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Abstract

Objective: There is limited research on neurocognitive outcome and associated risk factors in long-term, adult survivors of childhood acute
lymphoblastic leukemia (ALL), without treatment of cranial radiation therapy. Moreover, the impact of fatigue severity and pain interference
on neurocognition has received little attention. In this cross-sectional study, we examined neurocognitive outcome and associated factors in
this population. Method: Intellectual abilities, verbal learning/memory, processing speed, attention, and executive functions were compared to
normative means/medians with one sample ¢ tests or Wilcoxon signed-rank tests. Associations with risk factors, fatigue severity, and pain
interference were analyzed with linear regressions. Results: Long-term, adult survivors of childhood ALL (N =53, 51% females, mean
age = 24.4 years, SD = 4.4, mean = 14.7 years post-diagnosis, SD = 3.4) demonstrated above average intellectual abilities, but performed below
average in attention, inhibition, processing speed, and shifting (p < 0.001). Executive functioning complaints were significantly higher than
normative means, and positively associated with fatigue (p < 0.001). There was no interaction between sex and fatigue and no neurocognitive
impairments were associated with pain interference, risk group, age at diagnosis, or sex. Conclusions: Long-term, adult survivors of ALL
treated without cranial radiation therapy, demonstrate domain-specific performance-based neurocognitive impairments. However, continued
research on the neurocognitive outcome in this population as they age will be important in the coming years. Executive functioning complaints
were frequently in the clinical range, and often accompanied by fatigue. This suggests a need for cognitive rehabilitation programs.
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Introduction higher doses relating to higher severity rates (Zhou et al., 2020). To
help preserve neurocognitive functions, the treatment has
gradually been replaced by intrathecal chemotherapy. Cranial
radiation therapy was first omitted from the treatment of standard

risk ALL in the 1980s (Hudson et al., 2012; Schmiegelow et al.,

Acute lymphoblastic leukemia (ALL) is the most common
diagnosis of childhood cancer. As a result of tremendous
improvements in modern treatment, the five-year event-free

survival is now approaching 90% in developed countries (Jeha
et al,, 2019; Toft et al,, 2018). However, research suggests that a
subgroup of survivors show neurocognitive sequelae many years
into survivorship (Krull et al., 2013).

In childhood ALL survivors, neurocognitive sequelae have
traditionally been attributed to cranial radiation therapy (Hardy
et al,, 2018; Krull et al., 2018). Cranial radiation therapy has been
shown to impact the severity of neurocognitive impairments, with
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2010; Toft et al., 2018). From the year of the 2000 and onward,
increasingly more patients with high-risk disease have also been
cured without cranial radiation therapy (Pui & Evans, 2013).
Although chemotherapeutic agents appear to have less severe
effects on neurocognition (Cheung & Krull, 2015), adverse brain
changes (e.g., white matter reduction) (Zhou et al., 2020), and
neurocognitive sequelae (van der Plas, Modi, et al., 2021) have been
demonstrated in survivors of childhood ALL treated without
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cranial radiation therapy as well. Studies of long-term (min. five
years post-diagnosis, Cheung & Krull, 2015) survivors in
adulthood have documented mostly normal intellectual functions
with specific impairments related to processing speed, attention,
memory, and executive functions (Chiou et al., 2019; Edelmann
etal., 2013; Elens et al., 2017; Kanellopoulos et al., 2016; Krull et al.,
2013). Executive functions are higher-level cognitive control
processes, which contribute to the regulation of thoughts and goal-
directed behavior (Friedman & Miyake, 2017; Miyake & Friedman,
2012), essential for adult daily-life and wellbeing (Friedman &
Miyake, 2017). However, a long period of follow-up time is needed
to evaluate neurocognitive outcome in adulthood. As such, there
are still few studies that have examined neurocognitive outcome
associated with contemporary chemotherapy protocols in this
population (Schmiegelow et al., 2010; Toft et al., 2018).

Most research has focused on treatment and disease factors in
relation to neurocognitive outcome. It has previously been stated
that treatment burden (Hardy et al., 2018; Krull et al., 2018), female
sex (Krull et al., 2013; van der Plas, Qiu, et al., 2021), and younger
age at diagnosis (Jacola et al., 2016; Sherief et al., 2018) increase the
likelihood of neurocognitive sequelae. However, there is also a need
to explore additional moderating factors, to facilitate the
identification, rehabilitation, and prognosis of neurocognitive
impairments (Zhou et al., 2020).

