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Abstract

Background: Brain metastases are the most common intracranial tumors in adults and are associated with sig-
nificant morbidity and mortality. Whole-brain radiotherapy (WBRT) is used frequently in patients for palliation, but
can result in neurocognitive deficits. While dose-dependent injury to individual areas such as the hippocampus has
been demonstrated, global structural shape changes after WBRT remain to be studied.

Methods: We studied healthy controls and patients with brain metastases and examined MRI brain anatomic
surface data before and after WBRT. We implemented a validated graph convolutional neural network model to
estimate patient’s “brain age” We further developed a mixed-effects linear model to compare the estimated age of
the whole brain and substructures before and after WBRT.

Results: 4220 subjects were analyzed (4148 healthy controls and 72 patients). The median radiation dose was 30
Gy (range 25-37.5 Gy). The whole brain and substructures underwent structural change resembling rapid aging
in radiated patients compared to healthy controls; the whole brain “aged” 9.32 times faster, the cortex 8.05 times
faster, the subcortical structures 12.57 times faster, and the hippocampus 10.14 times faster. In a subset analysis,
the hippocampus “aged” 8.88 times faster in patients after conventional WBRT versus after hippocampal avoid-
ance (HA)-WBRT.

Conclusions: Our findings suggest that WBRT causes the brain and its substructures to undergo structural changes
at a pace up to 13x of the normal aging pace, where hippocampal avoidance offers focal structural protection.
Correlating these structural imaging changes with neurocognitive outcomes following WBRT or HA-WBRT would
benefit from future analysis.

Key Points

Brain metastases are the most common intracranial tumors
in adults and are associated with significant morbidity and
mortality.’3 In the modern era, with improvement in local and
systemic therapies, patients with brain metastases are living
longer; per the most recent Graded Prognostic Assessment
scale, median survival for patients with >5 metastases, good
performance status, limited extracranial disease and tar-
getable histology is around 3-4 years.* Therefore, the use of
WBRT has declined in favor of stereotactic radiosurgery (SRS)

for the treatment of 1-4 brain metastases due to the favor-
able neurocognitive profile and equivalent survival following
SRS compared to WBRT.>7 Unfortunately, many patients with
brain metastases are not SRS candidates including those with
leptomeningeal disease and/or numerous metastases. WBRT,
therefore, remains a widely utilized treatment modality for pal-
liation despite its known cognitive sequelae.

The decline in neurocognitive function (NCF) following
WBRT is associated with a variety of deficits, including impacts
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Importance of the Study

Whole-brain radiation therapy (WBRT) remains an in-
tegral part of the management of brain metastases.
Unfortunately, radiation-related neurocognitive decline
is a well-recognized sequela of brain radiotherapy. We
utilized anatomic surface-based deep learning to ex-
amine how WBRT impacts the brain’s apparent aging
process via a graph convolutional neural network ap-
proach. We demonstrated that the whole brain, cortex

on memory, problem-solving and executive function.6The
role of the hippocampus in memory function has been rec-
ognized for several decades.®® Recent studies have dem-
onstrated that the cognitive decline after radiation therapy
was related to hippocampal injury in a dose-dependent
relationship.’®" Based on this, hippocampal avoidance-
WBRT (HA-WBRT) was developed'?; a recent phase llI
randomized trial comparing HA-WBRT with the NMDA
antagonist memantine versus standard WBRT and mem-
antine (NRG-CC001) demonstrated that HA-WBRT with
concurrent memantine better preserves cognitive function
with no difference in survival.’

Cortical changes have previously been observed after
intracranial radiotherapy.' For example, cortical volume
loss can also result from targeted brain radiotherapy as is
delivered in the treatment of gliomas. This can occur in a
dose-dependent manner with differing regional sensitivity,
and can significantly affect NCE'®

Our group previously developed a surface-based deep
learning (SBDL) model based on anatomic brain surface
morphology from high-resolution MRI to accurately pre-
dict age (error of 4.58 years) and sex (87.99% accuracy)
among 6410 healthy subjects.'® Aging is known to effect a
dynamic alteration in brain shape'’; given this, we sought
to examine the effects of WBRT in relation to the pace of
apparent brain aging. We hypothesized that WBRT would
cause accelerated structural changes resembling aging.

Materials and Methods

High-resolution T,-weighted MRl images from healthy con-
trols (HC) were gathered from several publicly available re-
positories, which are described in detail in Supplementary
Table S1.To assess the apparent aging pace, images from
two scans for each subject separated by approximately 1
year were studied.

