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Hippocampal avoidance prophylactic cranial irradiation
(HA-PCI) for small cell lung cancer reduces hippocampal
atrophy compared to conventional PCI
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Abstract

Background. Reducing radiation dose to the hippocampus with hippocampal avoidance prophylactic cranial irradi-
ation (HA-PCI) is proposed to prevent cognitive decline. It has, however, not been investigated whether hippocampal
atrophy is actually mitigated by this approach. Here, we determined whether HA-PCI reduces hippocampal atrophy.
Additionally, we evaluated neurotoxicity of (HA-)PCI to other brain regions. Finally, we evaluated associations of
hippocampal atrophy and brain neurotoxicity with memory decline.

Methods. High-quality research MRl scans were acquired in the multicenter, randomized phase 3 trial NCT01780675.
Hippocampal atrophy was evaluated for 4 months (57 HA-PCI patients and 46 PCIl patients) and 12 months (28
HA-PCI patients and 27 PCIl patients) after (HA-)PCIl. We additionally studied multimodal indices of brain injury.
Memory was assessed with the Hopkins Verbal Learning Test-Revised (HVLT-R).

Results. HA-PCI reduced hippocampal atrophy at 4 months (1.8% for HA-PCI and 3.0% for PCIl) and at 12 months
(3.0% for HA-PCI and 5.8% for PCI). Both HA-PCI and PCI were associated with considerable reductions in gray
matter and normal-appearing white matter, increases in white matter hyperintensities, and brain aging.There were
no significant associations between hippocampal atrophy and memory.

Conclusions. HA-PCI reduces hippocampal atrophy at 4 and 12 months compared to regular PCI. Both types of ra-
diotherapy are associated with considerable brain injury. We did not find evidence for excessive brain injury after
HA-PCI relative to PCI. Hippocampal atrophy was not associated with memory decline in this population as meas-
ured with HVLT-R. The usefulness of HA-PClI is still subject to debate.

Key Points
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Importance of the Study

Prophylactic cranial irradiation (PCl) is advocated in small
cell lung cancer patients because the risk of brain metas-
tases is very high. Neurocognitive decline is a dreaded
side effect of PCl. Reducing radiation dose to the hip-
pocampus with hippocampal avoidance PCI (HA-PCI) is
proposed to prevent cognitive decline. It has, however,
not been investigated whether hippocampal atrophy is
actually mitigated by this approach. In addition, there
are concerns that HA-PCI might be more detrimental to

Prophylactic cranial irradiation (PCl) is used to prevent
clinical symptoms of brain metastases. For small cell lung
cancer (SCLC) patients, the risk of brain metastases is >50%.
As PCI reduces the incidence of brain metastases and in-
creases overall survival (OS), PCl is advocated in patients
without distant metastases as well considered in those with
spread disease.'?

The reluctance to use PCl is due to concerns about
neurocognitive decline as a result of radiation-induced in-
jury to healthy brain tissue.® Hippocampal avoidance pro-
phylactic cranial radiation (HA-PCI) is an advanced type
of PCl where the radiation dose to the hippocampus is re-
duced as much as technically possible (eg, from 25 Gy to
<10 Gy) to diminish neurocognitive side effects, particu-
larly with respect to learning and memory.# In patients with
brain metastases, hippocampal avoidance whole-brain
radiotherapy (HA-WBRT) combined with memantine was
shown to better preserve cognitive functioning than con-
ventional whole-brain radiotherapy (WBRT) with meman-
tine (NRG-CCOO01 trial).5 In patients not yet diagnosed with
brain metastases, the neurocognitive benefit of HA-PCl vs
PCl has been reported in one prospective phase 3 trial, the
PREMER study (n = 150). In this trial, decline in delayed
free recall on the free and cued selective reminding test
(FCSRT) at 3 months was significantly lower in the HA-PCI
arm (5.8%) than in the PCl arm (23.5%). Our Dutch phase
3 randomized controlled clinical trial (RCT) NCT01780675
failed to show benefit using the Hopkins Verbal Learning
Test-Revised (HVLT-R).” As a possible reason for this nega-
tive trial, it has been suggested that the HA-PCI technique
used insufficiently protected the hippocampus from radia-
tion injury,® and that “hot spots” in brain regions outside
the hippocampus might have counteracted the positive
neurocognitive effects of hippocampal sparing.®

