extrapolation of this data for prediction of standing height is
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10.

unsupported.Therefore, we would caution applying this model for vertebral body measurements
as our data cannot be interpreted into conclusions about standing height. Future studies should
take these factors into account. As more studies with larger patient numbers look at quantitively

understanding growth retardation, better predictive models can be built.

We quantitatively predict the growth retardation of pediatric patients treated with PRT CSI using
follow-up time, age at treatment, CSI dose, and pre-treatment vertebral body for age percentile.

We hope that this will assist in estimating growth impairment following proton CSI.
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Figure 1. VB growth data and mixed-effect linear regression fits for combined control cases and pre-RT
CSI cases. Growth retardation for each VB and at each follow-up measurement was defined as the
difference between the measured VB length and the reference VB length. The blue dots represent 87
mean values (mean value was calculated over 8 segments for each patient) for 30 patients.

Figure 2. Growth retardation as a function of follow-up time. Note the greater impact of growth
retardation in the first 5 years following RT. We would caution applying this model after a patient’s
growth spurt.

Figure 3. A) The effect of CSI dose on expected growth retardation at age 15. B) The effect of age at

CSI on expected growth retardation at age 15. The dashed lines represent 95% confidence intervals.



Table 1. Patient Characteristics
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48 CSI patients 32 Non- | P-
Age at Diagnosis (y) 0.14
Median (min-max) 6(2-12) 5(0.5-
Range (IQR) 45-8 2-9
Age at RT (y) 0.16
Median (min-max) 6.6 (2-12) 58 (1-
Range (IQR) 50-8.9 2.5 -
Age at last fu measurement (y)
Median (min-max) 12.4 (6 - 14) 109 (4 |0.038
Range (IQR) 9.8-13.3 72—
12.9
Sex 0.017
Male 28 (58%) 10
Female 20 (42%) 22
Malignancy <0.001
Medulloblastoma 39 (81%) 0 (0%)
Germ cell tumors (PG, NGGCT) 7 (15%) 7 (22%)
ATRT 1 (2%) 0 (0%)
Pinealoblastoma 1 (2%) 0 (0%)
Ependymoma 0 (0%) 25 (78
Time from RT to last FU (m) 0.054
Median (min-max) 69.6 (12- 156) 52.9 (24
Range (IQR) 42.4 -89.5 37.1-
No. of MRI scans 0.26
Median 5 4
Range (IQR) 4-6 3-6.5




Table 2. Radiation Treatment Doses
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48 CSI patients 32 Non- P-value
CSI dose (Gy)
0 0 (0%) 32 (100%)
18 5 (10%) 0 (0%)
21 1 (2%) 0 (0%)
21.6 2 (4%) 0 (0%)
23.4 32 (67%) 0 (0%)
27 2 (4%) 0 (0%)
36 5 (10%) 0 (0%)
Boost (Gy)
Involved-field (IF) only 34 (71%) 32 (100%)
Posterior Fossa (PF) only 10 (21%) 0 (0%)
Both IF and PF 4 (8%) 0 (0%)
Mean Hypothalamus Dose (Gy) <0.001
Median (min-max) 345 (226 -53.6) | 5(0-
Range (IQR) 24.9-42.8 0-36.2
Max Hypothalamus Dose (Gy) <0.001
Median (min-max) 45.7 (24 — 55.4) 21.8 (0 -
Range (IQR) 30.0-52.8 0.1-46.6
Mean Pituitary Dose (Gy) <0.001
Median (min-max) 24.7 (185-52.7) | 0.2 (0-
Range (IQR) 24.1 -36.5 0-254
Max Pituitary Dose (Gy) <0.001
Median (min-max) 27.8 (22.5 - 55) 2.1(0-
Range (IQR) 27.4-40.7 0.1-38.1




Growth retardation (%)

14 Vertebral body G3 3 Vertebral body C3C4 _ + 10 Vertebral body C6T3 9 Vertebral body TAT7
I
12 iy - 8
£ Ehas g £
S & S Sz
£ £ 29 £ £
T 4 3 3 5
g g s g
8 S - 5
A 14 4 4
0 4 6 8 10 12 14 16 0 4 6 B 10 12 14 16 0 2 4 6 B 10 12 14 16 0 2 4 6 B 10 12 14 16
Age (years) Age (years) Age (years) Age (years)
2 Vertebral body T4 454 Vertebral body T4T5 3 Vertebral body L3 16 Vertebral body L1LS
v . s
N
- - - 25 - 14 P
§1s 835 g £,
£ £ £ 2 £
e 2 31 2 210
3 3, J1s - el 7
5 27 1 6{
0 46 8 1012 14 16 0 2 4 6 B fo 12 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 B 10 12 14 16
Age (years) Age (years) Age (years) Age (years)
+ Data Mixed-effects linear regression fit + Data Mixed-effects linear regression fit
0+ CSldose = 23.4Gy
50% percentile of growth before CSI
-2 -
-4 -
-6
_8_
=104
-12_
T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 N
Follow-up time (years)
——— AgeatCSl=3y ——— Age atCS| =5y

— Age at CS| = 8y




Journal Pre-proof

0- Growth retardation at age 15
50% percentile of growth before CSI

Growth retardation (%)

15 20 215 30 35 40
CSl dose (Gy)

Age at CSl = 3y

Age at CSI = 8y




Journal Pre-proof

0- Growth retardation at age 15
50% percentile of growth before CSI
-2 CSl dose = 23.4Gy -

-10-

=124

Growth retardation (%)

14

-16

18-

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Age at CSl (years)