A prevalent (Hamre et al, 2013; van Deuren et al, 2022),
distressing (Hamre et al, 2013; Kanellopoulos et al, 2013), and
relatively persistent (Irestorm et al., 2023; Zeller et al., 2014) symptom
in survivors of childhood ALL is fatigue. Fatigue may be described as
“a sense of tiredness and lack of energy, distinct from sadness and
weakness” (Krupp et al., 1988). Approximately % of childhood ALL
survivors report severe fatigue in adulthood (van Deuren et al., 2022).
While several studies have demonstrated an association between
fatigue and mental distress, research regarding the association with
neurocognition is surprisingly limited (van Deuren et al, 2020).
Earlier research has revealed an association between fatigue and
neurocognitive impairments (Clanton et al., 2011), which may be
explained by a lower mental capacity in fatigued individuals (Meeske
et al, 2005). However, this research is limited by self-report
methodology only (Clanton et al, 2011) and poorly specified
neurocognitive domains (Meeske et al., 2005; Rueegg et al,, 2013). In
addition, one study on long-term adolescent survivors showed that
females are especially vulnerable to the effects of fatigue on executive
functions, processing speed, and attention (Cheung et al., 2017). Still,
little is known about this sex difference in adulthood.

Long-term survivors of ALL also report increased levels of
tension headaches, migraines (Khan et al., 2014), and back pain
(Bowers et al, 2012). Some survivors experience neuropathy
(Kandula et al., 2016), which can cause burning pain, numbness or
hypersensitivity to touch. With the development of more effective
cancer treatment for childhood ALL, there has been an increase in
reports of cancer-related pain (Ness et al., 2017). This could
possibly be due to more children with higher risk disease, being
cured by more intensive treatments (e.g., >10 doses of intrathecal
chemotherapy (Khan et al., 2014)), in the more recent cohorts. As
such, pain could be a particularly relevant factor in understanding
neurocognitive sequelae following contemporary chemotherapy
regimens. Due to the biological salience of pain (Moriarty et al.,
2011), pain may occupy a significant amount of cognitive resources
(e.g., attention) (Stone et al., 2018) and have a negative impact on
neurocognitive performance (Moriarty et al, 2011). Consistent
with this idea, emerging research shows that pain interference in
long-term, adult survivors of childhood cancer has adverse effects
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on the performance of attention, executive functions, processing
speed, and memory (Tonning Olsson et al., 2021). However, the
impact of pain interference on neurocognition in long-term
survivors of childhood ALL specifically, remains to be examined
(Stone et al., 2018).

The first aim of the current study was to map neurocognitive
outcome in long-term survivors of childhood ALL, treated with
chemotherapy, but without cranial radiation therapy. Both
performance-based and self-report measures were used for this
purpose. The second aim of this study was to examine factors
associated with neurocognitive outcome in this population. We
examined the impact of known risk factors (i.e., age at diagnosis,
sex, and disease/treatment burden) on neurocognitive functioning.
It was hypothesized that younger age at diagnosis, female sex, and
more intensive treatment increased the risk of poor neurocognitive
outcome. Furthermore, we explored the influence of pain
interference and fatigue severity on neurocognitive functioning
and whether females were more vulnerable to the effects of fatigue
on neurocognition in adulthood. It was expected that fatigue and
pain would negatively affect neurocognition.

Methods
Participants and procedures

The Cancer Registry of Norway identified all individuals diagnosed
with ALL between 1980 and 2015 at age below 18 and minimum five
years post-diagnosis, in the South-Eastern and Middle regions of
Norway. Adults (>18 and <40 years) who were alive in 2020 and
2021, without relapse of ALL within the last five years, and treated at
Oslo University Hospital or St. Olavs Hospital in Norway, were
eligible to participate in the study. Individuals with a history of
premorbid CNS disease or injury (e.g., cerebral palsy) were excluded.
The study was part of a larger clinical trial (clinialtrials.gov:
NCT04541056) where participants with executive functioning
complaints were further invited to participate in cognitive rehabili-
tation. It was clearly stated that neurocognitive sequelae were not a
prerequisite for participation in the present study. A total of 143
individuals received an invitation letter, with 57 individuals eventually
participating (40% participation rate). The research was completed in
accordance with the Declaration of Helsinki. Informed consent was
obtained from all participants and the study was approved by the
Regional Committee for Medical Research Ethics in Central Norway
(2018/1810). Three participants were excluded from analyses due to
substance abuse and a sensory impairment. One was not included due
to having received cranial radiation therapy. Thus, a total of 53
survivors (Mean age = 24.40, SD = 4.41, 51% females) are included in
the current study (Table 1).

Demographic and treatment characteristics were collected from a
semi-structured interview, The Cancer Registry and the participants’
hospital records. From the latter, we collected information about
diagnosis, date of diagnosis and treatment start, treatment protocols,
stem cell transplantation, radiation therapy, and relapse. All
participants had received ALL treatment according to a strict
protocol, most frequently NOPHO ALL 2000 (Schmiegelow et al.,
2010) (N=35) and NOPHO ALL 2008 (Toft et al,, 2018) (N= 13).
Treatment duration for these protocols is 2-2.5 years from diagnosis
(Schmiegelow et al., 2010). The remaining (N = 5) had received other
treatment protocols (e.g., Hammersmith/modified Hammersmith)
(Bersvendsen et al., 2014). The protocols stratified between a high-risk
and a non-high-risk treatment approach based on biological factors
associated with prognosis. The high-risk approaches had more
intensive, more types, and higher cumulative doses of chemotherapy.
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Table 1. Demographic characteristics of the sample (N = 53)

