
Received: 11 January 2021 Revised: 13 April 2021 Accepted: 15 April 2021 Published online: 25May 2021

DOI: 10.1002/dad2.12195

R E S E A RCH ART I C L E

Hippocampal subfield volumes are associatedwith verbal
memory after first-ever ischemic stroke

Mohamed Salah Khlif1 Laura J. Bird1 Carolina Restrepo1 WasimKhan2,3

EmilioWerden1 Natalia Egorova-Brumley1,4 Amy Brodtmann1,5,6

1 The Florey Institute of Neuroscience and

Mental Health, University ofMelbourne,

Parkville, Victoria, Australia

2 Department of Neuroscience, Central

Clinical School, Monash University, Clayton,

Victoria, Australia

3 Department of Neuroimaging Institute of

Psychiatry, Psychology, and Neuroscience

(IoPPN), King’s College London, London, UK

4Melbourne School of Psychological Sciences,

University ofMelbourne, Parkville, Victoria,

Australia

5 Department of Neurology, Austin Health,

Heidelberg, Victoria, Australia

6 Eastern Cognitive Disorders Clinic, Box Hill

Hospital, Monash University, Box Hill, Victoria,

Australia

Correspondence

MohamedSalahKhlif, TheFlorey Instituteof

NeuroscienceandMentalHealth, 245Bur-

gundyStreet,Heidelberg,VIC3084,Australia.

E-mail:mohamed.khlif@florey.edu.au

Funding information

NHMRC,Grant/AwardNumber:APP1020526;

BrainFoundation,WickingTrust,Collie Trust,

andSidneyandFionaMyerFamilyFoundation.

N.E.,Grant/AwardNumber:DE180100893

Abstract

Introduction: Hippocampal subfield volumes are more closely associated with cogni-

tive impairment than whole hippocampal volume in many diseases. Both memory and

whole hippocampal volumedecline after stroke.Understanding the subfields’ temporal

evolution could reveal valuable information about post-strokememory.

Methods:We sampled 120 participants (38 control, 82 stroke), with cognitive testing

and 3T-MRI available at 3months and 3 years, from theCognition andNeocortical Vol-

umeafter Stroke (CANVAS) study.Verbalmemorywasassessedusing theHopkinsVer-

bal Learning Test-Revised. Subfieldswere delineated using FreeSurfer.We used partial

Pearson’s correlation to assess the associations between subfield volumes and verbal

memory scores, adjusting for years of education, sex, and stroke side.

Results: The left cornu ammonis areas 2/3 and hippocampal tail volumes were signif-

icantly associated with verbal memory 3-month post-stroke. At 3 years, the associa-

tions became stronger and involvedmore subfields.

Discussion: Hippocampal subfield volumes may be a useful biomarker for post-stroke

cognitive impairment.
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1 BACKGROUND

The hippocampus plays an important role in the learning and con-

solidation of information from short-term to long-term memory. Ver-

bal and visual episodic memory, and spatial navigation, are critical

cognitive functions known to be dependent upon the hippocampus.

Atrophy of the hippocampus has been linked to cognitive impairment

and dementia in many neurological and psychiatric disorders includ-
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ingAlzheimer’s disease (AD), temporal lobe epilepsy,major depression,

post-traumatic stress disorder, and schizophrenia.1–5 In healthy elderly

people without cognitive impairment, hippocampal atrophy is associ-

ated withmemory performance—both verbal6 and visual.7

The hippocampus is composed of several subfields with distinctive

functions and characteristics. The hippocampal subfields includ-

ing the cornu ammonis areas (CA1–4), dentate gyrus (DG), and

the presubiculum–subiculum complex may be better predictors of
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cognitive performance thanwhole hippocampal volume.8 For instance,

in a non-demented community-dwelling cohort, an association was

found between subiculum atrophy, poorer cognition, and a higher risk

of dementia.9 Significant positive correlations were found between

volumes of CA2/3, CA4–DG, and the subiculum complex and immedi-

ate and delayed recall in amnestic mild cognitive impairment (aMCI)

