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Abstract

Purpose—To prospectively follow children treated with craniospinal irradiation to determine
critical combinations of radiation dose and volume that would predict for cognitive effects.

Methods and Materials—Between 1996 and 2003, 58 patients (median age 8.14 years, range
3.99-20.11 years) with medulloblastoma received risk-adapted CSI followed by dose-intense
chemotherapy and were followed longitudinally with multiple cognitive evaluations (through 5
years post-treatment) that included 1Q (estimated-EIQ, full-scale, verbal and performance) and
academic achievement (math, reading, spelling) tests. CSI consisted of 23.4Gy for average-risk
patients (non-metastatic) and 36—-39.6Gy for high-risk patients (metastatic or residual disease >
1.5cm?). The primary site was treated using conformal or intensity-modulated radiation therapy
using a 2cm clinical target volume margin. The effect of clinical variables and radiation dose to
different brain volumes were modeled to estimate cognitive scores after treatment.

Results—A decline with time for all test scores was observed for the entire cohort. Sex, race and
CSF shunt status had a significant impact on baseline scores. Age and mean radiation dose to
specific brain volumes, including the temporal lobes and hippocampi, had a significant impact on
longitudinal scores. Dichotomized dose distributions at 25Gy, 35Gy, 45Gy and 55Gy were
modeled to show the impact of the high-dose volume on longitudinal test scores. The 50% risk of
a below-normal cognitive test score was calculated according to mean dose and dose intervals
between 25Gy and 55Gy at 10Gy increments according to brain volume and age.

Conclusions—The ability to predict cognitive outcomes in children with medulloblastoma
using dose-effects models for different brain sub-volumes will improve treatment planning, guide
intervention, and help estimate the value of newer methods of irradiation.
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Introduction

The cognitive effects of craniospinal irradiation (CSI) have been a primary concern for
investigators and caregivers involved in the treatment of children with medulloblastoma
(MB) [1-5] the most common malignant brain tumor in children. Until 25 years ago, the
standard of care for all patients included 36Gy CSI followed by irradiation of the posterior
fossa to a cumulative dose = 54Gy. To reduce treatment complications, CSI dose levels are
now limited to 23.4Gy for patients with minimal residual disease and no evidence of
neuraxis metastases while 36Gy remains the standard for other patients including those with
residual disease > 1.5cm? or documented metastases; those treated with 23.4Gy CSI require
adjuvant chemotherapy to achieve the same level of disease control observed with higher
doses [6]. CSI includes supplemental “boost” irradiation of the primary site. Until recently,
the anatomic posterior fossa has been the target volume for patients with MB [7]. Further
reducing craniospinal dose and testing the feasibility of focal irradiation of the primary site,
in lieu of posterior fossa irradiation, has been the objective of recent and ongoing
institutional and cooperative group studies [8;9]]. Despite these changes, the gains have
been small leading investigators to question whether further reductions in dose and volume
are warranted or whether they are likely to result in an improvement over past results
[10;11].

There are limited data correlating regional or volumetric effects of irradiation in children
with MB. Investigators from the Childhood Cancer Survivor Study attempted to associate
region-specific radiation dose and neurocognitive and quality of life outcomes in adult
survivors of central nervous system malignancies including those with MB [12]. High dose
irradiation of the temporal region was associated with memory impairment compared to
non-irradiated patients; however, no association between dose and outcome was observed
for other regions. We were the first to report a volumetric association between radiation dose
and cognitive effects in children with MB [13]. We observed, in a series of children who
were prospectively followed after risk-adapted post-operative craniospinal irradiation and
adjuvant chemotherapy, that radiation dose to the entire brain was associated with
longitudinal 1Q scores. Although the volume receiving the highest dose had the greatest
impact, there was a similar decline in 1Q for each Gy exposure. These results supported
further reductions in radiation dose and volume with an emphasis on reducing the volume
that receives the highest dose, especially for young patients who are at greatest risk for
cognitive effects.

