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A B S T R A C T

Purpose
Cancer-related cognitive impairment (CRCI) is an important clinical problem in patients with breast
cancer receiving chemotherapy. Nationwide longitudinal studies are needed to understand the
trajectory and severity of CRCI in specific cognitive domains.

Patients and Methods
The overall objective of this nationwide, prospective, observational study conducted within the
National Cancer Institute Community Clinical Oncology Research Program was to assess trajec-
tories in specific cognitive domains in patients with breast cancer (stage I-IIIC) receiving chemo-
therapy, from pre- (A1) to postchemotherapy (A2) and from prechemotherapy to 6 months
postchemotherapy (A3); controls were assessed at the same time-equivalent points. The primary
aim assessed visual memory using the Cambridge Neuropsychological Test Automated Battery
Delayed Match to Sample test by longitudinal mixed models including A1, A2, and A3 and adjusting
for age, education, race, cognitive reserve score, and baseline anxiety and depressive symptoms.
We also assessed trajectories of CRCI in other aspects of memory as well as in attention and
executive function with computerized, paper-based, and telephone-based cognitive tests.

Results
In total, 580 patients with breast cancer (mean age, 53.4 years) and 363 controls (mean age, 52.6
years) were assessed. On the Delayed Match to Sample test, the longitudinal mixed model results
revealed a significant group-by-time effect (P , .005); patients declined over time from pre-
chemotherapy (A1) to 6 months postchemotherapy (A3; P = .005), but controls did not change (P =
.426). The group difference between patients and controls was also significant, revealing declines in
patients but not controls (P = .017). Several other models of computerized, standard, and telephone
tests indicated significantly worse performance by patients compared with controls from pre- to
postchemotherapy and from prechemotherapy to 6 months postchemotherapy.

Conclusion
This nationwide study showed CRCI in patients with breast cancer affects multiple cognitive do-
mains for at least 6 months postchemotherapy.

J Clin Oncol 36:3231-3239. © 2018 by American Society of Clinical Oncology

INTRODUCTION

Cancer-related cognitive impairment (CRCI) in
patients with breast cancer has become a growing
area of clinical concern. Research suggests that CRCI
occurs in up to 25% of patients with cancer before
chemotherapy and in up to 75% of patients during
chemotherapy.1-17 CRCI can remain a significant
problem post-treatment in up to 35% of survi-
vors18-22 and negatively affects quality of life.4,8,23,24

A key contribution to understanding CRCI
has been the use of a prechemotherapy assessment,

because patients sometimes perform within nor-
mative ranges during treatment but show a sig-

nificant decline from their prechemotherapy

baselines.4 Larger studies with prechemotherapy
baselines are needed to confirm results of pre-

vious studies. Assessment of longitudinal changes
of specific cognitive domain scores has been

recommended by the International Cancer and
Cognition Task Force.25,26 Additional limitations

of previous research include enrollment of het-

erogeneous disease groups; conduct at academic
medical centers, which limits generalizability; and
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failure to include age- and sex-matched controls to adequately
control for practice and aging effects.7,9-15

Recently, the National Cancer Institute emphasized the need
for the study and validation of cognitive neuroscience–based
measures of cognitive function in specific domains to assess the
impact of chemotherapy and other treatments on cognitive
functioning. Additionally, more modern computerized cognitive
assessments may enable clinicians and researchers to assess more
mild cognitive impairments in specific domains.

The objective of this study was to assess the trajectory of CRCI
in specific cognitive domains, with the primary aim of assessing
longitudinal changes in visual memory in patients with breast
cancer from pre- (A1) to postchemotherapy (A2; ie, within
1 month after completion of chemotherapy) and from A1 to
6months postchemotherapy (A3) compared with controls assessed
at the same time intervals using the Delayed Match to Sample
(DMS) test in the computerized Cambridge Neuropsychological
Test Battery (CANTAB).27-31 The DMS test largely involves
function of the prefrontal cortex and hippocampus; both areas are
important in neuroimaging studies of patients receiving chemo-
therapy.32 Additionally, our preclinical model of chemotherapy-
related cognitive impairments identified impairments in delayed
spatial alternation, which has some analogous features to the
DMS,33 and DMS has been used in clinical research studies
evaluating neurotoxicants.34,35 Visual-relatedmemory deficits have
been implicated in CRCI in previous research,36-39 and visual-
related memory encompasses a domain in which patients
complain of deficit, representing an important cognitive do-
main for further study. Here, we were interested in measuring
the ability to assess and remember a complex pattern even after
varying delay times, thus also incorporating a short-term working
memory component.

To help guide clinicians on factors that may increase sus-
ceptibility to CRCI, we investigated the impact of factors that
may influence cognitive impairment, including age, race, educa-
tion,40 cognitive reserve,5 chemotherapy type (anthracycline v
nonanthracycline,41,42 adjuvant v neoadjuvant), hormonal or ra-
diation therapy after chemotherapy, and baseline menopausal
status, anxiety, and symptoms of depression.17,20-22,42 We hy-
pothesized that patients with breast cancer would experience visual
memory declines over time compared with age-matched controls
assessed at the same time points.

PATIENTS AND METHODS

Participants
Patients with breast cancer and healthy noncancer controls were

recruited from 22 National Cancer Institute Community Oncology Re-
search Program (NCORP) locations nationwide from 2011 to 2013. Eli-
gibility for patients with breast cancer included: woman with stage I to IIIC
disease, scheduled for a standard course of chemotherapy, chemotherapy
naı̈ve, age $ 21 years, no CNS disease, no neurodegenerative disease, no
recent major psychiatric illness leading to hospitalization, and no plan to
receive concurrent radiation therapy from pre- to postchemotherapy.
Control participants were the same age (within 5 years) as the paired
patients with breast cancer and met all eligibility criteria except the first
two. This study was approved by the institutional review board of each
NCORP and the University of Rochester Cancer Center NCORP Research

Base; all participants provided informed consent. Table 1 details partici-
pant characteristics at baseline.

