Journal of the International Neuropsychological Society (2018), 24, 724-734

Copyright © INS. Published by Cambridge University Press, 2018.
doi:10.1017/S1355617718000309

Effectiveness of Intraindividual Variability in Detecting Subtle
Cognitive Performance Deficits in Breast Cancer Patients

Barbara Collins,l’z’3 Gerard Widmann,l’4 AND Giorgio A. Tasca®>

"The Ottawa Hospital — Civic Campus, Ottawa, Ontario, Canada

>The Ottawa Hospital Research Institute, Ottawa, Ontario, Canada
3School of Psychology, University of Ottawa, Ottawa, Ontario, Canada
“Adler University, Chicago, Illinois

(RecEIVED October 24, 2017; FINaL REvisioN March 8, 2018; Acceprep March 28, 2018; FirsT PuBLISHED ONLINE June 8, 2018)*

Abstract

Objectives: The purpose of this study was to determine if intraindividual variability would be more sensitive than speed
or accuracy in detecting subtle cancer-related cognitive disturbance. Methods: Data were from a previous study in which
60 breast cancer (BC) patients underwent neuropsychological assessment before commencement of chemotherapy and
again following each chemotherapy cycle. Sixty healthy controls were tested at equivalent intervals. Hierarchical linear
modeling was used to compare the BC and control groups in terms of accuracy, mean reaction time, and intraindividual
variability in reaction time on a computerized continuous performance test with three conditions: a simple reaction time
task, a “I-back” task, and a ‘“2-back” task. Results: An increase in accuracy and response speed over sessions was noted
on some tasks in the sample as a whole but there were no differences in these parameters between the BC patients and the
controls on any condition. There was a significant group difference in change in intraindividual variability across sessions
(i.e., a “group x session interaction”), albeit only on the most complex “2-back” task. Intraindividual variability declined
in the control group (i.e., consistency improved with practice) but this practice effect was significantly attenuated in the
BC patients. There was no main effect of group on the “2-back” task. Conclusions: Results support our hypothesis that
intraindividual variability is a more sensitive indicator of subtle cognitive disturbance than conventional speed or accuracy
measures and may have potential in the assessment of mild cognitive impairment in patients with non-central nervous

system cancers. (JINS, 2018, 24, 724-734)
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INTRODUCTION

Mortality rates from breast cancer (BC) have been declining,
resulting in a growing number of BC survivors contending
with long-term adverse effects of their disease and its
treatment. Most BC survivors report that chemotherapy
negatively affects cognitive functioning and many find
that this detracts from their day-to-day function and quality
of life (Duijts et al., 2014; Fitch, Armstrong, & Tsang , 2008;
Janelsins et al., 2017; Runowicz et al., 2016). Yet many
studies have failed to detect significant cognitive deficits
using objective neuropsychological testing. In fact, the most

Correspondence and reprint requests to: Barbara Collins, The Ottawa
Hospital Research Institute, 725 Parkdale Avenue, Ottawa, ON, Canada,
K1Y 4E9. E-mail: barbara.collins @sympatico.ca

* The original version of this article incorrectly listed the date of
acceptance as March 27. Cambridge University Press regrets the incon-
venience that this error may have caused.

https://doi.org/10.1017/51355617718000309 Published online by Cambridge University Press

724

recent meta-analysis published in this area showed no dif-
ference in overall neuropsychological function between
patients who received chemotherapy and those who did not
(Ono et al., 2015). Most studies also report that, while sub-
jective cognitive ratings correlate strongly with measures of
anxiety and depression, there is little to no correlation
between subjective and objective measures of cognitive
function, leading to the conclusion that cognitive dis-
turbances are symptoms of psychological distress rather than
neurological dysfunction (Debess, Riis, Engebjerg, &
Ewertz, 2010; Hermelink et al., 2010; Hutchinson, Hosking,
Kichenadasse, Mattiske, & Wilson, 2012; Pullens, De Vries,
& Roukema, 2010).

A counter argument is that traditional neuropsychological
measures are not sensitive enough to detect cancer-related
cognitive disturbances which may be subtle and may only
manifest under conditions of stress or fatigue. This argument
derives support from functional MRI studies showing
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differences between BC patients and healthy controls in brain
activation and connectivity patterns in the absence of
performance differences on the cognitive activation tasks
used to generate the scans (De Ruiter & Schagen, 2013). In
some of these studies, the alterations in the brain images have
been found to correlate with subjective cognitive measures
(Askren et al. 2014; Kesler, Kent, & O’Hara, 2011).

When assessing an individual’s cognitive function, we
typically rely on measures of performance accuracy (number
correct) or speed (mean response time) and regard “intrain-
dividual variability” (IIV) in performance as “noise” (Golay,
Fagot, & Lecerf, 2013). However, IIV may be an important
signal in its own right. Studies have shown that IIV is a
relatively stable individual attribute (Li, Aggen, Nesselroade,
& Baltes, 2001) that is associated with accuracy on inde-
pendent cognitive measures (Hultsch, MacDonald, & Dixon,
2002) and with everyday problem-solving skills (Burton,
Strauss, Hultsch, & Hunter, 2009).

