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Purpose

Compared with photon radiation (XRT), proton beam radiation therapy (PBRT) reduces dose to normal
tissues, which may lead to better neurocognitive outcomes. We compared change in intelligence
quotient (IQ) over time in pediatric patients with brain tumors treated with PBRT versus XRT.

Patients and Methods

|Q scores were available for 150 patients (60 had received XRT, 90 had received PBRT). Linear mixed
models examined change in |Q over time since radiation therapy (RT) by RT group, controlling for
demographic/clinical characteristics. Craniospinal and focal RT subgroups were also examined.

Results

In the PBRT group, no change in 1Q over time was identified (P=.130), whereas in the XRT group, 1Q
declined by 1.1 points per year (P=.004). |Q slopes did not differ between groups (P = .509). |Q was
lower in the XRT group (by 8.7 points) versus the PBRT group (P=.011). In the craniospinal subgroup,
|Q remained stable in both the PBRT (P=.203) and XRT groups (P = .060), and |1Q slopes did not differ
(P=.890). IQ was lower in the XRT group (by 12.5 points) versus the PBRT group (P=.004). In the focal
subgroup, 1Q scores remained stable in the PBRT group (P=.401) but declined significantly in the XRT
group by 1.57 points per year (P = .026). 1Q slopes did not differ between groups (P = .342).

Conclusion

PBRT was not associated with 1Q decline or impairment, yet |Q slopes did not differ between the
PBRT and XRT groups. It remains unclear if PBRT results in clinically meaningful cognitive sparing
that significantly exceeds that of modern XRT protocols. Additional long-term data are needed to
fully understand the neurocognitive impact of PBRT in survivors of pediatric brain tumors.

J Clin Oncol 34:1043-1049. © 2016 by American Society of Clinical Oncology

dose and no exit dose, and minimizing irra-
diation of healthy surrounding tissue.” In this
way, there is optimism that PBRT may protect

Cranial radiation therapy (RT) is associated with
declines of two to four intelligence quotient (IQ)
points per year among pediatric patients with
brain tumors.'” Risk for intellectual decline
increases with younger age at RT, higher RT dose,
and larger RT fields.*” Advancements in photon
RT (XRT), including intensity-modulated RT
(IMRT) and three-dimensional conformal RT,
provide more precise radiation dose delivery to
target areas.® Still, XRT entrance and exit doses
irradiate surrounding healthy tissue.’ In contrast,
proton beam RT (PBRT) deposits the max-
imum dose at the desired depth of tissue
penetration, thereby depositing less entrance

against cognitive sequelae in pediatric patients
with brain tumors.

Many publications herald the potential
neuroprotective benefit PBRT offers pediatric
patients with brain tumors.” 2 Yet, to our
knowledge, only three published studies present
actual cognitive outcomes data on PBRT-treated
pediatric patients with brain tumors. In patients
with medulloblastoma/primitive neuroectodermal
tumors (PNETs) (n = 5), authors reported no
difference in mean IQ between baseline and
follow-up (1 to 3 years after PBRT)."” Similarly, no
difference between baseline and follow-up IQ
scores was identified in patients with ependymoma

© 2016 by American Society of Clinical Oncology 1043


http://www.jco.org
http://www.jco.org
mailto:kahalley@bcm.edu
http://dx.doi.org/10.1200/JCO.2015.62.1383

Kahalley et al

(n = 14), with 1 to 5 years follow-up after PBRT."* Finally, a recent
report found no difference between baseline and follow-up IQ scores
(1 to 8 years after PBRT) in patients with low-grade glioma (n =
12)."” Considering the small samples and lack of comparison
groups, these early reports leave much unknown regarding the
neurocognitive impact of PBRT in pediatric patients with brain
tumors.

In the current study, we examined change in IQ over time in
pediatric patients with brain tumors treated with PBRT and

cognitive outcomes in pediatric patients with brain tumors treated
with PBRT.