and AD.10 Another study of early AD found the number of synapses

in the molecular layer to be highly correlated with delayed recall.11

Strong histological associations have been found between Lewy

pathology burden in CA1 regions and memory performance in people

with dementia with Lewy bodies,12 and also between CA1 neuronal

density and immediate and delayed recall in verbal memory testing in

people with left hippocampal sclerosis.13 Baseline volumes of DG and

right CA4 were implicated in the conversion of Parkinson’s disease

(PD) patients from normal to MCI,14 and lower volumes of the subicu-

lum complex predicted decline in delayed recall in PD patients.15

Also, a significant association between lower DG volume and poorer

memory performance was reported in participants with subjective

memory complaints.16

Distinct hippocampal neuronal populations are selectively vulner-

able to ischemic insults.17 In older stroke patients, memory impair-

ment and concomitant hippocampal atrophy are usually explained by

an interaction of ischemia and a coexisting neurodegenerative fac-

tor such as an AD pathology. However, a study of hippocampal atro-

phy in young adult stroke survivors, where AD pathology is gener-

ally absent, suggests that ischemia is independently associated with

remote hippocampal injury.18 Also, post mortem studies have corrob-

orated reduced pyramidal neuron volumes in post-stroke and vascular

dementia populations, independent of AD pathology.19 Up to one third

of patients develop dementia years after the initial stroke incident20

and those with smaller hippocampal volume were reported to have

cognitive impairment.19,21

Post mortem studies reported that CA1 and CA2 neuronal volumes

were positively correlated with global cognition and memory func-

tion in post-stroke people.19,21 Episodic memory impairment has been

reported in 25% to 46% of stroke survivors and contributes to func-

tional disability.22 Tests of episodic memory using free recall–based

assessment were reported to be the most effective in the early AD

stages.23 Furthermore, investigation of early signs of dementia have

proposed that episodic memory testing could potentially distinguish

betweennormal aging andprogression towarddementia up to10years

prior to onset.24

The associations between hippocampal subfield volumes and ver-

bal memory in stroke survivors remain largely undescribed. In a group

of healthy individuals and left- and right-sided ischemic stroke partic-

ipants, we sought to investigate these associations using in vivo mag-

netic resonance imaging (MRI) and tests of verbal memory. Guided by

prior research, we hypothesized that:

∙ The associations between hippocampal volumes and verbal memory

performance would be different in healthy controls and stroke sur-

vivors.

RESEARCH INCONTEXT

1. Systematic review:We reviewed relevant literature from

online sources (e.g., PubMed) using keywords includ-

ing hippocampal subfields, episodic memory, and stroke.

The association between hippocampal subfield volumes

and verbal memory in various neurological disorders had

been explored, but very limited information related to

post–ischemic stroke survivors.

2. Interpretation: Consistent with findings in other neu-

rological disorders, we found the association between

hippocampal subfield volumes and verbal memory to be

negative in healthy individuals, but positive in ischemic

stroke survivors. We identified an association with the

cornu ammonis areas CA2/3 and hippocampal tail in the

left hippocampus and verbal memory status as early as 3

months post-stroke.

3. Future directions: Our findings suggest a systematic

mechanism for the temporal evolution of volume–

memory associations in both healthy and disease cohorts.

Future works, conducted on larger cohorts, should refine

the hippocampal volume ranges informative of normal

and compromised verbal memory status.

HIGHLIGHTS

∙ Hippocampal volume–memory correlationswerenegative

in control, positive in stroke.

∙ Left cornu ammonis areas 2/3 and tail volumes were asso-

ciated with verbal memory at 3months.

∙ At 3 years, more subfields in stroke became involved in

volume–memory associations.

∙ Delayed recall associations were stronger than immediate

recall.

∙ Volume–memory association is nonlinear: stroke memory

decline is faster over time.

∙ In stroke, the subfield volumes would correlate better with verbal

memory performance than whole hippocampal volume, particularly

the CA areas.

∙ The associations between the left subfield volumes and delayed

recall would be stronger than associations involving immediate

recall and/or the right subfield volumes.

∙ The volume–memory associations would increase and/or become

stronger at the 3-year timepoint in both control and stroke groups.
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2 METHODS

2.1 Participants

Participants with available data at each timepoint were sampled from

the Cognition and Neocortical Volume after Stroke (CANVAS) study.25

Briefly, participants were recruited from three sites in Melbourne

(Austin Health, Eastern Health, and Melbourne Health), with all MRI

scans performed at The Florey Institute of Neuroscience and Men-

tal Health, Austin Hospital. Ethical approval was granted by each

hospital’s human research ethics committee and all participants pro-

vided informed consent. Participants completed an interview (to col-

lect demographic and medical history information), MRI scans, and

neuropsychological assessments at four timepoints: baseline (within

6 weeks of index stroke), 3 months, 1 year, and 3 years post-stroke

(post-baseline for controls). Patients diagnosed with primary hemor-

rhagic stroke, transient ischemic attack (TIA), or significant medical

comorbidities precluding survival in the study were excluded. Age-

matched healthy controls with no history of stroke or TIA were also

recruited. No participants had a history of pre-existing dementia, inter-

current delirium, neurological disorders, major psychiatric illnesses, or

substance abuse problems. Both first-ever and recurrent stroke partic-

ipants were recruited into CANVAS, but only first-ever stroke patients

were considered in this study.

