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Abstract

Background: Long-term survivors of pediatric acute lymphoblastic leukemia are at elevated risk for neurocognitive deficits
and corresponding brain dysfunction. This study examined sex-based differences in functional neuroimaging outcomes in
acute lymphoblastic leukemia survivors treated with chemotherapy alone. Methods: Functional magnetic resonance imaging
(fMRI) and neurocognitive testing were obtained in 123 survivors (46% male; median [min-max] age¼14.2 years [8.3-26.5
years]; time since diagnosis¼7.7 years [5.1-12.5 years]) treated on the St. Jude Total XV treatment protocol. Participants per-
formed the n-back working memory task in a 3 T scanner. Functional neuroimaging data were processed (realigned, slice
time corrected, normalized, smoothed) and analyzed using statistical parametric mapping with contrasts for 1-back and 2-
back conditions, which reflect varying degrees of working memory and task load. Group-level fMRI contrasts were stratified
by sex and adjusted for age and methotrexate exposure. Statistical tests were 2-sided (P< .05 statistical significance thresh-
old). Results: Relative to males, female survivors exhibited less activation (ie, reduced blood oxygen dependent–level signals)
in the right parietal operculum, supramarginal gyrus and inferior occipital gyrus, and bilateral superior frontal medial gyrus
during increased working memory load (family-wise error–corrected P¼ .004 to .008, adjusting for age and methotrexate
dose). Female survivors were slower to correctly respond to the 2-back condition than males (P< .05), though there were no
differences in overall accuracy. Performance accuracy was negatively correlated with fMRI activity in female survivors
(Pearson’s r¼�0.39 to �0.29, P¼ .001 to .02), but not in males. Conclusions: These results suggest the working memory
network is more impaired in female survivors than male survivors, which may contribute to ongoing functional deficits.

Leukemia is the most common pediatric cancer, with the ma-
jority of children being diagnosed between the ages of 2 and
5 years (1). Survival rates of childhood acute lymphoblastic
leukemia (ALL) exceed 90% on contemporary treatment proto-
cols that have replaced prophylactic cranial irradiation with
risk-stratified intrathecal therapy, high-dose intravenous
methotrexate, and dexamethasone (2,3). Although survival
rates have improved, leukemia patients treated on contempo-
rary chemotherapy protocols remain at elevated risk for long-
term neurocognitive impairment and altered patterns of brain
function (4,5). Given the young age at diagnosis and high rate

of survival, it is critical to examine the long-term impact of
cancer and its treatment on brain function and neurocognitive
abilities to mitigate the risk for potential neurocognitive late
effects (ie, cognitive deficits that emerge in the years following
therapy). Long-term survivors of childhood ALL (�5 years from
diagnosis) most commonly exhibit deficits in attention, execu-
tive function, and processing speed (5,6). These neurocogni-
tive impairments can contribute to poor quality of life,
reduced academic achievement, and increased unemploy-
ment among survivors, demonstrating a strong burden to the
individual (7,8).
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The degree of neurocognitive impairment in long-term
ALL survivors is known to be associated with certain treat-
ment exposures (ie, intrathecal therapy, high-dose metho-
trexate, dexamethasone, etc) and age at diagnosis, but
recent evidence suggests that these interactions may be sex
specific (9-11). A higher risk of neurocognitive impairment
has been observed in female survivors compared with
males, with research studies noting statistically significant
deficits in attention and executive function (12-15).
Neuroimaging investigations have also reported sex-specific
differences in brain connectivity patterns in long-term ALL
survivors, with females displaying greater brain alterations
compared to males (10,16). For example, females exhibited
widespread cortical thinning that corresponded with youn-
ger age at diagnosis and higher dexamethasone exposure, a
pattern not observed among males. Additionally, female sur-
vivors displayed disrupted brain connectivity within the
cerebello-thalamo-cortical network, which is involved in
higher-ordered cognitive processes (ie, executive function,
working memory) and rich in glucocorticoid receptors. These
findings suggest that females may be particularly vulnerable
to the neurotoxic effects of leukemia and its treatment, es-
pecially regarding corticosteroid exposure. To advance un-
derstanding about sex-based differences among childhood
ALL survivors treated with chemotherapy, we undertook a
large-scale neuroimaging investigation using task-based
functional magnetic resonance imaging (fMRI) to examine
sex-specific differences in brain activity during a working
memory task.