Cognitive Assessments and Covariates
All cognitive assessments were conducted at the following time points

for patients: prechemotherapy baseline assessment within 7 days before the
first chemotherapy administration (A1), postchemotherapy assessment
within 1 month of the last chemotherapy administration (A2), and
6-month follow-up at 6 months after A2, inclusive of a 1-month range
(A3). Controls also completed the same assessments at the same time
intervals as patients.

All clinical research coordinators were formally trained. A stan-
dardized cognitive assessment manual was used to administer the com-
puterized testing first, followed by paper-based testing and then self-report
items. The telephone-based measures were administered after the in-
person assessments; we did allow A1 telephone assessments to occur af-
ter chemotherapy infusion because of scheduling conflicts, which repre-
sented, 5% of the data. Alternate versions of the computerized tests were
preprogrammed into computers. Alternate forms were not used for other
measures to minimize administration errors; we felt these were not
necessary, because longitudinal changes were compared with a control
group to account for practice effects.

Computerized neuropsychological assessments. Additional details are
provided in the Appendix (online only). CANTAB eclipse software was
used in this study (Cambridge Cognition, Cambridge, UK). The CANTAB
DMS test evaluated visual memory. A priori, we chose percent correct at
the 12-second delay on the DMS test for the primary analysis. The Verbal
Recognition Memory (VRM) test assessed immediate recall and delayed
recognition memory. The Rapid Visual Processing (RVP) test evaluated
sustained attention, and the One Touch Stockings of Cambridge assessed
executive function.29,30

Paper-based neuropsychological assessments. Paper-based assessments
included the Hopkins Verbal Learning and Memory Test–Revised,43,44,60

the Trail Making Test (TMT) A (Comprehensive TMT 1) and B (Com-
prehensive TMT 5),45,46,61 and the Controlled Oral Word Association
(COWA) test.47,62

Telephone-based cognitive assessments. The Brief Test of Adult Cog-
nition by Telephone included the Rey Auditory Verbal Learning Test
(RAVLT), digits backward, category fluency, and backward counting.48

Single-item self-report assessments. On a Likert scale (0-10), partic-
ipants rated their level of difficulty over 7 days on three single items in
specific cognitive domains (eg, remembering things, paying attention, and
multitasking) as part of a modified MD Anderson Symptom Inventory.49

Covariate measures. Participants self-identified race and ethnicity.
Medical information was abstracted from medical records. Chemotherapy
was dichotomized into anthracycline- versus non–anthracycline-containing
treatment as well as adjuvant versus neoadjuvant treatment. Baseline reading
ability, a proxy for cognitive reserve, was assessed with the Wide Range
Assessment Test–Fourth Edition (WRAT-4) reading subscale.50 Anxiety was
assessed with the Spielberger Trait Anxiety Inventory,51 and depression was
measured by an item from the Multidimensional Fatigue Symptom
Inventory.52

Statistical Analyses
For comparison of baseline characteristics for the patients and

controls, t tests were used for continuous variables, and x2 tests were used
for categorical variables. Means and standard errors were tabulated for all
cognitive measures at each assessment.

The primary aim of this study was to assess trajectories of change in
the DMS test from A1 to A2 and from A1 to A3 using longitudinal linear
mixed modeling (LMM), controlling for important a priori baseline
covariates. Additionally, per protocol, we proposed to also conduct Welch
two-sample t tests. More patients were accrued compared with controls to
address if there were cognitive differences in those patients receiving
anthracycline versus nonanthracycline regimens. Using a two-sample t test
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for the power analysis, with 200 evaluable patients receiving anthracycline
treatment and 200 receiving nonanthracycline treatment, we had 80%
power to detect an effect size (ES) of 0.3 (approximately 5% longitudinal
change in 400 evaluable patients compared with 200 controls) on the DMS
12-second delay. We estimated a 25% dropout rate, aiming to accrue 267
participants per group (534 total patients and 267 controls). Statistical
computations were performed using R software (version 3; www.r-project.
org) and SAS software (version 9.4; SAS Institute, Cary, NC). For the
primary aim, a two-sided P , .05 was considered significant for overall
group differences, and a two-sided P # .025 was considered statistically
significant for assessments of anthracycline versus nonanthracycline
regimens each compared with controls. For secondary outcomes, P , .05
was considered significant.

For LMM analyses, the LMM fixed effects were time (A1, A2, and A3
treated as nominal), group (patient or control), group-by-time interaction,
and baseline covariates: age, education (less than high school, high school
or general equivalency diploma, college or graduate), race (black, white,
ther), and A1 cognitive reserve, anxiety, and depressive symptoms. Subject-
specific mean cognitive function score was the random effect, independent
of residual error. Estimation was performed using the restricted maximum
likelihood method, and inferences were performed using the Kenward-
Roger procedure.53 Marginal adjusted means were used to quantify the
changes from A1 to A2 and A1 to A3 (in addition to means for each time)
by group.

For the primary aim, we also conducted an LMM that added
anthracycline versus nonanthracycline treatment as another covariate, as
well as additional models that included anthracycline versus non-
anthracycline treatment, with menopausal status at baseline and radiation
and hormonal therapies from A2 to A3.

For all other cognitive outcomes, we conducted the main LMM
analysis as stated. The distribution of the TMTwas skewed, and values were
log transformed. The VRM recognition distribution was also skewed; we
dichotomized this test into perfect versus not perfect and used a gener-
alized LMM with residual profile likelihood estimation and the Kenward-
Roger test procedure.53 For all cognitive outcomes, we also adjusted for
multiple comparisons with the false discovery rate; Adjusted P values are
listed in Table 2.

For each cognitive outcome, we also used exploratory analyses of
variance to determine if there were differences by adjuvant versus neo-
adjuvant treatment. We also generated ES estimates for changes from A1 to
A2 and A1 to A3.