N (%) M (SD) Min. Max.
Female 27 (51)
Age at participation 53 24.40 (4.41) 18 34
Education level 52 14.29 (2.31) 9 20
Years from diagnosis 53 14.41 (3.61) 5.61 19.61
Age at diagnosis 53 10.08 (5.21) 1 17
Diagnosed before age five 12 (22)
Center 53
Oslo University Hospital 36 (68)
St. Olavs Hospital 17 (32)
Year of diagnosis* 53 2005 2002 2015
Allogeneic stem cell transplantation 6 (11)
Relapse 3 (6)
ALL HR treatment 17 (32.1)

Note. M =mean, SD = standard deviation. Education level = years of education. *Median reported for year of cancer diagnosis. ALL = acute lymphoblastic leukemia, HR = high-risk.

Details and exact doses of chemotherapy are not collected in
this study.

Participants took part in neurocognitive testing and completed
self-report questionnaires. Neurocognitive testing took place in a
dedicated room and lasted approximately four hours including
short breaks. The order of testing was fixed. Survivors were offered
the opportunity to participate over two subsequent days, and all
survivors had a one-hour lunch break. Participants who were
unable to attend physically (e.g., due to the Covid-19 pandemic),
were asked to respond to self-report questionnaires only (N =2).
Various infection control measures (e.g., plexiglass, disinfection of
material) were employed during testing.

Measures

Performance-based neurocognitive tests

The subtests Block design, Matrix reasoning, Similarities, and
Vocabulary (scaled scores, M =10, SD=3) from the Wechsler
Adult Intelligence Scale-IV (WAIS-IV) (Weschler, 2008) were
used to calculate the general ability index (GAI, IQ scores,
M =100, SD =15) as an estimation of intellectual functioning. In
addition, the Digit span and Letter-number sequencing were used
as measures of working memory capacity (Scaled scores,
M=10, SD=3).

California Verbal Learning Test 2nd Edition (CVLT-II) was
used to characterize auditory attention span, verbal learning and
memory. List A, trial 1 (M =0, SD = 3) was used to assess auditory
attention span, the overall correct recall from list A 1-5 (M = 50,
SD = 10) was used to assess verbal learning. Short-delay free recall
and long-delay free recall (M =0, SD = 3) were used to measure
verbal memory.

Conner’s Continuous Performance Test 3rd Edition (CPT-3)
(Conners, 2014) was used to assess inhibitory control and focused
attention (M =50, SD=10). Specifically, Commissions and
detectability were employed as measures of inhibitory control
and focused attention respectively. Scores were converted to
T-scores (M =50, SD=10) and reversed so that higher scores
reflect fewer commission errors and better performance.

The Trail Making Test (TMT) from the DKEFS (Delis et al., 2001)
was used to measure cognitive set-shifting (condition 4). Here, the
participant is asked to shift between number and letter sequencing.
To assess processing speed, conditions 2 (number sequencing) and 3
(letter sequencing) were employed. Scores reflect completion time,
and raw scores were converted to scaled scores (M = 10, SD = 3),
where higher scores reflect better performance.
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The Color-Word Interference test (CWIT) from the Delis-
Kaplan Executive Function System (DKEFS) was used to assess
inhibition and cognitive set-shifting (Delis et al., 2001). Condition
3 was used for inhibition and condition 4 was employed as a
measure of set-shifting. To assess processing speed, conditions 1
(color naming) and 2 (word reading) were used. Primary scores
were computed for completion time, and raw scores were
converted to scaled scores (M = 10, SD = 3), where higher scores
reflect better performance.

A computer-based version of The Wisconsin Card Sorting Test
(WCST-4) (Heaton & Staff, 1993) used to assess set-shifting and
problem-solving capacity (Lezak et al, 2012). T-scores (M = 50,
SD=10) were generated, with higher scores reflecting better
performance.

Self-report questionnaires

Behavior Rating Inventory of Executive Functioning - Adult
Version (BRIEF-A) (Gioia, 2000; Roth et al., 2005) was used to
assess the perception of daily-life executive functions. Participants
report the frequency of daily-life executive functioning problems
(e.g., T have trouble finding things, in my room, in my closet, on my
desk) during the past six months on a scale from 1 (Never) to 3
(Often). The questionnaire provides the summary score Global
Executive Composite (GEC) and the two index scores: the
Behavioral Regulation Index (BRI) and the Metacognitive Index
(MI). The BRI includes the subscales of Inhibit, Shift, Emotional
control and Self-monitor and reflects the behavioral and emotional
aspects of executive functions. The MI includes the subscales
Initiate, Working Memory, Plan/Organize, Task Monitor and
Organization of Materials and reflects the cognitive aspects of
executive functions. Raw scores were converted to T-scores
(M =50, SD =10), where higher scores indicate worse executive
functions. The recommended clinical cutoff for this measure is 7> 65
(Roth et al., 2005). Data from healthy Norwegian adults indicate that
the normative mean in Norway is at least %2 SD below that of the U.S.
normative mean (i.e., M =45) (Lovstad et al., 2016), suggesting a
clinical cutoff of T > 60 might be more appropriate.