There are various approaches to measuring IIV.
Inconsistency is the term used to refer to the variability in an
individual’s scores on the same task over time, whether over
multiple occasions or from trial to trial within a single task.
Trial-to-trial IIV is most often measured with reaction time
(RT) tasks as they yield a non-binary value for each trial (vs.
correct/incorrect). In normal individuals, response speed
tends to slow with prolonged time on task and to become less
regular, owing to an increased frequency of long responses.
These prolonged responses are presumed to reflect “atten-
tional lapses,” suggesting that IIV in RT may provide unique
information about an individual’s ability to maintain an
optimal attentional state (Flehmig, Steinborn, Langner,
Scholz, & Westhoff, 2007).

Converging evidence suggests that IIV is also an indicator
of neurobiological integrity. An age-related increase in IIV
has been well documented (Haynes, Bauermeister, & Bunce,
2017) and, in elderly samples, IV provides information over
and above speed and accuracy measures in discriminating
between individuals with and without dementia (Hultsch,
MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000) and
in predicting future cognitive decline/impairment (Haynes
et al., 2017). Increased IIV has also been associated with
several other neurological and neuropsychiatric conditions,
including HIV infection (Morgan, Woods, Delano-Wood,
Bondi, & Grant, 2011), Parkinson’s disease (Fauser et al.,
2015), epilepsy (Bruhn & Parsons, 1977), traumatic brain
injury (Hill, Rohling, Boettcher, & Meyers, 2013), multiple
sclerosis (Wojtowicz, Berrigan, & Fisk, 2012), schizophrenia
(Zahn et al., 1998), and attention deficit hyperactivity
disorder (Castellanos et al., 2005).

IIV may be particularly informative in assessing individuals
with neurological disorders that are mild or not easily definable
or in identifying those at risk of cognitive decline (Hultsch et al.,
2002). For example, in cognitively normal adults, IIV has
been shown to discriminate between carriers and non-carriers
of an apolipopotein €4 allele (a risk factor for dementia)
(Duchek et al., 2009) and to predict future development of mild
cognitive impairment (Haynes et al., 2017).
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Two studies to date suggest that IIV may also have the
potential to detect subtle cognitive disturbances in patients
with non-central nervous system cancers. Bernstein, Catton,
and Tannock (2014) compared chemotherapy-treated BC
patients to healthy controls on a “go-no go” Continuous
Performance Test (CPT) and found that, under more
demanding conditions (i.e., short interstimulus intervals), the
patients had greater IIV in RT. There were no group differ-
ences on measures of central tendency. This same group (Yao
et al., 2016; Yao, Rich, Tirona, & Bernstein, 2017) also
conducted a longitudinal study in BC patients, examining IV
in RT on a Stroop task before neoadjuvant chemotherapy,
1 month after chemotherapy but before surgery, and after
surgery (some 9 months post-chemotherapy). The BC
patients showed greater variability than controls at the first
and final assessments, as well as less improvement in IIV
from the first to the last session (i.e., less benefit from
practice). Again, IIV was more sensitive to these group
differences than mean RT.

The present study aimed to further explore the sensitivity
of IV to cancer-related cognitive changes. Toward this end,
we re-analyzed data that were originally collected to examine
the dose-response relationship between chemotherapy and
cognition in BC patients (Collins, Mackenzie, Tasca,
Scherling, & Smith, 2013). We hypothesized that variability
in RT across trials on the respective parts of a four-part
CPT would increase in the BC group over the course of
chemotherapy but not in the healthy control group, in the
absence of change in accuracy or mean RT in either group.

METHODS

This is a secondary analysis of data from a prospective
longitudinal study examining cognitive changes in BC
patients undergoing chemotherapy. Extensive descriptions of
the general design, participants, measures, and procedures of
the original study have been previously published (Collins
et al., 2013) and are only briefly summarized here.

Participants

Participants were 60 female BC patients recruited from the
Ottawa Hospital Regional Cancer Centre between September,
2008, and April, 2010, and 60 healthy women. The
healthy controls were individually matched to patients on age
(within 5 years) and, to the extent possible, on education
(according to the categories listed in Table 1) and first
language. Each patient was asked to nominate her own
control; when she was unable or disinclined to do so, a
matched control was recruited through posters and Web site
advertisements. The patients underwent mastectomy or
lumpectomy and received various regimens of adjuvant
chemotherapy. All participants were 65 years of age or
younger, were fluent in English, and had at least grade-eight
education. Exclusion criteria included: (1) history of previous
cancer, chemotherapy, or radiotherapy; (2) neoadjuvant
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Table 1. Nested HLM models

