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abstract

PURPOSE Findings from St Jude Total Therapy Study 16 (Total 16) showed early intensification of triple in-
trathecal therapy (ITT) improved CNS disease control for children with newly diagnosed acute lymphoblastic
leukemia (ALL) at the greatest risk of CNS relapse. We examined the impact of this treatment on end-of-therapy
neurocognitive outcomes.

METHODS Between 2007 and 2017, 400 (83.5%) of 479 eligible patients treated with Total 16 risk-directed
chemotherapy completed protocol-directed neurocognitive testing at the end of therapy. Intensified ITT was
defined as $ 21 cumulative doses for patients with low-risk ALL (n 5 70/194) and $ 27 doses for those with
standard-to-high risk ALL (n 5 81/206).

RESULTS Compared with age-normative expectations, the overall group had significantly lower estimated in-
telligence quotient (P , .0001), attention (P 5 .0051), working memory (P 5 .0001), processing speed
(P 5 .0002), fine motor speed (P 5 .0001), and math (P 5 .0087). Caregiver ratings of patient functioning
showed elevated risk for problems in attention (P5 .0173), executive function (P5 .0001), and adaptive skills
(P5 .0001). Among the low-risk treatment group, there were no significant differences between patients treated
with or without intensified ITT (all P’s ..10). Among patients with standard-to-high risk ALL, those treated with
intensified ITT had poorer working memory (P5 .0328) and fine motor speed (P5 .0403), and elevated ratings
of inattention (P 5 .0189) and executive dysfunction (P 5 .0245). In the standard-to-high risk group, females
treated with intensified ITT had lower working memory scores. Public insurance status was associated with
worse neurocognitive outcomes in both treatment groups.

CONCLUSION Standard-to-high risk patients treated with intensified ITT are at moderately increased risk for
neurocognitive problems. The findings suggest a threshold effect for ITT exposure, which can inform the design
of future clinical trials and approaches to neurocognitive monitoring and intervention.

J Clin Oncol 40:4218-4227. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Acute lymphoblastic leukemia (ALL), themost common
childhood malignancy, accounts for about 25% of all
childhood cancers.1 Ten-year survival rates are ap-
proximately 90% for children with standard-risk disease
treated on contemporary protocols.2 Treatment modi-
fications, including replacement of cranial radiation
therapy with intrathecal chemotherapy for CNS pro-
phylaxis, have resulted in relative preservation of global
cognitive function in survivors.3 Neurocognitive studies
in children treated with chemotherapy only show ele-
vated risk for difficulties in attention, processing speed,
fine motor coordination, and executive function, in-
cluding working memory.4-6 Neurocognitive difficulties
emerge during treatment, and predict reduced aca-
demic achievement, lower overall educational attain-
ment, and lower quality of life for survivors.7-9

Demographic predictors of neurocognitive problems in
survivors of childhood ALL include younger age at
diagnosis7,10-13 and female sex.10,13,14 Recent studies
have highlighted the role of low socioeconomic status as
a predictor of poorer neurocognitive outcomes.15,16 The
association between higher intensity of CNS-directed
therapy and neurocognitive impairment has been
documented in studies comparing outcomes by treat-
ment risk arm3,8 and in studies investigating the effects
of higher cumulative methotrexate exposure.10,17

The St Jude Total Therapy 16 clinical trial (Total 16)
evaluated whether a higher dosage of PEG-aspar-
aginase and early intensification of triple intrathecal
therapy (ITT; methotrexate, hydrocortisone, and
cytarabine) would improve systemic and CNS control
in children with newly diagnosed ALL.18 The 5-year
event-free and overall survival rates were 88.2% and
94.1%, respectively. Intensified ITT during early
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remission induction improved CNS control compared with
historical controls treated on St Jude Total Therapy 15.19

Among patients at elevated risk for CNS relapse, the 5-year
rate of any CNS relapse of 1.8% was significantly lower than
that of patients with similar risk treated on the Total 15 study
(5.7%). The intensified ITT during early remission induction
was not associated with elevated cumulative risk of acute
neurotoxicity. We extend these findings by examining the
impact of intensified ITT on neurocognitive outcomes, using
data obtained from protocol-driven neurocognitive testing
completed at the end of treatment. We hypothesized that
intensified ITT would be associated with more neuro-
cognitive impairment.

METHODS

Participants

A total of 598 patients age 0-18 years at diagnosis received
risk-directed chemotherapy on Total 16 between 2007
and 2017. Of these, 479 (80.1%) were eligible for neu-
rocognitive monitoring (Appendix Fig A1, online only).
Reasons for ineligibility were Down syndrome (n 5 12),
English not primary language (n 5 25), removal from
treatment before the end of therapy (n 5 54), and lack of
consent (n 5 28).

End-of-therapy neurocognitive testing was obtained for
400 of 479 eligible patients (83.5%; Table 1). The majority
of patients were White (80.4%), non-Hispanic (93.3%),
and male (58.8%). Consistent with the approach taken in
previous studies, insurance type was used as a proxy
for socioeconomic status (private 5 52.5%, public or
none 5 47.5%).15,16 The mean age at diagnosis was 7.05
years (standard deviation [SD] 5 4.63), the mean cu-
mulative frequency of ITT was 19.58 (SD5 5.64), and the
mean age at testing was 9.67 years (SD 5 4.65).