Patients
With Institutional Review Board approval, records were examined for
pediatric patients with brain tumors from Texas Children’s Hospital who

were treated with PBRT from 2007 to 2012 at the MD Anderson Proton
Therapy Center. We also examined records for a historical comparison
group comprising pediatric patients with brain tumors treated with XRT
from 2002 to 2007. This time frame reduced potential treatment selection
bias likely after PBRT became available in 2007. Patients were 18 years old
or younger at RT, with only a single course of RT. High-grade gliomas,
brainstem gliomas, and atypical teratoid/rhabdoid tumors were excluded
because they were not consistently treated with PBRT and are associated

compared the change in IQ over time between these patients and a
similar XRT cohort. We hypothesized we would observe IQ decline
in both treatment cohorts; however, we expected greater score
decline in the XRT group due to the relative sparing of healthy
brain tissue anticipated in the PBRT group. To our knowledge, this
is the first study comparing neurocognitive outcomes between
PBRT and XRT cohorts and provides the largest report to date on

Table 1. Patient Characteristics by RT Group (N = 150)
Characteristic* XRT Group PBRT Group P
Total 60 (40.0) 90 (60.0)
Sex
Female 27 (45.0) 36 (40.0) .543
Male 33 (55.0) 54 (60.0)
Race/ethnicity
White 22 (37.3) 46 (52.3) .204
Black 8 (13.6) 13 (14.8)
Hispanic/Latino 25 (42.4) 23 (26.1)
Other racet 4 (6.8) 6 (6.8)
Histology
Glioma 8 (13.3) 20 (22.2) .002
Medulloblastoma/PNET 28 (46.7) 34 (37.8)
Ependymoma 13 (21.7) 4 (4.4)
Germ cell tumor 3 (5.0 17 (18.9)
Othert 8 (13.3) 15 (16.7)
Tumor location
Infratentorial 32 (54.2) 36 (40.4) .206
Supratentorial 27 (45.8) 53 (59.6)
CSI
Yes 31 (51.7) 51 (66.7) 547
No 29 (48.3) 39 (43.3)
Craniotomy
Yes 58 (96.7) 78 (86.7) .046
No 2 (3.3) 12 (13.3)
VP shunt
Yes 30 (50.0) 27 (30.0) .013
No 30 (50.0) 63 (70.0)
Performance score = 808
Yes 30 (57.7) 32 (38.6) .030
No 22 (42.3) 51 (61.4)
Total RT dose to tumor, Gy, median (range) 54.0 (30.6-69.4) 54.0 (30.0-60.0) .010]|
CSI dose, Gy, median (range) 23.4 (21.0-39.6) 23.4 (21.0-39.6) 911
Tumor bed boost dose, Gy, median (range) 55.8 (44.4-55.8) 54.0 (30.0-55.8) 152
Age at diagnosis, years, mean = SD (range) 7.8 £4.0(0.6-17.9) 8.6 £ 4.3 (1.1-17.8) .301
Age at RT, years, mean = SD (range) 8.1 £ 3.9 (1.2-18.0) 9.2 41 (1.7-18.2) .108
Tumor diameter, cm, mean = SD (range) 46 = 1.5 (1.5-8.1) 4.2 + 1.6 (1.3-9.6) .155
SESY, mean *= SD (range) 156.2 + 11.3 (0.9-46.0) 12.6 + 11.6 (0.8-63.9) 182
NOTE: Data are given as No. (%) unless otherwise indicated.
Abbreviations: CSl, craniospinal irradiation; PBRT, proton beam radiation therapy; PNET, primitive neuroectodermal tumor; RT, radiation therapy; SD, standard deviation;
SES, socioeconomic status; VP, ventriculoperitoneal, XRT, photon radiation therapy.
*Data were missing for race (n = 3), tumor location (n = 2), performance score (n = 15), and tumor diameter (n = 7). All patients who received CSl also received a tumor
bed boost (XRT group, n = 31; PBRT group, n = 51).
1The other race category includes Asian (n = 8) and American Indian (n = 2).
FThe other histology category includes craniopharyngioma (n = 13), choroid plexus carcinoma (n = 4), meningioma (n = 2), ganglioneuroblastoma (n = 1), neuronal glial
(n = 1), epidermoid (n = 1), and undetermined (n = 1).
§Performance score was obtained from the Lansky/Karnofsky rating at the first clinic visit after diagnosis.
Nonparametric comparison was used rather than a means test because of the skewed distribution of values.
YISES is reported as the percent of households in poverty within the home ZIP code of a patient.
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with limited long-term survival. All patients were English or Spanish
speaking.