Model 1: Totally unconditional model
Level 1: Y4 =mg;i +eq
Level 2 : mo; = Py + 0i
Model 2: Full two-level multilevel model to assess effect of session
on CPT measures
Level 1 : Yy =mo; +7i(sessiong ) + ey
Level 2 : my; = By + roi
i =Pro +rii
Model 3: Full two-level multilevel model to assess effect of session

on CPT measures controlling for baseline (TO) score on CPT
measure

Level 1: Yy = mp; + 7y (sessiong) + ey
Level 2.: m; = Bog + By, (TO CPT score) + ry;
715 = By + By, (TO CPT score) + ry;
Model 4: Full two-level multilevel model to assess effect of group

on change over sessions on CPT measure controlling for baseline
(TO) score on CPT measure

Level 1 : Yy = ntg; + 7y (sessiong ) + ey
Level 2 : mo; = Byg + Bo; (TO CPT score) + B, (group) + ro;
i = By + P11 (TOCPT score) + B, (group) + 15

Note. Session was centered at baseline; TO score on CPT measure was grand-
mean centered.

chemotherapy for current BC; (3) history of serious
psychiatric, substance-abuse, or neurological disorder (past
or present); and (4) intercurrent cancer or illness affecting
cognition while participating in the study. Ethics approval
was obtained from the Ottawa Hospital Research Ethics
Board and all participants provided informed consent.

Procedure

Testing of the BC patients occurred at baseline, after recovery
from surgery but before commencement of chemotherapy
(TO), and after every chemotherapy cycle (T1-T6). The
number of chemotherapy cycles varied from one patient to
the next, depending on her treatment regimen, and ranged
between four and eight (those who received eight chemo-
therapy cycles were re-tested after every second cycle).
Intertest interval (12 to 58 days) depended on chemotherapy
schedule and complications that delayed or prevented treat-
ment. Whenever possible, testing was performed 1 week or
less before the next chemotherapy cycle to minimize the
impact of acute side effects of the previous cycle of treatment.
Every effort was made to test a patient and her matched
control at the same intervals.

Typically, the index patient was tested first and so the
intertest intervals were known. In no case did the intertest
interval of a BC patient and her matched control differ by
more than 2 days. The full assessment battery included a
computerized cognitive battery (CNS Vital Signs; CNS-VS)

https://doi.org/10.1017/51355617718000309 Published online by Cambridge University Press

B. Collins et al.

(Gualtieri & Johnson, 2006), a brief battery of traditional
neuropsychological tests, and questionnaires addressing
perceived cognitive function, mood, fatigue, and constitu-
tional symptoms. The CNS-VS includes measures of pro-
cessing speed, working memory, verbal memory, visual
memory, and executive function that have been modeled after
traditional neuropsychological tests.

Measures

Objective cognitive measures.

Scores from the four-part CPT on the CNS-VS served as
dependent variables in the current analyses. This test is
intended as a measure of sustained attention, working mem-
ory and information processing speed. Part 1 is a simple RT
task in which the respondent is instructed to press the space
bar with her dominant hand as soon as any stimulus (different
shapes of different colors) appears on the screen. In Part 2, the
respondent is asked to respond to a particular target stimulus
(a given shape of a given color) but not to others. Part 3 is a
“I-back” task in which the subject is instructed to respond to
a stimulus only if it is identical to the immediately preceding
one. Part 4 is a “2-back” task in which the participant is
instructed to respond to a stimulus only when it is identical to
the one that appeared two screens earlier. Only correct hits
were analyzed. Data from Part 2 were not used as there were
not enough targets to yield a reliable measure of IIV. There
are 16 targets (i.e., potential correct responses) in each of
Parts 1, 3, and 4. There was marked intra- and interindividual
variability in RT on trial 16 on all parts in all sessions
(perhaps because responding was not always constrained by
the presentation of a new target) and so only responses 1-15
were used. The four-part CPT was administered on an IBM
“Thinkpad” laptop computer that controlled stimulus
presentation and timing. Responses were recorded with
millisecond resolution.

The simplest index of within-task inconsistency is the
intraindividual standard deviation (ISD). However, there are
often differences in average level of performance across groups
of interest and, in such cases, greater [IV may simply reflect the
fact that one group has longer RTs than another. Groups might
also differ in terms of systematic trial effects. For example, RTs
could become systematically faster across trials due to learning
or practice, or systematically slower due to boredom or fatigue.
It is conceivable that these trial effects could differ between
groups, for example, within a given test session, neurologically
compromised groups might be more susceptible to cognitive
fatigue or less able to benefit from practice than controls,
resulting in greater or lesser II'V, respectively.