All analyses contained all available data. Missing data were not
common, except with the Brief Test of Adult Cognition by Telephone, as
a result of inability to contact participants by telephone, where we assumed
they were missing at random.54 Three participants developed metastatic

Table 1. Participant Demographic and Clinical Characteristics

Characteristic

No. (%)

P

Breast Cancer/
Chemotherapy

(n = 580)

Noncancer
Control
(n = 363)

Total
(N = 943)

Age, years .270
Mean 53.4 52.6 53.1
SD 10.6 10.3 10.5
Range 22-81 27-81 22-81

Race .025
White 517 (89.1) 342 (94.2) 859 (91.1)
Black 47 (8.1) 17 (4.7) 64 (6.8)
Other 16 (2.8) 4 (1.1) 20 (2.1)

Ethnicity .974
Hispanic or Latino 7 (1.2) 5 (1.4) 12 (1.3)
Not Hispanic or
Latino

565 (97.4) 353 (97.2) 918 (97.3)

Unknown 8 (1.4) 5 (1.4) 13 (1.4)
Education < .001
, High school 11 (1.9) 0 (0) 11 (1.2)
High school or GED 131 (22.6) 43 (11.8) 174 (18.5)
College or graduate
school

438 (75.5) 320 (88.2) 758 (80.4)

Marital status .413
Single 45 (7.8) 30 (8.3) 75 (7.9)
Widowed 28 (4.8) 17 (4.7) 45 (4.8)
Divorced/separated 86 (14.8) 40 (11.0) 126 (13.4)
Married/long-term
relationship

421 (72.6) 276 (76.0) 697 (73.9)

Menopausal status .137
Premenopausal 180 (31.0) 104 (28.7) 284 (30.1)
Perimenopausal 45 (7.8) 43 (11.8) 88 (9.34)
Postmenopausal 303 (52.2) 178 (49.0) 481 (51.1)
Medically induced 51 (8.8) 38 (10.5) 89 (9.45)
Unknown 1 (0.2) 0 1 (0.01)

WRAT-4 reading < .001
Mean 62.8 64.0 63.2
SD 6.01 4.37 5.47

Anxiety (STAI) < .001
Mean 36.0 28.3 33.0
SD 12.40 9.15 11.80

Depression item < .001
Mean 0.68 0.39 0.57
SD 0.93 0.76 0.88

Stage of disease
I 158 (27.2)
II 284 (49.0)
III 108 (18.6)
Unknown 30 (5.2)

Regimen classification
Anthracycline 279 (48.1)
Nonanthracycline 301 (51.9)

Regimen type
Adjuvant 480 (82.8)
Neoadjuvant 100 (17.2)

Specific agents
received
(A1-A2)

Cyclophosphamide 442 (76.2)
Docetaxel 306 (52.8)
Doxorubicin 254 (43.8)
Paclitaxel 236 (40.7)
Carboplatin 115 (19.8)
Epirubicin 17 (2.9)
Fluorouracil 13 (2.2)
Methotrexate 1 (0.2)
Unknown 29 (5.0)

(continued in next column)

Table 1. Participant Demographic and Clinical Characteristics (continued)

Characteristic

No. (%)

P

Breast Cancer/
Chemotherapy

(n = 580)

Noncancer
Control
(n = 363)

Total
(N = 943)

Hormonal therapy
(A2-A3)*

Yes 171 (34.0)
No (or unknown†) 332 (66.0)

Radiation therapy
(A2-A3)*

Yes 285 (56.7)
No (or unknown†) 218 (43.3)

NOTE. Bold font indicates significance.
Abbreviations: A, assessment; GED, general equivalency diploma; SD, standard
deviation; STAI, Spielberger Trait Anxiety Inventory; WRAT-4, Wide Range
Assessment Test–Fourth Edition.
*For A2 to A3, n = 503.
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disease from A2 to A3. For the primary aim, we conducted analyses with
and without these participants. The results were not affected, and we
retained the participants in the analyses.

RESULTS

Baseline Characteristics
In total, 964 participants consented to the study. Of those, 943

completed the DMS test at A1, including 580 patients with breast
cancer scheduled to receive chemotherapy (82.8% adjuvant) and
363 noncancer controls. There were 503 patients and 334 controls
who completed all three time points (Fig 1). The groups were
balanced with respect to age, ethnicity, and marital status (Table 1).
Participants were fairly balanced with respect to education, except
there were more high school–educated patients compared with
controls (P # .001). There were more black participants in the
breast cancer group than in the noncancer control group (P =
.025). Controls had higher reading scores (P , .001). Retention
was 86.7% in the breast cancer group and 92.0% in the control
group.

Baseline Cognitive Function
At A1, before adjustment, only HVLT-R and the single-item

questions of memory, attention, and executive function showed
a significant difference in patients compared with controls, with
patients reporting higher difficulty (Appendix Table A1). After
adjustment, the single-item attention question and the RVP and
TMT tests showed significant baseline differences, with patients
performing worse than controls (P , .05; Table 2).

Memory
Compared with controls assessed at the same time intervals,

the LMM revealed that patients with breast cancer showed a sig-
nificant decline on DMS memory score at the 12-second delay
from A1 to A3 (P = .017); patients significantly declined (P = .005),
whereas controls did not change significantly, even after adjust-
ment for all covariates (Table 2; Appendix Table A1). The LMM
indicated a significant group-by-time interaction (P , .005;
Table 2; Appendix Table A2) with patients performing worse than
controls at A3. As part of the LMM, covariates that were signif-
icantly related to poorer DMS score included older age, lower
WRAT-4 reading score, and black race (all P , .005; Appendix
Table A2; online only). The two-sample t test analyses were
consistent with the LMM, and the DMS ES was 0.217 (Figs 2 and 3;
Appendix Table A3; online only).

In another LMM model with anthracycline versus non-
anthracycline treatment, regimen was not significantly related
to lower cognitive scores. Of note, in a third LMMmodel where
we added hormonal therapy to our main LMM model, we
observed significantly greater decline in those not receiving
hormone therapy from A2 to A3 (P = .020) compared with
those receiving hormonal therapy, although both groups
showed declines.

Other assessments that revealed significantly lower scores over
time in patients compared with controls were the CANTAB VRM
test (immediate recall), the telephone-based RAVLT immediate
and delayed recall, and the single-item memory question; the latter
three revealed significant changes both from A1 to A2 and from A1
to A3 (Table 2; Appendix Table A1). ES estimates revealed the
largest effects on the telephone-based RAVLT and the single-item
question (Fig 2; Appendix Table A3).