Measures

Eligible neurocognitive evaluation records included an IQ score
derived from the age-appropriate version of one of the following tests:
Leiter International Performance Scale'® (18.7%), Wechsler Scales of
Intelligence”’19 (70.8%), or the Woodcock-Johnson Tests of Cognitive
Ability20 (10.5%). 1IQ correlations across these tests are reported to range
from 0.71 to 0.86.2%** IQ scores provide a measure of global intellectual
functioning as standard scores with a mean (M) of 100 and a standard
deviation (SD) of 15.

Socioeconomic status (SES) was derived from the percent of
households in poverty within the home ZIP code of a patient. Performance
status was derived from the Lansky or Karnofsky scales (depending on
patient age) measured at the first clinic visit after diagnosis, with scores
ranging from zero (dead) to 100 (fully active, normal).»**

Statistical Analyses

Summary statistics were stratified by treatment group and compared
using independent, two-sample ¢ tests, Wilcoxon rank-sum tests, or )(2
tests. A general linear mixed model compared change in IQ scores over
time between treatment groups. The model included fixed effects for
treatment group, time, and a group-by-time interaction term, as well as a
random intercept and slope. Baseline characteristics significant at P <.05
in univariable analysis were included in a multiple regression model.
Regression coefficients were assessed at P < .05. Because the theoretical
neurocognitive sparing from PBRT is expected to differ if a patient receives
focal RT versus craniospinal irradiation (CSI), we also examined CSI and
focal RT groups in separate models.

We identified 205 eligible patients. Eligible neurocognitive eval-
uation records were available for 150 patients (XRT group, n = 60;
PBRT group, n = 90), resulting in an overall inclusion rate of
73.2%. IQ scores were unavailable for deceased (n = 13) or blind
patients (n = 7) or for reasons not specified in the medical record
(n = 35). Patients without IQ scores did not differ significantly
from those included in analyses by RT type, age at diagnosis, age at
RT, sex, race, or histology. Serial neurocognitive surveillance is
standard clinical procedure at this institution for pediatric patients
with brain tumors. Most patients (86.0%) completed the same test
battery across serial evaluations. Test type did not differ between
groups. Patients in the XRT group had more evaluations (XRT: M,
3.6 evaluations, SD, 2.0; PBRT: M, 2.3 evaluations, SD, 1.2) and
longer intervals between RT and last evaluation (XRT: M, 5.4 years,
SD, 3.3; PBRT: M, 2.7 years, SD, 1.9), with P <.001 for both. This
difference was expected because patients receiving XRT were off
treatment longer than those receiving PBRT. The interval between
RT and first evaluation did not differ between groups (XRT: M, 0.9
years, SD, 1.4; PBRT: M, 0.7 years, SD, 0.9). Individual patients had
one to seven available IQ scores.

The XRT cohort was treated with contemporary RT techni-
ques comparable to those of the PBRT cohort. XRT treatment
plans included three-dimensional conformal (8.3%), IMRT
(45.0%), and three-dimensional conformal plus IMRT tumor bed
(TB)/margin boost (46.7%). The majority of PBRT-treated
patients received passive scatter (90.0%) versus scanning beam
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proton therapy (10.0%). All CSI-treated patients received a TB +
margin boost, with an additional posterior fossa (PF) boost
administered to 0.0% of patients receiving PBRT and to 35.0% of
patients receiving CSI XRT (median PF dose, 36.0 Gy; range, 34.2
to 45.0 Gy).

Patient characteristics are summarized in Table 1. The dis-
tribution of histologies differed between treatment groups (P =
.002), with a greater percentage of medulloblastoma/PNET and
ependymoma tumors in the XRT group. More patients in the XRT
group received craniotomy (P = .046), ventriculoperitoneal (VP)
shunt (P = .013), and Lansky/Karnofsky performance scores of
80 or lower at first clinic visit after diagnosis (P = .030). Total RT
dose to the tumor was higher in the XRT group (P = .010). RT
groups did not differ by sex, race or ethnicity, SES, tumor location
(infratentorial/supratentorial), or history of CSI. Among CSI-
treated patients, there was no difference between PBRT and
XRT groups on median tests of CSI dose or TB boost dose
(Table 1). For analysis, CSI-treated patients were categorized as

Table 2. Linear Mixed Effects Model of IQ Change Over Time by RT Group
(n = 123)*
Parameter Betat 95% Cl P

