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Abstract: The survival rate for childhood acute lymphoblastic leukemia (ALL) is greater than 80%.

However, many of these survivors develop long-term chronic health conditions, with a relatively common

late effect being neurocognitive dysfunction. Although neurocognitive impairments have decreased in

frequency and severity as treatment has evolved, there is a subset of survivors in the current treatment era

that are especially vulnerable to the neurotoxic effects of ALL and its treatment. Additionally, little is known

about long-term brain development as survivors mature into adulthood. A recent study by Zeller ez al.

compared neurocognitive function and brain volume in 130 adult survivors of childhood ALL to 130 healthy

adults matched on age and sex. They identified the caudate as particularly sensitive to the neurotoxic effects

of chemotherapy. We discuss the implications and limitations of this study, including how their findings

support the concept of individual vulnerability to ALL and its treatment.
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The 5-year survival rate for childhood acute lymphoblastic
leukemia (ALL) has improved from 5% in the 1960s to
more than 80% today (1). A significant part of this improved
survival is due to prophylactic treatment of the central
nervous system (CNS). However, survival following this
treatment has a cost, namely in contributing to long-term
chronic health conditions. Recently, this has become readily
apparent in long-term adult survivors of childhood ALL.
Adult survivors of childhood leukemia have a fourfold
relative risk for having a severe or life-threatening health
condition when compared to siblings of cancer survivors (2).
Survivors of ALL appear to be at greatest risk for cardiac,
endocrine, metabolic, and neurocognitive dysfunction (3).
These consequences have decreased in frequency and
severity as prophylactic treatment of the CNS has moved
from radiation therapy to intrathecal (IT) chemotherapy.
However, neurocognitive impairment is still estimated to
occur in 20-40% of survivors of childhood ALL treated
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with chemotherapy only (4). Difficulties in processing
speed, attention, and working memory have been identified
as particular weaknesses (5). Poor neurocognitive outcomes
have been found in survivors treated with I'T or high-dose
intravenous methotrexate (HD-IV) as well as dexamethasone
(6,7).

Chemotherapy treatment for childhood ALL is
associated with neuroanatomical abnormalities. Reddick and
colleagues used magnetic resonance imaging (MRI) of the
brain to prospectively examine the prevalence of abnormal
white matter in children undergoing chemotherapy for
ALL. The rate of abnormal white matter was 86% shortly
after treatment with I'T and HD-IV methotrexate. By
the end of therapy, the rate of abnormal white matter was
reduced to 30% suggesting some white matter abnormalities
are transient whereas others are persistent (8). Five-year
survivors of ALL treated only with chemotherapy had
smaller white matter volumes when compared to matched
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healthy controls. These neuroanatomical differences appear
to have functional consequences as the volume of white
matter in ALL survivors was correlated to performance on
sustained attention tasks (9). A similar study found that over
30% of long-term survivors of childhood ALL treated only
with chemotherapy had abnormal MRI findings suggestive
of brain atrophy (10). Although one small study found
reduced white matter volume in ten young adult survivors
of childhood ALL treated only with chemotherapy (11), it is
largely unclear what happens in the brains of these survivors
as they age into latter adulthood.

In the Fournal of Clinical Oncology, Zeller and colleagues (12)
compare neurocognitive function and brain volumes of
130 adult survivors of childhood ALL to 130 healthy adults
matched on age and sex. The survivors were diagnosed at
Oslo University Hospital, Norway, over a span of 30 years
[1970-2002]. The large span of treatment era resulted in a
heterogeneous group with about 15% of survivors having a
history of relapse, 14% receiving cranial radiation therapy,
2% with transplanted stem-cells, and a wide variation in the
administered dose of methotrexate and anthracycline. The
healthy comparison group was recruited from two ongoing
studies at the Center for the Study of Human Cognition
at the University of Oslo. Study participants underwent
neurocognitive assessment and brain MRI.