The Fatigue Severity Scale (FSS) was used to characterize fatigue
(Krupp et al., 1989). Participants responded to statements about
how fatigue interferes with certain activities, on a scale from 1
(strongly disagree) to 7 (strongly agree). FSS has been used to
measure fatigue in multiple clinical populations (Lerdal, 2021).
High correlations between FSS and other measures of fatigue (e.g.,
r = —0.76 with the vitality scale from Short-Form-36) and excellent
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test-retest reliability have been reported (Gencay-Can & Can,
2012; Kleinman et al.,, 2000). Additionally, good psychometric
properties have been demonstrated for the Norwegian version of
FSS, with satisfactory reliability (i.e., internal consistency (Lerdal
etal,, 2005). Based on previous reports on the prevalence of fatigue
in the Norwegian population, a FSS score >5 was interpreted as
indicative of severe fatigue (Schanke et al., 2002).

Patient reported outcome measure system (PROMIS) short form,
version 1.1-Pain Interference was employed to evaluate pain
interference in the participant’s life. The degree to which pain
interferes with daily-life (i.e., family life, work, social activity) was
reported on eight items, scaled from 1 (not at all) to five (very
much). T-scores (M =50, SD=10) were calculated using the
online scoring at www.assessmentcenter.net/ac_scoringservice.
The Norwegian version has shown adequate reliability and
validity, indicating that the measure is suitable for use in the
Norwegian population (Rimehaug et al., 2022).

Statistical analysis

Statistics were analyzed in SPSS 28 and STATA 17. Differences in
age, age at diagnosis, follow-up time and sex between participants
and non-participants were examined. A chi-square test of
homogeneity, independent sample ¢ test or Mann—Whitney U
test was used for this purpose. One sample f tests or Wilcoxon
signed-rank tests were performed to compare the sample neuro-
cognitive performance and executive functioning complaints to the
normative means or medians. Preliminary analyses were con-
ducted to determine whether assumptions (i.e., normality and no
outliers) were violated. Boxplots, histograms, QQ-plots, values of
skewness and kurtosis, Shapiro-Wilk were inspected. If assump-
tions were violated, a non-parametric statistical test was employed
(i.e., Wilcoxon signed-rank test). A significance value of p < 0.01
was used to partially control for multiple comparisons.

Furthermore, multiple linear regression analyses were per-
formed to evaluate factors associated with neurocognitive outcome
(i.e, performance and self-reported). Analyses to assess
assumptions related to linearity, homoscedasticity, outliers,
multicollinearity, and normality were conducted. Risk factors
(age at diagnosis, sex, risk group), fatigue severity, and pain
interference were entered as independent variables. Risk group was
used as a measure of disease severity and treatment intensity.
Participants were categorized into non-high-risk or high-risk
based on risk stratification associated with their treatment
protocols (e.g, NOPHO ALL 2000 and 2008) (Schmiegelow
etal,, 2010; Toft et al., 2018). In cases where participants had been
treated with Hammersmith protocols (Bersvendsen et al., 2014),
IntReALL protocols (von Stackelberg et al., 2022; von Stackelberg
et al,, 2017), protocols for Philadelphia positive ALL (Biondi et al.,
2012), and/or had a relapse or stem cell transplantation, they were
categorized into the high-risk group. Age at diagnosis was
calculated as the time from date of birth (month and year) to
date of diagnosis (month and year). If date of the diagnosis was
missing, the date of chemotherapy treatment start was used. For
the regression analyses, age at diagnosis was dichotomized into
under/over 10 years. Exploratory ¢ tests comparing neurocognitive
outcome between participants under/over five years at diagnosis
were performed as well. To explore whether females were more
vulnerable to the effects of fatigue on neurocognitive outcome, the
interaction between sex and fatigue severity was analyzed. A
significance value of p < 0.01 was used to partially control for
multiple analyses.
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Results
Demographic and treatment characteristics

A comparison of participants and eligible non-participants can be
found in Supplementary Table 2. Median age at investigation
was significantly higher in participating survivors than
non-participants. Participants also had a higher age at diagnosis
compared to non-participants treated at Oslo University Hospital.

Demographic and treatment characteristics of the sample are
reported in Table 1. According to the semi-structured interview,
none (N = 52, missing = 1) had received cognitive rehabilitation at
the time of study participation. However, one participant used
stimulant medication (i.e., Ritalin) and two had received
rehabilitation directed at chronic fatigue.