Time since RT, years -0.7 —161t00.2 .130

RT group (XRT) X time since RT, years -0.4 —-1.6100.8 .509

RT group, XRT —-8.7 —155t0 —2.0 011

Age at RT, years -0.1 —-0.91t0 0.8 .905

Total RT dose to tumor, Gy -0.1 —-0.9t0 0.7 .810

CSlI 4.7 —6.51t0 15.8 414

VP shunt —47 —-109to 1.6 144

Tumor location, supratentorial -13 -=102t0 7.7 778

Tumor diameter, cm# -1.3 —-3.51t 0.8 227

Histology 276

Glioma —

Medulloblastoma/PNET -7.7 -214t06.0 271
Ependymoma 7.3 —6.9t0 21.6 312
Germ cell tumor -26 -16.7t0 115 716
Others 5.7 —5.21t0 165 .306

Performance score = 80¢|| —-6.7 —-139t004 .063

SESt -183 —46.1t095 197

Race/ethnicity$] 146

White —

Black -102 —-190to-1.4 .023#

Hispanic/Latino —22 —10.1t05b.6 7%

Other 05 —11.0t012.0 935
1Q test type .000

Leiter —

Woodcock-Johnson 12.1 5.2 to 19.1 .001
Wechsler 2.1 —-3.61t07.8 465
Abbreviations: —, reference group; CSI, craniospinal irradiation; 1Q, intelligence
quotient; PNET, primitive neuroectodermal tumor; RT, radiation therapy; SES,
socioeconomic status; VP, ventriculoperitoneal; XRT, photon radiation therapy.
*Twenty-seven patients were excluded from the model because of missing

data on covariates.

TBeta = slope.

$Data were missing for tumor location (n = 2), tumor diameter (n = 7), per-
formance score (n = 15), SES (n = 1), and race (n = 3).

§Other histology category includes craniopharyngioma (n = 13), choroid plexus
carcinoma (n = 4), meningioma (n = 2), ganglioneuroblastoma (n = 1), neuronal
glial (n = 1), epidermoid (n = 1), and undetermined (n = 1).

|| Performance score was obtained from the Lansky/Karnofsky rating at the first
clinic visit after diagnosis.

fIOther race category includes Asian (n = 8) and American Indian (n = 2).

#Because the overall effect for race/ethnicity was not significant, the significant
result for the black versus white contrast is not interpreted as a significant effect.

© 2016 by American Society of Clinical Oncology 1045
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Fig 1. Bold lines represent the regression lines of IQ change over time since RT
for each RT group, on the basis of average values for all variables included in the
model (Table 2). Fine lines represent unadjusted change in 1Q over time for
individual patients. 1Q, intelligence quotient; PBRT, proton beam radiation therapy;
RT, radiation therapy; XRT, photon radiation therapy.

receiving standard-dose (30.6 to 39.6 Gy) or reduced-dose CSI
(18.0 to 25.2 Gy).

In univariate regressions adjusting for time since RT
(Appendix Table A1, online only), lower IQ scores were associated
with XRT (P <.001), Black and Hispanic race or ethnicity (v white,
P =.023 and P = .008, respectively), younger age at RT (P =.029),
infratentorial tumor location (P = .024), medulloblastoma/PNET
histology (P = .036), larger tumor diameter (P = .011), history of
VP shunt (P =.001), Leiter IQ test (P = .001), a Lansky/Karnofsky
performance score of 80 or lower at the first clinic visit after
diagnosis (P = .001), lower SES (P = .004), longer time since RT
(< .001), and history of PF boost (P = .007). Sex, history of
craniotomy, total RT dose to the tumor, CSI, and CSI dose were not
associated with IQ after adjusting for time since RT.