Included for analysis
(n = 943)

Consented
(N = 964)

Excluded before baseline
Overwhelmed 
Medical issue

(n = 21)
(n = 16)
(n = 5)

A1 (prechemotherapy)

A2 (postchemotherapy)

A3 (6-month follow-up)

Chemotherapy 
(n = 580)

Overwhelmed
Medical issue
No reason
Assessed

Overwhelmed
Medical issue
No reason
Assessed

Control
(n = 363)

(n = 20)

(n = 14)
(n = 8)

(n = 13)
(n = 503)

(n = 10)
(n = 1)
(n = 3)

(n = 349)

(n = 10)
(n = 1)
(n = 4)

(n = 334)

(n = 12)
(n = 10)

(n = 538)

Overwhelmed
Medical issue
No reason
Assessed

Overwhelmed
Medical issue
No reason
Assessed

Fig 1. CONSORT diagram. A, assessment.
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Attention
Assessments that revealed significantly lower scores over time

in patients compared with controls from A1 to A2 after adjustment
for covariates were the TMTA, backward counting, and the single-
item question. From A1 to A3, the RVP, backward counting, and
the single-item question were significantly different across groups,
with patients performing worse than controls (Table 2). ES esti-
mates were the largest for the CANTAB RVP and single-item
question (Fig 2; Appendix Table A3).

Executive Function
From A1 to A2, assessments that significantly showed lower

scores over time in patients compared with controls after ad-
justment were the COWA, telephone-based digits backward and
category fluency, and the single-item executive function question.
All remained significant except the COWA fromA1 to A3 (Table 2).
Effect estimates were the largest for telephone-based category
fluency and the single-item question (Fig 2; Appendix Table A3).

Predictors of Cognitive Decline and Chemotherapy
Regimen Effects for Secondary Outcomes

In LMMs, older age, black race (compared with white), lower
education level (compared with more than high school), WRAT-4
reading score, higher baseline anxiety score, and higher baseline
depression score were all significant predictors of cognitive decline,
but variations existed from test to test (all P, .05; Appendix Table
A2). In exploratory unadjusted analyses of variance for each

cognitive test, we saw no consistent pattern for decline based on
anthracycline versus nonanthracycline treatment or adjuvant
versus neoadjuvant therapy.

DISCUSSION

Using several well-validated and novel measures of cognitive
function, we found that CRCI existed in multiple cognitive do-
mains for at least 6 months postchemotherapy compared with
noncancer controls. Our primary aim analysis revealed that pa-
tients with breast cancer exhibited a significant decline in visual
memory from A1 to A3, even after adjustment for relevant
covariates; this decline was not seen from A1 to A2, and therefore,
the effect was delayed and subtle on the basis of an ES of 0.21 for
the DMS test (Figs 2 and 3; Table 2).

Although several assessments of memory, attention, and
executive function identified significantly lower scores over time in
patients compared with controls from A1 to A2, the persistent
decline or delayed decline effect at A3 was most pronounced in
the computerized, telephone-based, and single-item measures.
Some paper-based neuropsychological tests identified signifi-
cant effects from A1 to A2. The computerized tests that were
largely based in cognitive neuroscience, DMS and RVP, showed
a significant decline at A3, indicating that these precise measures
may be able to detect more subtle and persistent declines and
supporting the idea that domain-specific computerized tests
may be critical for detecting long-term CRCI in a subset of

Executive function: single item: executive function

Executive function: telephone: category frequency

Executive function: telephone: digits backward

Executive function: paper: TMT B

Executive function: paper: COWA

Executive function: computer: CANTAB OTS

Attention: single item: attention

Attention: telephone: backward counting

Attention: paper: TMT A

Attention: computer: CANTAB RVP

Memory: single item: memory

Memory: telephone: RAVLT delayed

Memory: telephone: RAVLT immediate

Memory: paper: HVLT-R delayed

Memory: paper: HVLT-R immediate

Memory: computer: CANTAB VRM recognition

Memory: computer: CANTAB VRM immediate

Memory: computer: CANTAB DMS 12 seconds (primary)

0.0 0.2 0.4 0.6

Effect Size

Span

A2-A1

A3-A1

Fig 2. Effect sizes for changes on cog-
nitive measures. A, assessment; CAN-
TAB, Cambridge Neuropsychological Test
Automated Battery; COWA, Controlled
Oral Word Association; DMS, Delayed
Match to Sample; HVLT-R, Hopkins Verbal
Learning Test–Revised; OTS, One Touch
Stockings; RAVLT, Rey Auditory Verbal
Learning Test; RVP, Rapid Visual Pro-
cessing; TMT, Trail Making Test; VRM,
Verbal Recognition Memory.
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patients. Our results with objective assessments showed similar
overall patterns to our previous report, which assessed CRCI
with the Functional Assessment of Cancer Therapy–Cognitive
(FACT-Cog)17; however, some of the objective tests did not
reveal significant changes from A1 to A2, and some did not
reveal changes from A1 to A3. Overall, the paper-based neu-
ropsychological results were most likely to be influenced by
anxiety and depression compared with the computerized and
telephone-based measures in domains of memory and atten-
tion. Similar to the FACT-Cog study, in this study, single-item
self-report measures in specific cognitive domains revealed the
largest effects (Fig 2), with similar patterns to the FACT-Cog
study.17

Ahles et al,2,5,19 Root et al,55,56 and others have shown that
attentional processes are disrupted in patients with cancer re-
ceiving chemotherapy and that these deficits may also sub-
sequently affect memory and executive function. The finding
that the telephone-based measures unanimously showed sig-
nificant deficits in patients, with larger effect sizes, may support
this hypothesis, because telephone-based measures require high
attentional demand. Additionally, the most significant baseline
deficits on the subjective and objective tests were observed in
attention. In fact, not until A2 and A3 did patients report
difficulties in memory and executive function as well as
attention.