In the present study, we longitudinally evaluated whether
HA-PCI reduces hippocampal atrophy and is associated
with an increase in brain injury outside the hippocampus,
4 and 12 months after completion of (HA-)PCI compared
to a pre-(HA-)PCl baseline measurement. We analyzed ded-
icated high-quality MRI scans that were aligned between
all participating institutions.® To measure hippocampal at-
rophy we performed hippocampal volume measurements.
To measure brain injury, we measured the volumes of gray
matter, normal-appearing white matter, and white matter
hyperintensities. In addition, we estimated accelerated
brain aging using a machine learning algorithm. To assess

brain regions other than the hippocampus because of
suboptimal dosimetry. We found that HA-PCI reduced
hippocampal atrophy compared to PCI at 4 and 12 months
after treatment, where both HA-PCI and PCl were associ-
ated with considerable brain injury and brain aging. There
were no significant associations between hippocampal
atrophy and memory decline. For PCI, selective reduction
of radiation dose might only be of clinical benefit for cog-
nitive functioning when entire networks are spared.

the clinical relevance of these measures, we investigated
the association of these neuroimaging outcomes with the
primary endpoint of the Dutch trial, HVLT-R total recall.”

Materials and Methods
Patients

We describe the secondary results of the multicenter phase
3 trial (NCT01780675).” Eligible patients had histologically
or cytologically proven SCLC, stages I-lll (limited stage)
or stage IV (extensive stage), without clinical or radiolog-
ical evidence of brain metastases on a contrast-enhanced
MRI scan. All patients had no progressive disease after
chemoradiotherapy in stages I-lll or after chemotherapy
alone in stage IV. Patients younger than 18 years old and
those with previous radiotherapy to the brain or receiving
anticancer agents concurrently with PCl were excluded.
Patients first received four courses of chemotherapy and
subsequently PCI. The interval between the last chemo-
therapy course and the start of PCl was at least 3 weeks.

All patients gave written informed consent. The trial
was conducted according to the Declaration of Helsinki
and approved by the Medical Ethics Committee of the
Netherlands Cancer Institute.

Patients were irradiated using image-guided radio-
therapy to a total dose of 25 Gy in 10 fractions, five times
a week. Image-guided intensity-modulated radiotherapy
was performed using 6 or 10 megavolt photon beams. The
constraints in the HA-PCI group were: a mean physical
dose in the left and right hippocampi of <8.5 Gy (biological
dose <6.1 Gy for a/ff = 2 Gy), a D1% hippocampus <10 Gy,
maximum dose (Dmax) planning target volume (PTV) of
<28.75 Gy (115%), andV115% PTV <1%.The treatment plans
complied with the trial constraints in the vast majority of
cases.”

The study MRI scan protocol used defined high-
quality brain MRI scan acquisitions before (HA-)PCI and
4 and 12 months after (HA-)PCI. All sequences of the MRI
scanners of participating institutions were aligned and as-
sessed for multicenter and longitudinal reproducibility be-
fore the start of the study, including physical and human
phantom measurements.'® For the present study, a high-
resolution, three-dimensional T1-weighted MRI with excel-
lent contrast between gray and white matter (1.2-mm slice