Neurocognitive outcome

Survivors demonstrated significantly better general intellectual
abilities, but significantly poorer auditory attention span
(CVLT-IL, list A trial 1), inhibitory control (CPT-3 commissions),
and oral processing speed (CWIT color naming) compared to the
normative mean (Table 2). Although shifting (cond. 4, TMT, cond. 4,
CWIT, pers. response, WCST-4) was not significantly different from
the normative mean, performance was significantly poorer than the
normative mean when we controlled for processing speed (TMT,
shifting vs. combined number letter sequencing). We examined these
domains in greater detail to establish how many participants might
be classified as having a neurocognitive impairment (i.e., score 1.5 SD
below the normative mean). The number of participants showing an
impairment was 12 (24%) for auditory attention span (CVLT-II, list
A trial 1), 13 (26%) for inhibitory control (CPT-3, commissions), 14
(28%) for shifting (TMT, switching vs. combined number letter
sequencing), and 18 (35%) for oral processing speed (CWIT color
naming). On a group level, there were no impairments in working
memory (WAIS-IV, digit span, letter-number sequencing), verbal
learning and memory (CVLT-IL, list A trial 1-5, short and long
delay), problem-solving/set-shifting (WCST-4, pers. response, pers.
errors), and visual processing speed (TMT number sequencing).

Self-reported executive functioning complaints were signifi-
cantly higher than the US normative mean for the summary scores
MI and GEC. The subscales shift, initiate, working memory, plan/
organize, and task monitor were all significantly higher than the
normative mean. When we examined self-reported executive
functioning complaints in greater detail, 16 (30%) and 11 (21%)
scored above the U.S. clinical cutoff T > 65 for the MI and GEC
scales respectively. We examined the number of clinical cases
based on the Norwegian cutoff of T'> 60 as well. This resulted in an
even higher level of clinical cases with 25 (47%) in the MI domain
and 19 (36%) in the GEC.

Risk factors and predictors of neurocognitive outcome

None of the domains identified as neurocognitive impairments were
significantly associated with any of the risk factors, age at diagnosis
(under/over 10 years), risk group (high-risk vs. non-high risk), and
sex (Table 3). Exploratory ¢ tests did not show significant differences
between participants diagnosed before and after five years of age.
The descriptive statistics for fatigue severity and pain
interference are reported in Table 4. Furthermore, multiple linear
regression analyses showed that fatigue severity was significantly
associated with both self-reported metacognitive and general
executive functioning complaints (Table 5). However, no
significant associations were found for auditory attention span,
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Table 2. Performance-based and self-reported neurocognitive outcome

N M (SD) P Cohen’s d
WAIS-IV
General ability index* 51 109.37 (18.10) <0.001 .52
Digit span’ 51 9.6 (2.62) 0.27
Number letter sequencing' 51 9.9 (1.90) 0.24
CVLT-II
List A trial 1 correct recall* 51 —.48 0.001 —.49
Overall correct recall list A 1-5% 51 51.59 (10.34) 0.28 .15
Short delay free recall 51 40 (1.15) 0.005
Long delay free recall’ 51 .27 (1.15) 0.05
CPT-3
Detectability* 51 46.88 (9.56) 0.02 -.33
Commissions* 51 44.27 (10.90) <0.001 -.53
T™T
Condition 1F 51 10.3 (2.52) 0.14
Condition 21 51 10.9 (2.52) <0.001
Condition 31 51 10.2 (3.20) 0.12
Condition 47 51 9.9 (2.74) 0.95
Switching vs. combined number/letter sequencing* 51 8.84 (2.28) <0.001 -.51
CWIT
Condition 1* 51 8.78 (2.27) <0.001 —.57
Condition 21 51 9.4 (2.41) 0.07
Condition 3' 51 9.9 (3.02) 0.60
Condition 47 51 9.2 (3.28) 0.19
WCST-4
Pers. error! 50 55.21 (11.24) 0.034
Pers. response’ 50 56.58 (12.41) 0.012
BRIEF-A
Inhibit 53 51.72 (9.08) 0.42
Shift* 53 56.70 (11.44) <0.001 59
Emotional control 53 51.94 (11.77) 0.33
Self-monitor! 53 49.00 (10.76) 0.47
BRI* 53 52.70 (10.31) 0.06 .26
Initiate* 53 61.02 (12.20) <0.001 .90
Working memory* 53 62.70 (12.84) <0.001 .99
Plan/Organize* 53 57.74 (11.54) <0.001 .67
Task monitor* 53 57.19 (10.29) <0.001 .70
Organization of materials* 53 49.26 (9.22) 0.56 —-.08
MI* 53 58.60 (10.70) <0.001 .80
GEC* 53 56.53 (10.21) <0.001 .64

Note. M= mean, SD = standard deviation. WAIS-IV = Wechsler Adult Intelligence Scale-IV, CVLT-Il = The California Verbal Learning Test-Il, CPT-3 = Conners’ Continuous Performance Test-3,
TMT = Trail Making Test, CWIT = Color-Word Interference Test, WCST-4 = Wisconsin Card Sorting Test-4, BRIEF-A = Behavior Rating Inventory of Executive Functioning- Adult Version,

BRI = Behavior Regulation Index, Ml =
*One sample t test.