The use of a study-specific control group was critical, because
some of the measures had marked practice effects, and the dif-
ferences between patients and controls were essential to identifying
changes over time between groups. For example, on the primary
aim, both groups improved from A1 to A2, although the slopes of
their changes were not different, indicating an equivalent practice
effect in both groups. The group differences were not revealed until
A3 (Fig 3).

We did not find consistent results for specific group effects
comparing anthracycline- versus non–anthracycline-based regi-
mens. These results are similar to our published study using the
FACT-Cog in this cohort, as well as studies conducted by
others.17,57 Future research needs to address whether subgroups

receiving specific chemotherapies are most vulnerable and
determine interactions between specific chemotherapies with
host factors.42

The strengths of this study include a large, homogeneous,
nationwide longitudinal sample within the NCORP network,
which increases generalizability over current research, and the use
of multiple cognitive outcomes in specific cognitive domains
at pre- and postchemotherapy time points. Additionally, age-
matched controls of the same sex were measured at the same
times as controls. This study had excellent retention.

There are also limitations to this work, as well as opportunities
for future research. The enrollment of minority populations was
low, despite being a nationwide study. This study focused on
patients with breast cancer, and our results only extended to
6 months postchemotherapy. We are currently accruing a lym-
phoma cohort with a similar study design that will be used to
compare findings between men and women and between tumor
types.27,58,59

In summary, we have conducted a nationwide study that
identified declines in memory, attention, and executive function in
patients with breast cancer up to 6 months after completion of
chemotherapy, revealing persistent, mild-to-moderate effects.
These data shed light on the trajectory of CRCI, as well as CRCI risk
factors and possible tests that may best identify CRCI. In-
terventions need to be developed that target specific domains of
CRCI.
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Appendix

Study Participation
The following Community Clinical Oncology Programs/National Cancer Institute Community Oncology Research Programs

participated in this study: Central Illinois, Columbus, CRCWM, Dayton, Delaware, Grand Rapids, Greenville, Hematology/
Oncology Associates of Central New York, Kalamazoo, Kansas City, Marshfield, Metro Minnesota, Nevada, North Shore, PCRC,
SCCC, SCOR, Upstate Carolina, Virginia Mason, Wichita, WiNCORP, and WORC

Cognitive Methods

Computerized Neuropsychological Assessments
Initially, participants completed a motor function screen to become familiar with the computer by pressing the center of

a flashing X. Then, the Delayed Match to Sample test evaluated visual working memory. The participant was shown a visual image
consisting of four patterns, each of unique shape and color, and then asked to identify the complex pattern either simultaneously or
after a 0-, 4-, or 12-second delay (from memory). The delivery of the delay was random. A priori, we chose the 12-second delay of
the Delayed Match to Sample test for the primary analysis, because this is when memory is most taxed. The Verbal Recognition
Memory test assessed immediate recall of a list of 12 words that the participant read aloud. After all other computerized tasks,
a delayed recognition memory test was delivered where the participant recalled “yes” or “no” to previously reading a word aloud.
The Rapid Visual Information Processing test evaluated visual sustained attention and processing speed through recognition of a set
of number series of three numbers. Executive function was examined using the One Touch Stockings of Cambridge test, which
assesses spatial planning by arranging colored balls into the correct spatial orientation within three pockets.

Paper-Based Neuropsychological Assessments
Short-term memory was assessed by the Hopkins Verbal Learning andMemory Test–Revised, a word list test of immediate and

delayed recall (form 1). Attention/scanning, speed/sequencing, and executive function were assessed by the Trail Making Test
(Comprehensive Trail Making Test Trails 1 and 5, named A and B herein) in which the participant had to connect numbers or
alternating numbers and letters, respectively. Verbal fluency/executive function was assessed by the Controlled Oral Word As-
sociation test and included the recall of as many words as possible beginning with C, F, and L within a 60-second timeframe per
letter.

Telephone-Based Cognitive Assessments
The Brief Test of Adult Cognition by Telephone, developed at the Lifespan Developmental Psychology Lab (http://www.

brandeis.edu/projects/lifespn) included the Rey Auditory Verbal Learning Test, digits backward (of number series with varying
lengths), category fluency (number of animals correctly identified within 30 seconds), and backward counting (from 100).

jco.org © 2018 by American Society of Clinical Oncology

Trajectory of Cancer-Related Cognitive Impairment

http://www.brandeis.edu/projects/lifespn
http://www.brandeis.edu/projects/lifespn
http://jco.org


Ta
bl
e
A1

.
U
na

dj
us

te
d
M
em

or
y,

A
tt
en

tio
n,

an
d
E
xe

cu
tiv

e
Fu

nc
tio

n
M
ea

su
re
s
an

d
C
ha

ng
es

Fr
om

P
re
-
to

P
os

tc
he

m
ot
he

ra
py

an
d
Fr
om

P
re
ch

em
ot
he

ra
py

to
6-
M
on

th
Fo

llo
w
-U
p
in

P
at
ie
nt
s
W
ith

B
re
as

t
C
an

ce
r
an

d
C
on

tr
ol
s
A
ss

es
se

d
at

E
qu

iv
al
en

t
Ti
m
es

D
om

ai
n
an

d
Te

st
O
ut
co

m
e

B
et
te
r
S
co

re

M
ea

n
(S
E
)*

B
as
el
in
e:

C
he

m
ot
he

ra
py

(A
1)

to
C
on

tr
ol

(A
1)

P
re
-
to

P
os

tc
he

m
ot
he

ra
py

:
C
he

m
ot
he

ra
py

(A
2-
A
1)

to
C
on

tr
ol

(A
2-
A
1)

P
re
ch

em
ot
he

ra
py

to
6-
M
on

th
Fo

llo
w
-U
p:

C
he

m
ot
he

ra
py

(A
3-
A
1)

to
C
on

tr
ol

(A
3-
A
1)

C
he

m
ot
he

ra
py

C
on

tr
ol

A
1

A
2

A
3

A
1

A
2

A
3

b
(S
E
)*

P
b
(S
E
)*

95
%

C
I*

P
b
(S
E
)*

95
%

C
I*

P

M
em

or
y

C
om

pu
te
r

C
A
N
TA

B
D
M
S

(p
rim

ar
y)