In our first multivariable model (Table 2), we examined if the
PBRT group experienced significant IQ decline over time and if
PBRT and XRT groups differed in IQ change over time. All var-
iables found to be significantly associated with RT group or IQ in
univariate analyses were included as covariates. Although non-
significant in univariate analyses, CSI history was also included as a
covariate, given the known cognitive risk associated with CSI. In
this model, no statistically significant IQ decline was found in the
PBRT group (95% CI, —1.6 to 0.2; P =.130). In contrast, the XRT
group lost a statistically significant 1.1 IQ points per year, on
average (95% CI, —1.8 to —0.4; P =.004). Even so, there was not a
statistically significant difference in the change in IQ over time
between the PBRT and XRT groups (—0.7 v —1.1 points per year,
respectively; P = .509). Overall, IQ scores were significantly lower
in the XRT group compared with the PBRT group by 8.7 points on
average (P = .011). (Without a significant difference in IQ slopes
between groups, this difference in IQ scores is best described as a
persistent difference between groups rather than a difference at a
distinct point in time, eg, baseline). Scores on the Woodcock-
Johnson tests were higher than Leiter scores (P <.001). No other
statistically significant associations were identified in the model.
Exclusion of patients who received a PF boost did not change the

1046 © 2016 by American Society of Clinical Oncology

overall results of this model (data not shown). Figure 1 presents
regression lines of change in IQ over time since RT for both RT groups,
on the basis of average values for all variables included in this model.

In our second model (Table 3), we examined change in IQ
over time by RT group (PBRT v XRT) for patients who received
CSI. Statistically significant IQ decline was not found in either
group (PBRT: P =.203; XRT: P =.060), and IQ slopes did not differ
between PBRT and XRT groups (—0.8 v —0.9 points per year,
respectively; P =.890). IQ scores were persistently lower in the XRT
group by 12.5 points on average compared with the PBRT group
(P =.004). Lower IQ scores were also significantly associated with
lower Lansky/Karnofsky performance scores after diagnosis (P =
.001). A significant association between race or ethnicity and 1Q
was identified (P < .001), with lower IQ scores among black
patients and higher IQ scores among the other race or ethnicity
category compared with white patients. The type of IQ test
administered was again associated with IQ, with higher Woodcock-
Johnson scores compared with Leiter scores (P <.001). No other
significant associations were identified in this model. History of PF
boost did not account for a significant amount of variance when
added to this model, and the exclusion of patients who received a
PF boost did not change the overall results of this model (data not
shown).

Table 3. Linear Mixed Effects Model of IQ Change Over Time by RT Group for
CSI Only (n = 69)*

Parameter Betat 95% Cl P

Time since RT, years -0.8 -191t0 04 .203
RT group (XRT) X time since RT, years -0.1 -16t0 1.4 .890
RT group (XRT) -125 -21.1t0 -39 .004
Age at RT, years -0.5 —1.61t0 0.6 .381
Total RT dose to tumor, Gy 0.0 —-1.0to 1.1 .964
VP shunt —-5.0 —-129t0 29 217
Tumor location# 2.7 —991to0 16.2 .680
Tumor diameter, cm# -1.6 44t 1.1 251
Histology .608

Glioma —

Medulloblastoma/PNET 08 —3431t0358 .966

Germ cell tumor 1.9 —31.8 to 35.7 911

Others 148 —229t052.4 441
Performance score = 80i|| -144  —-227to —-6.0 .001
SES# -16.1 —46.4 t0 14.1 296
Race/ethnicity ¥ < .001

White —

Black -16.0 —26.2to —5.8 .002

Hispanic/Latino 0.3 -9.21t09.9 .946

Otheryl 16.5 3.7t029.2 011
1Q test type < .001

Leiter —

Woodcock-Johnson 13.4 6.1 t0 20.7 < .001

Wechsler 3.9 -2.3 10 10.0 218

Abbreviations: —, reference group; CSI, craniospinal irradiation; 1Q, intelligence
quotient; PNET, primitive neuroectodermal tumor; RT, radiation therapy; SES,
socioeconomic status; VP, ventriculoperitoneal; XRT, photon radiation therapy.

*Of the patients who underwent CSI, 13 were excluded from the model
because of missing data on covariates.

tBeta = slope.

$Data were missing for tumor location (n = 1), tumor diameter (n = 3), per-
formance score (n = 7), SES (n = 1), and race/ethnicity (n = 2).

§Other histology category includes choroid plexus carcinoma (n = 3), gan-
glioneuroblastoma (n = 1), epidermoid (n = 1), and undetermined (n = 1).

Performance score was obtained from the Lansky/Karnofsky rating at the first
clinic visit after diagnosis.

YOther race category includes Asian (n = 5) and American Indian (n = 1).