thickness) and a high-resolution fluid-attenuated inversion
recovery (3D FLAIR) scan were used. The T1-weighted MRI
was used for the determination of hippocampal volume,
gray matter, and normal-appearing white matter volume
and brain age estimations.The 3D FLAIR scan was used for
the determination of white matter hyperintensities volume.
All measures were extracted with fully automated pro-
cedures and visually checked for accuracy. Hippocampal
volume, gray matter, and normal-appearing white matter
volume were automatically extracted with the longitudinal
pipeline of FreeSurfer 6.0.'2We extensively verified the re-
producibility of hippocampal volume measurements in our
methodological neuroimaging study.’ For instance, we
found a coefficient of variation (CV) of the hippocampal
volume of 0.94% for 5 consecutive MRI acquisitions in
the same individual, indicating satisfactory longitudinal
consistency. Briefly, the preprocessing steps involved in-
terpolation of images, non-uniform intensity correction,
intensity normalization, removal of non-brain tissue, and
nonlinear registration of the hippocampal volume, gray
matter, and normal-appearing white matter segmentations
in the FreeSurfer package to subject space. White matter
hyperintensities were extracted with the longitudinal
pipeline of the lesion prediction algorithm (LPA)."3'* The
BrainageR toolbox, version 1.0 was used for estimating
brain age.'’™ For each time point, the brain-predicted age
difference (BrainPad) was calculated by subtracting brain
age from chronological age (positive numbers indicate ac-
celerated brain aging)."® A neuropsychological test battery
was administered that included the HVLT-R." This verbal
learning and memory test provided the primary endpoint,
total recall.

Statistics

A per-protocol, complete case analysis approach was
used. For baseline measures, group differences were com-
pared using independent-samples t-tests. For the primary
outcome measure (hippocampal volume change), a P <
.05 was considered statistically significant. For baseline
characteristics and the secondary outcome measures, in-
cluding correlations, we used a P < .01 to reduce the risk of
type | errors as a result of multiple testing.

For each outcome measure, separate factorial general
linear model (GLM) repeated-measures analyses were con-
ducted for (1) the baseline and 4-month measurement and
(2) the baseline, 4-month, and 12-month measurement. We
modeled the main effect of the within-subject factor Time,
consisting of two or three levels (baseline and 4 months,
or baseline, 4 months, and 12 months), and the main ef-
fect of the between-subject factor Group, consisting of two
levels (HA-PCI or PCI) and the Time x Group interaction.
For hippocampal volume, the factor hemisphere (left/right)
and its interaction with the other factors were additionally
modeled, but has no significant interactions with Group or
Time were found these effects are not reported. Sensitivity
analyses were run excluding patients who were diagnosed
with brain metastases at the 4- or 12-month follow-up.

To examine the effect of dose variations to the hippo-
campus in the HA-PCI group with volume change, cor-
relations were calculated between mean dose to the left
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and right hippocampus, and D1% to the left and right hip-
pocampus, with changes in left and right hippocampal
volume in the HA-PCI group at 4 and 12 months compared
to the pre-HA-PCIl baseline measurement.

Baseline left and right hippocampal volume, normal-
appearing white matter, and white matter hyperintensities
were correlated with age to verify whether normal-
appearing white matter and hippocampal volume
were negatively correlated with age, and white matter
hyperintensities were positively correlated with age. To
assess the association of (changes in) these imaging out-
comes with (changes in) HVLT-R total recall, we ran Pearson
correlations. Because other related studies sometimes
focus on HVLT-R delayed recall, we also calculated correl-
ations with this outcome measure. Hippocampal and white
matter volumes at baseline were adjusted for intracranial
volume. For changes in hippocampal volume and white
matter volumes, unadjusted volumes were used. Please
note that to increase sensitivity, we used change in recall
scores as a continuous outcome measure whereas in the
main outcome paper, a dichotomized outcome measure
was used (“decline” or “stable”).

Results

Figure 1 shows a flowchart depicting patient attrition. At
4 months, MRIs of 58 (HA-PCI) and 46 (PCl) patients were
available for analysis. At 12 months, MRIs of 29 (HA-PCI)
and 27 (PCl) patients were available for analysis. The
planned mean dose to the left and right hippocampi was
8.0 Gy (range: 5.4-11.4 Gy). This was lower than the trial
constraint <8.5 Gy.