Methods

Study Population

A total of 408 children with newly diagnosed ALL were treated on
the Total XV protocol at St. Jude Children’s Research Hospital be-
tween 2000 and 2010 (ClinicalTrials.gov, NCT0013711) (2).
Survivors were eligible for the separate prospective neuroimaging
study if they were 5 years and more from diagnosis of ALL,
English speaking, and 8 years and older at the time of study en-
rollment. Survivors were ineligible for the study if they had re-
ceived cranial radiation therapy for central nervous system (CNS)
relapse, had relapse or secondary neoplasms, were diagnosed
with a genetic disorder associated with cognitive impairments
(ie, Trisomy 21), or had a history of head trauma or neurological
conditions unrelated to cancer therapy. Of the 302 eligible survi-
vors, 213 (71%) completed neurocognitive testing, and 123 (58%)
had evaluable functional neuroimaging data. Figure 1 summa-
rizes the flow of study recruitment procedures. Demographic
data (ie, sex) and clinical characteristics were obtained from the
survivors’ medical records. Sex refers to the biological character-
istics of males and females. This study was approved by the insti-
tutional review board, and written informed consent was
obtained by the participants and/or their legal guardians.

Total Therapy XV Treatment

Children diagnosed with ALL were stratified and treated in low-
risk or standard/high-risk treatment arms (17). Compared with

Figure 1. Flow chart of recruitment procedures. fMRI ¼ functional magnetic resonance imaging; M ¼male; F ¼ female.
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patients treated in the standard/high-risk arm, those treated in

the low-risk arm received fewer doses of triple intrathecal treat-
ment with methotrexate, hydrocortisone and cytarabine (13-18
vs 16-25), lower dosage of intravenous high-dose methotrexate
(2.5 vs 5.0 gm/m2) for every other week for 4 courses as consoli-
dation treatment, and lower dosage of dexamethasone pulses
at 8 vs 12 mg/m2 per day for 4 days per course for 25 courses. All
long-term survivors in this study were treated using these pro-
tocols. Serum concentrations of methotrexate were obtained at
3 different time periods following intravenous administration
(ie, 6, 23, and 42 hours post administration), and an average area
under the curve (AUC) was computed. Dexamethasone AUC
was also calculated based on serum samples, which were col-
lected during therapy (ie, before, 1, 2, 4, 8 hours post oral
administration).

Neurocognitive Evaluation

Neurocognitive evaluations were administered by certified
examiners under the supervision of a board-certified clinical

neuropsychologist on ALL survivors who were 5 to 10 years
from their initial cancer diagnosis. Standardized clinical guide-
lines for cognitive evaluations were implemented to reduce in-
terference, test order effects, and fatigue. The neurocognitive
battery included standardized measures of intelligence (18), ex-
ecutive function (19), attention (20), processing speed (21), mem-
ory (22), and fine motor dexterity (23). The neurocognitive tests
relevant to the aim of this study included metrics of working
memory (ie, Weschler Digit Span Backwards), verbal fluency (ie,
Delis-Kaplan Executive Function System Verbal Fluency), and
cognitive flexibility (ie, Delis-Kaplan Executive Function System
Trail Making), because all of these neurocognitive functions are
related to the n-back task (24). Neurocognitive impairment was
defined as age-adjusted normative scores below the 10th
percentile.