JOURNAL OF CLINICAL ONCOLOGY



Comparing 1Q Change After Proton Versus Photon Radiation Therapy

Our final model (Table 4) compared IQ change over time
between PBRT and XRT groups for patients who received focal RT.
Statistically significant IQ decline was not found in the PBRT group
(95% CI, —2.0t0 0.8; P=.401). In contrast, a significant IQ decline
of 1.6 points per year on average was observed in the XRT group
(95% CI, —3.0 to —0.2; P = .026). Still, a significant difference
in IQ slopes was not detected between PBRT and XRT groups
(—0.6 v —1.6 points per year, respectively; P = .342). Lower SES
was associated with lower IQ scores (P = .001). IQ scores derived
from the Leiter International Performance Scale were lower than
Wechsler scores (P =.031). No other significant associations were
identified in this model. Figure 2 presents regression lines of
change in IQ over time since RT by RT group and by CSI/focal RT
history, on the basis of average values for all variables included in
these models.

In the largest report of neurocognitive outcomes after treatment of
pediatric brain tumors with PBRT, significant IQ decline was not

Table 4. Linear Mixed Effects Model of IQ Change Over Time by RT Group for
Focal RT Only (n = 54)*
Parameter Betat 95% Cl P
Time since RT, years -0.6 —2.01t0 0.8 401
RT group (XRT) X time since RT, years —1.0 -3.0t0 1.0 .342
RT group (XRT) -30 —1261t06.6 541
Age at RT, years -0.3 -151t0 0.9 .602
Total RT dose to tumor, Gy —0.5 —1610 0.6 .360
VP shunt -15 -1031t0 7.2 .730
Tumor location# 3.0 —-9.4 t0 154 .640
Tumor diameter, cm¥ -3.0 —6.010 0.0 .051
Histology .323
Glioma —
Medulloblastoma/PNET —-120 -3191t08.0 241
Ependymoma 6.4 —10.0t022.8 446
Germ cell tumor -126 —31.81t06.6 199
Others 03 -106t011.2 .955
Performance score = 80¢|| 2.4 —-9.51t0 14.2 .697
SES# —=79.2 —-125.7to —32.8 .001
Race/ethnicity® .065
White —
Black -15 —-1441t0115 .825
Hispanic/Latino -16 —13.61t0 10.3 .789
Othery —265 —459to —7.1 .007#
1Q test type
Leiter —
Wechsler =1B.1 —289to —1.3 .031
Abbreviations: —, reference group; 1Q, intelligence quotient; PNET, primitive
neuroectodermal tumor; RT, radiation therapy; SES, socioeconomic status; VP,
ventriculoperitoneal; XRT, photon radiation therapy.
*Fourteen focal patients were excluded from the model because of missing
data on covariates.
tBeta = slope.
tData were missing for tumor location (n = 1), tumor diameter (n = 4), per-
formance score (n = 8), and race/ethnicity (n = 1).
80ther histology category includes craniopharyngioma (n = 13), choroid plexus
carcinoma (n = 1), meningioma (n = 2), and neuronal glial (n = 1).
||Performance score was obtained from the Lansky/Karnofsky rating at the first
clinic visit after diagnosis.
fIOther race category includes Asian (n = 3) and American Indian (n = 1).
#Because the overall effect for race/ethnicity was not significant, the significant
result for the other versus white contrast is not interpreted as a significant effect.
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Fig 2. Regression lines of IQ change over time since RT for each RT group and by
CSl/focal RT history, on the basis of average values for all variables included in the
model (Tables 3 and 4). CSI, craniospinal irradiation; 1Q, intelligence quotient;
PBRT, proton beam radiation therapy; RT, radiation therapy; XRT, photon radiation
therapy.

identified in patients treated with PBRT. In contrast, IQ decline was
observed in the XRT group, consistent with the preponderance of
reports in the cognitive late-effects literature.'™ Still, a significant
difference in the change in IQ over time was not identified between
the PBRT and XRT groups. As such, this study does not provide
clear evidence that PBRT results in clinically meaningful sparing of
global IQ significantly exceeding that of modern XRT protocols.

