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Abstract

Background—Chemotherapy treatment for pediatric acute lymphoblastic leukemia (ALL) has

been associated with long-term cognitive impairments in some patients. However, the

neurobiologic mechanisms underlying these impairments, particularly in young survivors, are not

well understood. This study aimed to examine intrinsic functional brain connectivity in pediatric

ALL and its relationship with cognitive status.

Procedure—We obtained resting state functional magnetic resonance imaging (rsfMRI) and

cognitive testing data from 15 ALL survivors age 8–15 years and 14 matched healthy children.

The ALL group had a history of intrathecal chemotherapy treatment but were off-therapy for at

least 6 months at the time of enrollment. We used seed-based analyses to compare intrinsic

functional brain network connectivity between the groups. We also explored correlations between

connectivity and cognitive performance, demographic, medical, and treatment variables.

Results—We demonstrated significantly reduced connectivity between bilateral hippocampus,

left inferior occipital, left lingual gyrus, bilateral calcarine sulcus, and right amygdala in the ALL

group compared to controls. The ALL group also showed regions of functional hyperconnectivity

including right lingual gyrus, precuneus, bilateral superior occipital lobe, and right inferior

occipital lobe. Functional hypoconnectivity was associated with reduced cognitive function as

well as younger age at diagnosis in the ALL group.

Conclusions—This is the first study to demonstrate that intrinsic functional brain connectivity

is disrupted in pediatric ALL following chemotherapy treatment. These results help explain

cognitive dysfunction even when objective test performance is seemingly normal. Children

diagnosed at a younger age may show increased vulnerability to altered functional brain

connectivity.
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INTRODUCTION

Chemotherapy treatment for pediatric acute lymphoblastic leukemia (ALL) is associated

with cognitive difficulties. The most common cognitive domains affected include executive

function, memory, attention, visual processing, and visuomotor skills [1]. These difficulties

persist decades later into adulthood and negatively impact occupational and educational

achievement [2–5]. Candidate mechanisms for cognitive impairment following ALL include

disruption of neural progenitor cells and neurogenesis, inflammatory response,

microvascular damage, and genetic vulnerabilities [6–8].

Neuroimaging studies that used volumetric magnetic resonance imaging (MRI), diffusion

weighted imaging and task-based functional MRI (fMRI) have demonstrated alterations of

brain structure and function in ALL survivors [4,9–16]. These studies identified biomarkers

of cognitive outcome that provide insights into the neurobiologic mechanisms underlying

cognitive impairment in ALL. However, there have been very few neuroimaging studies to

date, particularly in young survivors (<16 years).

Resting state functional MRI (rsfMRI) provides measurement of intrinsic brain networks.

Intrinsic network connectivity depends on stable structural networks [17,18]. The

widespread alterations in brain structure that have previously been observed in ALL suggest

that resting state networks are likely disrupted in ALL. For example, Zeller et al. [9]

demonstrated significantly reduced volumes of cortical gray matter and cerebral white

matter as well as reduced regional volumes in amygdala, caudate, hippocampus, and

thalamus in adult survivors of pediatric ALL compared to healthy controls. Our group

previously showed significantly reduced organization of large-scale structural brain

networks in young ALL survivors compared to healthy children [19]. However, to date, no

studies have evaluated resting state intrinsic brain networks in ALL.

We therefore aimed to determine if functional connectivity of resting state networks is

altered in young survivors of ALL compared to typically developing children. We

hypothesized that ALL would be associated with diffuse dysconnectivity of intrinsic

networks and that these abnormalities would correlate with cognitive measures. We also

sought to explore the impact on resting state functional connectivity of demographic

variables (age and maternal education) and known risk factors for cognitive impairment in

ALL including cognitive reserve (represented by maternal education), gender, treatment

intensity, time since treatment, and age at diagnosis [12].