In this report we explore the association between 3-dimensional brain dose and cognitive
effects in children with MB. We evaluate toxicity thresholds based on dose, volume, and
age. We extend our prior results in a larger cohort of children and add academic
achievement as a response variable in the models. We have included the dose information
about the hippocampus. This has been viewed as a critical functional volume related to
neurogenesis and subsequent cognitive effects [14]. The goal of this research was to
estimate critical combinations of radiation dose and volume resulting in cognitive
impairment. Understanding dose and volume effects will improve radiation therapy planning
and our understanding of partial organ tolerances to the effects of irradiation beyond those
already published [15].
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Methods and Materials

The study cohort included 58 patients (median age at diagnosis 8.14 years, range 3.99-20.11
years) treated between 1996 and 2003 diagnosed with MB and longitudinally followed after
surgery, radiation therapy, and post-irradiation chemotherapy with multiple (> 2) cognitive
evaluations. The group was further characterized by sex (male=40, female=18), race/
ethnicity (white=47, black=9, Hispanic=2), extent of resection (GTR=47, <GTR=11), risk-
classification (average=34, high=24), CSF shunt (present=8, absent=50), and 10 patients had
more than one surgery. At the time of diagnosis, 50/58 patients were right-handed, 6/58
were left-handed, and 2/58 were ambidextrous. After surgery, one right-handed patient
became left-handed and one ambidextrous patient became right-handed.

The treatment protocol included resection followed by risk-adapted, post-operative,
craniospinal irradiation (CSI), and post-irradiation chemotherapy as described elsewhere
[16]. Average risk patients received 23.4Gy CSI, 36Gy conformal posterior fossa irradiation
and 55.8Gy primary site irradiation using a 2cm clinical target volume (CTV) margin. High-
risk patients received 36—39.6Gy CSI followed by 55.8Gy primary site irradiation using a
2cm CTV margin. When the posterior fossa was irradiated to 36Gy after 23.4Gy CSlI, the
CTV for that volume was the anatomic posterior fossa. Composite radiation dose data was
assembled for all patients and normal tissue volumes were systematically contoured on MR
imaging data registered to the treatment planning CT. Dose-volume data for each of the
normal tissue structures was extracted in differential form for integration. The median and
mean doses were determined for each brain region. [Table 1]

Patients underwent serial cognitive testing at baseline (following surgical resection) and
annually after the start of CSI. The cognitive tests for this study included 1Q and academic
achievement. 1Q was estimated based on the Information, Similarities, and Block Design
subtests from the age-appropriate Wechsler scale (Wechsler Preschool and Primary Scales
of Intelligence, Revised [WPPSI-R] [17], Wechsler Intelligence Scale for Children, Third
Edition [WISC-I111] [18], and Wechsler Adult Intelligence Scale, Revised [WAIS-Revised])
[19]using a formula presented in Sattler [20]. This method for estimating 1Q correlates
highly with 1Qs derived from full administration (r = 0.93). Age-based scaled scores, with a
mean of 100 and standard deviation of 15, were derived using each standardization sample.
Academic testing consisted of three subtests from the Wechsler Individual Achievement
Test (WIAT; Word Reading, Spelling, and Math Reasoning) [21]. These subtests are content
representative, reliable, and have good convergent/discriminant validity. Performance on
each subtest was converted to an age-standardized score with a mean of 100 and standard
deviation of 15.