Protocol-Directed Treatment

Treatment details and primary outcomes for Total 16 have
been previously reported.18 Patients were classified as
having low-risk, standard-risk (intermediate-risk), or high-
risk leukemia on the basis of presenting characteristics
and early response to treatment. Remission induction
consisted of prednisone, vincristine, daunorubicin, and
PEG-asparaginase, followed by cyclophosphamide, cytar-
abine, and a thiopurine. All patients received four courses
of high-dose methotrexate and mercaptopurine as con-
solidation treatment followed by antimetabolite-based
continuation therapy, including two cycles of reinduction
therapy. During the first 2 years of continuation therapy, all
patients received pulses of dexamethasone and vincristine
every 4 weeks (low-risk, 8 mg/m2 per day; standard-to-high
risk 12 mg/m2/d). Patients were randomly assigned to re-
ceive PEG-asparaginase 3,500 U/m2 versus the conven-
tional 2,500 U/m2 on the first day of continuation treatment.
Standard-to-high risk patients received additional PEG-
asparaginase every 2 weeks interrupted with pulses of
doxorubicin during the first 20 weeks of continuation
treatment, followed by three rotating drug pairs. The total
duration of continuation therapy was 120 weeks for both
males and females. No patients received prophylactic
cranial radiation therapy.

CNS-Directed Therapy

ITT was administered during all phases of therapy at an
age-appropriate dose, and the total number of doses varied
according to presenting characteristics and CNS status.18

Patients treated on the low-risk armwere prescribed 13, 19,
or 21 doses. Patients treated on the standard-to-high risk
arm were prescribed 16, 25, or 27 doses. Patients at the
greatest risk for CNS relapse were prescribed the highest
dose level in both arms (low-risk 5 21, standard-to-high
risk 5 27). We aimed to investigate the association of in-
tensified CNS-directed therapy with neurocognitive
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outcomes; as such, ITT frequency was used as a cate-
gorical variable within groups on the basis of treatment arm:
low-risk# 20 or$ 21 doses and standard-to-high risk# 26
or $ 27 doses (Appendix Table A1, online only). Systemic
therapy was not further intensified specifically for patients
with highest CNS risk within the separate treatment arms.

Neurocognitive Assessment

Eligible and consented patients completed neurocognitive
assessment at continuation week 120 (end of therapy),
about 3 years after diagnosis. Measures were administered
by psychologic examiners under supervision of a licensed
clinical psychologist. The assessment included standard-
ized performance measures and caregiver ratings with
demonstrated reliability and validity (Appendix Table A2,
online only). Patients completed age-appropriate measures
of estimated global intelligence,20 sustained attention,21,22

working memory,23-26 processing speed and executive
function,23 verbal learning and memory,27,28 fine motor
speed,29 and academics.30 Caregivers completed ratings of
the patient’s attention,31 executive function,32,33 and
adaptive skills.34 Written informed consent, with assent
from the patient as appropriate, was obtained before as-
sessment. The neurocognitive study was embedded in
Total 16, which was approved by the Institutional Review
Board at St Jude Children’s Research Hospital.

Statistical Analyses

Variables abstracted from the clinical trial database in-
cluded sex, race, ethnicity, age at diagnosis, treatment risk
arm, and cumulative frequency of ITT. Insurance type was
abstracted from the medical record. Descriptive statistics
were calculated for patient sex, race, ethnicity, insurance
status, age at diagnosis, and cumulative frequency of ITT.
Frequency or mean comparisons (chi-square or two-
sample t test) were performed to compare eligible and
ineligible participants.

Descriptive statistics, including mean, standard deviation,
and percent at elevated risk, were calculated for all neu-
rocognitive outcomes in the overall group. Elevated risk was
defined as $ 1 SD outside the mean of the normative
sample. One-sample t tests were performed to compare the
group mean scores to normative expectations. Chi-square
tests were performed to compare frequency of elevated risk
scores to normative expectations (16th percentile). For
these analyses, two-sided P values were false discovery
rate–corrected for multiple comparisons by cognitive do-
main. We selected outcomes for subsequent analyses on
the basis of these findings and in consideration of vul-
nerable neurocognitive domains in survivors of childhood
ALL identified in existing literature.

Univariate analysis of variance was performed to examine
the association of predictor variables with neurocognitive
outcomes. Stratified analyses were performed for low and
standard-to-high treatment risk groups. Predictor variables
were patient sex, insurance type (private; public or none),
and ITT frequency (low-risk# 20 or$ 21, standard-to-high
risk # 26 or $ 27 doses). Bivariate correlations were used
to examine the association of age at diagnosis with neu-
rocognitive outcomes, with separate analyses performed for
treatment risk groups. For outcomes where multiple pre-
dictors were significant in univariate analysis, the general
linear model was used to test for interactions.

In an exploratory analysis, we compared learning and
memory between patients treated on Total 15 or 16 with
presenting features associated with increased risk for CNS
relapse. Additional exploratory case-control analyses ex-
amined the association of acute neurotoxicity and severe
infection with neurocognitive outcomes.