For the patient cohort, individuals aged >30 years who
underwent WBRT at Northwestern Memorial Hospital be-
tween 2010 and 2021 for whom MRIs were available were
examined. All patients with pre-treatment MRI as well as
at least one follow-up MRI at least 4 weeks after treatment
completion were included. Patients were selected regard-
less of primary histology or type of WBRT, i.e. conventional
2-field WBRT (c-WBRT) or HA-WBRT. Patients who under-
went surgical resection or SRS in the post-treatment scan
interval were excluded. All included patients had stable

and individual subcortical structures “aged” 6-13 times
faster after WBRT compared to healthy controls. We
further showed that hippocampal-avoidance WBRT
offers focal structural protection. This work suggests
that rapid, global structural changes analogous to
aging may be a hitherto unexplored correlate of post-
treatment neurocognitive deficits.

or improved disease post-treatment as determined by
RANO-BM criteria.'® Patient data were accessed with the
approval of the Institutional Review Board. Supplementary
Figure S1 depicts the CONSORT diagram of patient selec-
tion for the study.

The surface-based deep learning (SBDL) analysis
has been described in greater detail in other publica-
tions,®1920 and is only briefly summarized here. Images
were processed as follows: 1) extraction of inner and
outer cortical surfaces using Freesurfer (Cambridge,
MA); 2) extraction of surface meshes from seven subcor-
tical surfaces (nucleus accumbens, amygdala, caudate,
hippocampus, pallidum, putamen and thalamus) using
in-house written pipelines'?2%; 3) rigid surface registra-
tion of the cortical and subcortical surfaces to the corre-
sponding surface template'®?%; 4) quality assessment; and
5) conversion of the surface meshes to graphs. Cortical
and subcortical surfaces were visually inspected to as-
sess their quality and ensure they accurately depict each
brain’s gross anatomy, and surfaces of poor quality were
manually edited in a blinded fashion by PB. and S.K.B.
following Freesurfer guidelines. The final step converts
the cortical and subcortical surfaces into graphs to pro-
vide input for our pre-trained graph-convolutional neural
network (gCNN) toward brain age prediction at each
timepoint'” (Figure 1).

The output of the SBDL pipeline above is a model-
predicted brain age for each subject (Age}%d’t) at a given
time point t. To estimate aging pace between baseline (BL)
and follow-up (FU) we applied a generalized linear model
to each subject i as follows:

A9 = ¢ (A ") 4 (1] subject)

where A f\ge _ (AgePred,FU _ Ageftctual,FU) _ (AgePred,BL _ Age}dctual,BL);

A §oon — (DatefV — Datef*); ¢ = estimated aging coefficient
for group (healthy control vs WBRT); ¢ = intercept; and
(1] subject) represents the mixed-effect term where inter-
cept is allowed to vary per subject. In this model, ¢ = 1in-
dicated no difference in estimated age between the groups,
whereas ¢ > 1 indicated WBRT patients “aged” u-times
faster compared to healthy controls.

Among WBRT patients, we conducted further subgroup
analyses as follows: c-WBRT vs. HA-WBRT, steroid use
vs. no steroid use; memantine use vs. no memantine use.
Towards these analyses, we applied another generalized
linear model as follows:
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Figure 1:

Surface-based deep learning pipeline. (A) Outer cortical, inner cortical and individual subcortical surfaces were extracted from

T,weighted MR image using Freesurfer. (B) Surface meshes converted to graphs using their triangulations. (C) Pre-trained graph-convolutional
neural network (gCNN) predicts brain age using surface nodes’ Cartesian coordinates (X, Y, Z).

A f‘ge = ¢ + (1] subject);
where A #9° — (Age — AgefitalFUy. o~ estimated
aging coefficient for subgroup (type of WBRT, Steroid Use,
Memantine Use); and (1| subject) represents the fixed-
effect term.

To assess whether healthy subjects without any intra-
cranial metastases were appropriate for comparison as a
control group, we compared the estimated aging pace of
a small pilot cohort (n = 15) of patients with brain metas-
tases who underwent SRS only against our healthy cohort.
We applied a generalized linear model to each subject i as
follows:

Pred,FU
i

A9 = ¢+ Q( A 5 4 (1] subject)

where A lAge _ (Age.;’red,FU _ Age/,_Actual,FU) _ (Agef’red,BL _ Age/iActual,BL);
(DatefV — Date/*); 2 = estimated aging coefficient
for group (healthy control vs SRS); ¢ = intercept; and
(1] subject) represents the mixed-effect term where inter-
cept is allowed to vary per subject. In this model, Q@ =1
indicated no difference in estimated age between the
groups, whereas € > 1 indicated SRS patients “aged” Q
-times faster compared to healthy controls.