Metacognitive Index, GEC = Global Executive Composite.

Wilcoxon signed-rank test. Higher scores indicate better performance, except for BRIEF-A where higher scores indicate increased symptom level. The U.S. normative mean was used as

comparison for BRIEF-A.

switching versus combined number letter sequencing, inhibitory
control, and processing speed. Furthermore, there was no
significant interaction between sex and fatigue for any of the
above neurocognitive impairments (see Supplementary material,
Table 1).

Discussion

The first aim of the current study was to examine neurocognitive
outcome in long-term, adult survivors of childhood ALL, treated
without cranial radiation therapy. The participants had received
anticancer treatment in which cranial radiation therapy was omitted,
thus including a fair number of survivors treated for high-risk ALL
with intensive chemotherapy only (i.e., 30% of the sample). In line
with prior work in this population (Elens et al., 2017; Kanellopoulos
et al, 2016; Krull et al, 2013), we report performance-based
impairments within the executive functions, processing speed, and
attention domains. Moreover, rates of executive functioning
impairments (i.e., 26—28%) are very similar to that reported in an
earlier Norwegian study (i.e., 31%) (Kanellopoulos et al., 2016). Over
one decade after childhood ALL, we also report intact intellectual
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abilities compared to the normative mean. This is consistent with
earlier research with shorter follow-up time (Conklin et al., 2012;
Krull et al., 2016), thus indicating that impairments are confined to
specific neurocognitive domains. However, unlike some previous
research on long-term, adult survivors (Edelmann et al., 2013; Krull
et al, 2013), we did not find evidence of learning and memory
impairments. Our results were more consistent with a study in
younger survivors of childhood ALL (Lofstad et al., 2019), showing
compensating mechanisms in relation to learning. In the present
study, the first trial of CVLT (auditory attention span) was below the
normative mean, but verbal learning and memory were not. This
might suggest that survivors with attention impairments were able to
compensate and still achieve normal learning outcomes. Still, it
should be noted that the current study sample is relatively young
compared to some previous studies in which broader impairments
have been reported (Krull et al., 2013). Research has documented
signs of accelerated aging in adult survivors of childhood ALL (Ness
et al, 2018; Schuitema et al, 2021). Consequently, memory
impairments may first emerge later in adulthood for some survivors
(at a mean age of 31.8 according to Phillips et al., 2023).
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Table 3. Age at diagnosis, risk group and sex as risk factors for neurocognitive outcome

N Standardized beta Unstandardized beta SE P
List A trial 1, CVLT-II 51 0.31
Age at diagnosis 0.11 22 0.30 0.47
Risk group -0.27 —.56 0.30 0.07
Sex —0.04 -.07 0.28 0.79
Commissions, CPT-3 51 0.79
Age at diagnosis 0.13 2.90 3.37 0.39
Risk group —0.06 —-1.48 3.40 0.67
Sex 0.05 .99 3.23 0.76
Switching vs. combined numb. Letter seq., TMT 51 0.03
Age at diagnosis —0.03 —-0.15 0.65 0.82
Risk group —0.28 -1.36 0.66 0.04
Sex —0.25 -1.15 0.62 0.07
Color naming, CWIT 51 0.31
Age at diagnosis 0.07 0.36 0.81 0.66
Risk group -0.27 —-1.54 0.82 0.07
Sex 0.07 0.37 0.78 .64
GEC, BRIEF-A 53 0.92
Age at diagnosis —-0.09 -1.79 3.10 0.57
Risk group 0.03 .54 3.17 0.87
Sex —0.04 -.81 2.98 0.79
Ml, BRIEF-A 53 0.93
Age at diagnosis —0.003 -.07 3.25 0.98
Risk group 0.05 1.05 3.32 0.75
Sex —0.09 -1.90 3.13 0.55

Note. For Sex: male was coded as 1, female as 0. CVLT-Il = The California Verbal Learning Test 2" edition, CPT-3 = Conners’ Continuous Performance Test-3, TMT = Trail Making Test,
CWIT = Color-Word Interference Test, GEC = Global Executive Composite, BRIEF-A = Behavior Rating Inventory of Executive Functioning- Adult Version, Ml = Metacognitive Index.

Table 4. Descriptive statistics of fatigue severity and pain interference

N M (SD) Min. Max. Impaired (%)
FSS 53 4.25 (1.43) 1.38 6.63 18 (34)
PROMIS 49 50.31 (8.86) 40.7 70.7 9 (17)

Note. M= mean, SD = standard deviation. FSS = Fatigue Severity Scale, PROMIS = patient
reported outcome measure system- short form, version 1.1 pain interference, PROMIS - Pain
interference reported as T-scores (M = 50, SD = 10), with impairment referring to scores 1 SD
above the mean. FSS reported as raw scores, and impairment referring to FSS > 5.