There are several reasonable explanations for the failure to
detect a difference in IQ slopes between groups. First, our study
may have lacked the power to detect an actual significant differ-
ence. The unadjusted difference in slopes was —0.3 IQ points per
year (PBRT slope, —0.9; XRT slope, —1.2). Our current sample size
only provided 11% power to detect a significant difference of this
magnitude. A difference in slopes of 1.5 IQ points per year would
be required to achieve 80% power with this sample size. Still, it is
difficult to ascribe clinical meaningfulness to a difference in IQ
change as small as that observed in this sample. Second, global IQ
may not be a sensitive enough measure to detect neurocognitive
change in patients treated with contemporary RT methods. Pos-
sibly, PBRT better preserves functioning in domains known to be
particularly RT sensitive (ie, processing speed, executive func-
tioning), but the magnitude of the sparing was masked by our
exclusive examination of global IQ scores. Third, patients in the
PBRT group more recently were off treatment and, thus, had a
shorter follow-up interval available for study. The trajectories in
Figure 1 seem to trend toward divergence over time; however, our
sample may not have provided enough long-term follow-up data in
both groups to achieve a significant difference. Finally, the groups
may be equivalent in terms of the amount of IQ change resulting
after RT. The neurocognitive sparing expected with PBRT may not
be as substantial as previously postulated. Alternatively, modern
XRT protocols may be so successful at limiting exposure to healthy
surrounding brain tissue that patients treated since 2002 are not
experiencing the extent of neurocognitive decline reported in
previous studies,' a possibility supported by the 1.1 points per
year decline observed in the XRT group in our sample. Importantly,
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a recent report demonstrated the importance of boost volume in
neurocognitive decline.”” Only 35% of our CSI-treated XRT cohort
received a PF boost.

Notably, XRT was associated with persistently lower IQ versus
PBRT in the total sample and the CSI subsample. Because this was
not a randomized clinical trial, it cannot be assumed RT group
alone (PBRT v XRT) resulted in the clinically meaningful nine-
point difference observed between groups. Our models adjusted
for all demographic and medical variables we identified as differing
significantly between groups. Pre-RT differences may have existed
between groups that we did not reliably identify. Furthermore,
not all patients received true baseline evaluations, making it
impossible to fully appreciate the neurocognitive profiles of
both groups at the time of RT. Alternatively, PBRT may result
in less early neurotoxicity, having a lasting effect on IQ and
resulting in the persistent difference in IQ observed between groups.
We are examining this possibility in a current, prospective multisite
study.

The 1Q difference between RT groups seems driven entirely by
the CSI-treated subsample, in which the XRT group exhibited
persistently lower IQ compared with the PBRT group. Yet, the
change in IQ over time was similar between groups. The relative
vulnerability of the XRT CSI subgroup is most apparent in Figure 2,
in which the IQ trajectory of that subgroup remains well below the
trajectories of all other RT subgroups. It seems the possible tissue-
sparing benefit of PBRT is most apparent in the context of CSI
(rather than focal). The reduced PBRT dose deposited beyond the
boundaries of the TB boost may spare specific structures
(ie, posterior hippocampus) from reaching a critical level of RT
exposure that would result in clinically meaningful IQ change. The
benefit of boost volume reduction on IQ has been demonstrated in
an XRT sample.”> However, the lack of an IQ slope difference
suggests the differential damage caused by XRT CSI occurs early
and without a larger associated decline over time, unless the power
to detect a true difference in slope was too low with this sample
size. Alternatively, there may have been other unidentified sys-
tematic differences between groups in the CSI subsample not
included in our modeling that better explain the lower IQ in the
XRT group.

In contrast to CSI findings, no differences in 1Q were found
between PBRT and XRT groups in the focal RT subsample. Possibly,
the heterogeneity of this subgroup (and, thus, differences in the
extent and location of RT across patients) masked RT-related
differences between groups. Furthermore, measurement of more
RT-sensitive neurocognitive domains may have resulted in
detectible differences. Alternatively, advanced XRT techniques may
reduce RT exposure to surrounding healthy brain tissue to an
extent comparable to the sparing expected with PBRT, making
clinical outcomes indistinguishable between groups. Regarding the
nonsignificant difference in IQ slopes between groups, it remains
possible that a statistical difference was not detected because of the
moderate sample size in this subanalysis. The unadjusted differ-
ence in slopes was —1.0 IQ points per year, which is clinically
notable, if not statistically significant.