All tests of statistical significance were two-sided. Stan-
dardized scores from neurocognitive tests were trans-
formed into Z scores (mean 5 0, SD 5 1.0) for ease of

TABLE 1. Demographic and Clinical Characteristics for Patients
Completing Neurocognitive Testing
Demographic and
Clinical
Characteristics

Overall Group
(N 5 400)

Low-Risk
(n 5 194)

Standard-to-
High Risk
(n 5 206)

Sex, No. (%)

Female 165 (41.3) 87 (44.8) 78 (37.9)

Male 235 (58.8) 107 (55.2) 128 (62.1)

Race, No. (%)

White 320 (80.4) 159 (82.4) 161 (78.5)

Black 55 (13.8) 22 (11.4) 33 (16.1)

Multiracial 14 (3.5) 8 (4.1) 6 (2.9)

Asian 9 (2.3) 4 (2.1) 5 (2.4)

American Indian
or Alaskan
Native

0 (0.0) 0 (0.0) 0 (0.0)

Ethnicity, No. (%)

Hispanic 25 (6.3) 11 (5.7) 14 (6.9)

Not Hispanic 373 (93.3) 183 (94.3) 190 (93.1)

Insurance type,
No. (%)

Private 210 (52.5) 105 (54.1) 105 (51.0)

Public or none 190 (47.5) 89 (45.9) 101 (49.0)

Demographic and
Clinical
Characteristics Mean SD Mean SD Mean SD

Age at diagnosis,
years

7.05 4.63 5.08 2.99 8.90 5.13

Age at assessment,
years

9.67 4.65 7.67 2.98 11.53 5.13

Cumulative ITT
frequency

19.58 5.64 15.99 3.89 22.96 4.91

NOTE. Race is missing for two participants.
Abbreviations: ITT, triple intrathecal therapy; SD, standard

deviation.
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presentation. Data were analyzed using SAS Version 9.3
and IBM SPSS Statistics 25.

RESULTS

There was no significant difference between eligible and
ineligible groups by sex (P 5 .6250) or age at diagnosis

(P 5 .3459; Appendix Table A3 [online only]). Compared
with eligible patients, ineligible patients, including those who
were removed from treatment before the end of therapy, had
lower cumulative ITT (mean total dose 5 19.18 and 16.28,
respectively, P , .0001). The distribution of insurance type
differed between groups, with a greater percentage of inel-
igible patients having public or no insurance (50.7% and
64.7%, respectively, P 5 .0062).

See Table 2 for neurocognitive outcomes for the overall group.
Mean scores were below age-based norms on measures
of global intelligence (Estimated intelligence quotient [IQ],
P , .0001), attention (Omissions, P 5 .0002; Hit Reaction
Time, P 5 .0051; Variability, P 5 .0002; Detectability,
P 5 .0002), working memory (Auditory Working Memory,
P5 .0001; Digit Span, P5 .0001), processing speed (Visual
Matching, P5 .0002), executive function (Retrieval Fluency,
P 5 .0001), rate of new memory formation (Learn Slope,
P5 .0306), finemotor speed (Purdue Pegs, P5 .0001), and
math (Applied Problems, P 5 .0087). Compared with nor-
mative expectations, caregivers rated patients as having
greater problems with attention (P 5 .0173) and executive
function (Global Executive, P 5 .0001), and less indepen-
dence with activities of daily living (Global Adaptive,
P 5 .0001). Compared with low-risk patients, standard-to-
high risk patients had worse performance in working memory
(Auditory Working Memory, P 5 .0070), processing speed
(Visual Matching, P 5 .0040), and math (Applied Problems,
P 5 .0465; Appendix Table A4 [online only]).

Table 3 presents the results from univariate analyses ex-
amining associations of sex and insurance type with
neurocognitive outcomes by treatment risk arm. Among
low-risk patients, males performed worse than females on
measures of global intelligence (Estimated IQ, P 5 .0016),
processing speed (Visual Matching, P 5 .0067), executive
function (Retrieval Fluency, P 5 .0135), and fine motor
speed (Purdue Pegs, P5 .0117), and had higher ratings of
executive dysfunction (Global Executive, P 5 .0089) and
adaptive independence (Global Adaptive, P , .0001).
Among low-risk patients, compared with the cohort with
private insurance, the cohort with public or no insurance
had lower global intelligence (Estimated IQ, P 5 .0012),
processing speed (Visual Matching, P 5 .0250), and math
achievement (Applied Problems, P 5 .0084), and higher
ratings of inattention (Attention Problems, P 5 .0026) and
executive dysfunction (Global Executive, P 5 .0025).
Among standard-to-high risk, males had lower perfor-
mance in working memory (Digit Span, P 5 .0026) and
processing speed (Visual Matching, P 5 .0041) compared
with females. Compared with standard-to-high risk patients
with private insurance, those with public or no insurance
performed worse in processing speed (Visual Matching,
P 5 .0204) and math (Applied Problems, P 5 .0029).