Interestingly, the largest effect sizes related to neurocognitive
outcome were found for self-reported executive functioning
complaints (Cohens d=0.59—0.99). Compared with data from
healthy adults from a Norwegian study (Levstad et al., 2016),
36—47% of the sample was in the clinical range, with working
memory, planning, organization, and task-monitoring being most
prominent. Although healthy controls in research may not be
representative of the general population, this contrasts with earlier
research in long-term, adult survivors showing much lower rates
(i.e., 10—16%) of executive functioning complaints (Leclerc et al.,
2020; Tamnes et al, 2015). Impaired insight or long-term
adaptation has previously been suggested to characterize long-
term survivors in adulthood (Kanellopoulos et al., 2016; Krull et al.,
2013). However, our study differs from these former studies in
important ways. One earlier study (Leclerc et al., 2020) included
survivors mostly treated with cranial radiation therapy. For various
reasons (e.g., lower insight), this subgroup of survivors may report
fewer executive functioning problems in daily life than those
treated with more contemporary chemotherapy protocols.
Another earlier study, conducted in Norway (Tamnes et al,
2015), did not take data from healthy Norwegian adults into
account. As such, executive functioning complaints might have
been underestimated. Until now, research on rehabilitation for
childhood cancer survivors has focused almost exclusively on
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children (Benzing et al., 2020; Conklin et al., 2015). However, the
high level of executive functioning complaints reported in the
present study underscores the need for executive functions
rehabilitation in adult survivors as well. Since young adulthood
is accompanied by increasing expectations and demands,
rehabilitation directed at daily-life executive functions (Egset
et al,, 2021) may be especially relevant for this population.

In disagreement with our hypothesis (Fellah et al., 2019; Krull
et al., 2013), participants treated with high-risk ALL protocols did
not demonstrate poorer neurocognitive outcome compared to
those with a non-high-risk treatment. Additionally, we did not find
support for the hypothesis stating female sex as a risk factor for
poor neurocognitive outcome. Previous research has identified
female sex and treatment burden as risk factors for neurocognitive
sequelae in adulthood (Krull et al., 2013; van der Plas, Qiu, et al.,
2021). Still, these studies were conducted with much larger samples
than ours (Krull et al., 2013; van der Plas, Qiu, et al., 2021). Thus,
any potential effects may not have been large enough to be detected
in the current sample size. In addition, associations have typically
been established with specific chemotherapeutic agents (e.g.,
methotrexate, Phillips et al., 2023), which were not investigated in
this study. Furthermore, since the mean age at diagnosis in this
study was 10 years, we compared neurocognitive outcome above
and below this age. Previous studies in younger survivors have
shown that being diagnosed before age five is a neurocognitive risk
factor (Conklin et al., 2012; Jacola et al., 2016; Sherief et al., 2018).
Still, none of the comparisons between groups showed significant
differences in neurocognitive outcome in the current study.
However, relatively few had been treated before the age of five,
which may have impacted the results. Importantly, other factors
may become more influential as survivors progress into young
adulthood. This is why we also examined the impact of fatigue
severity and pain interference on neurocognitive outcome.

Fatigue severity was the present study’s most significant
predictor of neurocognitive outcome. In agreement with our
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Table 5. Fatigue severity and pain interference as predictors of neurocognitive outcome

N Standardized beta Unstandardized beta SE P
List A trial 1, CVLT-II 47 0.2748
FSS 0.1897415 -0.13 0.1108256 0.257
PROMIS —0.0815902 —0.01 0.0176906 0.624
Commissions, CPT-3 0.1188
FSS -0.34 -2.61 1.24 0.041
PROMIS 0.14 0.17 0.20 0.397
Switching vs. combined, TMT 47 0.1581
FSS 0.2480193 0.37 0.25 0.136
PROMIS 0.0642315 0.02 0.04 0.696
Color naming, CWIT 47 0.4671
FSS —0.0599648 -0.12 0.321577 0.722
PROMIS —0.1487923 —0.05 0.0513319 0.378
GEC, BRIEF-A 49 <0.001%#%*
FSS 0.5467883 3.87 0.99 <0.001%*%*
PROMIS —0.0034353 —0.00 0.16 0.98
MI, BRIEF-A 49 0.0037%
FSS 0.448 3.33 1.091 0.0047
PROMIS 0.051 0.06 0.176 0.732

Note. CVLT-Il = The California Verbal Learning Test 2" edition, FSS = Fatigue Severity Scale, PROMIS = patient reported outcome measure system- short form, version 1.1 pain interference,
CPT-3 = Conners’ Continuous Performance Test-3, TMT = Trail Making Test, CWIT = Color-Word Interference Test, GEC = Global Executive Composite, BRIEF-A = Behavior Rating Inventory of

Executive Functioning- Adult Version, Ml = Metacognitive Index.

expectation, more severe fatigue was associated with poorer
neurocognitive outcomes (i.e., executive functioning complaints).
Survivors with severe fatigue were more likely to report difficulties
with the regulation of thoughts and goal-directed behavior in adult
daily-life. This is in accordance with earlier studies showing a
relationship between fatigue and neurocognitive impairments (e.g.,
having received special education services) (Meeske et al., 2005;
Rueegg et al., 2013). The association between fatigue and executive
functions may have implications for rehabilitation. As both fatigue
and executive functions are potentially modifiable, future research
should explore whether specific interventions (e.g., cognitive, and
physical rehabilitation) could have a favorable impact on both
outcomes in this population.