Study limitations must be considered. First, patients were not
randomized to RT groups because of practical and ethical barriers
preventing such randomized controlled trials at our institution and
elsewhere. We attempted to reduce treatment selection bias in our
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sample by restricting our XRT cohort to patients treated before
the availability of PBRT and took great care to adjust for relevant
demographic and treatment variables that differed systematically
between groups. Second, our power to detect a difference in 1Q
slope between groups was limited by our relatively small sample
size. Third, our retrospective data collection presents methodo-
logical challenges, with 26.8% of eligible patients having no
available IQ data. Furthermore, IQ scores were derived from three
different tests (and different versions of those tests) across patients
and, for a minority of patients, different tests across time points.
Despite high correlations across tests,”** replication of our
findings is needed using a consistent assessment battery across
patients and time points to determine whether measurement issues
impacted our ability to identify differences between groups over
time. Finally, patients included in our sample received neuro-
cognitive testing at different points in time after RT and with
varying frequency, and the PBRT group had fewer IQ evaluations
and shorter follow-up than the XRT group.

Despite these limitations, this study remains the largest
comparison to date of IQ scores between pediatric patients with
brain tumors treated with PBRT versus XRT. Overall, our findings
suggest PBRT is not associated with significant IQ decline or
impairment in survivors of pediatric brain tumors. The relative
neurocognitive benefits of PBRT compared with XRT remain
uncertain, but were not large or definitive in this sample. Until we
acquire more long-term data, we will not fully understand the
impact of PBRT on the neurocognitive trajectories of these patients.
Currently, we are collecting data with larger samples and later
follow-up, and shifting toward examining outcome differences in
specific neurocognitive and functional domains on the basis of
radiation doses received by specific brain regions rather than
strictly the PBRT versus XRT IQ comparisons of the current study.
Despite improvements in RT technology and regardless of the RT
modality used, neuropsychological monitoring remains essential
to the comprehensive care of patients with pediatric brain tumors
and survivors after RT.
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Appendix

Comparing 1Q Change After Proton Versus Photon Radiation Therapy

Table A1. Univariate Regressions With 1Q Adjusted for Time Since RT
Parameter Beta* 95% Cl P

RT group (XRT) -12.0 -17.3t0 —6.7 < .001
Sex, male -1.5 —7.0to 4.1 .609
Race/ethnicity .019

White —

Black -9.6 —-1791t0 —-1.3 .023

Hispanic/Latino -84 —14.6to —2.2 .008

Othert -0.3 —-11.4 10 10.8 .959
Age at RT, years 0.7 0.1t0 1.4 .029
Tumor location, supratentorialt 6.2 0.81to0 11.7 .024
Histology .047

Glioma —

Medulloblastoma/PNET -8.1 —16.6to —0.5 .036

Ependymoma -04 -10.510 9.8 .945

Germ cell tumor 2.2 -751t0 119 .653

Others 0.2 -9.1t095 .969
Tumor diameter, cmt -23 —-4.1t0 —0.5 .011
Craniotomy 0.6 —-9.0to 10.2 .901
VP shunt -93 —-14.8t0 —3.9 .001
Total RT dose to tumor, Gy -0.4 —-1.0t0 0.2 192
CSI -5.0 —10.51t0 0.5 .073
CSl dose = 30.6 Gy -1.7 —9.6t0 6.1 .664
Posterior fossa boost -15.0 —25.81to0 —4.1 .007
1Q test type .001

Leiter —

Woodcock-Johnson 9.9 4.0to 156.8 .001

Wechsler 29 —-1.71t075 211
Performance score = 80t -9.6 —16.2to =3.9 .001
SESt -34.4 —58.0to0 —10.8 .004
Time since RT, years 1.1 —1.6to —0.6 < .001

*Beta = slope.

Abbreviations: —, reference group; Cl, confidence interval; CSl, craniospinal irradiation; |Q, intelligence quotient; PNET,
therapy; SES, socioeconomic status; VP, ventriculoperitoneal; XRT, photon radiation therapy.

tData were missing for race (n = 3), tumor location (n = 2), tumor diameter (n = 7), performance score (n = 15), and SES (n = 1).
$Other race category includes Asian (n = 8) and American Indian (n = 2).
§Other histology category includes craniopharyngioma (n = 13), choroid plexus carcinoma (n = 4), meningioma (n = 2), ganglioneuroblastoma (n = 1), neuronal glial (n =
1), epidermoid (n = 1), and undetermined (n = 1).

primitive neuroectodermal tumor; RT, radiation
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