To compare estimated aging pace between groups with
several brain substructures, the Bonferroni method was
utilized to correct for multiple comparisons.

Scan _
A $ean —

Results

Patient characteristics are shown in Table 1. 4148 healthy
controls and 72 WBRT patients were studied. The median
age was 74 years (range 42-95 years) for the control group
and 62 years (range 32-85 years) for the WBRT group.
WBRT patients were predominantly female, with good
performance status (86% KPS > 70), predominantly with
breast and lung primary tumors, and the majority (79%)
had >5 metastases. Median WBRT dose was 30Gy (range
25-37.5 Gy). Median interscan interval was 12.0 months for

the healthy controls and 6.2 months for the WBRT group.
The majority of patients (66%) did not have intracranial-
directed treatment (surgical resection or SRS) prior to
WBRT.The majority of patients (81%) had systemic therapy
prior to WBRT and all patients had systemic therapy post-
WBRT; Table S2 demonstrates the type of chemotherapy
received by the WBRT patients. 71% of WBRT patients
were given memantine and 57% were given steroids con-
currently. For the SRS patient cohort, the median age was
62.5 years; 64% were female; 79% comprised breast or
lung primaries; median number of brain metastases = 5
(range 2-8); all patients received 20 Gy in single fraction
Gamma Knife SRS; 57% received prior systemic therapy;
100% received post-treatment systemic therapy; median
follow up was 5.8 months; patients with prior resection
or WBRT, or resection/SRS/WBRT in the follow up period
were excluded.

We compared apparent aging pace between the healthy
controls and WBRT patients in Table 2. The whole brain,
cortex and all individual subcortical structures “aged”
more rapidly after WBRT compared to healthy controls (¢
>> 1). Since v represents the estimated aging coefficient,
we demonstrated that after WBRT, the whole brain “aged”
9.32 times faster, the cortex 8.04 times faster, the subcor-
tical structures combined 12.57 times faster, and the hippo-
campus 10.14 times faster, compared to healthy controls.
The intercept term c provides an estimate of A%9¢ between
healthy controls and WBRT patients pre-treatment; since ¢
~ 0 for whole brain, cortex and all subcortical structures,
we concluded pre-treatment AA9 is not significantly dif-
ferent between the groups. A spaghetti plot comparing
slopes of whole brain estimated aging of healthy controls
versus WBRT patients is shown in Figure 2. The estimated
aging slope of WBRT patients is significantly steeper than
healthy control group. We depict similar spaghetti plots of
comparative aging pace of the cortex, combined subcor-
tical structures and the hippocampus in Supplementary
Figures S2-S4, all of which show apparent rapid aging
after WBRT compared to healthy controls. We acknowledge
that comparison against a healthy cohort with no history
of malignancy may not be ideal. We therefore identified a
small pilot cohort of patients with brain metastases who
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Table 1. Patient Characteristics

Controls WBRT

Variable Number (%) Number (%)
N 4148 72
Age (years)
Median 73 62
Range 42 - 95 32-85
Sex
Male 1929 20 (28)
Female 2219 52(72)
Karnofsky Performance Status
90-100 n/a 30 (42)
70-80 33 (46)
<70 9(12)
# Brain metastases
0 n/a 2(3)
1-4 14.(19)
>5 57 (79)
Organ Site
Breast n/a 32 (44)
Lung 30 (42)
Other 11 (15)
WBRT dose (Gy)
Median n/a 30
Range 25-375
Median follow up (months) 12.0 6.2
Prior Resection n/a
Yes 4.(6)
No 68 (94)
Prior SRS n/a
Yes 17 (18)
No 55 (82)
Prior systemic therapy n/a
Yes 58 (81)
No 14 (19)
Post-WBRT systemic therapy n/a
Yes 72 (100)
No 0(0)
Concurrent memantine n/a
Yes 16 (29)
No 40 (71)
Steroid use n/a
Yes 24 (43)
No 32 (57)
underwent SRS only and we compared the estimated Among the WBRT patients, we assessed apparent aging

aging pace against healthy controls (Table S3); we showed pace of whole brain, cortex, and subcortical structures
that the estimated aging pace of SRS patients was not sig- among several subgroups. First, we compared estimated
nificantly different from healthy subjects suggesting that aging pace among patients who underwent HA-WBRT
the latter group is meaningful for comparison. (17 patients) vs. c-WBRT (55 patients); ¢ >1 indicated that
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Table 2. SBDL model comparing estimated aging pace between healthy controls and WBRT patients. ¢ > 1 indicated WBRT patients “aged”
1-times faster than healthy controls. Intercept c serves as surrogate for pre-treatment difference in A#% hetween WBRT patients and healthy con-
trols. *Bonferroni cutoff p < 0.005 for uncorrected p-values.