P
er
ce

nt
co

rr
ec

t
at

12
-s
ec

on
d
de

la
y

H
ig
he

r
84

.9
1
(0
.7
4)

90
.2
0
(0
.6
6)

82
.3
6
(0
.7
8)

85
.1
9
(0
.9
4)

89
.6
2
(0
.8
2)

86
.1
7
(0
.9
7)

2
0.
29

(1
.2
0)

.8
11

0.
87

(1
.4
4)

2
1.
95

to
3.
69

.5
45

2
3.
52

(1
.5
8)

2
6.
63

to
2
0.
41

.0
26

C
A
N
TA

B
V
R
M

To
ta
lc

or
re
ct

(im
m
ed

ia
te

re
ca
ll)

H
ig
he

r
8.
33

(0
.0
7)

8.
11

(0
.0
8)

8.
95

(0
.0
8)

8.
46

(0
.0
9)

8.
63

(0
.0
9)

8.
96

(0
.0
9)

2
0.
13

(0
.1
2)

.2
91

2
0.
38

(0
.1
3)

2
0.
64

to
2
0.
12

.0
04

0.
11

(0
.1
3)

2
0.
15

to
0.
37

.3
94

C
A
N
TA

B
V
R
M

R
ec

og
ni
tio

n
(n
ot
e:

va
lu
es

bi
na

ry
)

H
ig
he

r
0.
33

(0
.0
9)

0.
51

(0
.1
0)

0.
36

(0
.0
9)

0.
36

(0
.1
1)

0.
66

(0
.1
2)

0.
40

(0
.1
2)

2
0.
03

(0
.1
5)

.8
50

2
0.
12

(0
.2
0)

2
0.
52

to
0.
27

.5
44

2
0.
01

(0
.2
0)

2
0.
41

to
03

9
.9
64

P
ap

er
H
V
LT

-R
To

ta
lc

or
re
ct

(im
m
ed

ia
te

re
ca
ll)

H
ig
he

r
8.
91

(0
.0
7)

9.
73

(0
.0
6)

10
.0
5
(0
.0
6)

9.
13

(0
.0
8)

9.
96

(0
.0
8)

10
.1
8
(0
.0
8)

2
0.
21

(0
.1
1)

.0
47

2
0.
02

(0
.0
9)

2
0.
20

to
0.
15

.7
85

0.
08

(0
.0
9)

2
0.
10

to
0.
26

.3
93

H
V
LT

-R
To

ta
lc

or
re
ct

(d
el
ay
ed

re
ca
ll)

H
ig
he

r
9.
80

(0
.0
8)

10
.4
3
(0
.0
8)

10
.7
0
(0
.0
7)

10
.1
5
(0
.1
2)

10
.8
3
(0
.1
0)

10
.9
2
(0
.0
9)

2
0.
35

(0
.1
5)

.0
19

2
0.
05

(0
.1
2)

2
0.
29

to
0.
19

.6
90

0.
13

(0
.3
1)

2
0.
12

to
0.
39

.3
12

Te
le
ph

on
e

R
A
V
LT

To
ta
lc

or
re
ct

(im
m
ed

ia
te

re
ca
ll)

H
ig
he

r
7.
75

(0
.1
0)

7.
65

0
(0
.1
1)

7.
87

(0
.1
1)

7.
85

(0
.1
3)

8.
56

(0
.1
3)

9.
10

(0
.1
3)

2
.1
1
(0
.1
6)

.5
11

2
0.
81

(0
.1
9)

2
1.
17

to
2
0.
44

<
.0
01

2
1.
12

(0
.1
9)

2
1.
50

to
2
0.
74

<
.0
01

R
A
V
LT

To
ta
lc

or
re
ct

(d
el
ay
ed

re
ca
ll)

H
ig
he

r
5.
11

(0
.1
2)

5.
46

(0
.1
3)

5.
66

(0
.1
3)

5.
21

(0
.1
5)

6.
37

(0
.1
6)

7.
04

(0
.1
6)

2
0.
10

(0
.1
9)

.6
08

2
0.
81

(0
.2
2)

2
1.
23

to
2
0.
39

<
.0
01

2
1.
28

(0
.2
3)

2
1.
73

to
2
0.
83

<
.0
01

S
in
gl
e
ite

m
M
em

or
y

S
el
f-r
ep

or
te
d
le
ve

lo
f

di
ffi
cu

lty
Lo

w
er

2.
12

(0
.0
8)

3.
30

(0
.0
9)

3.
03

(0
.1
0)

1.
42

(0
.0
9)

1.
47

(0
.1
2)

1.
49

(0
.1
2)

0.
70

(0
.1
3)

<
.0
01

1.
13

(0
.1
4)

0.
86

to
1.
41

<
.0
01

0.
84

(0
.1
4)

0.
56

to
1.
11

<
.0
01

A
tt
en

tio
n

C
om

pu
te
r

C
A
N
TA

B
R
V
P

To
ta
lc

or
re
ct

H
ig
he

r
24

9.
79

(0
.4
9)

25
1.
85

(0
.5
5)

25
3.
00

(0
.5
2)

25
0.
43

(0
.6
2)

25
3.
50

(0
.6
9)

25
5.
97

(0
.6
5)

2
0.
63

(0
.7
9)

.4
24

2
1.
01

(0
.6
8)

2
2.
34

to
0.
32

.1
36

2
2.
34

(0
.6
9)

2
3.
71

to
2
0.
70

.0
01

P
ap

er
TM

T
A

(C
TM

T
1)

To
ta
lt
im

e
(n
ot
e:

va
lu
es

lo
g

tr
an

sf
or
m
ed

)

Lo
w
er

1.
59

(0
.0
1)

1.
57

(0
.0
1)

1.
55

(0
.0
1)

1.
57

(0
.0
1)

1.
54

(0
.0
1)

1.
52

(0
.0
1)

0.
01

(0
.0
1)

.2
51

0.
02

(0
.0
1)

0.
00

to
0.
04

.0
40

0.
02

(0
.0
1)

2
0.
00

to
0.
03

.0
56

Te
le
ph

on
e

B
ac
kw

ar
d
co

un
tin

g
Fi
na

lN
o.

