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Purpose: Proton vertebral body sparing craniospinal irradiation (CSI) treats the thecal sac while avoiding the anterior vertebral bodies
in an effort to reduce myelosuppression and growth inhibition. However, robust treatment planning needs to compensate for proton
range uncertainty, which contributes unwanted doses within the vertebral bodies. This work aimed to develop an early in vivo
radiation damage quantification method using longitudinal magnetic resonance (MR) scans to quantify the dose effect during
fractionated CSL.

Methods and Materials: Ten pediatric patients were enrolled in a prospective clinical trial of proton vertebral body sparing CSI, in
which they received 23.4 to 36 Gy. Monte Carlo robust planning was used, with spinal clinical target volumes defined as the thecal sac
and neural foramina. T1/T2-weighted MR scans were acquired before, during, and after treatments to detect a transition from
hematopoietic to less metabolically active fatty marrow. MR signal intensity histograms at each time point were analyzed and fitted by
multi-Gaussian models to quantify radiation damage.

Results: Fatty marrow filtration was observed in MR images as early as the fifth fraction of treatment. Maximum radiation-induced
marrow damage occurred 40 to 50 days from the treatment start, followed by marrow regeneration. The mean damage ratios were 0.23,
0.41, 0.59, and 0.54, corresponding to 10, 20, 40, and 60 days from the treatment start.

Conclusions: We demonstrated a noninvasive method for identifying early vertebral marrow damage based on radiation-induced fatty
marrow replacement. The proposed method can be potentially used to quantify the quality of CSI vertebral sparing and preserve
metabolically active hematopoietic bone marrow.
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Introduction

Craniospinal irradiation (CSI) is a curative treatment
for several pediatric central nervous system malignancies.
The CSI target volume includes the entire brain and thecal
sac as the clinical target volume (CTV) to minimize the
risk of tumor dissemination throughout the neuroaxis."
Conventional photon CSI treatment may induce various
short- and long-term side effects, including odynophagia,
anorexia, bone marrow suppression causing lymphopenia,
and secondary malignant neoplasms”~ in these young
patients, who have very favorable prognoses. Clinical evi-
dence also has shown that growing children can further
develop spinal lordosis, kyphosis, or scoliosis when
growth plates are asymmetrically irradiated.®” Conse-
quently, pediatric radiation oncologists have historically
recommended treating vertebral bodies and growth plates
holistically for growing children.” Even with this practice,
Paulino et al'’ reported that 16.7% and 54.5% of patients
developed scoliosis 15 years after their vertebral ossifica-
tion centers received CSI doses of 18-24 Gy and 34.2-40
Gy, respectively. Thus, a treatment technique with confor-
mal dose delivery and avoidance of the vertebral bodies is
desired for CSI in children to reduce toxicity and improve
quality of life.

Intensity modulated proton therapy'' is an attractive
technique for the treatment of pediatric central nervous
system malignancies, owing to its superior dose conformal-
ity and reduced integral dose to surrounding healthy tis-
sues. Clinical evidence has shown that proton CSI can
reduce radiation toxicity and achieve equivalent long-term
disease control relative to photon therapy.'”"> Unlike pho-
ton beams, the integral depth dose curve of proton beams
exhibits a distal peak near the end of the proton range
(Bragg peak) that enables dose deposition without a signifi-
cant exit dose. Proton CSI has the potential to leverage this
physical feature to treat the entire thecal sac while sparing
the spinal growth plate. However, current proton therapy
treatment planning usually includes a margin of 3.5%,
reserved for proton range uncertainty.''” Such uncer-
tainty requires the inclusion of parts of the vertebral bodies
during treatment planning to ensure that the target volume
receives adequate dose coverage, and the sparing of growth
plates can be compromised.

Given this uncertainty in proton therapy, a method of
quantifying in vivo proton damage during treatment
would be valuable to verify the accuracy of treatments
and facilitate adaptive replanning, if necessary, when
using a steep dose gradient for vertebral body sparing
(VBS). After proton CSI, radiation-induced fatty marrow
infiltration can be observed in the spine after treatment,
using magnetic resonance imaging (MRI).'®'” Replace-
ment of hematopoietic marrow provides physiological
evidence that supports retrospectively investigating the
potential in vivo proton range uncertainty.zo’21 However,

there remains a paucity of data from which to deduce
when marrow conversion happens and how to use this
information to protect vertebral growth plates and
increase hematopoietic marrow preservation.