PATIENTS AND METHODS

Participants

We enrolled 29 children, 15 children with a history of ALL who were off-therapy for at least

6 months at the time of enrollment and 14 healthy children. ALL participants were recruited
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through physician referrals and a recruitment liaison in the local clinics, while control

subjects were recruited through community postings. There were no between group

differences in age, gender or minority status (Table I). Participants with ALL were excluded

for history of cranial radiation, CNS involvement, or gross neuropathologies (e.g.,

leukomalacia, ventriculomegaly). All participants were excluded for major sensory

impairments, MRI contraindications, or any significant medical or psychiatric condition

known to affect cognitive function (diagnosed before or unrelated to ALL for the ALL

group). Participants with ALL received intrathecal chemotherapy as per POG/COG

protocols 9904 (N = 2), 9905 (N = 3), AALL0331 (N = 8), and AALL0434 (N = 2). There

were 12 participants who received standard dose treatment and three who received high

dose. Informed consent was obtained from the parent/legal guardian and assent was obtained

from all participants. Stanford University’s Institutional Review Board approved this study.

rsfMRI Acquisition

rsfMRI data were obtained using a GE Discovery MR750 3.0 T whole-body scanner (GE

Medical Systems, Milwaukee, WI) while participants rested in the scanner with their eyes

closed. We used a T2*-weighted gradient echo spiral pulse sequence: TR=2,000

milliseconds, TE=30 milliseconds, flip angle=80°, field of view=22 cm,matrix=64×64, slice

thickness=4.0mm, spacing=1.0mm, 150 volumes, scan time=5:00. Subjects were monitored

visually via a mirror in the head coil and physiologic recordings of heart and respiratory

rate. An automated high-order shimming method was used to reduce field inhomogeneity.

We also acquired a high-resolution, 3D inversion-recovery prepared fast spoiled gradient

echo anatomical scan with the following parameters: TR=minimum, TE=minimum, flip=11

degrees, inversion time=300 milliseconds, bandwidth=±31.25 kHz, field of view=24 cm,

phase field of view=0.75, slice thickness=1.5mm, 125 slices, 256×256 at 1 excitation, scan

time=4:26.

rsfMRI Analysis

Image preprocessing was performed using Statistical Parametric Mapping 8 (SPM8,

Wellcome Trust Centre, London, UK) as described in detail in our previous publications

[20–22]. Resting state functional connectivity analysis was performed using a seed-based

approach within the CONN toolbox [23]. Seeds were defined by 90 cortical and subcortical

regions of interest (ROIs) from the automated anatomical labeling (AAL) atlas [24], re-

sliced in SPM8 to match the image dimensions of the structural and functional images (91 ×

109 × 91). To reduce the influence of non-neuronal noise, the preprocessed images were

motion-regressed, corrected via the CompCor strategy [25] and band-pass filtered to 0.008–

0.09 Hz. Pearson’s correlation coefficients were calculated between seed time courses and

the time courses of all other voxels in the brain. Correlation coefficients were then

normalized using Fisher’s r–z transformation resulting in a corrected correlation map for

each individual. Second-level analysis was performed using the general linear model within

CONN to determine between group differences in correlation maps [23] using false

discovery rate (FDR) correction for multiple comparisons.
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Cognitive Performance

We administered the following standardized measures to all participants on the same day as

the MRI scanning session: Information, Matrix Reasoning, Letter-Number Sequencing and

Coding subtests of the Wechsler Intelligence Scale for Children, 4th edition (WISC-IV)

[26], Verbal Learning and Picture Memory subtests of the Wide Range Assessment of

Learning and Memory, 2nd edition [27], Letter Fluency and Color-Word Interference

subtests of the Delis-Kaplan Executive Function System [28], Reading Fluency and Math

Fluency subtests of the Woodcock Johnson Tests of Achievement, 3rd edition [29], and the

Behavioral Rating Inventory of Executive Function (BRIEF) [30]. We calculated an

intelligence quotient (IQ) estimate using the average scaled score from the WISC-IV

subtests. For the BRIEF, we used the Global Executive Composite (GEC).

Tests were chosen based on their psychometric properties including available normative data

for the entire age range of our sample and their measurement of cognitive skills known to be

affected in pediatric cancer while keeping the battery feasibly brief for young participants.