A linear mixed model with random coefficients was used to estimate the impact of the
specific clinical variables and non-overlapping dose-volume intervals on the longitudinal
trend of the cognitive scores after the start of CSI. A variety of clinical variable were
included in the modeling process. Dose variables included mean dose to the contoured
normal tissue volumes and dichotomized the dose distributions. We generated pairs of dose
volume variables: VO_25Gy and V25Gy+, V0_35Gy and V35Gy+, V0 _45Gy and V45Gy+
and V0_55Gy and V55Gy+. We then fit a random coefficient model to investigate the effect
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of dose volumes on the longitudinal trend of cognitive scores over time. Because of the
small volume for the hippocampus, it was not treated with volumetric dose data. We
modeled the combined effect of radiation dose and volume and age at the time of irradiation.
We then calculated the TD 50/5. The TD 50/5 is the tolerance dose for a given normal tissue
that within 5 years will cause a maximal (unacceptable) 50% complication rate. To estimate
the TD 50/5 for the normal tissue volumes included in this study we fixed the level of our
response variables (cognitive scores) to 85 and dose in 5Gy increments and determined the
threshold volume corresponding to a particular dose that would result in a score below 85.
For each model, the estimating equation developed by the mixed-model procedure was
examined for direction of slope (positive or negative), magnitude of the specific dose-
volume coefficients, and the P value of each coefficient. For each fitted model, only the
factors significant at P <0.10 were included in the final estimating equation. P values were
not adjusted for multiple testing. All analyses were performed by using SAS.

Longitudinal Trends in Cognitive Scores

The longitudinal trends in cognitive scores were modeled during the first 5 years after
radiation therapy (RT). The linear models showed that baseline evaluations for 1Q and
academic achievement were within the range of normal. Longitudinally, there was a
statistically significant decline (points per year) in all scores. [Table 2]

Impact of Clinical Variables on Longitudinal Trends in Cognitive Scores

We then investigated the impact of clinical variables on the longitudinal trend of cognitive
scores by adding one clinical variable at a time. For significant changes in longitudinal
scores we note P-values and absolute differences in the annual rate of change comparing
high and low-impact variables. Risk classification: EIQ (P=0.0347, 1.93pts/yr) and math
scores (P=0.0050, 2.87pts/yr) declined at a higher rate in HR patients. Sex: Spelling scores
declined at a higher rate in female patients (P=0.0207, 2.06pts/yr). Race: EIQ was lower in
black patients at baseline (P=0.0151, 14.93pts). CSF shunt: EIQ was higher at baseline
(12.58 points) in patients who did not have a CSF shunt (P=0.0478) and those without CSF
shunts had a lower rate of decline in math (P=0.0025, 4.79pts/yr) and reading scores
(P=0.0319, 2.32pts/yr). Extent of resection: Baseline math scores were higher in patients
who underwent <GTR (P=0.0091, 9.97pts). GTR was associated with a slower rate of
decline in reading scores (P=0.0269, 2.25pts/yr) than those who underwent <GTR. Age at
RT: With the exception of math and reading scores, age (time of diagnosis or irradiation)
had a highly significant impact on the rate of decline in all test scores (EIQ, P=0.0141;
Math, P=0.1832; Reading, P=0.0688; Spelling, P=0.0424).

Impact of Mean Radiation Dose on Longitudinal Trends in Cognitive Scores

The longitudinal trends in cognitive scores were modeled by time since irradiation and mean
dose. Increasing mean dose to all volumes had a statistically significant negative impact on
EIQ. Increasing mean dose to all normal tissue volumes except for the infratentorial brain
and hippocampi had a statistically significant negative impact on math scores. Increasing
mean dose to the right temporal lobe had a statistically significant negative impact on
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reading scores. The impact of increasing mean dose to the right hippocampus was borderline
significant. When age was included it had a significant impact on longitudinal scores in all
models. [Table 3]

TD 50/5 for below average IQ and academic achievement based on mean normal tissue

dose

We calculated the mean dose required for a child to have a 50% risk of a below average 1Q

or academic achievement test score 5 years after irradiation. The calculation was performed
using age-adjusted mean dose models. The estimated mean doses are presented as iso-effect
curves in figure 1.