Although fatty marrow replacement has been detected
at the end of treatment,”””” whether fatty marrow may be
observed on magnetic resonance (MR) images between
earlier treatment fractions in children remains unknown.
This study aimed to perform MRI at specified intervals
during proton VBS CSI to determine how early radio-
graphic marrow changes become evident and evaluate
whether the planned radiation dose deposition in bone is
correlated with proportional proton damage within verte-
bral marrow. These findings may potentially be used to
support real-time medical decision-making—for instance,
to determine whether growth plates are sufficiently spared
or whether replanning is necessary to reduce excessively
conservative proton range margins. Quantification of
uncertainty will demonstrate the reliability, applicability,
and feasibility of the proposed method for CSI intensity
modulated proton therapy with VBS.

Methods and Materials

Patient identification, scan characteristics,
and treatment planning

Patients were enrolled in a prospective clinical trial of
proton VBS CSI in children with any malignancy, aged
less than or equal to 18 years. Patients and their families
signed informed consent forms for this institutional
review board—approved protocol. Details of the protocol-
specified treatment and primary outcomes are separately
reported. This work focuses on the secondary endpoint:
evaluating the feasibility of using MRI performed during
CSI as a method of in vivo quantification of radiation
dose deposition to bone marrow.

Patients underwent computed tomography (CT) simu-
lation in the supine position using a 5-point thermoplastic
mask for immobilization. CT scans were acquired from
the vertex to pelvis using a Siemens SOMATOM Defini-
tion Edge scanner with a resolution of 0.98 x 0.98 x 1.0
mm”. Prescribed doses ranged from 15 to 36 Gy (relative
biologic effectiveness [RBE]) in 1.5- to 1.8-Gy (RBE) daily
fractions, assuming an RBE of 1.1, per International
Atomic Energy Agency/International Commission on
Radiation Units and Measurements guidelines.”**” The
CTYV included the entire cranial contents and thecal sac
surrounding the spinal cord and nerve roots. The cranium
was treated with a single posteroanterior field or 2 poste-
rior oblique fields, and the spinal thecal sac was treated
with 1 to 2 posteroanterior fields. Treatment was planned
in RayStation using Monte Carlo robust optimization
with 5 mm positional and 3.5% range uncertainties.
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MRI scans were acquired at baseline (within 6 weeks
before starting CSI), during CSI treatment at approxi-
mately fractions 7, 13, and 20, and at 4 weeks after com-
pletion of treatment. A window of £3 days was allowed
for MRI scans during CSI treatment. MRI sequences
included T1- and T2-weighted turbo spin echo MR
sequences without contrast acquired in the sagittal plane
on a Siemens MAGNETOM Aera 1.5T scanner, with a
slice spacing of 0.78 to 4 mm and a pixel spacing of
0.78 x 0.78 to 1.09 x 1.09 mm?®. Echo time and repetition
time ranges were 10 to 13 ms and 550 to 771 ms for T1-
weighted images and 69 to 102 ms and 1500 to 4420 ms
for T2-weighted images, respectively. Table 1 summarizes
patient demographics and diagnoses as well as imaging
and treatment details.

MRI scans during treatment were reviewed by a pedi-
atric neuroradiologist and compared with the baseline
image to determine at which earliest time point radiation-
induced bone marrow changes could be detected visually.
Quantitative image processing was also performed to
evaluate radiation-induced bone marrow changes, as
described subsequently.