Tests were administered by research staff trained and supervised by a clinical

neuropsychologist (S.K.) and all tests were doubled scored by raters blinded to participant

group membership. We used two-tailed t-tests to determine between group differences in

cognitive performance with FDR correction. We also calculated effect sizes using Cohen’s d

[31].

Correlations

Two-tailed exploratory Pearson or Spearman correlations (as appropriate) were performed

within each group separately between significant functional connections (represented by

normalized z score), demographic (age, gender, maternal education), and cognitive

variables. Only those cognitive measures that differed between groups as defined by a

medium (0.50) [31] or higher effect size were examined. Within the ALL group, correlations

between significant functional connections and medical/treatment variables (time since

treatment, age at diagnosis, treatment intensity) were also calculated.

RESULTS

Group Differences in Intrinsic Functional Connectivity

As shown in Table II and Figure 1, the ALL group-demonstrated regions of both functional

hyper- and hypo-connection compared to controls. Functional hyperconnectivity was

observed within peristriate cortex regions including right lingual gyrus, bilateral superior

occipital lobe and right inferior occipital lobe. The functional connectivity between right

middle cingulate gyrus and left precuneus also was increased in ALL.

Reduced functional connectivity in ALL was observed between left hippocampus and left

inferior occipital, left lingual and bilateral calcarine sulcus, left lingual and right amygdala

and right hippocampus and left inferior occipital and right hippocampus.
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Group Differences in Cognitive Performance

As shown in Table III, the ALL group showed reduced performance on several measures.

However, these did not survive multiple comparisons correction.

Correlations Between Intrinsic Connectivity and Cognitive Performance

For regions of functional hypoconnection in ALL, lower IQ was associated with lower

connectivity between left hippocampus and left lingual gyrus in the ALL group (r=0.541,

P=0.037). Also, reduced Color Naming score was associated with reduced connectivity

between left lingual gyrus and right amygdala (r = 0.524, P = 0.045). Controls showed no

significant associations between regions of functional hypoconnectivity and cognitive

performance. For regions of functional hyperconnection, neither group showed any

significant correlations with cognitive measures.

Correlations Between Intrinsic Connectivity and Demographic Variables

Neither group showed any significant correlations between connectivity and age, maternal

education, or gender.

Correlations Between Intrinsic Connectivity and Medical/Treatment Variables (ALL Only)

Younger age at diagnosis was associated with lower connectivity between left hippocampus

and left lingual gyrus (r=0.609, P = 0.016) as well as between left hippocampus and left

calcarine sulcus (r = 0.681, P = 0.005). There were no correlations between regions of

functional hypoconnection and time since treatment or treatment intensity.

DISCUSSION

Using rsfMRI, we demonstrated disrupted connectivity in several intrinsic brain network

regions among young survivors of pediatric ALL compared with healthy children. Regions

that were functionally hypoconnected in ALL included bilateral hippocampus, left inferior

occipital, left lingual gyrus, bilateral calcarine sulcus, and right amygdala. The ALL group

also showed regions of functional hyperconnectivity including right lingual gyrus,

precuneus, bilateral superior occipital lobe, and right inferior occipital lobe. Cognitive

performance was reduced in the ALL group compared to controls particularly on measures

of global intelligence, working memory, visual processing of color, and response inhibition.

In exploratory analysis, functional hypoconnectivity between some regions was associated

with decreased cognitive performance.