Some investigators regard these more systematic trial
effects as a confound and, rather than using raw RT, they
use standardized residual regression scores from which
systematic effects of trial and mean group RT have been
partialled out (i.e., raw RT is regressed on group, trial, and the
group x trial interaction and the resulting standardized
residuals are used in place of the raw RT values in calculating
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the ISD) (Hultsch et al., 2000, 2002; Yao et al., 2016). We
have elected not to use this approach for three reasons. First,
we take the position that IIV attributable to these more
systematic trial effects is integral to the phenomenon of
interest. Second, in calculating the residuals for this
approach, investigators typically enter multiple values on the
dependent variable (RT for each trial in the task) for a single
individual, violating an assumption of standard regression
that values of the dependent variable are independent (as the
data are nested, one should perform HLM rather than
standard regression, treating trial as the repeated measure).
Third, our study differs from most other studies of IIV in that
itis a “one within, one between” design in which our primary
outcome of interest is the group difference in change in
IV over multiple sessions, not the group difference in
IV at a singular test session. Thus, even if there were group
differences in terms of systematic trial effects, this would be
largely controlled for by the within-subjects aspect of our
comparisons.

We chose instead to use the coefficient of variation (CV), a
normalized measure of consistency computed by dividing
each individual’s ISD by her average score on the task. The
CV has been shown to be reliable, only moderately correlated
with speed and accuracy measures (i.e., non-redundant), and
virtually unaffected by practice (Flehmig et al., 2007). Only
correct responses on the 15 target trials were used in deriving
the CV. The CV was calculated by dividing the standard
deviation of RTs (on correct target trials on a given part of the
CPT on a given session) by the mean RT on those same trials
for each individual. Thus, there were three CV values per
participant per session, one for each part of the CPT. Change
across sessions in mean RT across trials (speed), as well as
number of correct hits (accuracy), for each individual on each
CPT task were also analyzed.

Subjective cognitive measure.

Subjective cognitive function was assessed using Version 3
of the Functional Assessment of Cancer Therapy Cognitive
Scale (FACT-Cog) (Wagner, Sweet, Butt, Lai, & Cella,
2009). The FACT-Cog is a 37-item self-report measure
addressing memory, attention, and language that has been
validated for use with cancer patients. Each item is rated on a
5-point Likert scale from O (never, not at all) to 5 (several
times a day, very much). Subscales from the FACT-Cog
include Perceived Cognitive Impairments, Perceived
Cognitive Abilities, Comments from Others (to assess how
the respondent feels others perceive her cognitive ability),
and Impact on Quality of Life. We summed across the four
subscales to obtain a total score. Higher scores indicate better
functioning.

Data Analysis

Latency scores from trials 1-15 were surveyed for implau-
sible values that were likely to represent accidental key
presses or interruption of the task (<150 ms or >4000 ms, as
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per Yao et al., 2016, 2017. Only three additional data points
were omitted on the basis of implausibility. All dependent
variables were then checked (separately by variable and by
group) to determine if they were normally distributed. Both
mean RT and CV RT values were positively skewed,
reflecting the fact that there is a lower limit to response speed
but no upper limit (Flehmig et al., 2007). Therefore, a square-
root transformation was applied to normalize the distribution
of these variables. After transformation, outliers were iden-
tified using SPSS and winsorized by replacing them with the
mean plus or minus 3 x the interquartile range. Only 3 CV
RT values and 7 mean RT values out of some 2500 values
were winsorized in this manner. Reducing outlier values in
this manner lowers variability and thus constitutes a con-
servative approach to data management.

Hierarchical linear modeling (HLM), using two-level
multi-level growth models for longitudinal data, was used
to assess change in accuracy, mean RT, and CV RT across
assessment sessions. Advantages of HLM include its ability
to reliably model varying numbers and spacing of assess-
ments across respondents (because it uses maximum like-
lihood to estimate slopes and intercepts) and its relative
freedom (compared with analysis of variance, for example)
from restrictive assumptions regarding issues such as
sphericity and heteroscedasticity (Singer & Willett, 2003).
Separate HLM analyses were run for each of the three parts of
the CPT, resulting in nine different analyses (accuracy, mean
RT, and CV RT for each of CPT Parts 1, 3, and 4). The two-
level models were set up with session (i.e., chemotherapy
cycle TO-T6 uncentered) at level 1 and participants at level 2.

We took a sequential approach to model building such that
a completely unconditional base model was run first, then a
basic growth model, then a model including baseline score on
the dependent variable as a level-2 covariate (in the event that
initial status on that variable might influence the change
parameter), and, finally, a model including group as an
independent variable (at level 2). See Table 1 for a summary
of our approach to model-building. The deviance statistic (D)
for these nested models was subtracted and evaluated against
a chi-square distribution in which the degrees of freedom
were based on the difference in number of parameters esti-
mated by each model. HLM analyses were conducted using
HLM software (v. 7.01). Full maximum likelihood method of
estimation was used in all cases. All other analyses were
conducted using SPSS (v. 24). Type I error rate was set
at 0.05.