Although there was no difference in global intelligence
(i.e., IQ), survivors performed worse than the comparison
group in processing speed, executive functioning, and verbal
learning/memory tasks. When interpreting these results,
there are several issues worth considering. The comparison
group had a median of 15 years of education and performed
above the norm for each neurocognitive measure suggesting
that they might be higher functioning than the general
population. Survivors also demonstrated an average
estimated IQ that was almost one standard deviation (SD)
above the norm. Although the survivors had lower scores
than the comparison group in multiple domains, the median
score for those measures was no more than a third of a SD
below the norm, suggesting relatively mild weaknesses.
Their performance in processing speed, executive
function, and memory were comparable to levels found
in a large study by Krull ez 4/. examining adult survivors
of ALL treated only with chemotherapy (13). Within that
large study by Krull et al. (N=567), as well as the Zeller
et al. study, there was a large amount of variability in
neurocognitive performance among survivors. For example,
the Zeller study found that the processing speed of some
survivors was severely impaired (more than 5 SDs below
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the norm) while other survivors performed above average
(more than 1.5 SD above the norm) (12). Although the
percent of survivors clinically impaired were not reported in
the Zeller study, Krull ez 2/ (13) found that adult survivors
of ALL treated only with chemotherapy performed at
impaired rates of about 17% in processing speed, 16% in
executive functioning, and 13% in memory as compared to
the expected rate of 2% based on an impairment threshold
of 22 SDs below the population mean. Results from both
studies suggest that some survivors of ALL are at much
greater risk for developing neurocognitive late effects, while
many other survivors who were treated in a similar manner
remain neurologically intact.

Variability in global neurocognitive outcomes after
treatment for ALL has been documented for some time.
A prospective study conducted in 1991 found that 28%
of patients treated only with chemotherapy had clinically
significant (=1 SD) declines in verbal and performance
intelligence between the beginning of treatment and
three years post-treatment (4). A more recent study has
found similar variability where about 33% of survivors had
a clinically significant decline in performance intelligence,
whereas, about 40% of survivors remained stable or even
improved (14). Some well-recognized factors that appear to
contribute to individual vulnerability include: cumulative
dose and intensity of cancer therapy; age at diagnosis;
years since diagnosis; and gender (15). The contributions
of other factors are beginning to emerge. Polymorphisms
related to drug metabolism and oxidative stress have been
associated with neurocognitive outcomes in survivors
of ALL (16,17). Disrupted sleep and fatigue are known
to promote neurocognitive sequelae and about half of
long-term survivors of ALL report sleep problems (18).
Disrupted sleep in cancer survivors has been associated
with polymorphisms that influence inflammatory cytokine
expression (19). The association between genetics, disrupted
sleep, and neurocognitive late effects suggests that many
of the factors contributing to individual vulnerability are a
result of complex interactions between the environment,
treatment, and inherent patient characteristics. Identifying
the factors contributing to these individual vulnerabilities
will be critical for understanding the pathophysiology
of neurocognitive late effects and should inform future
interventions.