The association of age at diagnosis and neurocognitive out-
comes varied by treatment risk arm. There were no significant
associations between age at diagnosis and neurocognitive

TABLE 2. Neurocognitive Outcomes at the End of Therapy for the Overall Group
Neurocognitive Outcomes Mean SD P a Elevated Risk,% P b

Global intelligence

Estimated IQ –0.20 0.97 < .0001 17.0 .7010

Attention

Omissions 0.56 2.16 .0002 22.4 .0479

Hit Reaction Time –0.18 1.15 .0051 26.3 .7501

Variability 0.54 1.09 .0002 34.5 < .0001

Detectability 0.27 1.00 .0002 24.2 .0216

Beta 0.05 0.97 .2935 10.0 .0446

Attention Problemsc 0.13 1.01 .0173 20.8 .1231

Working memory

Auditory Working Memory 0.20 0.86 .0001 6.7 .0001

Digit Span –0.49 0.93 .0001 34.4 < .0001

Processing speed

Visual Matching –0.34 1.07 .0002 21.5 .0996

Decision Speed 0.03 1.12 .5500 16.2 .9190

Executive function

Retrieval Fluency –0.27 0.89 .0001 19.1 .2465

Global Executivec 0.28 1.16 .0001 27.2 .0210

Learning and memory

List A Total –0.03 0.98 .6092 18.0 .4700

Short Delay Free Recall –0.07 1.02 .2966 23.7 .0192

Long Delay Free Recall –0.08 1.09 .2966 22.5 .0381

Learn Slope –0.15 1.00 .0306 25.2 .0150

Discriminability 0.11 1.24 .2966 15.6 .0192

Fine motor

Purdue Pegs –0.62 1.18 .0001 38.7 < .0001

Academics

Letter Word Identification –0.08 0.98 .2046 16.8 .8355

Spelling –0.04 0.97 .4161 16.9 .8355

Applied Problems –0.14 0.85 .0087 15.3 .8355

Adaptive skills

Global Adaptivec –0.29 1.10 .0001 23.7 .0105

NOTE. N 5 400. Z score normative mean 5 0, SD 5 1. Bold values indicate
results significant at P , .05, false discovery rate corrected for multiple
comparisons by neurocognitive domain.
Abbreviations: IQ, intelligence quotient; SD, standard deviation.
aTwo-sided P value from one-sample t test comparing group means to normative

expectations.
bTwo-sided P value from chi-square comparing elevated risk score frequency to

normative expectations (16th percentile).
cCaregiver ratings.
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TABLE 3. Univariate Association of Sex and Insurance Type With Neurocognitive Outcomes by Treatment Risk Arm