FreeSurfer failed to run for one patient in the HA-PCI
group.The 3D FLAIR scan was corrupt at 4 months for one
of the patients in the HA-PCI group affecting the three time
points. White matter hyperintensities estimation failed at
4 months in 4 patients (2 HA-PCl and 2 PCl patients), and at
12 months in 4 HA-PCI patients.

Baseline characteristics (before (HA-)PCI and after
primary treatment of SCLC are shown in Table 1. The
two groups did not significantly differ on any outcome
measure. Table 2 shows the statistical results of the Time
x Group analyses. Figure 2 visualizes these changes
over time for the two groups normalized for the baseline
assessment.

For the 4 months vs baseline analysis, the main effect
of Time was highly significant for all outcome measures
(P < .001), indicating volume reduction of the hippo-
campus, gray matter and normal-appearing white matter,
volume increase of white matter hyperintensities, ac-
celerated brain aging, and decrease in memory perfor-
mance irrespective of the type of PCl. Brain-predicted
age difference was 3.1 years (Cl 2.4-3.8 years) for HA-PCI
patients and 3.0 years (Cl 2.2-3.7 years) for PCl patients.
This indicates that brain aging was on average 8.4 faster
than chronological aging for both groups. A significant
Time x Group interaction for hippocampal volume indi-
cated less volume decline for the HA-PCI (-67 mm?3, Cl
-95 to —40 mm?) than the PCI group (-116 mm?3, Cl =156
to =77 mm?3). This indicates a volume decline of 1.8% for
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Baseline measurement

HA-PCI

82 patients
received BL MRI

No 4 month MRI
for 24 patients
(death, decline
disease
progression, no
MRI available
other reasons)

PCI

72 patients
received BL MRI

No 4 months MRI
for 26 patients

A 4

(death, decline
disease

progression, no
MRI available
other reasons)

- 58 patients 46 patients
4 month follow-up received BL and 4 received BL and 4
month MRI month MRI
No 12 month MRI No 12 month MRI
for 29 patients for 19 patients
(death, decline (death, decline
P disease P disease
progression, no progression, no
MRI available MRI available
other reasons) other reasons)
29 patients 27 patients
12 month follow-up received BL, 4 and received BL, 4 and
12 month MRI 12 month MRI

Fig.1 Study flowchart.

the HA-PCI group and a volume decline of 3.0% for the
PCl group. No other significantTime x Group interactions
were found.

For the 4- and 12-month follow-up vs baseline, the main
effect of Time was highly significant for all outcome meas-
ures (P < .001), except for total recall. This again indicated
volume reduction of the hippocampus, gray matter and
normal-appearing white matter, volume increase of white
matter hyperintensities, and brain-predicted age differ-
ence of 4.2 years (Cl 2.8-5.6 years) for HA-PCI patients and
3.8 years (Cl 2.2-5.3 years) for PCI patients. This indicates
that brain aging was on average 4.9 and 4.5 times faster
than chronological aging for the HA-PCI and PCI groups,
respectively. Similar to the 4 months vs baseline analysis,
a significant Time x Group interaction for hippocampal
volume indicated less volume decline for the HA-PCl group
(=115 mm3, Cl -154 to =78 mm?3) than for the PCl group
(=215 mm3, Cl -273 to —158 mm?). This indicates a volume
decline of 3.0% for the HA-PCI group and 5.8% for the PCI
group. No other significant Time x Group interactions
were found.

A sensitivity analysis, excluding patients who developed
brain metastases, showed comparable statistical results
(Table 3).

Associations of Dosimetric Variables With
Changes in Hippocampal Volume in the
HA-PCI Group

No significant correlations were found between mean
dose to the left and right hippocampus, and D1% to
the left and right hippocampus, with changes in left and
right hippocampal volume in the HA-PCI group at 4 and
12 months compared to the pre-HA-PCI baseline measure-
ment (SupplementaryTable 1).