In the Zeller ez 4l. study (12), adult survivors of ALL had
reduced volume of cortical gray and white matter, caudate
nucleus, amygdala, and hippocampus when compared
to healthy controls. These neuroanatomical volume
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differences remained significant even when comparing
a subset of survivors who did not receive CRT (n=112).
When interpreting the neuroimaging data, there are two
main points to consider. First of all, survivors of ALL had
a smaller intracranial volume (ICV) than the comparison
group and ICV is an index of the global brain volume
attained following development. After adjusting for ICV,
the difference in volume of the caudate nucleus was the
only region that remained significantly different between
groups. Although it is unclear whether the caudate is
particularly vulnerable to cancer treatment, it is one of the
areas undergoing the most intense myelinization during
childhood (20). The caudate seems to play a role in many
cognitive processes, including: executive function; attention;
learning; and memory (21). However, the difference in ICV
makes it challenging to clearly interpret whether other brain
regions are differentially affected or whether there is simply
mild global differences in brain volume. Evidence suggests
that some brain regions might be more susceptible to ALL
and its treatment. Previous studies have found that brain
regions have temporally distinct maturational trajectories.
It appears that higher-order association areas, such as the
prefrontal and temporal cortices, only mature after lower-
order sensorimotor regions (22). Additionally, imaging
conducted in adolescent survivors of ALL found more white
matter abnormalities in the frontal regions, suggesting
white matter tracts within the frontal lobe may be more
susceptible to insults during ALL and its treatment (23).
To further investigate potential regional differences, it would
be interesting to compare the ratio between a brain region of
interest and ICV. The second point that needs consideration
is the difficultly in determining the clinical relevance of
these neuroanatomical findings. Without adjusting for ICV,
there were only very weak (r,<0.25) correlations between
structural changes and neurocognitive performance.
This lack of correspondence might, in part, be due to
the complexity of the neurocognitive tasks and the large
heterogeneous brain regions being correlated. Emerging
evidence suggests that how the cortical thickness develops
over time is more predictive of functional characteristics
than absolute cortical thickness in adulthood (24).
Recent advances in imaging, such as diffusion tensor
imaging, also provide more sensitive ways to investigate
functional consequences of volume differences by measuring
integrity of white matter in various networks. Future
research using longitudinal data and advanced technology
may shed more light onto the functional significance of
volume differences.
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Although Zeller and colleagues began with the aim
of examining associations between cancer treatment and
brain volume, it is still unclear how various aspects of the
cancer experience contribute to neuroanatomical group
differences. No correlations were found between specific
drug treatment and brain regions with reduced volume in
survivors. To better understand if cancer treatment alters
brain structure; it would be important to examine drug-
specific contributions to volume differences after adjusting
for other treatment variables. As the authors point out,
neurotoxic treatment has direct effects on brain volume
by killing cells leading to atrophy of gray matter and/or
demyelination of white matter (25). However, treatment
with multiple agents may also indirectly influence brain
structure. Adult survivors of childhood cancer are at risk for
many chronic late effects, including: cardiac, pulmonary,
and endocrine dysfunction (3). Dysfunction in these organ
systems have been linked to neurocognitive difficulties.
For example, Hodgkin lymphoma survivors who received
thoracic radiation, but no known neurotoxic treatment,
were more likely to have impairments in attention, memory,
and executive function compared to normative data.
Survivors who received 230 Gy of chest radiation were
more likely to have white matter abnormalities compared to
survivors who received <30 Gy which suggests that damage
to cardiopulmonary systems may in turn damage brain cells.
In addition, survivors with cardiac dysfunction were more
likely to display poor working memory and efficiency, while
survivors with pulmonary dysfunction were more likely to
display attention problems (26). Future research is needed
to better understand how cancer treatment might disrupt
brain integrity and neurocognitive function by promoting
chronic disease. This becomes more imperative as the
survivor continues to age into adulthood. As the authors
point out, there are other factors that may help explain brain
volume differences, such as: prolonged periods of reduced
health during cancer treatment or long-lasting stress. Adult
survivors of ALL report about a fourfold greater risk for post-
traumatic stress symptoms when compared to siblings (27).
Adolescent survivors of childhood ALL were also more
likely to report symptoms of depression and anxiety when
compared to siblings (28). Posttraumatic stress disorder and
major depression have been reported to have smaller gray
matter volume, particularly within frontal and temporal
regions, when compared to controls (29). Future research
is needed to determine whether cancer survivors reporting
higher levels of chronic stress or depression have reduced
brain volume.
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In conclusion, neurocognitive late effects in survivors of
ALL have decreased in frequency and severity as treatment
has evolved. Emerging evidence suggests that there is a
subset of survivors in the modern treatment era that are
particularly vulnerable to the neurotoxic effects of ALL
and its treatment. The study by Zeller ez al. substantially
contributes to this notion and suggests that the caudate
is particularly vulnerable to the neurotoxic effects of
chemotherapy. This study has some limitations to consider
but helps inform future research directions. Research is
needed to determine the functional consequences of brain
volume differences, how ALL and its treatment shapes
neurological differences, and why certain individuals are
more vulnerable to neurotoxicity.