RESULTS

Table 2 lists demographic features of the groups, as well as
treatment information for the BC patients. The groups did not
differ with respect to age or educational classification.
Table 3 contains the means and standard deviations (of raw
scores) for accuracy, mean RT, and CV RT on Parts 1, 3, and
4 of the CNS-VS CPT for BC patients and healthy controls at
all test sessions. Table 4 contains the results of the final
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Table 2. Demographic and treatment characteristics of the sample

Group

Characteristic BC patients  Controls  p-Value

Age at baseline - mean (SD) 52.35 (7.93) 51.97 (7.86) .79
Education - number (%)

<High school (HS) 2(3) 3(5)
HS 12 (20) 10 (17) 40
Some post-HS/ 22 (37) 21 (35)
community college
Undergraduate degree 15 (25) 14 (23)
Graduate degree 9 (15) 12 (20)
Chemotherapy regimen -
number (%)
FEC-T (with Herceptin in 42 (70)
six cases)
FEC 5(8)
CT (with Herceptin in one 7 (12)
case)
AC-T 3(7)
AC 2 (3)
Other 12)

Note. SD =standard deviation; FEC = 5-fluourouracil, epirubicin, cyclo-
phosphamide; FEC-T=FEC plus taxotere; CT =cyclophosphamide
plus taxotere; AC =adriamycin and cyclophosphamide; AC-T=AC plus
paclitaxel; Other = carboplatin, taxotere, Avastin, and Herceptin.

Sample characteristics have been previously published (Collins et al., 2013).

multilevel model (Model 4) for accuracy (number of correct
hits), mean RT, and CV RT for Parts 1, 3, and 4 of the CNS-
VS CPT. The expanded Table 4 in the supplementary online
materials shows the results of all of the HLM models. Com-
parison of the deviance statistics from these nested models
reveals that the addition of session and of the baseline CPT
score significantly improved model fit in virtually all analyses
(with the exception of adding session in the analysis of CV
RT for Part 3).

Accuracy

As evident in Table 4, there was no change in the number of
correct hits (accuracy) across sessions and no group differ-
ence with respect to change in accuracy over time on Part 1 or
Part 3 of the CPT. On Part 4, there was a significant increase
in correct hits across sessions in the sample as a whole
(p <.001), but no difference between groups with respect to
this improvement in accuracy.

Mean RT

Table 4 further indicates that mean RT significantly declined
across sessions on Part 1 (p <.001) and Part 4 (p=.003) in
the sample as a whole (the overall slope of Part 3 was not
significantly different from zero), but there were no group
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differences in the trajectory of mean RT on any CPT
condition.

CV RT

There was no change in CV across sessions on Part 3 of the
CPT in the full sample, nor was there any group difference in
the trajectory of change on Part 3 of the CPT (see Table 4).
The slope of CV was significantly negative on Part 1
(p=.007) and Part 4 (p <.001), indicating that ITV declined
across sessions in the sample as a whole. On Part 4 (only),
this decline was significantly greater in the controls than in
the BC patients (p =.013). The effect of adding group to the
latter model, in terms of improvement in model fit, was large
(Pseudo-R* = 0.33). The group-by-session interaction on Part
4 of the CPT is depicted in Figure 1.

Relationship Between CV RT and FACT-Cog

We wanted to examine whether, given its greater sensitivity
to change than mean RT or accuracy measures, CV RT on the
2-back task might show some association with subjective
report. To that end, we added FACT-Cog total score as a
time-varying (i.e., Level 1) covariate to the full HLM model
with CV RT on Part 4 as the dependent variable. We found no
relationship between FACT-Cog and Part 4 CV RT in the
sample as a whole (¢, 1,6=-1.25; p=.21) nor any group
difference in this relationship (¢, 116 =1.22; p=.23).

DISCUSSION

The current results show that there is increasing consistency
in response speed with practice on a demanding working
memory task among healthy individuals but that this practice
effect is significantly attenuated in BC patients undergoing
chemotherapy. We have previously reported, on data origi-
nating from the same study, that mean scores on composite
measures in various cognitive domains (including processing
speed) were sensitive to cognitive decline in the BC patients
(Collins et al., 2013). However, in the current analyses which
were confined to data from a single task (the CPT), no sig-
nificant group differences in mean RT or in number of correct
hits were observed, suggesting that variability in speed of
responding on a cognitive test may be a more sensitive indi-
cator of mild neural dysfunction than conventional speed and
accuracy measures. Including the baseline score on the
dependent variable in our statistical models did not eliminate
the group difference in IIV trajectory, suggesting that this
group effect was not due to different starting points.

As evident from inspection of Table 3 and Figure 1, it is
not that the BC patients become less consistent on the 2-back
task over sessions but, rather, that they do not show the
improvement in consistency that is demonstrated by the
healthy controls. This observation parallels the findings from
the main study which showed that cognitive test performance
did not decline in the BC patients over the course of


https://doi.org/10.1017/S1355617718000309

ssa.d Alssamun abprique) Ag auljuo paysiiand 60000814/ L9SSELS/ZL0L0L/BIo 10p//:sd1y

Table 3. Means and SDs for accuracy (# correct hits), mean RT, and CV RT from scores on Parts 1, 3, and 4 of the CNS-VS CPT for BC patients and healthy controls at all test sessions (T0-T6)