A strength of our study was the examination of fatigue in
relation to neurocognitive performance in addition to self-reports.
Still, no associations with performance-based measures were
found. The adaptation of the testing schedule to accommodate
participants with severe fatigue could have masked some of the
effects of fatigue on test performance. It should also be noted that
the current study only measured fatigue at one timepoint.
Although severe fatigue in long-term survivorship can be an
indication of chronic fatigue, the association between executive
functions and fatigue over time (i.e., chronic fatigue) was not
specifically examined. Furthermore, neurocognition in females
was no more affected by fatigue than that of males. It is possible
that sex differences previously detected by Cheung et al. (2017) are
more salient in adolescence, in which females can be particularly
vulnerable (Pfeifer & Allen, 2021). Still, our results are consistent
with several other studies in the childhood cancer literature, that
have reported similar levels of fatigue among males and females
(Frederick et al., 2016; Irestorm et al., 2023; Zeller et al., 2014).

Somewhat surprisingly, we found no associations between neuro-
cognitive sequelae and pain interference. However, existing research
suggests that interference of pain is more frequent in survivors of soft-
tissue sarcomas, non-Hodgkins lymphoma, Ewing sarcoma and/or
osteosarcoma, and in those above the age of 30 years (Tonning Olsson
et al,, 2021). Thus, the impact of pain interference on neurocognition
may be less evident in long-term survivors of childhood ALL, in young
adulthood. Recent research (Partanen et al, 2022), in younger
survivors of childhood ALL, has, however, demonstrated associations
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between neuropathic pain and neurocognition. These specific
associations warrant further study in long-term, adult survivors.

Strengths and limitations

This study is limited by a cross-sectional design. Pretreatment
neurocognitive testing was not performed, which prevents any
comparison to baseline performance. Thus, it is possible that other
factors unrelated to disease and treatment have influenced the
neurocognitive outcome of the studied sample. Another limitation
of the current study is that it did not include a control group, which
limits the conclusions that can be drawn regarding the neuro-
cognitive outcome measures. This pertains especially to outcomes
where Norwegian normative data was not available. Still, all
neurocognitive measures used are standardized, and participants
were compared with age-adjusted normative data, frequently used in
Norwegian clinical practice.

The data reported in this manuscript was collected during the
Covid-19 pandemic. Although recruitment continued until after the
Norwegian society officially was back to normal everyday life, the
data collection process was likely affected by the pandemic. The
response rate was not optimal (overall 40% response rate). Although
age at diagnosis was not available for all eligible non-participants,
results suggested that participants were older at diagnosis
(median =12.00) compared to non-participants. Scandinavian
children with leukemia are most frequently diagnosed at ages 1-5
years (National Quality Registry for Childhood Cancer, 2022), with a
median of five years for those diagnosed with ALL before age 16
(Gustafsson et al., 2013). Hence, a possible selection bias should be
kept in mind when interpreting the results. A younger age at diagnosis
has been associated with more neurocognitive sequelae (Sherief et al,,
2018). As such, the higher age at diagnosis in the current sample
might influence the results in the direction of false negative findings.
At the same time, the present study may also have attracted more
individuals with neurocognitive complaints due to the inherent focus
on neurocognitive sequelae (i.e., due to the associated clinical trial of
cognitive rehabilitation). Furthermore, while the current sample was
small compared to previous reports in long-term, adult survivors
(Kanellopoulos et al., 2016; Krull et al., 2013), our study is unique in
presenting long-term adult survivors treated with Nordic protocols in
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which cranial radiation therapy was largely or totally omitted
(Schmiegelow et al, 2010; Toft et al, 2018). The inclusion of
participants from two of Norway’s largest pediatric hospitals
(St Olavs Hospital and Oslo University Hospital), should also be
considered a strength of the study, covering >60 % of the Norwegian
childhood cancer population.

Conclusion

Long-term adult survivors of childhood ALL, treated without cranial
radiation therapy demonstrate intact intellectual capacity and
discrete neurocognitive impairments. However, continued neuro-
cognitive follow-up of this group of survivors later in adulthood will
be an important task for future research. Executive functions
complaints in the metacognitive domain (i.e., working memory,
planning, organization, task-monitoring) were frequently reported,
which might indicate a need for rehabilitation programs targeting
real-life functioning. The only significant predictor of neuro-
cognitive impairment was fatigue severity, irrespective of survivor
sex. The association between fatigue and executive functioning
complaints may have implications for rehabilitation.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S1355617724000080.
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