Acknowledgements

None.

Footnote

Conflicts of Interest: The authors have no conflicts of interest
to declare.

References

1. Mariotto AB, Rowland JH, Yabroff KR, et al. Long-term
survivors of childhood cancers in the United States.
Cancer Epidemiol Biomarkers Prev 2009;18:1033-40.

2. Oeffinger KC, Mertens AC, Sklar CA, et al. Chronic
health conditions in adult survivors of childhood cancer. N
Engl ] Med 2006;355:1572-82.

3. Hudson MM, Ness KK, Gurney JG, et al. Clinical
ascertainment of health outcomes among adults treated for
childhood cancer. JAMA 2013;309:2371-81.

4. Mulhern RK, Fairclough D, Ochs J. A prospective
comparison of neuropsychologic performance of children
surviving leukemia who received 18-Gy, 24-Gy, or no
cranial irradiation. J Clin Oncol 1991;9:1348-56.

5. Krull KR, Okcu MF, Potter B, et al. Screening for
neurocognitive impairment in pediatric cancer long-term
survivors. J Clin Oncol 2008;26:4138-43.

6. Peterson CC, Johnson CE, Ramirez LY, et al. A
meta-analysis of the neuropsychological sequelae
of chemotherapy-only treatment for pediatric acute
lymphoblastic leukemia. Pediatr Blood Cancer
2008;51:99-104.

7. Edelmann MN, Ogg RJ, Scoggins MA, et al.

© Translational Pediatrics. All rights reserved.

10.

11.

12.

13.

14.

15.

16.

17.

www.thetp.org

Edelmann and Krull. Brain function in adult survivors of ALL

Dexamethasone exposure and memory function in adult
survivors of childhood acute lymphoblastic leukemia: a
report from the SJLIFE cohort. Pediatr Blood Cancer
2013;60:1778-84.

Reddick WE, Glass JO, Helton KJ, et al. Prevalence

of leukoencephalopathy in children treated for acute
lymphoblastic leukemia with high-dose methotrexate.
AJNR Am J Neuroradiol 2005;26:1263-9.

Reddick WE, Shan ZY, Glass JO, et al. Smaller white-
matter volumes are associated with larger deficits in
attention and learning among long-term survivors of acute
lymphoblastic leukemia. Cancer 2006;106:941-9.
Hertzberg H, Huk W], Ueberall MA, et al. CNS

late effects after ALL therapy in childhood. Part I:
Neuroradiological findings in long-term survivors of
childhood ALL--an evaluation of the interferences
between morphology and neuropsychological performance.
The German Late Effects Working Group. Med Pediatr
Oncol 1997;28:387-400.

Porto L, Preibisch C, Hattingen E, et al. Voxel-based
morphometry and diffusion-tensor MR imaging of the
brain in long-term survivors of childhood leukemia. Eur
Radiol 2008;18:2691-700.

Zeller B, Tamnes CK, Kanellopoulos A, et al. Reduced
neuroanatomic volumes in long-term survivors of
childhood acute lymphoblastic leukemia. J Clin Oncol
2013;31:2078-85.

Krull KR, Brinkman TM, Li C, et al. Neurocognitive
outcomes decades after treatment for childhood acute
lymphoblastic leukemia: a report from the St. Jude
Lifetime Cohort Study. ] Clin Oncol 2013. [Epub ahead of
print].