The Impact of Radiation Dose Intervals on Longitudinal Trends in Cognitive Scores

Using the cut-points of 25Gy and 35Gy, the higher dose interval had a consistent and
statistically significant impact on the longitudinal trend in cognitive test scores whereas the
lower dose interval did not. A similar finding was observed for the infratentorial and
temporal lobe volumes at 45Gy. For the other normal tissue volumes evaluated at 45Gy and
all normal tissue volumes at 55Gy, the impact of dose was significant only when the dose
interval (high or low) included the majority of the volume (data not shown). The only
exception was for EIQ. At the high-dose cut points of 45Gy and 55Gy, the higher-dose term
was smaller than the lower-dose term and retained statistical significance. [Table 4]

TD 50/5 for below average IQ and academic achievement based on radiation dose intervals

For the entire brain and left and right temporal lobes we calculated, according to the age of
the patient at the time of RT, the threshold volumes receiving dose in excess of 25Gy, 35Gy,
45Gy, and 55Gy would have 50% of cognitive scores falling below 85 for EIQ 5 years after
RT. The results show that no additional dose to the entire brain above a specified level
would be required for patients with the specified ages or younger to have a 5% probability
of EIQ less than 85 at 5 years: age 8 years and 25Gy, age 12 years and 30Gy, age 15 years
and 35Gy. For both the left and right temporal lobes these values were age 8 years and
25@Gy, age 8 years and 30Gy, age 10 years and 35Gy, age 12 years and 40Gy, age 12 years
and 45Gy, and age 15 years and 50Gy. The results show that there is less than a 50%
probability of an EIQ less than 85 for the following combination of brain dose and age: <
25Gy and = 8 years, < 30Gy and = 12 years, and < 35Gy and = 15 years. The probability of
an EIQ less than 85 at 5 years is less than 50% for the following combinations of left and
right temporal lobe dose: <25Gy and 8 years, <30Gy and 8 years, <35Gy and 10 years, and
<40Gy and 12 years. [Figures 2a—]

Discussion

Patients with MB treated with post-operative CSI and post-irradiation chemotherapy
experience a decline in cognitive test scores during the first 5 years after treatment and a
variety of clinical variables contributed to the baseline scores or decline. The presence of
CSF shunt, sex, and race had the greatest impacted on baseline 1Q scores. High-risk
classification, female gender, the presence of CSF shunt, and the extent of resection had a
significant impact on decline in scores. Depending on the outcome measure, the decline
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exceeded 4 points per year in some cases. As anticipated, age had a significant impact on
decline in all measures, and the rate of decline was inversely proportional to age at the time
of irradiation.

The most important information from this study was the association between radiation dose
and cognitive test scores. Similar to our previous work we were able to show regional
differences in radiation dose and effect [13]. In this study we expanded the association
between dose, volume, and outcome measures to include additional structures and academic
achievement. Increasing mean dose to all volumes except for the left hippocampus impacted
IQ. Increasing mean dose to all volumes except the infratentorial brain and either
hippocampus had an effect on math scores. Increasing mean dose only to the right temporal
lobe had a significant impact on reading scores. There was no association between spelling
scores and radiation dose for this cohort. Increasing mean dose to all volumes affected all
scores when age was included in the model. This is one of the first large scale studies to
demonstrate an effect between hippocampus dose and cognitive outcome in children,
although many have supported hypotheses surrounding this association. Age at the time of
irradiation, when incorporated into the model, increased the significance of the
aforementioned interactions between mean dose and time and contributed additional
correlations between radiation dose, all measures of academic achievement, and the normal
tissue volumes under evaluation. The latter finding suggests the importance of including
clinical variables in the models.

Understanding the association between radiation dose and outcome is important. Most
radiation oncologists prefer a simplified approach to treatment optimization relating risk of
complications to a specific dose. The calculated TD 50/5 estimates in this report provide this
type of data reduction. We estimated that when the brain dose exceeds 25Gy for a patient
less than 8 years, 30Gy for a patient less than 12 years and 35Gy for a patient less than 15
years, there is a 50% probability of below average 1Q 5 years after treatment.

The infratentorial brain appears to be the most tolerant normal tissue volume amongst those
assessed for the outcomes of 1Q and academic achievement followed by the temporal lobes
and associated hippocampi, and finally the supratentorial brain. The implication of this
information is that for the given combinations of dose and volume it may be difficult to
reduce side effects. In the setting where CSI is administered, measures taken to reduce dose
to normal tissues in the boost phase of treatment might have little impact. This finding
supports the need to further reduce or eliminate the use of CSI wherever possible.