Associations of MRI Outcomes Measures
With Recall

No significant associations were found between MRI
outcomes and memory outcomes. Left and right
hippocampal volume at baseline showed the expected
negative correlation with age, although this was only sig-
nificant for the HA-PCI group. Hippocampal volume at
baseline was not associated with total recall at baseline.
It was also not associated with change in total recall from
baseline to 4 months and from baseline to 12 months.
Hippocampal volume change from baseline to 4 months
and from baseline to 12 months was not associated with
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Table1 Baseline Characteristics

HA-PCI

Mean
Age 63.1
Hippocampal volume (mL) 3.8
Gray matter (mL) 566
Normal appearing white matter (mL) 442
White matter hyperintensities (mL) 12.7
Accelerated aging (months) 0.1
Total recall (nr. words) 22.9
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SD

8.4 58 64.3 V9 46 .455
0.5 57 3.8 0.4 46 .762
57.8 57 585 473 46 .072
63.0 57 450 55.1 46 .b36
12.5 55 174 20.7 44 167
7.0 58 3.0 8.8 46 .062
4.8 55 24.6 6.2 41 .132

Abbreviation: HA-PCI, hippocampal avoidance prophylactic cranial radiation.
Characteristics for patients for whom MRI data from the baseline and 4-month measurement were available.

Table2 Time x Group Analyses, Complete Sample

Time Point Factor Hippocampus
Baseline, Time F 62.127 58.777
?c;?oc\)/:/‘-t:p P <001 <.001
Group F .002 3.374
2 .966 .069
Time x F 4.453 .029
Group  p  g37 0.866
HA-PCI n 57 57
PCI n 46 46
Baseline, 4- Time F 7761 16.501
oo™ P <00 <.001
Group F 1.072 2.806
P .305 112
Time x F 7.138 1.305
Group b 02 280
HA-PCI n 28 28
PCI n 27 27

Acceler- Total Recall

ated Aging
20.047 42.31 140.217 17.663
<.001 <.001 <.001 <.001
S5 1.980 3.287 .778
.576 .163 .073 .380
.768 434 .089 2.252
.383 512 .766 137
57 55 58 55
46 44 46 41
71.091 18.399 4722 1.521
<.001 <.001 <.001 .229
.004 1.905 2.749 .098
.948 174 .103 .755
1.536 1.354 149 792
.225 .268 .862 .459
28 29 29 25
27 23 27 23

Abbreviations: HA-PCI, hippocampal avoidance prophylactic cranial radiation; NAWM, normal-appearing white matter; WMHI, white matter

hyperintensities.
Significant P values are displayed in bold.

change in total recall from baseline to 4 months and from
baseline to 12 months (Supplementary Tables 2 and 3).
Hippocampal volume at baseline was also not signifi-
cantly correlated with delayed recall (Supplementary
Tables 4 and 5). White matter hyperintensities and
normal-appearing white matter at baseline showed cor-
relations in the expected direction with age. White matter
hyperintensities and normal-appearing white matter at
baseline, as well as changes between time points were,
however, not significantly associated with (changes in)
total recall (Supplementary Tables 6 and 7).

Discussion

To the best of our knowledge, this is the first study to
show that HA-PCI reduces hippocampal atrophy com-
pared to conventional PCI. Although atrophy was still ap-
parent in the HA-PCI group, it was only about 50% of the
rate of atrophy observed in patients exposed to conven-
tional PCI. A previous study failed to show a difference in
hippocampal volume between HA-PCI and PCI. This was,
however, a cross-sectional comparison in a much smaller
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Fig.2 Time x Group analyses for 4-month follow-up and 4- and 12-month follow-up. For clarity, the figure shows percentage change compared
to pre-(HA-)PCI baseline (BL) measurement. Statistics as shown in Table 2 were performed on raw data. Panel A shows the primary outcome
measure, hippocampal volume. For accelerated aging (panel E), chronological aging is shown as a dotted line as a reference. See text for details.

retrospective sample of MRIs acquired in a clinical context
(n=2x9).°

Our longitudinal neuroimaging measures converged
to show that PCI (being conventional PCI or HA-PCI) has
severe side effects as shown by various MRI indices for
neurotoxicity.