Neurocognitive Outcomes

Sex Insurance Type

Female Male

P a

Private Public or None

P bMean SD Mean SD Mean SD Mean SD

Low-risk

Global intelligence

Estimated IQ 0.00 0.90 –0.47 1.09 .0016 –0.04 1.01 –0.53 1.01 .0012

Attention

Omissions 0.47 1.26 0.35 1.32 .5686 0.24 1.07 0.61 1.51 .0691

Attention Problemsc 0.02 0.96 0.21 1.03 .1941 –0.08 0.96 0.36 1.00 .0026

Working memory

Digit Span –0.42 0.87 –0.70 0.83 .0760 –0.40 0.76 –0.79 0.92 .0121

Processing speed

Visual Matching 0.06 0.83 –0.35 1.11 .0067 –0.01 1.03 –0.35 0.96 .0250

Executive function

Retrieval Fluency –0.11 0.77 –0.44 0.93 .0135 –0.19 0.88 –0.41 0.86 .1031

Global Executivec 0.00 1.07 0.44 1.14 .0089 0.01 1.06 0.52 1.14 .0025

Learning and memory

Learning Slope –0.07 0.92 –0.24 1.09 .3050 –0.14 0.94 –0.19 1.11 .7393

Fine motor

Purdue Pegs –0.31 1.05 –0.72 1.11 .0117 –0.45 1.10 –0.64 1.10 .2493

Academics

Applied Problems 0.05 0.80 –0.09 0.91 .2865 0.14 0.87 –0.21 0.83 .0084

Adaptive skills

Global Adaptivec 0.11 1.01 –0.55 1.00 < .0001 –0.12 1.04 –0.42 1.06 .0682

Standard-to-high risk

Global intelligence

Estimated IQ –0.04 0.82 –0.21 0.93 .1841 –0.04 0.79 –0.25 0.97 .1043

Attention

Omissions 0.93 3.65 0.55 1.92 .3529 0.82 3.26 0.57 1.95 .5405

Attention Problemsc 0.17 0.93 0.12 1.07 .7648 0.08 1.05 0.20 0.98 .4694

Working memory

Digit Span –0.11 0.78 –0.59 1.04 .0026 –0.38 0.87 –0.47 1.06 .5553

Processing speed

Visual Matching –0.22 1.10 –0.68 1.06 .0041 –0.31 1.07 –0.67 1.08 .0204

Executive function

Retrieval Fluency –0.13 0.92 –0.32 0.91 .1537 –0.17 0.87 –0.30 0.95 .3060

Global Executivec 0.17 1.06 0.41 1.27 .1874 0.30 1.14 0.33 1.26 .8620

Learning and memory

Learning Slope 0.02 1.07 –0.25 0.93 .0906 –0.07 1.01 –0.24 0.97 .2738

Fine motor

Purdue Pegs –0.50 1.10 –0.82 1.30 .0758 –0.60 1.18 –0.79 1.24 .2540

Academics

Applied Problems –0.19 0.88 –0.27 0.80 .4844 –0.06 0.78 –0.42 0.84 .0029

Adaptive skills

Global Adaptivec –0.24 1.18 –0.37 1.13 .4524 –0.26 1.14 –0.40 1.15 .4055

NOTE. Bold values indicate results significant at P , .05.
Abbreviations: IQ, intelligence quotient; SD, standard deviation.
aTwo-sided P value from one-way analysis of variance comparing outcomes by patient sex.
bTwo-sided P value from one-way analysis of variance comparing outcomes by patient sex.
cCaregiver ratings. The results are presented in Z scores, with a normative mean of 0 and SD of 1.
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outcomes in patients treated with low-risk therapy. For
standard-to-high risk patients, younger age at diagnosis
predicted slower verbal retrieval, as aspect of executive
function (Retrieval Fluency, r 5 0.15, P 5 .0352), greater
adaptive independence (r 5 0.17, P 5 .0283), and worse
math performance (Applied Problems, r5 –0.21,P5 .0044).

Figure 1 presents the results of univariate associations of ITT
frequency and neurocognitive outcomes by treatment risk
group. There were no significant associations between ITT
frequency and neurocognitive outcomes in the low-risk
group. Among standard-to-high risk patients, those treated
with $ 27 ITT doses had lower scores in working memory
(Digit Span, P 5 .0328) and slower fine motor speed
(Purdue Pegs, P 5 .0403), and elevated ratings of inat-
tention (P 5 .0190) and executive dysfunction (P 5 .0245)
than patients treated with# 26 ITT doses. Among standard-
to-high risk patients treated with intensified ITT, elevated risk
for neurocognitive impairment was evident across domains,
and most prominent in working memory (43.1%), fine motor
(52.5%), and learning/memory (29.7%; Fig 2).

Among the standard-to-high risk treatment group, patient
sex moderated the relationship between ITT frequency and
working memory (P5 .0019). Males had lower scores than
females in both ITT frequency groups, but the difference
was significant in the lower dose group only (mean [SD],
# 26 doses: males5 –0.52 [1.00], females5 0.09 [0.76],
P 5 .0015; $ 27 doses, males 5 –0.70 [1.10], females 5
–0.50 [0.67], P 5 .4586; Fig 3). Among females, those
treated with # 26 ITT doses had higher scores than those
treated with $ 27 doses (P 5 .0053).

An exploratory analysis showed no significant differences in
neurocognitive outcomes between patients with presenting
features associated with elevated CNS relapse risk on Total
15 or 16 (List A Total, P 5 .5322; Short Delay Free Recall,
P 5 .4283; Long Delay Free Recall, P 5 .5127; Learn
Slope, P 5 .4505; Discriminability, P 5 .1026; Appendix
Fig A2 [online only]).

The results from a case-control analysis examining neuro-
cognitive outcomes by acute neurotoxicity status showed
patients experiencing seizures had worse performance in
math than controls (P 5 .0095; Appendix Table A5 [online
only]). The findings from a case-control analysis of neuro-
cognitive outcomes by severe infection status showed no
significant differences between groups (Appendix Table A6,
online only).

DISCUSSION

Among patients treated with standard-to-high risk therapy,
those receiving higher cumulative doses of ITT had working
memory and fine motor speed scores lower than patients
treated with lower cumulative doses. Patients in the
standard-to-high risk arm treated with greater-intensity
CNS-directed therapy additionally had elevated risk for
inattention and executive dysfunction according to care-
giver ratings, illustrating the functional impact of these
difficulties in daily life. By contrast, no impact of intensified
CNS-directed therapy was evident among patients treated
on the low-risk arm. This may suggest a threshold for ITT,
with/without systemic therapy, affecting neurocognitive
function.

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 -1.5 
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FIG 1. Association of ITT frequency with neurocognitive outcomes by treatment risk arm. aCaregiver ratings. Z score normative mean 5 0,
SD 5 1. Two-sided P values from one-way ANOVA by ITT frequency group in low and standard-to-high treatment risk groups. For each
measure, amean that falls outside of the 95%CI of the othermean is significantly different from the secondmean at P, .05. ANOVA, analysis
of variance; ITT, triple intrathecal therapy; IQ, intelligence quotient; SD, standard deviation.
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The adverse impact of increased methotrexate exposure
on neurocognitive outcomes in survivors of childhood ALL
treated with chemotherapy-only approaches is well
documented, with evidence showing increased intensity
of intrathecal and systemic methotrexate increases risk.5

Our analysis was stratified by treatment risk arm to fa-
cilitate comparisons of outcomes by protocol-directed
variations in intrathecal cumulative dose by holding
other aspects of treatment constant (including high-dose
methotrexate).