Imaging processing

Varian Velocity was used to register MRI (moving
images) to CT (target images). Lumbar spine contours
from level L1-L5 were propagated from the CT images to
MRI. The lumbar vertebrae were selected for their rela-
tively fixed position relative to other vertebrae, which
reduces registration error between imaging modalities.
Two-Gaussian distribution sum models were used to ana-
lyze MRI intensity within the lumbar contours. Before
treatment, bone marrow was intact, and as a result, the
MR intensity histogram was reasonably approximated by
a single Gaussian distribution. During treatment, irradi-
ated hematopoietic bone marrow is converted to fatty

marrow. The 2 marrow types exhibit distinct MR signal
intensity such that their intensity histograms show 2 sepa-
rate Gaussian distributions. Figure 1 shows an example of
an MR histogram as a probability distribution after spine
irradiation. Equation 1 defines the radiation damage ratio
by integrating the area under the total MRI signal distri-
bution curve (G(x)) from the intersection point (x;,,) of
the 2 intensity distributions. The variable x is the relative
MRI signal intensity. Relative MRI signal is used for anal-
ysis to reduce MRI signal discrepancies from each patient.
To obtain relative MRI signals for image standardization,
we first analyzed each patient’s histograms of raw MRI
intensity within the vertebral body. The signals in the bot-
tom fifth percentile of the histogram were used for nor-
malization to derive relative MRI intensities for each
patient, because the bottom fifth percentile signals were
minimally affected by irradiation.

Damage ratio = / G(x)dx (1)

Xint
Results

Damage ratio variation along with dose to
1% of the volume and time

We evaluated radiation-induced fatty marrow infiltra-
tion within the L1-L5 vertebrae for 10 patients using mul-
tiple MRIs acquired throughout treatment. Figure 2al-a2
depicts the proton isodose profile across the region of
interest. Of note, parts of the vertebrae received the full
prescription dose of 36 Gy (RBE) for patient 1.
Figure 2bl-b2 displays the pretreatment T1-weighted
MRI and corresponding signal intensity distribution
within the lumbar vertebrae as a Gaussian distribution.
After treatment began, fatty marrow replacement was
observed in both MRI and CT-MRI fusion images, shown

Table 1 Summary of the identified pediatric patients

Patient Age Diagnosis CSI spine dose (Gy) Dose per fraction (Gy) MR scans
1 3.8 Atypical teratoid rhabdoid tumor 36 1.8 6
2 9.3 Medulloblastoma 36 1.8 6
3 7.1 Medulloblastoma 36 1.8 6
4 16.6 NGGCT 36 1.8 2
5 15.0 NGGCT 36 1.8 2
6 3.2 Medulloblastoma 36 1.8 6
7 11.1 NGGCT 36 1.8 6
8 10.5 Acute myeloid leukemia 15 1.5 4
9 5.7 Pineoblastoma 36 1.8 5
10 8.5 Medulloblastoma 234 1.8 2
Abbreviations: CSI = craniospinal irradiation; MR = magnetic resonance; NGGCT = nongerminoma germ cell tumor.
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Figure 1 Magnetic resonance histogram presented as a
probability density distribution, where x;,, is the intersec-
tion point between Gaussian 1 and Gaussian 2, and G(x)
is the total distribution (Gaussian sum).

in Fig. 2c1-f1 and Fig. 2c2-f2. A dose-response relation-
ship was observed for fatty marrow conversion.
Figure 2¢3 demonstrates that relative MR signal intensity
increased after spine irradiation, with a distribution that
deviated from a single Gaussian; instead, the new distribu-
tion was better approximated by a Gaussian sum com-
posed of 2 Gaussian functions. Figure 2¢3 also displays
the damaged area (red shadow), which begins at the inter-
section of the overlapping Gaussian models. By integrat-
ing the red area under the Gaussian sum in Fig. 2¢3, we
found a damage ratio of 0.446 at the 8th fractional dose.
Figure 2d3-f3 illustrates the relative MR intensity distri-
butions and damage ratios at different treatment stages.

Figure E1 shows the treatment plan for patient 8.
Because the full prescription dose was delivered to por-
tions of the L1-L5 vertebral bodies, fatty marrow conver-
sion was detected in T2-weighted MRIs, displayed in
Fig. Elcl-el. CT-MR fusion images in Fig. E1 depict MR
intensity migration with increased dose. Figure Elc3-e3
reveals damage ratios quantified from MR images at dif-
ferent times.