In itself, it is not a novel finding that fractionated ra-
diotherapy is associated with (MRI indices of) neu-
rotoxicity,'®'® but our study is unique since we used
state-of-the-art research MRIs acquired at fixed time points
in a prospective randomized trial with a large number of
patients. This allowed us to measure percentage volume
change depending on brain tissue type and time since treat-
ment. We showed that gray matter and normal-appearing
white matter decreased with several percentages in
volume, independent of hippocampal sparing. Machine
learning-based brain age estimations put this in perspec-
tive by suggesting quite a dramatic accelerated brain aging
that was on average 8.4 times higher than chronolog-
ical aging (ie, the time that passed between the baseline

and follow-up measurements) at 4 months. In addition,
white matter hyperintensities almost doubled 12 months
after baseline but did not differentially increase between
hippocampal sparing and no sparing. This is in contrast to
the aforementioned study that did not find hippocampal
volume differences between HA-PCI and PCI.° This study
focused on periventricular white matter hyperintensities
and used a manual rating method that might explain the
discrepancy between our study. On the other hand, the
Mayinger et al’s study hardly found any increase in white
matter hyperintensities in the conventional PCl group
which is in contrast to the literature.?’ Therefore, the pat-
tern of results of that study is somewhat puzzling.
Hippocampal sparing was clearly associated with a re-
duction in hippocampal atrophy at 4 and 12 months, as
demonstrated by significant differences between the
PCI and HA-PCI groups. It should be noted, however,
that “sparing” is not absolute: even in the HA-PCI group
the hippocampus received radiation (mean dose 8.0 Gy),
and hippocampal volume also decreased significantly in
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Table3 Time x Group Analyses, Excluding Patients Who Developed Brain Metastases

Time Point Factor Hippocampus Gray Matter ALY WMHI Accelerated Aging Memory Recall
Baseline, Time F  59.388 63.217 19.764 38.739 121964 16.067
f(;ﬂ"o‘w_t:p P <.001 <.001 <.001 <001 <001 <.001
Group  F 242 5.720 1.436 4210 5.110 957
P 624 019 234 043 .026 331
Timex F 4989 0.248 0.977 0.466  0.001 2.810
Group  p g8 619 326 496 982 .097
HA-PCI n 54 54 54 52 55 52
PCI n 40 40 40 38 40 37
Baseline, 4- Time F 102.982 15.691 67.998 16.615  39.498 2.603
?(;folﬂ‘;"“th P <001 <.001 <.001 <001 <001 087
Group  F 1867 1.780 0.012 2.096  3.618 .054
P 178 189 915 154 .063 817
Timex F 15593 2.162 1.926 1.059 0.261 1.190
Group b _om 127 157 355 772 315
HA-PCI n 25 25 25 26 26 23
PCI n 24 24 24 22 24 20

Abbreviations: HA-PCI, hippocampal avoidance prophylactic cranial radiation; NAWM, normal-appearing white matter; WMHI, white matter

hyperintensities.
Significant P values are displayed in bold.

the HA-PCI group albeit to a lesser extent than in the PCI
group. Moreover, radiation dose within the HA-PCI group
varied between patients. We did, however, not observe sig-
nificant associations between dosimetric parameters and
hippocampal volume change within the HA-PCI group.
There are various explanations for the absence of signifi-
cant associations: (i) volume decline was possibly mainly
the result of normal aging and therefore not associated
with radiotherapy dose to the hippocampus in the HA-PCI
group.The 3% volume decline we found at 12 months was,
however, larger than the 1.4% that has been reported for
normal aging, making this explanation not very likely,?" (ii)
the hippocampus is sensitive to neurotoxicity at relatively
low doses of radiation, but the variability in the HA-PCI
group was too small to demonstrate a dose-response re-
lationship, (iii) the sample size was too small to detect rel-
atively small differences in hippocampal volume change,
(iv) the used methodology (type of MRI scan and/or seg-
mentation method) was not sufficiently sensitive to detect
relatively small differences in hippocampal volume change
as a result of dose variations to the hippocampus.