N-Back Task

The n-back task is a measure of working memory load and ca-
pacity (25,26). The task involved 3 separate conditions: the 0-
back, 1-back, and 2-back conditions, which reflect varying
degrees of working memory and task load. Participants com-
pleted the n-back task while undergoing a fMRI exam. An illus-
tration of the task paradigm and parameters is presented in
Figure 2. A 2-second instruction screen was presented between
each block with 5 seconds of silence after the instructions.
Performance accuracy was calculated separately for each condi-
tion using the following formula: accuracy ¼ (hits þ correct
rejections)/total stimuli; correct rejections ¼ number of distrac-
tors � commission errors; hits ¼ number of targets � omission
errors. We applied performance cutoffs for the n-back task,
based on previous literature, to ensure that participants were
actively engaged in the task and had an appropriate under-
standing of the task instructions (24). For the 1-back and 2-back
conditions, participants were excluded if they did not achieve at
least 30% target accuracy (ie, with 25% target accuracy repre-
senting random selection). Given that the 0-back task is easier
than the other 2 conditions, a more stringent performance
threshold was applied (ie, cut off <75% target accuracy) (25).
Participants who did not meet the performance threshold (ie,
validity screening) were not included in the behavioral or fMRI
analysis.

Functional MRI

fMRI was performed on 3 T scanners (Trio or Skyra, Siemens,
Malvern, PA, USA) using a 14-channel standard head coil. The
functional images were acquired using a single-shot T2*-
weighted echo-planar imaging sequence (Repetition Time [TR]
¼ 2.06 seconds, Time to Echo [TE]¼ 30 ms, Feild-of-view
[FOV]¼ 192 mm, matrix¼ 64 � 64, slice thickness¼ 5 mm) during
the n-back task. Functional neuroimaging data were prepro-
cessed (realigned, slice time corrected, normalized, and

Figure 2. Illustration of the n-back task paradigm used in the fMRI. fMRI ¼ functional magnetic resonance imaging; ms ¼milliseconds; s ¼ seconds.
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smoothed) and analyzed using statistical parametric mapping
(SPM) (27) with contrasts developed for the 1-back vs 0-back, 2-
back vs 0-back, and 2-back vs 1-back conditions. Group-level
fMRI contrasts were stratified by sex and adjusted for age at
evaluation and methotrexate dosage (ie, methotrexate AUC).

Statistical Analysis

Normative age-standardized scores were calculated among sur-
vivors to determine neurocognitive impairment in domains of
working memory, verbal fluency, and cognitive flexibility (ie,
scores <10th percentile) and compared by sex while adjusting
for methotrexate AUC. The behavioral performance on the n-
back task was analyzed using general linear models that ad-
justed for age at evaluation and methotrexate AUC. Functional
neuroimages were preprocessed and analyzed using SPM (27).
The SPM preprocessing steps included correction for interscan
head motion using realignment techniques, normalization of
images to the Montreal Neurological Institute brain template,
and image smoothing with a 6-mm full width at half-maximum
Gaussian kernel. The preprocessed functional images were then
resliced to 2 mm isotropic resolution for analysis using general
linear models. Statistical calculations were computed using
SPM based on an initial voxel-level analysis, which included a
family-wise error correction for multiple comparisons, with a
minimum cluster size of 5 voxels (T threshold¼ 3.5). Differences
in brain activity were considered statistically significant for cor-
rected P values of less than .05. Cluster-level analyses was also
conducted with a voxel uncorrected threshold P value of less
than .001 and minimum cluster size of 5 voxels. Anatomical
labels for the clusters were determined with SPM, and the loca-
tion of clusters was crosschecked by visual comparison with the
Talairach atlas. Associations between fMRI activity, neurocogni-
tive performance, treatment exposures, patient demographics,
and n-back task performance were examined using multiple
linear regressions and Pearson correlations in XLSTAT 22.5.1.
All statistical tests were 2-sided with a P< .05 threshold for sta-
tistical significance.

Results

fMRI and neurocognitive testing were obtained in 123 survivors
(46% male, 54% female; median [min-max] age¼ 14.2 years [8.3-
26.5 years]; time since diagnosis¼ 7.7 years [5.1-12.5 years]). The
demographic information and clinical characteristics of this co-
hort are presented in Table 1. Neurocognitive and n-back task
performance are presented in Table 2. No behavioral differences
in performance accuracy during the n-back task were observed
between male and female survivors. However, female survivors
had statistically significant slower reaction times during the 2-
back condition (P¼ .048). Standardized neurocognitive perfor-
mance (ie, working memory, verbal fluency, and cognitive flexi-
bility tasks) was not associated with fMRI brain activity during
the n-back task. However, male survivors demonstrated greater
deficits in cognitive flexibility than females (P¼ .003). There
were no other differences between females and males for the
other neurocognitive outcomes relevant to this study (ie, work-
ing memory or verbal fluency; P> .05).