Ultimately, we included data from all patients’ MRIs to
infer the correlation for the damage ratio variation based
on the dose to 1% of the volume (D1 dose) and time. The
D1 dose was selected as a figure of merit because this quan-
tity was sensitive to fractional doses. Figure 3a depicts a
positive correlation between the damage ratio and D1 dose.
Figure 3b shows a quadratic relation between the damage
ratio and time with a concave profile, which suggests mar-
row regeneration after maximal damage.

Dose-signal intensity curve

Figure 4 shows registered MR images exhibiting fatty
marrow infiltration at different times with different

accumulative doses. Only hematopoietic marrow could be
observed before treatments. Fatty marrow started to form
only after proton irradiation. As proton accumulative
dose increased, the region of fatty marrow increased; the
edge of the area aligned well with overlaid isodose lines,
which correspond to the distal falloff doses in the verte-
bral bodies. Figure 4 depicts the dose-response relation-
ship as a function of MR signal intensities. An
approximate threshold of 2.25 Gy was observed in these
data, and doses increased rapidly with signal intensities.
Ultimately, the curve saturated at 34 to 35 Gy.

Discussion

Although fatty marrow replacement has previously
been reported after treatment,” we used multiple MR
scans acquired during treatment to demonstrate an early
dose-effect relationship. We observed a correlation
between radiation-induced fatty marrow infiltration and
D1 dose, and isodose lines aligned to the edge of fatty
marrow in vertebral bodies during interfraction treat-
ment.

Figure 3a reveals a steep dose-effect relationship
between D1 doses of 15 and 30 Gy, with a decrease in the
relative effect thereafter, possibly due to a maximum of
accumulated damage acquired during previous fractions.
Figure 4 also demonstrates a sharp inflection in the MR
signal intensity observed between 2.25 and 34 Gy, with a
shoulder region between 34 and 35 Gy (RBE). These
observations are consistent with previously published
findings indicating the existence of a steep dose-effect cor-
relation in the 15- to 35-Gy range.”®*® Figure 3b suggests
that damage ratios reach a maximum between 40 and
50 days from the start of treatment, with a subsequent
decrease, likely representing marrow regeneration, as
shown in Fig. 2f1-f2 and corresponding to that reported
in a previous study.”” Meanwhile, the damage ratio shown
in Fig. 3b represents the fraction of image voxels with
high intensity due to fatty marrow replacement induced
by proton irradiation. With the increase in damage ratios,
image voxels with strong MRI signals increased, owing to
fatty marrow replacement. The decrease in damage ratios
indicated that the majority of voxels had low MRI signals,
which implies potential bone marrow regeneration after
irradiation. The amount of fatty marrow can be poten-
tially used to detect proton range overshooting during
interfractional treatment. Such information can support
the decision to use adaptive radiation therapy if the range
uncertainty is beyond the acceptable tolerance. Because
MR data are lacking for cumulative doses of 0 to 10 Gy,
Fig. 3 includes an extrapolation region across this range.
MR scans acquired with each treatment fraction may
reduce uncertainty and further bolster dose-effect corre-
spondence.
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Figure 2 Demonstration of radiation-induced fatty infiltration at the lumbar spine, L1-L5 level, from patient 1, with a
prescribed craniospinal irradiation spine dose of 36 Gy in 20 fractions. Radiation therapy treatment planning computed
tomography with Monte Carlo dose for (al) transversal image, L3 level, and (a2) sagittal image. (b1l) Sagittal T1-weighted
MRI image and (b2) distribution of MRI intensity within vertebral bodies, L1-L5 level, acquired 13 days before the treat-
ment start date. Sagittal T1-weighted MRI images [(c1)/(d1)/(e1)/(f1)], computed tomography—MRI fusion images [(c2)/
(d2)/(e2)/(f2)], and distribution of MRI intensity within vertebral bodies, L1-L5 level [(c3)/(d3)/(e3)/(f3)], acquired (c1)-
(c3) 15 days (eighth fraction), (d1)-(d3) 26 days (15th fraction), (el)-(e3) 37 days, and (f1)-(f3) 45 days after the craniospi-
nal irradiation treatment start date. The damage ratios are given by (c3) 0.446, (d3) 0.459, (e3) 0.550, and (f3) 0.392.