Among standard-to-high risk patients, males had lower
working memory scores than females, although this dif-
ference was only significant at the lowest ITT dose. In-
terestingly, there was evidence for a dose effect among
females: patients treated with intensified ITT ($ 27
doses) had significantly lower working memory scores
than those treated with lower ITT doses. These findings
seem to be most consistent with a growing body of evi-
dence suggesting that treatment-related neurocognitive
impairment and related mechanisms may be sex-
specific, with each sex demonstrating a specific neuro-
cognitive risk profile.35

We found that 3 years after diagnosis, a significant proportion
of the overall group of survivors showed elevated risk for
problems in attention, working memory, learning and
memory, and fine motor coordination. The results from
caregiver ratings showed elevated risk for problems with
attention, executive function, and adaptive independence.
Regardless of treatment approach, survivors of childhood
ALL treated with chemotherapy only have elevated risk for
neurocognitive problems. These findings also highlight the
complexity of neurocognitive outcomes and the need for

research into non–treatment-related neurocognitive risk
factors.

As an example, we found a significant effect of insurance type
on neurocognitive risk. Compared with those with private
insurance, patients with public insurance or no insurance
had significantly lower Estimated IQ, working memory, pro-
cessing speed, and math. These findings are consistent with
recent studies of neurocognitive and academic outcomes in
children treated for NCI high-risk B-ALL on the Children’s
Oncology Group frontline therapy trial, AALL0232.15,16 Mul-
tiple studies in the general childhood population have
identified an association between low social economic status
and alterations in brain structure and function.36,37 Future
work is needed to examine the role of social economic status
on the association between treatment-related alterations in
brain development and neurocognitive outcomes. Such work
would benefit from detailed measurement of environmental
constructs known to affect neurocognitive development in the
general childhood population, including the role of childhood
adverse experiences on brain and cognitive development.37

Other approaches could consider a broader approach to
measurement of social economic status, with the goal of
measuring community level factors (eg, access to nutrition,
availability of resources, and level of pollution).

We found that younger age at diagnosis predicted neuro-
cognitive problems in patients treated with standard-to-high
risk therapy only. Patients in the low-risk treatment group
tend to be younger because young children are more likely
than older children to have favorable genetic subtypes of ALL
and thus generally receive lower intensity of treatment.
However, young children with standard-to-high risk leuke-
mia were treated with more intensive chemotherapy,
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including higher dosages of dexamethasone, a corticosteroid
that has been associated in adverse neurodevelopmental
impact.38 Higher intensity of overall treatment may lead to
increased need for hospitalization for treatment-related
toxicity, leading to decreased opportunities for socializa-
tion and learning in the normative environment. Younger age
at diagnosis is also a neurocognitive risk factor because of
the rapid neurodevelopment of mechanisms that support
cognition.39

The clinical implications of these findings are significant.
Neurocognitive impairment is more likely with higher
numbers of intensified ITT. Our large and representative
sample is novel and speaks to generalizability of findings.
Our findings suggest a threshold effect for exposure to ITT,
which can inform future clinical trials and planning, as well
as neurocognitive monitoring and preventative interven-
tions during therapy and in survivorship.

Attention and workingmemory account for nearly half of the
developmental gains in global outcomes,40 and neuro-
imaging studies in survivors of childhood ALL show that
attention and workingmemory aremarkers of CNS-directed
therapy on brain development.41,42 As such, neurocognitive
vulnerabilities in these foundational domains may critically
alter neurodevelopmental trajectory and the development
of global intelligence and adaptive skills.

Strengths of this study include prospectively obtained data
obtained at a protocol-defined time point. The majority of
eligible patients completed neurocognitive testing at 3 years
after diagnosis. The test battery was comprehensive and
included reliable and valid measures of neurocognitive
functioning for patients of all ages, which is particularly im-
portant, given the high proportion of very young children
diagnosed with ALL. Our study is not without limitations.
Patients were treated at a single site. Data are cross-sectional.
A greater proportion of patients who were ineligible for neu-
rocognitivemonitoring had public or no insurance, suggesting
a lower social economic status.

Our results have implications for risk-directed neuro-
cognitive screening and development of interventions to
remediate neurocognitive deficits in survivors of child-
hood ALL. The Psychosocial Standards of Care Project for
Childhood Cancer guidelines recommend neurocognitive
monitoring beginning during therapy and continuing into
survivorship for all patients treated with CNS-directed
therapies.43 However, operationalizing this recommen-
dation is challenging in centers with varying levels of
resources, and not all survivors may need comprehensive
evaluation. Our findings can be used to inform risk-
directed neurocognitive screening and intervention that
is feasible across settings, thus promoting evidence-
based care for patients and families.44
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APPENDIX

Eligible for end-of-therapy
neurocognitive testing

(n = 479)

Ineligible for end-of-therapy
neurocognitive testing

(n = 119)

Did not complete
neurocognitive testing

(n = 79)

Completed neurocognitive
testing

(n = 400)

Low risk
(n = 194)

Standard-high risk 
(n = 206)

Patients treated on
Total 16
(N = 598)

FIG A1. Study population and flowchart. Reasons for ineligibility for neurocognitive monitoring on
Total 16 were as follows: Down syndrome (n5 12), English not primary language (n5 25), removed
from treatment before the end of therapy (n 5 54), and not offered consent (n 5 28).
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FIG A2. Learning and memory outcomes in patients at highest risk for CNS relapse from Total 15 or 16. Total 15,
n 5 112. Total 16, n 5 200. Two-sided P values from one-way ANOVA comparing outcomes between Total 15
and Total 16. ANOVA, analysis of variance.
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TABLE A1. Frequency of ITT by Treatment Risk Arm