For fMRI, females had reduced brain activity (ie, reduced
blood oxygen level–dependent [BOLD] signal) in the right parie-
tal operculum, supramarginal gyrus and inferior occipital gyrus,
and bilateral superior medial frontal gyrus during increased
working memory task load (ie, 2-back vs 1-back contrast)

compared with males (family-wise error–corrected P¼ .004 to
.008, adjusting for age at evaluation and methotrexate dose)
(see Figure 3). Brain activation patterns were not associated
with treatment risk group, age at diagnosis, executive dysfunc-
tion status, or total number of intrathecal injections. Multiple
linear regression models revealed that performance accuracy
on the n-back task accounted for 11.8% to 17.5% of the variation
in BOLD signaling in the bilateral superior medial frontal gyrus
during increased working memory load in female survivors, but
not in male survivors (P< .05). Performance accuracy on the n-
back task was negatively correlated with BOLD activation in this
brain region during the 1-back (left medial frontal gyrus:
Pearson r¼�0.394, P¼ .001; right medial frontal gyrus: Pearson
r¼�0.322, P¼ .008) and 2-back conditions (left medial frontal
gyrus: Pearson r¼�0.358, P¼ .003, right medial frontal gyrus:
Pearson r¼�0.290, P¼ .02) in female survivors. Performance ac-
curacy was not associated with fMRI activity in male survivors.
Additionally, dexamethasone AUC accounted for 8.2% to 18.7%
of the variation in BOLD signaling in the right parietal opercu-
lum, supramarginal gyrus, and inferior occipital gyrus among
females during increased working memory load (P< .05).
Dexamethasone AUC was negatively correlated with the ampli-
tude of BOLD signals in these brain regions (parietal operculum:
Pearson r¼�0.433, P¼ .001; supramarginal gyrus: Pearson
r¼�0.286, P¼ .03; inferior occipital gyrus: Pearson r¼�0.347,
P¼ .008).

Discussion

The findings from this study suggest that female sex is associ-
ated with brain dysfunction in the working memory networks
of ALL survivors. Despite the lack of difference in behavioral
performance accuracy between female and male survivors on
the n-back task, there were sex-specific variations in reaction
time (ie, processing speed) and brain activation patterns.
Compared with males, female survivors were statistically sig-
nificantly slower (P< .05) at correctly identifying target stimuli
during the n-back task condition that required the greatest level
of working memory load (ie, 2-back). Although reaction times
typically become slower as a cognitive task becomes more diffi-
cult, these effects were exacerbated in female survivors. These

Table 1. Demographic and clinical characteristics of acute lympho-
blastic leukemia survivors by sexa

Category Overall Females Males P

No. (%)
Sex

Male 56 (46) 0 56 —
Female 67 (54) 67 0 —

Treatment risk stratum
Low risk 52 (42.3) 46 (68.7) 25 (32.6) .007
Standard/high risk 71 (57.7) 21 (31.3) 31 (67.4) .007

Mean (SD)
Age at evaluation, y 15.1 (4.7) 15.9 (4.9) 14.3 (4.5) .07
Age at diagnosis, y 7.2 (4.5) 6.6 (4.3) 7.8 (4.7) .15
Methotrexate AUC 32.8 (11.6) 30.2 (10.1) 35.9 (12.5) .003
Dexamethasone AUC 542.7 (285.5) 531.3 (255.9) 556.2 (316.6) .84
Total IT injections, No. 14.4 (3.9) 13.5 (3.0) 15.5 (4.6) .005

aAUC ¼ area under the curve; IT ¼ intrathecal injection of methotrexate.