Abbreviation: MRI = magnetic resonance imaging.

Figure 5b-d shows that the distal falloff doses caused
fatty marrow replacement in the vertebral bodies and that
isodose lines aligned with the edges of fatty marrow.
Although the cumulative doses vary in Fig. 5b-d, the
quantities of each isodose line do not change significantly,
because these isodose lines belong to the distal falloff of
the prescription dose regions. Figure 5e shows a decrease
in fatty marrow due to potential marrow regeneration
such that the marrow edge was pulled back and the edge
aligned with a high-dose isodose line. The marrow edge
aligned well with the 10-Gy isodose, in agreement with
the literature,” based on MR images acquired more than
2 months from the treatment start. However, Fig. 5b-d
shows that the marrow edges matched isodose lines

ranging from 2.25 to 2.88 Gy. The results suggest that MR
images acquired during treatments could be used for
building dose-and-signal-intensity correlations to avoid
biases due to marrow regeneration.

A previous dosimetric study has confirmed fatty mar-
row conversion with doses as low as 16 Gy.”’ Here, mar-
row conversion was observed on MRI with doses as low
as 2.25 Gy (Fig. 4). Partition growth inhibition and hypo-
plasia of paraspinal muscles are probable late effects after
growing pediatric patients receive proton CSI treatment.”
The proposed method of early in vivo assessment of radi-
ation damage has the potential to noninvasively confirm
adequate VBS while the patient is in treatment. Mainte-
nance of healthy marrow bolsters the patient against the
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hematologic toxicities of systemic therapy and preserves
patient candidacy for any additional treatment that may
be required after radiation. Confirmation of VBS further
reduces the likelihood of vertebral growth inhibition,
which can be a devastating side effect in these patients,
who have very favorable prognoses.

The current study only included MR scans sampled
between treatment fractions. Owing to this limitation, the
sensitivity of MRI signals to fatty marrow could not be
quantified, and it remains unclear when fatty marrow
replacement happens. Meanwhile, this prospective study
was limited in terms of investigating the feasibility of the
proposed quantification method for determining radia-
tion damage induced by proton range uncertainty. The
accrued clinical effects require a long-term follow-up
investigation. The current observations were insufficient
to determine the lowest dose that affects growth or bone
marrow function. Additionally, this prospective study

45 days after
treatment start

77 days after
treatment start

™

()

Figure 5 Demonstration of radiation-induced fatty marrow infiltration within the lumbar spine from patient 9. Magnetic
resonance images with isodose lines were acquired (a) 42 days before, (b) 10 days after, (c) 29 days after, (d) 45 days after,

and (e) 77 days after treatment start.
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only focused on the potential effects caused by proton
range uncertainty. Growth inhibition can be also caused
by a dose falloff over the narrow range distal to the CTV,’
which falls within the vertebral body. Positional uncer-
tainties, which were accounted for by CTV-based robust
optimization planning, also contribute radiation doses to
the subarachnoid space, leading to growth issues.' It
should be emphasized that reducing the proton range
uncertainty might not be sufficient to reduce the vertebral
dose to a safe margin.

Future investigations may focus on collecting compre-
hensive MR data for each treatment fraction to more
accurately predict when bone marrow suppression occurs.
The findings are still in their infancy, and a long-term fol-
low-up investigation is essential to validate the clinical
applications. The method presented here may further be
integrated with a physics-informed deep learning-based
CT material conversion method’ ™’ to achieve VBS
intensity modulated proton therapy. Such a system would
potentially improve treatment plan quality, enable the
real-time verification of treatment accuracy, and support
medical decision-making for plan modification.

Conclusion

A method for the detection of early in vivo radiation
damage is presented that uses serial MR scans to quantify
vertebral marrow changes in pediatric CSI patients. The
method can identify the transition from hematopoietic
marrow to fatty marrow earlier than was previously possi-
ble. Such a method can potentially quantify the quality of
pediatric proton VBS CSI, with the potential to spare
pediatric patients from the most severe toxicities of this
essential treatment.
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