The neuroimaging outcomes presented here provide
important additional information to our RCT where we
did not observe a benefit of HA-PCI vs PCl on HVLT-R total
recall (the primary endpoint) or on HVLT-R delayed recall
(one of the secondary endpoints) at any of the evaluated
time points (4, 8, 12, and 24 months).” A major concern
raised was that we insufficiently succeeded to reduce the
radiation dose to the hippocampus.?223 Here we provide
neuroanatomical evidence that HA-PCl actually did re-
duce radiation-induced hippocampal atrophy. In addition,
we performed extensive quality assurance on the radio-
therapy planning and execution’?4?> and maintained wide

margins for hippocampal delineation uncertainties.?®¢ We
therefore consider the explanation that we did not find a
beneficial effect of HA-PCl on memory because of insuffi-
cient sparing of the hippocampus unlikely.

Several alternative explanations can be brought for-
ward to explain disparate findings between our RCT and
closely related RCTs. Considering the positive NRG-CC001
trial in patients with brain metastases who were random-
ized between HA-WBRT and conventional WBRT (both with
memantine treatment),® the combination of hippocampal
sparing and memantine might have had synergistic effects
on cognitive functioning.?” Another explanation for a spe-
cific advantage of HA-WBRT over WBRT in patients with
brain metastases as compared to advantage of HA-PCI
over PCl in patients without brain metastases, might be the
higher level of brain injury outside the hippocampus due
to the presence of brain metastases and higher RT dose in
the former case. It might be argued that as a result of this
higher level of brain injury, patients with brain metastases
rely more on the hippocampus for cognitive functioning as
a compensatory mechanism, which would explain the ben-
eficial effect of hippocampal sparing.?® It should be noted
that the primary endpoint for this trial was not memory-
specific (ie, time to cognitive failure on any neuropsycho-
logical test). With regard to HVLT-R total recall and delayed
recall, for the 2-, 4-, and 6-month time points evaluated, a
significant advantage for HA-WBRT over WBRT was only
observed for HVLT-R total recall at 6 months. In the RTOG
0614 trial where patients with brain metastases were ran-
domized between WBRT with or without memantine and
evaluated at 2, 4, and 6 months, HVLT-R delayed recall was
the primary endpoint. No statistically significant beneficial
effect of memantine over no memantine was observed at
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any time point although performance on the HVLT-R de-
layed recall, not the HVLT-R total recall, leaned toward sig-
nificance for the memantine vs the no memantine group at
2 and 6 months.?®

Combining the results of these studies, it seems un-
certain which HVLT-R subtest is more suited to isolate
hippocampal (dys)function. If anything, the beneficial ef-
fects of hippocampal sparing and/or memantine on HVLT-R
performance do not appear to be particularly sound. Finally,
the study most closely related to our study is the PREMER
study, which compared HA-PCI with PCI (both arms without
memantine) in SCLC patients not yet diagnosed with brain
metastases. In contrast to our study, the NRG-CC003 trial,
the RTOG 0614 trial, and many other brain radiotherapy
studies with cognitive endpoints,?*3* the PREMER study
used an alternative memory test, the FCSRT. No other cog-
nitive domains were evaluated. This study showed a sta-
tistically significant advantage of HA-PCI compared to PCI
on the primary endpoint, “delayed free recall” at 3 months.
HA-PCI was also significantly better than PCI at other time
points and for other FCSRT-based memory outcomes.6The
FCSRT, therefore, seems superior to HVLT-R in isolating
hippocampal (dys)function in the context of brain radio-
therapy, although it should be applied more often in this
field to allow a fair comparison.