Montour-Proulx I, Kuehn SM, Keene DL, et al. Cognitive
changes in children treated for acute lymphoblastic
leukemia with chemotherapy only according to the
Pediatric Oncology Group 9605 protocol. J Child Neurol
2005;20:129-33.

Nathan PC, Patel SK, Dilley K, et al. Guidelines for
identification of, advocacy for, and intervention in
neurocognitive problems in survivors of childhood cancer:
a report from the Children’s Oncology Group. Arch
Pediatr Adolesc Med 2007;161:798-806.

Kamdar KY, Krull KR, El-Zein RA, et al. Folate pathway
polymorphisms predict deficits in attention and processing
speed after childhood leukemia therapy. Pediatr Blood
Cancer 2011;57:454-60.

Caron JE, Krull KR, Hockenberry M, et al. Oxidative
stress and executive function in children receiving

Transl Pediatr 2013;2(4):143-147



Translational Pediatrics, Vol 2, No 4 October 2013

18.

19.

20.

21.

22.

23.

chemotherapy for acute lymphoblastic leukemia. Pediatr
Blood Cancer 2009;53:551-6.

Meeske KA, Siegel SE, Globe DR, et al. Prevalence and
correlates of fatigue in long-term survivors of childhood
leukemia. J Clin Oncol 2005;23:5501-10.

Vallance K, Yang ], LiJ, et al. Disturbed sleep in pediatric
patients with leukemia: the potential role of interleukin-6
(-174GC) and tumor necrosis factor (-308GA)
polymorphism. Oncol Nurs Forum 2011;38:E365-72.
Fletcher JM, Copeland DR. Neurobehavioral effects of
central nervous system prophylactic treatment of cancer in
children. J Clin Exp Neuropsychol 1988;10:495-537.
Grahn JA, Parkinson JA, Owen AM. The cognitive
functions of the caudate nucleus. Prog Neurobiol
2008;86:141-55.

Gogtay N, Giedd JN, Lusk L, et al. Dynamic mapping
of human cortical development during childhood
through early adulthood. Proc Natl Acad Sci U S A
2004;101:8174-9.

Reddick WE, Glass JO, Johnson DP, et al. Voxel-based
analysis of T2 hyperintensities in white matter during
treatment of childhood leukemia. AJNR Am ] Neuroradiol

Cite this article as: Edelmann MN, Krull KR. Brain volume
and cognitive function in adult survivors of childhood acute
lymphoblastic leukemia. Transl Pediatr 2013;2(4):143-147. doi:
10.3978/j.issn.2224-4336.2013.08.03

© Translational Pediatrics. All rights reserved.

24.

25.

26.

27.

28.

29.

www.thetp.org

147

2009;30:1947-54.

Giedd JN, Rapoport JL. Structural MRI of pediatric brain
development: what have we learned and where are we
going? Neuron 2010;67:728-34.

Saykin AJ, Ahles TA, McDonald BC. Mechanisms

of chemotherapy-induced cognitive disorders:
neuropsychological, pathophysiological, and neuroimaging
perspectives. Semin Clin Neuropsychiatry 2003;8:201-16.
Krull KR, Sabin ND, Reddick WE, et al. Neurocognitive
function and CNS integrity in adult survivors of childhood
hodgkin lymphoma. J Clin Oncol 2012;30:3618-24.

Stuber ML, Meeske KA, Krull KR, et al. Prevalence and
predictors of posttraumatic stress disorder in adult survivors
of childhood cancer. Pediatrics 2010;125:¢1124-34.

Schultz KA, Ness KK, Whitton J, et al. Behavioral and
social outcomes in adolescent survivors of childhood
cancer: a report from the childhood cancer survivor study.
J Clin Oncol 2007;25:3649-56.

Kroes MC, Rugg MD, Whalley MG, et al. Structural brain
abnormalities common to posttraumatic stress disorder
and depression. ] Psychiatry Neurosci 2011;36:256-65.

Transl Pediatr 2013;2(4):143-147