Group BC patients Controls
Session TO T1 T2 T3 T4 T5 T6 TO Tl T2 T3 T4 T5 T6
n=060 n=>58 n=>59 n=59 n=59 n=46 n=45 n=060 n=>59 n=60 n=060 n=59 n=47 n=46
Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
Variables (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD)
CPT Part 1
Accuracy 14.95 14.97 14.95 15.00 14.96 15.00 14.98 15.00 14.98 14.98 15.00 15.00 14.98 15.00
(0.22) (0.18) 0.29) (0.00) (0.19) (0.00) (0.15) (0.00) 0.13) 0.13) (0.00) (0.00) (0.15) (0.00)
Mean RT 337.75 344.38 340.35 334.38 320.78 324.55 321.26 307.45 303.41 297.02 296.13 294.45 293.12 293.97
(78.00) (90.57) (66.62) (66.63) (59.57) (58.47) (62.04) (70.82) (53.60) 40.17) (55.87) (50.03) (45.78) (43.13)
CV RT 0.18 0.17 0.16 0.15 0.16 0.15 0.15 0.16 0.16 0.15 0.15 0.15 0.15 0.15
(0.08) (0.06) (0.05) (0.05) (0.06) (0.04) (0.05) 0.07) (0.05) (0.06) (0.05) (0.06) (0.05) (0.06)
CPT Part 3
Accuracy 14.63 14.84 14.71 14.73 14.85 14.93 14.98 14.88 14.88 14.80 14.80 14.81 14.87 14.70
0.97) 0.41) (0.98) (0.93) (0.36) (0.25) (0.15) (0.37) (0.33) (0.55) 0.71) (0.94) (0.34) (0.94)
Mean RT 483.27 487.51 494 .35 477.40 485.72 490.58 487.80 461.45 470.18 462.27 469.41 464.39 461.77 476.03
(77.06) (83.44) (70.26) (71.20) (81.88) 92.92) (86.32) (86.89) (70.40) (73.13) (89.39) (103.85) (78.09) (87.60)
CV RT 0.19 0.18 0.19 0.18 0.17 0.18 0.18 0.17 0.18 0.16 0.17 0.17 0.18 0.18
(0.06) (0.06) (0.06) (0.05) (0.06) (0.05) (0.06) (0.06) (0.05) (0.05) (0.05) (0.05) (0.05) (0.06)
n =59
CPT Part 4
Accuracy 11.50 11.83 11.71 11.81 12.20 12.30 12.82 11.62 12.22 12.35 12.72 12.83 12.62 13.00
(3.18) (2.29) (2.54) (2.78) 2.91) (2.09) 2.17) (2.51) (2.09) (1.88) (1.90) (1.96) (2.04) (1.97)
Mean RT 630.04 625.75 607.71 590.46 617.33 608.53 600.25 606.62 564.45 571.70 571.80 559.66 550.24 576.11
(117.10) (128.01) (145.26) (108.52) (153.48) (123.65) (110.02) (141.55) (111.89) (97.39) (104.61) (120.49) 98.41) (106.58)
CV RT 0.29 0.28 0.27 0.27 0.28 0.26 0.28 0.32 0.28 0.28 0.29 0.27 0.24 0.25
(0.08) (0.08) (0.10) (0.08) (0.09) (0.09) (0.08) (0.10) (0.09) (0.08) (0.09) (0.08) (0.08) (0.06)

Note. TO refers to pre-treatment baseline testing; T1 — T6 refer to testing sessions following first to sixth chemotherapy treatment.

RT =reaction time; CV = coefficient of variation; CNS-VS = CNS Vital Signs; CPT = Continuous Performance Test; BC = breast cancer; SD = standard deviation.
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Table 4. Results of final multilevel model (Model 4) for accuracy (number of correct hits), mean RT, and CV RT for CNS-VS CPT Parts 1,