The iso-effect curves presented have severeal dimensions: patient age at irradiation,
radiation dose parameter, brain volume at risk, and psychology outcome measure. The
information in the iso-effect plots may be used as a threshold in decline in assessing the
potential benefit of delaying irradiation, and to design interventions for populations at risk.

The effects of CSI in long-term survivors of MB are historic [22] and motivation for
investigators to test alternatives, including modifications in the sequencing of therapy [23]
or general radiation therapy parameters of total dose and fractionation [24]. New
information about the biology of MB may identify selected patients for CSI dose reductions
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or elimination. This information is currently being used to select favorable risk patients for
CSl doses as low as 15Gy [25]. As proton therapy promises to further reduce the dose to
normal tissue associated with the boost phase of treatment, it is conceivable that with more
advanced forms of proton therapy, including intensity-modulated proton therapy [26],
selectively reducing dose to critical volumes of the brain during CSI, especially those
associated with neurogenesis, might be feasible and safe. Future treatment of children with
embryonal tumors may be preferentially administered using proton therapy. Optimally
planned intensity-modulated proton therapy might be able to limit the high-dose volume and
associated collateral dose to the infratentorial space. This could advantageously limit the
dose to the supratentorial structures, including the temporal lobes and hippocampal sub-
volumes, to the prescribed CSI dose or below the threshold of effect and lead to improved
outcomes [27].

There are limitations to the present study: the number of patients, the number of clinical
factors that might affect baseline and longitudinal measures, and the measures themselves
which include only global intelligence and academic achievement. The study cohort was
treated and followed on a protocol that limited prospective follow-up to 5 years and included
patients with high-risk features. There are a number of clinical factors that strongly
influence baseline and longitudinal cognition including the effects of age, [28] tumor
(hydrocephalus), and surgery [29;30]. Accounting for these factors and the development of
comprehensive parametric models, including dose requires more patients.

In summary, there are strong associations between radiation dose, irradiated volume, and
cognitive outcomes as measured by standardized tests. When modeling the effect of
radiation dose, clinical factors that affect baseline and longitudinal measures should be
considered. Future research should be focused on assessing larger datasets, inclusion of
patients treated with a wider arrange of CSI dose, and the development of multi-parametric
models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Estimated iso-effect curves of mean dose by brain volume and age at the time of irradiation
representing a probability of below average 1Q or academic achievement 5 years after
treatment. Each graph represents a different cognitive test and each curve represents a
different normal tissue volume. Missing estimates indicate that the model calculated a dose
that was outside the range of dose used to generate the models.

Hippo L, left hippocampus; Infratent, infratentorial brain; Hippo R, right hippocampus;
Temporal L, left temporal lobe; Temporal R, right temporal lobe; Brain, entire brain
volume; Supratent, supratentorial brain; EIQ, estimated 1Q; Math, WIAT math scores;
Reading, WIAT reading scores; Spelling, WIAT spelling scores.
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Fig. 2.

Iso-effect curves of age at the time of irradiation modeled according to the percentage of a
specific brain region receiving a mean dose in excess of a specified amount. V25Gy+
represents the percent volume of the brain receiving dose in excess of 25Gy. TD 50/5 for
brain (a), left temporal lobe (b) and right temporal lobe (c).
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Longitudinal models of cognitive scores through 5 years after craniospinal irradiation in patients with

medulloblastoma.

Table 2

Psychology Test | Number of Patients | Baseline | 5 Year Score | A Points/Years
Estimated 1Q 58 93.44 89.35 -0.82
WIAT Math 52 94.50 84.11 -2.08
WIAT Reading 52 94.99 83.48 -2.30
WIAT Spelling 52 93.28 82.84 -2.09

Cognitive test score = baseline value + A points/year x time in years
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