Student t test comparisons with P values less than .05 represent statistical

significance.
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findings suggest that the working memory network may be-
come overloaded during complex tasks, with consequent im-
pairment in processing speed and regional changes in
functional brain activation. The current literature in noncancer
populations does not support the notion of sex-specific differ-
ences in behavioral performance (ie, reaction time, accuracy)
(28-30) or fMRI brain activity (31) during the verbal n-back task,
suggesting that the differences observed in this study are
unique to female ALL survivors who have undergone chemo-
therapy. These findings demonstrate that female survivors may

be particularly sensitive to treatment exposures, which likely
contribute to long-term neurocognitive late effects.

Previous neuroimaging investigations in noncancer popula-
tions have established that working memory is supported by ac-
tivation of the fronto-parietal brain regions, including the
cingulate, parietal, and prefrontal cortices (32). Interestingly, re-
duced BOLD activation was exclusively observed in these same
brain regions among female survivors, suggesting a sex-specific
vulnerability for impaired brain function in the years following
chemotherapy. The reductions in brain activation among
females may reflect emerging brain deficits that have yet to
manifest into overt working memory impairments. Given that
neurocognitive late effects are often subtle, functional neuroim-
aging techniques may be particularly useful for detecting dis-
crete and domain-specific neurocognitive functions (6).

Performance accuracy on the 1-back and 2-back conditions
was associated with BOLD activity during increased working
memory load among female survivors. Considering that the
fMRI contrast of interest was derived from the 2-back vs 1-back
conditions, it is not surprising that accuracy on these trials
accounted for some of the variation in BOLD signaling. In addi-
tion, dexamethasone exposure had a sex-specific impact on
BOLD activation, with female survivors displaying a statistically
significant inverse relationship between these 2 factors.

These findings are consistent with previous literature that
observed sex-dependent variations on the impact of dexameth-
asone exposure on neuroanatomical brain structure in long-
term ALL survivors (10). The increased density of glucocorticoid
receptors in female survivors within these brain regions may in-
crease the neurotoxicity of chemotherapy agents and steroids
administered during ALL therapy. The neurotoxic agents used
in chemotherapy are capable of penetrating and damaging the
blood-brain barrier, which in turn can cause increased cytokine-
induced inflammation (33), neural apoptosis (34), and decreased
hippocampal neurogenesis (35). Additional longitudinal studies
investigating neuroimaging and neurocognitive outcomes in re-
lation to these treatment factors are warranted to help inform
the validity of this proposed mechanism of neurocognitive im-
pairment in long-term ALL survivors.

Table 2. Neurocognitive evaluations, n-back task performance, and fMRI outcomes among acute lymphoblastic leukemia survivors by sexa

Cognitive and fMRI Outcomes
Males Females

P(n¼ 56) M (SD) (n¼ 67) M (SD)

Wechsler digit span backwards, Z score �0.31 (1.11) �0.20 (0.89) .64
D-KEFS trail-making task, Z score �0.70 (1.19) �0.15 (0.98) .003
D-KEFS verbal fluency, Z score �0.51 (0.96) �0.26 (0.85) .37
0-back task accuracy, % 95.7 (0.06) 95.1 (0.06) .88
1-back task accuracy, % 91.0 (0.11) 90.1 (0.13) .83
2-back task accuracy, % 78.7 (0.16) 79.6 (0.12) .49
0-back hits reaction time, ms 512.9 (74.2) 540.0 (88.2) .21
1-back hits reaction time, ms 591.2 (136.3) 637.9 (141.2) .31
2-back hits reaction time, ms 652.3 (140.7) 723.3 (179.3) .048
R. Inferior occipital gyrus BOLD signal 0.133 (0.36) �0.124 (0.38) <.001
R. Supramarginal gyrus BOLD signal 0.289 (0.41) �0.061 (0.45) <.001
R. Parietal operculum BOLD signal 0.091 (0.22) –0.104 (0.27) <.001
R. Superior medial frontal gyrus BOLD signal 0.268 (0.52) �0.046 (0.46) <.001
L. Superior medial frontal gyrus BOLD signal 0.254 (0.57) �0.072 (0.53) <.001

aBOLD ¼ blood oxygen level–dependent; D-KEFS ¼ Delis-Kaplan Executive Function System; fMRI ¼ functional magnetic resonance imaging; L ¼ left; R ¼ right.