3,and 4
CPT measure
CPT Part 1 Accuracy Mean RT (Sqrt) CV RT (Sqrt)
Para-meter p-Value p-Value p-Value
Fixed effects
Toi Boo 14.97614 (0.00799) <.001 17.69516 (0.08599) <.001 0.40039 (0.00418) <.001
Bo1 0.60416 (0.12096) <.001 0.76206 (0.04309) <.001 0.64909 (0.03798) <.001
Boz -0.00800 (0.01439) ns 0.42296 (0.13594) .002 0.00261 (0.00620) ns
Ty B1o 0.00375 (0.00238) ns -0.09213 (0.02460) <.001 —-0.00404 (0.00146) .007
Bi1 -0.13547 (0.05272) 011 -0.08192 (0.01205) <.001 -0.10584 (0.01258) <.001
B12 —0.00034 (0.00367) ns 0.03076 (0.03792) ns —0.00027 (0.00198) ns
Random effects
o2 0.01753 0.87086 0.00293
0% 0.00001 ns 0.20686 .024 0.00013 ns
o4 0.00000 ns 0.01259 ns 0.00003 ns
CPT measure
CPT Part 3 Accuracy Mean RT (Sqrt) CV RT (Sqrt)
Parameter p-Value p-Value p-Value
Fixed effects
Toi Boo 14.80498 (0.02563) <.001 21.70103 (0.07416) <.001 0.41414 (0.00382) <.001
Bo1 0.61920 (0.07277) <.001 0.83477 (0.02773) <.001 0.58524 (0.04628) <.001
Boz -0.06981 (0.04315) ns 0.04237 (0.11044) ns 0.00657 (0.00594) ns
Ty B1o -0.00825 (0.01840) ns -0.01347 (0.03204) ns -0.00059 (0.00125) ns
B11 -0.10928 (0.01870) <.001 -0.05859 (0.01183) <.001 -0.08230 (0.01472) <.001
Bi2 0.03696 (0.02037) ns 0.04479 (0.04950) ns —0.00069 (0.00181) ns
Random effects
o2 0.29486 0.75987 0.00284
0% 0.00842 ns 0.05919 ns 0.00011 ns
o4 0.00473 ns 0.04480 <.001 0.00002 ns
CPT measure
CPT Part 4 Accuracy Mean RT (Sqrt) CV RT (Sqrt)
Parameter p-Value p-Value p-Value
Fixed effects
Toi Boo 14.97614 (0.00799) <.001 17.69516 (0.08599) <.001 0.40039 (0.00418) <.001
Bo1 0.66163 (0.04767) <.001 0.73569 (0.03996) <.001 0.59944 (0.04655) <.001
Boz -0.42079 (0.20308) .04 0.37919 (0.19337) .052 -0.00915 (0.00760) ns
T B1o 0.19731 (0.04166) <.001 —-0.12316 (0.04057) .003 -0.00911 (0.00155) <.001
Bi1 -0.07659 (0.01785) <.001 -0.08024 (0.01338) <.001 -0.09458 (0.01541) <.001
B2 —0-05795 (0.06427) ns 0.09320 (0.06318) ns 0.00558 (0.00220) 0.013
Random effects
o2 2.78225 2.14980 0.00456
6% 0.29809 ns 0.44171 ns 0.00027 ns
o4 0.03573 ns 0.05033 .022 0.00002 ns

Note. Standard error appears in parentheses. Data in italics reflect the group x session interaction. CNS-VS = CNS-Vital Signs; CPT = Continuous Performance
Test; ns = non-significant. Parameters: m,; = estimated individual score when “session” =0 (i.e., intercept); x1; = estimated within person slope; p oo = estimated
mean value for all individuals when session =0 (intercept) (controlling for TO CPT and group); f o, =effect of TO CPT score on the intercept (controlling
for group); B oo = effect of group on the intercept (controlling for TO CPT); B o= estimated mean slope for all individuals (controlling for TO CPT and group);
B 1, = effect of TO CPT score on the slope (controlling for group); p 1, = effect of group on the slope (controlling for TO CPT); 62 = level one (within individual)

residual (error term); 6% = level 2 (between person) residual for the intercept; 6?2, =level 2 (between person) residual for the slope.
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Fig. 1. Change in intraindividual variability in RT (CV RT) on
CNS-VS CPT - Part 4 (“2-back” working memory task) over
seven testing sessions in BC patients undergoing chemotherapy
and matched healthy controls. CV =coefficient of variation;
RT =reaction time; CNS-VS =CNS Vital Signs; CPT = Continuous
Performance Test; BC = breast cancer

chemotherapy but rather, that it did not improve across
repeated testing to the extent seen in the controls. One inter-
pretation of this finding is that the usual positive practice
effect is attenuated in BC patients. An alternative way of
conceptualizing this is that the lesser improvement in the BC
patients reflects the net effect of two opposing forces, a
positive practice effect and an adverse cognitive effect
of chemotherapy. Both conceptualizations suppose that
chemotherapy is exerting a subtle adverse impact on
cognition. These findings underscore the importance of
including a control group even when using a longitudinal,
repeated measures study design.

In keeping with the findings of previous studies in BC
patients (Bernstein et al., 2014; Yao et al., 2016, 2017), the
group-by-time interaction in IIV in our study only emerged
under more complex task conditions. The dependency of the
IIV effect on task complexity has also been reported in
studies of normal aging, wherein the increase in IIV on
complex tasks is thought to be due to a breakdown in
executive systems that control competing pathways to
maintain task goals across time (Duchek et al., 2009;
Jackson, Balota, Duchek, & Head, 2012; Stuss, Murphy,
Binns, & Alexander, 2003). The fact that Part 4 of our CPT
task entails much greater regulation of attention than the other
task conditions is consistent with this line of thinking, as is
the frequent finding that executive functioning is one of the
cognitive domains most likely to be affected in BC patients
(Bernstein, McCreath, Komeylian, & Rich, 2017; Hodgson,
Hutchinson, Wilson, & Nettelbeck, 2013; Ono et al., 2015).
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Integrity of the frontal lobes is critical to executive
functioning and it has been demonstrated that patients with
focal frontal lobe lesions are much more likely than patients
with non-frontal lesions to show disturbances in IIV (Stuss
et al., 2003). There are extensive connections between the
frontal lobes and other brain regions and white matter lesions
that disconnect nodes in these broader “frontal networks”
can disrupt both executive functions and IIV (Duchek et al.,
2009; Jackson et al., 2012). Recent studies using diffusion
tensor imaging and functional MRI techniques have demon-
strated white matter alterations in BC patients that correlate
with performance on objective cognitive tests (Deprez,
Billiet, Sunaert, & Leemans, 2013). This confluence of
findings suggests that the attenuated improvement in IIV over
time observed in our BC patients may reflect diminished
integrity of white matter in frontal systems and ensuing
disruption of executive control functions.