Lo
w
er

61
.5
3
(0
.4
0)

61
.1
9
(0
.4
4)

59
.9
1
(0
.4
5)

60
.6
0
(0
.5
0)

59
.1
4
(0
.5
5)

57
.2
3
(0
.5
6)

0.
93

(0
.6
4)

.1
44

1.
12

(0
.4
9)

0.
16

to
2.
07

.0
22

1.
73

(0
.5
3)

0.
69

to
2.
77

.0
01

S
in
gl
e
ite

m
A
tt
en

tio
n

S
el
f-r
ep

or
te
d
le
ve

lo
f

di
ffi
cu

lty
Lo

w
er

1.
89

(0
.0
8)

2.
84

(0
.1
0)

2.
49

(0
.1
0)

1.
10

(0
.1
0)

1.
09

(0
.1
1)

1.
20

(0
.1
2)

0.
79

(0
.1
3)

<
.0
01

0.
96

(0
.1
5)

0.
67

to
1.
25

<
.0
01

0.
49

(0
.1
5)

0.
20

to
0.
78

.0
01

E
xe

cu
tiv

e
fu
nc

tio
n

C
om

pu
te
r

C
A
N
TA

B
O
TS

of
C
am

br
id
ge

M
ea

n
ch

oi
ce

to
co

rr
ec

t
re
sp

on
se

Lo
w
er

1.
46

(0
.0
1)

1.
40

(0
.0
1)

1.
36

(0
.0
1)

1.
43

(0
.0
2)

1.
35

(0
.0
2)

1.
32

(0
.0
1)

0.
04

(0
.0
2)

.0
66

0.
01

(0
.0
2)

2
0.
02

to
0.
05

.3
70

0.
00

2
(0
.0
2)

2
0.
03

to
0.
03

.9
02

P
ap

er
C
O
W
A

To
ta
lc

or
re
ct

w
or
ds

(a
ve

ra
ge

)
H
ig
he

r
13

.8
2
(0
.1
5)

13
.4
8
(0
.1
6)

14
.5
1
(0
.1
7)

14
.0
6
(0
.1
8)

14
.5
3
(0
.1
8)

14
.9
5
(0
.1
8)

2
0.
24

(0
.2
3)

.3
03

2
0.
82

(0
.1
6)

2
1.
14

to
2
0.
50

<
.0
01

2
0.
20

(0
.1
8)

2
0.
56

to
0.
16

.2
77

TM
T
B

(C
TM

T
5)

To
ta
lt
im

e
(n
ot
e:

va
lu
es

lo
g

tr
an

sf
or
m
ed

)

Lo
w
er

1.
79

(0
.0
1)

1.
77

(0
.0
1)

1.
75

(0
.0
1)

1.
78

(0
.0
1)

1.
74

(0
.0
1)

1.
73

(0
.0
1)

0.
01

(0
.0
1)

.5
25

0.
02

(0
.0
1)

2
0.
00

to
0.
04

.1
11

0.
01

(0
.0
1)

2
0.
01

to
0.
03

.3
59

Te
le
ph

on
e

D
ig
its

ba
ck
w
ar
d

To
ta
lc

or
re
ct

H
ig
he

r
4.
53

(0
.0
5)

4.
46

(0
.0
6)

4.
43

(0
.0
6)

4.
65

(0
.0
7)

4.
89

(0
.0
7)

4.
96

(0
.0
7)

2
0.
11

(0
.0
9)

.1
90

2
0.
31

(0
.0
9)

2
0.
49

to
2
0.
13

<
.0
01

2
0.
41

(0
.1
0)

2
0.
61

to
2
0.
22

<
.0
01

C
at
eg

or
y
Fl
ue

nc
y

To
ta
lc

or
re
ct

H
ig
he

r
14

.7
5
(0
.1
2)

14
.1
2
(0
.1
3)

14
.0
9
(0
.1
3)

14
.8
6
(0
.1
5)

15
.4
2
(0
.1
6)

15
.7
1
(0
.1
7)

2
0.
12

(0
.2
0)

.5
51

2
1.
18

(0
.2
2)

2
1.
62

to
2
0.
74

<
.0
01

2
1.
50

(0
.2
4)

2
1.
98

to
2
1.
03

<
.0
01

S
in
gl
e
ite

m
E
xe

cu
tiv

e
fu
nc

tio
n

S
el
f-r
ep

or
te
d
le
ve

lo
f

di
ffi
cu

lty
Lo

w
er

1.
70

(0
.1
3)

2.
94

(0
.1
0)

2.
53

(0
.1
0)

1.
03

(0
.1
3)

1.
05

(0
.1
2)

1.
06

(0
.1
2)

0.
67

(0
.1
3)

<
.0
01

1.
22

(0
.1
7)

0.
90

to
1.
55

<
.0
01

0.
81

(0
.1
7)

0.
48

to
1.
14

<
.0
01

N
O
TE

.
B
ol
d
fo
nt

in
di
ca

te
s
si
gn

ifi
ca

nc
e.

A
bb

re
vi
at
io
ns

:A
,a
ss

es
sm

en
t;
C
A
N
TA

B
,C

am
br
id
ge

N
eu

ro
ps

yc
ho

lo
gi
ca

lT
es

tA
ut
om

at
ed

B
at
te
ry
;C

O
W

A
,C

on
tr
ol
le
d
O
ra
lW

or
d
A
ss

oc
ia
tio

n;
C
TM

T,
C
om

pr
eh

en
si
ve

Tr
ai
lM

ak
in
g
Te

st
;D

M
S
,D

el
ay
ed

M
at
ch

to
S
am

pl
e;

H
V
LT

-R
,H

op
ki
ns

V
er
ba

lL
ea

rn
in
g
Te

st
–
R
ev

is
ed

;O
TS

,O
ne

To
uc

h
S
to
ck

in
gs

;R
A
V
LT

,R
ey

A
ud

ito
ry

V
er
ba

lL
ea

rn
in
g
Te

st
;R

V
P
,R

ap
id

V
is
ua

lP
ro
ce

ss
in
g;

TM
T,

Tr
ai
lM

ak
in
g
Te

st
;V

R
M
,V

er
ba

lR
ec

og
ni
tio

n
M
em

or
y.