Statistical analyses were conducted using general linear models adjusting for age at evaluation and methotrexate area under the curve, with P values less than .05 rep-

resenting statistical significance. fMRI outcomes were corrected for multiple comparisons using family-wise error. BOLD signal values represent peak voxel activation

within the region of interest. Z scores were age standardized and thus were only adjusted for methotrexate area under the curve in the general linear models.

Figure 3. Sex-specific variations in blood oxygen level–dependent signaling dur-

ing increased working memory task load (ie, 2-back vs 1-back condition) pre-

sented in radiological convention. Female survivors display reduced activity in

the (a) right inferior occipital gyrus, (b) supramarginal gyrus and parietal opercu-

lum, and (c) bilateral superior medial frontal gyrus, compared to males. L ¼ left;

R ¼ right. T value threshold statistically significant if greater than 3.5.
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Research has indicated that the frontal lobes are involved in
higher-ordered cognitive processes, including working memory
(36), and are among the last brain regions to develop, with full
maturation not met until the third decade of life (37-39). While
caudal regions of the brain are more developed in children, ros-
tral brain regions (ie, the prefronto-parietal cortex) are less de-
veloped and may be particularly susceptible to the neurotoxic
effects associated with chemotherapy and steroid exposure. As
previously mentioned, the peak incidence of ALL occurs be-
tween 2 and 5 years of age. Although rapid brain development
occurs during this period, it is important to note that the child’s
brain size is only 80%-90% of that achieved during adulthood
and biologically significant changes in synaptic pruning, myeli-
nation, and reorganization have yet to occur (40). Given that
children have yet to develop the myelination and dendritic ar-
borization, their neurons need to be protected from
chemotherapy-induced toxic insult to avoid cognitive deficits in
the years following treatment. Given this trajectory of brain de-
velopment in the frontal lobe, neurocognitive processes sup-
ported by the fronto-parietal regions (ie, working memory and
attention) may be particularly vulnerable to the neurotoxicity
associated with CNS-directed therapy in children, especially
among females.

The findings from this study have limitations to consider, in-
cluding the lack of a healthy control group. However, the large
sample size permitted within group comparisons and clinically
relevant outcomes was still observed. Different types of MRI
scanners (trio and skyra) were used, though both MRIs were de-
veloped by the same manufacturer and had the same magnet
strength of 3 T to ensure homogeneity in the data collection pro-
cess. Variations in the type of scanner may introduce unwanted
variance and reduce power to detect differences in BOLD signal-
ing, but these factors would not account for the statistically sig-
nificant differences observed. Other treatment variables that
differed between male and female survivors, such as total num-
ber of intrathecal methotrexate injections or treatment risk
stratification, were not adjusted for in the statistical models.
Instead, methotrexate AUC dosage was adjusted for in the mod-
els because it highly correlates with the number of injections
and treatment risk stratification but provides more information
regarding methotrexate clearance and toxicity. Despite these
limitations, this study demonstrated sex-based differences in
brain activation patterns associated with working memory in a
large cohort of long-term ALL survivors. These findings suggest
that neural systems involved in working memory are detrimen-
tally affected by contemporary chemotherapy protocols for pe-
diatric ALL, and these effects may be exacerbated by female sex.
Considering evidence indicating that sex hormones play vary-
ing roles in protecting the central nervous system from
chemotherapy-related insult (41-44), future research investiga-
tions may benefit from including longitudinal assessments of
sex hormones before, during, and following chemotherapy to
determine the extent of their involvement in facilitating or re-
ducing treatment-induced neurotoxicity.

Inclusion of structural and functional neuroimaging investi-
gations (ie, task-based and resting-state fMRI, diffusion tensor
imaging, etc) in long-term cancer survivors is essential to ad-
vance our understanding of how chemotherapy and other treat-
ment factors can affect brain connectivity, network efficiency,
and white matter integrity. Identification of risk factors associ-
ated with altered brain function and neurocognitive deficits is
important to inform the development of interventions for cur-
rent childhood cancer survivors and to improve treatment strat-
egies for those who are newly diagnosed.
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