Structure Y (95% Cl) ¢ (95% Cl) Uncorrected p-value*
Whole Brain 9.32 (8.09, 10.56) -0.079 (-0.209, 0.051) <0.001
Cortex 8.05 (6.90, 9.21) 0.077 (-0.046, 0.200) <0.001
Subcortical 12.57 (10.77, 14.36) —-0.016 (-0.208, 0.176) <0.001
Nucleus Accumbens 8.69 (7.20, 10.18) -0.072 (-0.238, 0.095) <0.001
Amygdala 6.43 (4.94,7.92) —-0.037 (-0.192, 0.119) <0.001
Caudate 7.84 (6.55, 9.14) -0.075 (-0.214, 0.064) <0.001
Hippocampus 10.15 (8.55, 11.75) 0.021 (-0.154, 0.196) <0.001
Pallidum 8.64 (7.11,10.17) 0.015 (-0.153, 0.182) <0.001
Putamen 9.65 (8.01, 11.28) 0.037 (-0.137,0.211) <0.001
Thalamus 7.59 (5.87,9.30) 0.237 (0.058, 0.417) <0.001
100
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Figure 2: Spaghetti plotof whole brain “aging” over time for healthy controls (HC) vs. WBRT patients. Estimated aging slope of WBRT patients
significantly steeper than best-fit aging slope of healthy controls.

Table 3. Estimated aging pace comparison between patients who underwent c-WBRT vs HA-WBRT. ¢ > 1 indicated c-WBRT patients “aged” faster
compared to HA-WBRT patients and non-significant ¢ indicated no difference in A#9¢ between groups. *Bonferroni cutoff p < 0.005 for uncorrected
p-values.

Structure @ (95% Cl) Uncorrected p-value
Whole Brain —-0.674 (-4.36, 3.02) 0.720
Cortex -3.40 (-6.91, 0.114) 0.058
Subcortical 1.77 (-3.02, 6.56) 0.468
Nucleus Accumbens 0.731 (-3.24, 4.70) 0.718
Amygdala 2.34 (-0.921, 5.59) 0.160
Caudate -2.15(-6.12, 1.82) 0.288
Hippocampus 8.83* (3.63, 14.0) 0.007*
Pallidum -0.353 (-4.34, 3.63) 0.862
Putamen 5.49 (0.721, 10.3) 0.02
Thalamus 6.28 (-0.004, 10.7) 0.042
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c-WBRT patients “aged” faster that HA-WBRT patients
and non-significant ¢ indicated no difference in A%9° be-
tween c-WBRT and HA-WBRT patients. InTable 3, we dem-
onstrate that the hippocampus “aged” 8.83 times faster in
the c-WBRT group compared to the HA-WBRT (¢ = 8.83,
p = 0.01 Bonferroni corrected) while the whole brain,
cortex and other subcortical structures were not signifi-
cantly different (Bonferroni cutoff p < 0.005 for uncorrected
p-values). Further subgroup analyses for steroid use vs. no
steroid use (Supplementary Table S4), and memantine use
vs. no memantine use (Supplementary Table S5) demon-
strated no significant differences in AA%,

Discussion

While cortical volume changes after WBRT have been pre-
viously described,?' findings from these investigations
are the first to demonstrate — to the best of our knowl-
edge - that WBRT is associated with rapid, global, meas-
urable structural shape changes that parallel those seen
in the aging brain (Table 2, Figure 2). These changes could
potentially explain the neurocognitive deficits seen after
treatment. Numerous investigators have shown previ-
ously that accelerated aging processes measured by sim-
ilar surface morphometry techniques are associated with
neurocognitive dysfunction in other pathologic processes
such as Alzheimer disease and other forms of dementia.??-26
The nature of our study cohort led to a relatively abbrevi-
ated median follow-up duration of 6.2 months. Given that
the effects of WBRT can linger months to years after treat-
ment,?’ it is possible that with longer-term follow up, con-
tinued further apparent accelerated brain aging may be
identified in this population.