*U
na

dj
us

te
d
m
ea

ns
,
S
E
s,

95
%

C
Is
,
an

d
b
es

tim
at
es

ar
e
fr
om

th
e
lo
ng

itu
di
na

lm
ix
ed

m
od

el
s.

© 2018 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY

Janelsins et al



Table A2. Predictors of Cognitive Outcome

Domain and Test Outcome
Time 3 Group

Effect*

Predictor of Cognitive Outcome

Age Race Education
WRAT-4
Reading Anxiety Depression

Memory
Computer

CANTAB DMS (primary) Percent correct at 12-second delay .004 , .001 .004 , .001
CANTAB VRM Total correct (immediate recall) , .001 , .001 , .001 , .001 .007
CANTAB VRM Recognition .001 .008

Paper
HVLT-R Total correct (immediate recall) , .001 .007 , .001 , .001 , .001
HVLT-R Total correct (delayed recall) , .001 .054 , .001 , .001 .008

Telephone
RAVLT Total correct (immediate recall) , .001 .002 .002
RAVLT Total correct (delayed recall) , .001 .052 .021 .040

Single item
Memory Self-reported level of difficulty , .001 , .001 , .001

Attention
Computer

CANTAB RVP Total correct .002 , .001 , .001 , .001 , .001
Paper

TMT A Total time , .001 , .001 , .001 .009
Telephone

Backward counting Final No. .002 , .001 , .001 , .001
Single item

Attention Self-reported level of difficulty , .001 .036 , .001 , .001
Executive function
Computer

CANTAB OTS of Cambridge Mean choice to correct response , .001 , .001 , .001 .023
Paper

COWA Total correct words (average) , .001 , .001 , .001 .012 .023
TMT B Total time , .001 , .001 .023 , .001 , .001

Telephone
Digits backward Total correct , .001 , .001 , .001 .037
Category fluency Total correct , .001 , .001 .009 , .001 .008

Single item
Executive function Self-reported level of difficulty , .001 , .001 .004

NOTE. P values are placed in columns where variable was significant independent predictor of each outcome at P # .05. All independent predictors were placed in
longitudinal mixed model for each cognitive outcome.
Abbreviations: CANTAB, Cambridge Neuropsychological Test Automated Battery; COWA, Controlled Oral Word Association; DMS, DelayedMatch to Sample; HVLT-R,
Hopkins Verbal Learning Test–Revised; OTS, One Touch Stockings; RAVLT, Rey Auditory Verbal Learning Test; RVP, Rapid Visual Processing; TMT, Trail Making Test;
VRM, Verbal Recognition Memory; WRAT-4, Wide Range Assessment Test–Fourth Edition.
*Table 2 provides b estimates and 95% CIs for changes from assessment 1 (A1) to A2 and A1 to A3.

jco.org © 2018 by American Society of Clinical Oncology

Trajectory of Cancer-Related Cognitive Impairment

http://jco.org


Table A3. ES Estimates of Longitudinal Changes Over Time

Domain Test Span ES

Memory Computer: CANTAB DMS 12-second (primary) A2-A1 0.043
Memory Computer: CANTAB VRM immediate A2-A1 0.228
Memory Computer: CANTAB VRM recognition A2-A1 0.120
Memory Paper: HVLT-R immediate A2-A1 0.022
Memory Paper: HVLT-R delayed A2-A1 0.025
Memory Telephone: RAVLT immediate A2-A1 0.342
Memory Telephone: RAVLT delayed A2-A1 0.300
Memory Single item: memory A2-A1 0.728
Attention Computer: CANTAB RVP A2-A1 0.097
Attention Paper: TMT A A2-A1 0.143
Attention Phone: backward counting A2-A1 0.129
Attention Single item: attention A2-A1 0.614
Executive function Computer: CANTAB OTS A2-A1 0.074
Executive function Paper: COWA A2-A1 0.234
Executive function Paper: TMT B A2-A1 0.118
Executive function Telephone: digits backward A2-A1 0.126
Executive function Telephone: category frequency A2-A1 0.398
Executive function Single item: executive function A2-A1 0.681
Memory Computer: CANTAB DMS 12-second (primary) A3-A1 0.217
Memory Computer: CANTAB VRM immediate A3-A1 0.051
Memory Computer: CANTAB VRM recognition A3-A1 0.026
Memory Paper: HVLT-R immediate A3-A1 0.050
Memory Paper: HVLT-R delayed A3-A1 0.061
Memory Telephone: RAVLT immediate A3-A1 0.477
Memory Telephone: RAVLT delayed A3-A1 0.473
Memory Single item: memory A3-A1 0.542
Attention Computer: CANTAB RVP A3-A1 0.211
Attention Paper: TMT A A3-A1 0.127
Attention Telephone: backward counting A3-A1 0.194
Attention Single item: attention A3-A1 0.317
Executive function Computer: CANTAB OTS A3-A1 0.037
Executive function Paper: COWA A3-A1 0.054
Executive function Paper: TMT B A3-A1 0.059
Executive function Telephone: digits backward A3-A1 0.167
Executive function Telephone: category frequency A3-A1 0.509
Executive function Single item: executive function A3-A1 0.459

Abbreviations: A, assessment; CANTAB, Cambridge Neuropsychological Test Automated Battery; COWA, Controlled Oral Word Association; DMS, Delayed Match to
Sample; ES, effect size; HVLT-R, Hopkins Verbal Learning Test–Revised; OTS, One Touch Stockings; RAVLT, Rey Auditory Verbal Learning Test; RVP, Rapid Visual
Processing; TMT, Trail Making Test; VRM, Verbal Recognition Memory.
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