ITT
Frequency

Low-Risk,
No. (%)

Standard-to-High
Risk,

No. (%)

9 1 (0.5)

10 1 (0.5)

11 1 (0.5)

12 2 (1.0)

13 115 (59.3) 3 (1.5)

14 2 (1.0)

15 5 (2.4)

16 45 (21.8)

17 1 (0.5) 2 (1.0)

18 2 (1.0) 2 (1.0)

19

20 2 (1.0) 2 (1.0)

21 70 (36.1) 1 (0.5)

22 3 (1.5)

23 8 (3.9)

24 13 (6.3)

25 11 (5.3)

26 27 (13.1)

27 80 (38.8)

28 1 (0.5)

Total 5 194
(100.0)

Total 5 206 (100.0)

NOTE. Bold values indicate intensified ITT group. Cut points were
based on the intensified ITT schedule; ITT was intensified during
induction and continuation therapy for patients with T-cell ALL, higher-
risk genomic features of ALL, or any number of leukemic blasts
identifiable in the CSF at diagnosis. In the low-risk group, these
patients were scheduled to receive 21 total ITT doses. In the standard/
high risk group, these patients were scheduled to receive 27 doses.
Planned ITT frequency was modified in some patients on the basis of
protocol guidelines. Patients received less than originally planned on
the basis of unanticipated toxicities and coming off protocol therapy,
and more because of reemergence of CNS blasts with persistently
negative minimal residual disease in marrow.

Abbreviations: ALL, acute lymphoblastic leukemia; ITT, triple
intrathecal therapy.

TABLE A2. Neurocognitive Assessment Battery

Domain Measure
Lower Age,

years

Global intelligence SB-5 Estimated IQ 3

Attention Kiddie CPT or CPT-2 4

BASC-2 Parent Rating 2

Working memory WJ-3 Cog - Auditory Working
Memory

4

WISC-4 or WAIS-3 Digit Span
Forward and Backward

6

Processing speed WJ-3 Cog - Visual Matching,
Decision Speed

3

Executive function WJ-3 Cog - Retrieval Fluency 3

BRIEF-P or BRIEF Parent
Rating

2

Learning and
memory

CVLT-C or CVLT-2 5

Fine motor speed Purdue Pegboard 3

Academics WJ-3 Ach—Letter-Word
Identification, Spelling,
Applied Problems

6

Adaptive skills ABAS-2 Parent Rating All ages

Abbreviations: ABAS-2, Adaptive Behavior Assessment System,
Second Edition; BASC-2, Behavior Assessment Scales for Children,
Second Edition; BRIEF, Behavior Rating Inventory of Executive
Function; BRIEF-P, Behavior Rating Inventory of Executive Function,
Preschool; CPT, Connors’ Continuous Performance Test; CVLT,
California Verbal Learning Test; IQ, intelligence quotient; SB-5,
Stanford Binet Intelligence Scales, Fifth Edition; WAIS-3, Wechsler
Adult Intelligence Scales, Third Edition; WISC-4, Wechsler Intelligence
Scales for Children, Fourth Edition; WJ-3 Ach, Woodcock Johnson Test
of Academic Achievement, Third Edition; WJ-3 Cog, Woodcock
Johnson Test of Cognitive Abilities, Third Edition.
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TABLE A3. Demographic and Clinical Characteristics for Eligible and
Ineligible Patients
Demographic and
Clinical Characteristics

Eligible
(N 5 479)

Ineligible
(N 5 119) P2-sided

Sex, No. (%)

Female 201 (42.0) 47 (39.5) .6250

Male 278 (58.0) 72 (60.5)

Race, No. (%)

White 377 (79.5) 87 (75.0) .1598

Black 71 (15.0) 17 (14.7)

Multiracial 15 (3.2) 12 (10.3)

Asian 10 (2.1) 0 (0.0)

American Indian,
Alaskan Native

1 (0.2) 12 (10.3)

Ethnicity, No. (%)

Hispanic 32 (7.2) 33 (38.4) , .0001

Non-Hispanic 444 (92.8) 86 (61.6)

Insurance type, No. (%)

Private 236 (49.3) 42 (35.3) .0062

Public or none 243 (50.7) 77 (64.7)

Mean SD Mean SD P2-sided

Age at diagnosis, years 7.19 4.70 7.66 5.40 .3459

ITT frequency 19.18 5.94 16.28 6.77 , .0001

NOTE. P value is from frequency or mean comparisons (chi-square
or t test) between eligible and ineligible groups. For the purpose of
frequency comparisons, race was collapsed into three levels (White,
Black, and other).