Furthermore, we show that HA-WBRT results in focal
sparing of the hippocampus in terms of apparent aging
pace (Table 3), which is congruent with the maintained
neurocognitive profile seen in these patients.’?>'> Memory
loss related to structural changes including volume loss af-
fecting the hippocampus in normal aging and dementias
is well-studied.???62829 Structural changes defined herein
following c-WBRT are consistent with these other eti-
ologies of cognitive impairment. Interestingly, the esti-
mated aging pace of the whole brain, cortex and other
subcortical structures are not significantly different be-
tween patients who underwent HA-WBRT versus c-WBRT
(Table 3); this suggests that while the hippocampus may
be focally spared, the rest of the brain still “ages” rap-
idly compared to healthy controls. Along those lines, sev-
eral cooperative group multi-institutional trials, including
NRG CC009, CCTG CE.7, and NRG BNO009, are evaluating
extra-hippocampal structural changes when comparing
HA-WBRT with SRS; additionally these concepts are also
of interest in pediatric neuro-oncology trials (e.g. curative-
intent craniospinal irradiation).

Cognitive dysfunction after systemic therapy, often
termed “chemo brain,”3%-3% has been associated with long
term chemotherapy and immunotherapy, and all WBRT
patients in our study also received some form of sys-
temic therapy in the post-treatment scan interval (see
Supplementary Table S2). Therefore, we recognize the

challenge of attributing all post-treatment brain changes to
WBRT alone. However, there are some factors that allude
to WBRT playing a specific role in the aging phenomenon
we demonstrate. Firstly, “BL’" scans were not significantly
different in A%9¢ between groups (Table 2), where a ma-
jority of WBRT patients (81%) had some form of systemic
therapy prior to WBRT (Table 1, Supplementary Table S2).
Secondly, the structural protection conferred to the hippo-
campus in HA-WBRT patients (Table 3) who all underwent
post-WBRT systemic therapy also show that the effects of
radiation are easily detectable. Finally, even though ster-
oids and memantine have been shown to alleviate the
neurocognitive side-effects of WBRT, these interventions
did not have significant impact on A%9, suggesting that
structural changes after WBRT may be dichotomous from
inflammatory and biochemical changes that can be inter-
vened upon.

Overall, given patients are living longer with brain metas-
tases, consideration for patient quality of life have become
significantly more important.*#3* Since WBRT is associated
with rapid apparent aging, our results further indicate
that ¢c-WBRT should be used sparingly, such as for exten-
sive burden of disease or neurologic compromise where
other intracranial-directed therapies are not possible.®
Our results also have implications for situations where
WBRT has historically been standard-of-care, such as been
the case for brain metastases in the setting of SCLC. A re-
cent meta-analysis by Gaebe et al.®® indicate similar sur-
vival outcomes between SRS and WBRT for patients with
brain metastases secondary to SCLC. Further, with regard
to prophylactic cranial irradiation (PCl) in limited-stage
SCLC, a recent study demonstrated that PCl with WBRT
demonstrated little survival benefit.3” HA-WBRT has shown
promise in preserving neurocognitive function compared
to c-WBRT, and there are several ongoing prospective
multi-institutional randomized trials comparing HA-WBRT
and SRS in terms of disease control and neurocognitive
outcomes.

The authors recognize limitations in our study. Firstly,
we concede this is a retrospective analysis and our con-
clusions are guarded given absence of prospective val-
idation or correlation with neurocognitive outcomes.
Furthermore, given patients were required to have ade-
quate follow up with MRI, the WBRT cohort sample size
was small, where many patients who were treated pal-
liatively without follow up or had died soon after treat-
ment were unable to be studied. In this context, a future
larger prospective study is warranted. Secondly, the
SBDL pipeline was developed to study aging in healthy
patients, so there may be limited external validity when
applied to diseased brains. However, the SBDL algo-
rithm was also inherently designed to be robust to a rel-
atively heterogeneous image cohort, given the vastly
different image acquisition parameters between institu-
tions in the repositories. Along these lines, as referenced
earlier, “BL” scan between groups were not significantly
different in A%9¢ demonstrating that age prediction re-
mained as effective in the WBRT cohort as in the healthy
cohort. Lastly, our pilot SRS cohort comprised only 15
patients; a direct and robust comparison between SRS
and WBRT with larger sample sizes are required in the
future.
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In conclusion, with the WBRT-mediated apparent accel-
erated aging shown herein, we add to the growing cluster
of studies that re-examine the role of WBRT in the modern
era. Further work investigating the differential impact on
apparent brain aging and cognition between c-WBRT,
HA-WBRT and SRS are ongoing.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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