In our view, it is beyond doubt that all described (sub)
tests measure (episodic) memory and therefore tap into
hippocampal (dys)function, although some tests may suc-
ceed better than others. Comparing HVLT-R total recall
and HVLT-R delayed recall, it should be noted that perfor-
mance on both subtests is typically strongly correlated,
which argues against the notion that they tap into qual-
itatively different aspects of memory. A potential advan-
tage of the HVLT-R total recall is that it is closely linked to
hippocampus-dependent memory consolidation. A po-
tential advantage of the HVLT-R delayed recall is that it is
less influenced by working memory, which does not rely
on the hippocampus.?® The FCSRT has some potential
advantages over the HVLT-R in general because it aims
at limiting both confounding, non-hippocampal-driven
effects of inattention and working memory on memory
performance.636:37

The present study allowed us to directly compare
(changes in) hippocampal volume and white matter volume
with (changes in) memory functioning. Importantly, both
the decline in brain volumes as well as the decline in
memory were highly significant at 4 months (independent
of the study arm). There were, however, no direct associ-
ations between brain volume declines and memory de-
cline. First, it should be noted that in general, the literature
on hippocampal volume (changes) and memory is incon-
clusive.¥% Second, the decline in memory after (HA-)PCI
may not primarily depend on radiation-induced atrophy
of separate brain regions but may be better explained
as the result of alterations in brain networks supporting
cognitive functions instead of single “modules” like the
hippocampus.*®

Perhaps the most pertinent question that arises from
this and related studies is Should we prescribe HA-PCI
to SCLC patients? For HA-PCI to become the standard
of care, further study is needed. While the results of the
NRG-CCO003 trial (NCT02635009) are eagerly awaited, the

conclusion from contemporary theoretical frameworks
on brain function seems to be, that selectively reducing
radiotherapy dose might only be of clinical benefit for
cognitive functioning when entire networks are spared,
eg, the “default mode” network in the case of memory
function.?’ This network of interconnected brain regions
has been uncovered with “resting-state fMRI,” a tech-
nique that allows the reconstruction of networks that
are involved in cognitive function, and is based on fMRI
scans that are acquired when an individual is not explic-
itly instructed to perform a cognitive test. The “default
mode” network is considered to represent the backbone
of cortical integration*® and next to the hippocampus it
encompasses many cortical brain regions. Connectivity
within the “default mode” network has been found to
correlate with cognitive functioning in several cognitive
domains, including memory. Of course, sparing of large
brain volumes brings up safety issues, as receiving ther-
apeutic doses of radiation will inevitably increase the risk
of brain metastases. Moreover, as the “default mode”
network might vary considerably at the individual level,
radiotherapy dose distributions should preferably be tai-
lored accordingly.*® Assuming that sparing the hippo-
campus from receiving high radiation dose truly results
in preservation of (a subcomponent of) memory function
(as indicated by the PREMER trial), the most important
question for patients is to what extent this will benefit
their quality of life. Indications that this is the case were
reported for the NRG-CC001 trial® but not the PREMER
trial.® For the present study, the manuscript of the quality
of life results is in preparation. For the broader question
whether we should still be describing PCI altogether, or
should adapt a strategy of MRI surveillance, we refer to a
recent review on this matter.%°

Several limitations should be noted for the current study.
We did not directly explore the (individually variable) loca-
tions of hot spots and their association with MRl measures
at these specific locations. This would require registration
of dose distributions to the MRI scans at the individual
level which was outside the scope of this study. Also, more
advanced MRI sequences may be more sensitive to rela-
tively subtle regional overdosing.

In conclusion, we showed for the first time that HA-PCI
reduces hippocampal atrophy compared to regular PCI,
whereas both techniques are associated with consider
able brain injury as shown by various MRI indices. The
neurocognitive benefit of sparing the hippocampus in the
context of PCl is still subject to debate.
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Supplementary material is available at Neuro-Oncology
online.
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