Most studies of cancer-related cognitive impairment find
little correlation between objective and subjective measures
of cognitive function. One explanation that has been
advanced for this is that traditional cognitive tests are not
sensitive enough to detect the typically subtle cognitive
changes experienced by patients with non-central nervous
system cancers cancers. We hypothesized that, if IIV were
more sensitive than mean RT or accuracy measures to the
cognitive changes experienced by cancer patients, IIV might
also correlate more strongly with subjective report measures.
Current results did not bear this out, suggesting that objective
and subjective cognitive measures are capturing different
phenomena and that both should be included in cancer-
cognition studies.

Means and standard deviations tend to be highly cor-
related, and so it is important to establish that differences
in IV are not simply a function of differences in response
speed. We addressed this by using the CV rather than the ISD.
Furthermore, the controlled longitudinal design of our study
(in which we compared BC patients and controls in terms of
change over sessions) allowed us to differentiate systematic
within-person changes over time (i.e., practice effects) from
changes that reflect inconsistency of performance.

Other strengths of this study include the individual
matching of the controls to the BC patients in terms of
demographics and assessment schedule, the very low rates of
attrition and missing data, and the sensitivity and robustness
of the statistical procedures used (i.e., HLM). Wojtowicz
et al. (2012) found that residualized ISDs that controlled for
trial as well as group membership were more sensitive than
CVs in revealing greater IIV on RT tasks in patients with
multiple sclerosis compared to healthy controls. The fact that
we detect group differences in IIV between the cancer
patients and the healthy controls using CV may reflect the
power of HLM coupled with the fact that we are looking at
group differences in change in IIV across multiple sessions
(i.e., a group-by-time interaction) rather than a static
between-group comparison.

Limitations to these analyses must also be acknowledged.
Foremost among these is the relatively small number of trials
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analyzed in each condition of the CPT (n = 15), which may
impact the reliability of the findings. Another limitation
derives from the fact that these are secondary data analyses
and that neither the hypotheses of the present work nor the
analytic methods were pre-specified (see Gelman & Loken,
2013 for a discussion of these issues). We have generated
nine models examining nine different dependent variables
(CV, mean RT, and accuracy on each of the three parts of the
CPT). Given the post hoc and exploratory nature of these
analyses, and the fact that the original study was not powered
for them, we did not apply any correction for the multiple
statistical tests performed (had we applied a Bonferroni cor-
rection, for example, we would not have obtained significant
findings). We recognize the inflated risk of Type 1 error
associated with this approach and the fact that the current
results require confirmation in future studies, designed and
powered specifically to address the hypotheses advanced here.

It might be argued that a further limitation to this study is
the lack of a cancer control group, as required to tease apart
the cognitive effects of cancer from those of cancer treatment.
This is not as great a concern in longitudinal studies in which
the patients serve as their own controls in many respects and
the primary purpose of the control group is to account for
practice effects associated with repeated testing. Further-
more, whereas isolating the effects of treatment was precisely
the objective of the main study from which these data were
drawn (hence, the use of a dose-response design to try to
establish causality), the objective of the current work was to
investigate whether IIV might be more sensitive than tradi-
tional measures to subtle cancer-related cognitive changes,
regardless of the cause of those changes.

Another limitation of the current analyses is that they do
not address the ecological validity of these findings, that is,
whether or not the differences in IIV are related to real-life
behavior or symptoms and, if so, whether the relationship is
positive or negative. Li et al. (2001) point out that increases in
IIV may be adaptive in some instances; for example, they
may reflect exploration and testing of strategies in the context
of new or complicated tasks. We plan to address this issue in
future studies by determining if and how measures of IIV
correlate with level of performance on other cognitive tasks
or with the time required to master a new task. We are also
interested in examining relationships between IIV and find-
ings on structural and functional brain MRI and between IIV
and subjective cognitive measures in an effort to better
understand the implications and neural underpinnings of the
current results.

Results of these analyses serve as an important reminder
that traditional neuropsychological measures may not be sine
qua non for the detection of neural dysfunction. We agree
with Stuss et al. (2003) that predictability and consistency
may be as important as accuracy to success in real-life tasks
and, given the current findings, we submit that assessment of
stability in cognitive performance may be a worthwhile
adjunct to traditional neuropsychological evaluation, espe-
cially in the case of elusive cognitive disorders such as
cancer-related cognitive impairment.
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