Intrinsic functional networks are believed to modulate allocation of neural resources toward

goal-oriented processes [32]. This dynamic resource allocation depends critically on stable

structural connectivity [33–35]. Therefore, these findings are consistent with reports

showing abnormal white matter connectivity following ALL [14,15,36] including our

previous study showing disrupted gray matter structural network connectivity in ALL

survivors [19]. Together, these neuroimaging findings may suggest that ALL is associated

with diffuse disconnection of neural networks. This suggests a reduction in overall

information processing efficiency, consistent with the subtle versus pronounced profile of

cognitive difficulties and learning delays observed in survivors of pediatric ALL [37].
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Together, the regions of reduced connectivity in ALL are known to be involved in memory,

attention and/or processing of visual information [38–40]. Previous studies have

demonstrated deficits in these cognitive domains among survivors of ALL [41,42]. Our

results suggest that reduced Color Naming performance may be associated with reduced

connectivity between left lingual gyrus and right amygdala. Color Naming performance is

highly associated with Attention Deficit Hyperactivity Disorder in children and is believed

to indicate impairments in visual perception and visual selective attention [43,44]. However,

our correlational findings were exploratory and uncorrected and therefore areas of functional

hypoconnection require further study in larger samples.

There were no correlations between cognitive performance and regions of functional

hyperconnectivity. The specific regions of functional hyperconnectivity included right

lingual gyrus, bilateral superior occipital lobe and right inferior occipital lobe, which are

also involved in attention and visual processing. The functional significance of these regions

might be better evaluated with additional cognitive–behavioral measures that focus more

specifically on attention and integrated visual–spatial skills. Alternatively, functional

hyperconnectivity may reflect a compensatory neural mechanism as we have demonstrated

in survivors of adult-onset cancer treated with chemotherapy [45]. Additionally, we

previously showed that young survivors of ALL show reorganization of white matter

regions following treatment-related brain injury [12]. Compensatory neural mechanisms

may mask underlying cognitive difficulties [46]. For example, our ALL sample

demonstrated cognitive testing scores within the “average” range despite scores being lower

than that of their peers. However, it is difficult to determine if functional hyperconnectivity

is compensatory in the present sample given the lack of correlation with cognitive outcome.

It is possible that a change in cognitive function over time is associated with altered

connectivity and therefore longitudinal studies are required.

Younger age at diagnosis may be associated with reduced connectivity between left

hippocampus and left lingual gyrus as well as between left hippocampus and left calcarine

sulcus. This is consistent with previous studies suggesting that younger age at diagnosis is

predictive of poorer cognitive and neurobiologic outcome following treatment for ALL [47–

49]. Studies of early brain injury in children suggest nonlinear effects of age with potential

critical periods interacting with neural plasticity mechanisms to influence outcome [50].

Longitudinal studies of brain development in larger samples of children treated for ALL are

required to determine the specific ages or age ranges that are associated with the greatest

neurobiologic vulnerability. Statistical power was likely inadequate to detect further

relationships between connectivity measures and functional outcomes, demographics and

treatment variables. These variables require further examination to determine factors that

reliably predict neurobiologic outcome following ALL.

This study is limited by the small sample size and cross-sectional design. Additionally, there

was likely not enough variance in treatment intensity to determine if this variable influenced

neurobiologic or cognitive status. Our rsfMRI ROI scheme is a very common one but as

with all rsfMRI studies, a different scheme might yield alternate results. Despite these

limitations, our findings demonstrate unique insights regarding the neurobiologic

mechanisms of cognitive dysfunction associated with ALL chemotherapy. We provide
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further evidence that intrathecal chemotherapy alone, without cranial radiation, can

significantly impact brain development in young patients. rsfMRI can be used to evaluate

multiple neural systems with one brief scan (e.g., 5 minutes) and does not have any

behavioral requirements. It can also be obtained during sleep or sedation and is therefore

ideal for evaluating young children. Using rsfMRI in multisite, cooperative studies would

yield important information in larger samples of children.
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Fig. 1.
Between group differences in intrinsic functional connectivity. Regions of significant (P <