Abbreviations: ITT, triple intrathecal therapy; SD, standard
deviation.
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TABLE A4. Neurocognitive Outcomes at the End of Therapy by
Treatment Risk Arm

Neurocognitive Outcomes

Low-Risk
Standard-to-
High Risk

P bMean SD Mean SD

Global intelligence

Estimated IQ –0.27 1.04 –0.14 0.89 .2056

Attention

Omissions 0.40 1.29 0.69 2.69 .3380

Hit Reaction Time –0.23 1.11 –0.14 1.19 .5500

Variability 0.62 0.97 0.47 1.19 .3380

Detectability 0.45 0.83 0.12 1.10 .0114

Beta –0.03 0.76 0.13 1.11 .3380

Attention Problemsa 0.12 1.00 0.14 1.01 .8743

Working memory

Auditory Working Memory 0.35 0.90 0.08 0.79 .0070

Digit Span –0.58 0.86 –0.41 0.98 .1267

Processing speed

Visual Matching –0.16 1.01 –0.50 1.09 .0040

Decision Speed 0.02 1.10 0.05 1.14 .8331

Executive function

Retrieval Fluency –0.29 0.88 –0.24 0.91 .6175

Global Executivea 0.24 1.13 0.32 1.19 .6175

Learning and memory

List A Total –0.15 0.99 0.09 0.97 .0670

Short Delay Free Recall –0.15 0.97 –0.01 1.05 .3503

Long Delay Free Recall –0.22 1.11 0.05 1.05 .0670

Learn Slope –0.16 1.02 –0.15 0.99 .8939

Discriminability 0.12 1.27 0.10 1.22 .8939

Fine motor

Purdue Pegs –0.54 1.10 –0.70 1.24 .1804

Academics

Letter Word Identification 0.03 0.99 –0.18 0.97 .0606

Spelling 0.00 0.97 –0.08 0.97 .4111

Applied Problems –0.02 0.86 –0.24 0.83 .0465

Adaptive skills

Global Adaptivea –0.26 1.06 –0.32 1.15 .6158

NOTE. Low-Risk (N 5 194). Standard-to-High Risk (N 5 206). Z-
score normative mean 5 0, SD 5 1. Bold values indicate results
significant at P , .05, false discovery rate corrected for multiple
comparisons by neurocognitive domain.

Abbreviations: IQ, intelligence quotient; SD, standard deviation.
aCaregiver ratings.
bTwo-sided P value from one-way analysis of variance by treatment

risk arm.

TABLE A5. Case-Control Analysis Comparing Neurocognitive
Outcomes by Seizure Status

Neurocognitive Outcomes

Seizure
Group

(n 5 11)
Control Group
(n 5 43)

P bMean SD Mean SD

Global intelligence

Estimated IQ –0.04 0.91 –0.23 1.06 .5763

Attention

Omissions 0.86 1.08 0.26 0.99 .1067

Attention Problemsa –0.03 1.06 –0.02 1.08 .9882

Working memory

Digit Span –0.19 0.92 –0.58 0.84 .2872

Processing speed

Visual Matching –0.85 1.24 –0.34 1.12 .2093

Executive function

Retrieval Fluency –0.78 1.19 –0.23 0.78 .0837

Global Executivea –0.47 0.78 0.29 1.27 .0796

Learning and memory

Learn Slope –0.06 1.02 –0.30 0.94 .5288

Fine motor

Purdue Pegs –0.98 1.05 –0.63 1.12 .3737

Academics

Applied Problems –0.79 0.76 –0.04 0.80 .0095

Adaptive skills

Global Adaptivea –0.70 1.29 –0.15 1.18 .2069

NOTE. Z score normative mean 5 0, SD 5 1. Seizure
group5 patients who experienced seizures after reinduction 1. Control
group is matched on age at diagnosis, total frequency of ITT, and
distribution of risk arm and patient sex. Bold values indicate results
significant at P , .05.
Abbreviations: IQ, intelligence quotient; ITT, triple intrathecal

therapy; SD, standard deviation.
aCaregiver ratings.
bTwo-sided P value from one-way analysis of variance by seizure

group.
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TABLE A6. Case-Control Analysis Comparing Neurocognitive
Outcomes by Infection Status

Neurocognitive Outcomes

Infection
Group

(n 5 19)
Control Group
(n 5 76)

P bMean SD Mean SD

Global intelligence

Estimated IQ –0.37 0.83 –0.21 0.86 .4631

Attention

Omissions 0.29 0.95 0.80 3.08 .5058

Attention Problemsa 0.66 1.32 0.19 0.92 .1160

Working memory

Digit Span –0.27 1.00 –0.43 0.86 .5357

Processing speed

Visual Matching –0.42 0.77 –0.42 1.28 .9855

Executive function

Retrieval Fluency –0.56 0.71 –0.20 0.81 .0743

Global Executivea 0.57 1.41 0.25 0.99 .3099

Learning and memory

Learn Slope –0.12 0.57 –0.07 1.06 .8729

Fine motor

Purdue Pegs –1.00 1.56 –0.76 1.24 .4580

Academics

Applied Problems 0.13 0.91 –0.26 0.86 .1059

Adaptive skills

Global Adaptivea –0.63 1.40 –0.30 1.09 .3294

NOTE. Infection group5 patients with grade 4 or 5 infection during
therapy. Control group is matched on age at diagnosis, total frequency
of ITT, and distribution of risk arm and patient sex. SD 5 standard
deviation. Z score normative mean 5 0, SD, 1. Bold values indicate
results significant at P , .05.

Abbreviations: IQ, intelligence quotient; ITT, triple intrathecal
therapy.

aCaregiver ratings.
bTwo-sided P value from one-way analysis of variance by infection

group.
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