0.05, FDR corrected) functional hyperconnectivity in the ALL group compared to controls

are indicated in the circular graph (A) by blue ribbons while regions of functional

hypoconnectivity are indicated by yellow-green ribbons. Concentric bars above the region

label, color-coded by segment, show relative contribution of each connection for (from outer

to inner) total outgoing and incoming connections, incoming connections, and outgoing

connections. Circular graph created using Circos (http://circos.ca) [51]. The brain graph (B)

also shows regions of functional hyperconnectivity in blue and functional hypoconnectivity

in yellow-green. Brain graph created using BrainNet Viewer (http://www.nitrc.org/projects/

bnv/) [52]. RLING, right lingual gyrus; RSOG, right superior occipital gyrus; RCING, right

middle cingulate; LPCN, left precuneus; RIOG, right inferior occipital gyrus; LSOG, left

superior occipital gyrus; LHIP, left hippocampus; LLING, left lingual gyrus; RCAL, right

calcarine sulcus; LCAL, left calcarine sulcus; RAMG, right amygdala; RHIP, right

hippocampus; LIOG, left inferior occipital gyrus.
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TABLE I

Demographic and Medical Data Shown as Mean (Standard Deviation) Unless Otherwise Indicated

ALL (N = 15) Controls (N = 14) t/ χ 2 P

Age 11.5 (2.0), range 8.9–15.9 11.5 (2.0), range: 8.0–14.6 0.60 0.95

Grade 6.1 (2.2), range 3–10 6.2 (2.0), range 2–9 0.11 0.91

Maternal education (years) 12.9 (4.3), range 6–18 14.2 (3.1), range 6–21 0.91 0.37

Male 60% 43% 0.32 0.57

Minority status 53% 43% 0.42 0.52

Age at diagnosis 4.4 (1.8), range 1.5–8

Time since treatment (months) 43.8 (29.4), range: 9–110
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TABLE II

Between Group Differences in Intrinsic Functional Connectivity

P (FDR-corrected)

Functionally hyperconnected in ALL compared to controls

 Right lingual

  Left superior occipital 0.016

 Right middle cingulum

  Left precuneus 0.031

 Right inferior occipital

  Left superior occipital 0.022

  Right superior occipital 0.027

Functionally hypoconnected in ALL compared to controls

 Left hippocampus

  Left inferior occipital 0.038

  Left lingual 0.038

  Right calcarine 0.038

  Left calcarine 0.043

 Left lingual

  Right amygdala 0.035

  Right hippocampus 0.035

 Left inferior occipital

  Right hippocampus 0.047

ALL, acute lymphoblastic leukemia; FDR, false discovery rate.
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TABLE III

Cognitive Data Shown as Mean (Standard Deviation)

ALL (N = 13) Controls (N = 14) t P (FDR adjusted) d

IQ estimate 98.5 (11.5) 105 (8.7) 1.59 0.40 0.64

 Information 10.3 (3.4) 10.1 (2.3) 0.11 0.91 0.07

 Matrix reasoning 9.7 (3.2) 11.1 (3.1) 1.28 0.40 0.44

 LNS 9.1 (2.8) 11.3 (1.9) 2.54 0.23 0.92

 Coding 9.6 (3.2) 10.9 (2.5) 1.23 0.40 0.45

Verbal learning 10.7 (2.9) 10.9 (2.8) 0.25 0.90 0.07

Picture memory 8.2 (1.7) 9.2 (2.6) 1.23 0.40 0.46

Letter fluency 9.7 (3.1) 10.6 (3.5) 0.80 0.59 0.27

Color naming 10.1 (3.2) 12.3 (2.8) 1.93 0.30 0.73

Word reading 11.6 (2.2) 12.5 (1.7) 1.23 0.40 0.46

Inhibition 10.6 (1.9) 12.4 (2.4) 2.29 0.23 0.83

Inhibition/switching 11.1 (2.7) 11.3 (3.1) 0.20 0.90 0.07

Reading fluency 101.9 (16.8) 107.5 (10.8) 1.03 0.47 0.40

Math fluency 101.5 (12.5) 105.2 (15.0) 0.71 0.60 0.27

BRIEF GECa 56.3 (11.3) 51.9 (6.6) 1.22 0.40 0.48

FDR, false discovery rate; IQ, intelligence quotient; LNS, letter-number sequencing; BRIEF GEC, Behavioral Rating Inventory of Executive
Function Global Executive Composite.

aHigher BRIEF score = greater impairment. For all other measures, lower score = lower performance.
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