2.2 MR image processing

Whole brain MR images were acquired on a 3T Siemens 12-channel

Tim Trio scanner using a T1-weighted 3D magnetization-prepared

rapid-gradient sequence (160 sagittal slices, 1900 millisecond repeti-

tion time, 2.6 millisecond echo time, 900 millisecond inversion time,

9◦ flip angle, 1-mm isotropic voxel, 256 × 256 field-of-view). Volumet-

ric segmentation was completed using longitudinal FreeSurfer (6.0)

processing26 including motion correction, Talairach transformation,

segmentation of subcortical white matter and deep gray matter struc-

tures, intensity normalization, and tessellation of the gray matter–

white matter boundary. An ex vivo ultra-high resolution (≈0.1 mm)

probabilistic atlas27 was used in the delineation of hippocampal sub-

fields: CA1, CA2/3, CA4, subiculum, presubiculum, parasubiculum,

DG, hippocampus-amygdala-transition-area (HATA), fimbria, molec-

ular layer, hippocampal fissure, and hippocampal tail (Figure S1 in

supporting information). FreeSurfer combines CA2 and CA3 due to

unclear contrast between the two. A dice-overlap of ≈0.7 between

manual and automated segmentation was reported for all subfields.27

The sum of subfield volumes, excluding the hippocampal fissure,

defined the hippocampus whole volume.

2.3 Stroke lesion tracing

Stroke lesions were traced by an imaging analyst (MSK) and

cross-checked by a stroke neurologist (AB) using high-resolution

magnetization-prepared 3D fluid-attenuated-inversion-recovery

(FLAIR) images: 160 1-mm-thick sagittal slices, 6000 millisecond

repetition time, 380 millisecond echo time, 120◦ flip angle, and 512

× 512 field-of-view. A lesion overlap map is shown in Figure S2 in

supporting information.

2.4 Sociodemographic and clinical information

We gathered information about age; years of education; stroke and

dementia family history; smoking (≥1 cigarette/day); alcohol consump-

tion (high: >14 standard drinks/week); history of depression, hyper-

tension, type-2 diabetes mellitus (T2DM), hypercholesterolemia, and

atrial fibrillation (AF) based on physician diagnosis or medication use;

and obesity (bodymass index≥30 kg/m2).

We compiled data about stroke hemisphere, stroke severity

(National Institute of Health Stroke Scale [NIHSS]28) and subtype

(Oxfordshire).29 We used the modified Rankin Scale (mRS)30 to esti-

mate neurological disability and the validated Charlson Comorbidity

Index (CCI)31 to estimate general medical comorbidity. Venous blood

was drawn for apolipoprotein E (APOE) genotype determination and

individuals were categorized as APOE ε4 carriers or non-carriers.

2.5 Neuropsychological testing

Neuropsychological testing was completed following the CANVAS

study protocol.25 The tests used for cognitive assessment were: Hop-

kins Verbal Learning Test-Revised (HVLT-R); computerized tests from

theCogStatebattery (Detection, Identification,One-Back); tasks (Digit

Span, Digit-Symbol) from the Weschler Adult Intelligence Scale–3rd

edition; Verbal Fluency Task (FAS, Animals); Trail-Making Test A and B;

BostonNaming Test; ClockDrawing Test; and Rey-Osterrieth Complex

Figure. Test z-scores were computed using age-appropriate normative

values.

An average composite z-score was computed for the five identified

cognitive domains: attention (focused attention, workingmemory, pro-

cessing speed), executive function, memory (verbal, visual), language,

and visuospatial function. Other tasks, with no appropriate published

normative data, were also completed including Star Cancellation and

the 16-item Token Test using a cut-off score of 14 for aphasia.

The National Adult Reading Test (NART)32 was used to estimate

pre-morbid IQ. Screening for anxiety and depression was completed

using the Generalized Anxiety Disorder-7 (GAD-7)33 scale and Patient

Health Questionnaire-9 (PHQ-9).34 At 3 years, we also computed a

weighted Global Clinical Dementia Rating (CDR).35

An evaluation panel was formed to assign a cognitive status to

each participant based on their deidentified composite z-scores, mood

and CDR scores, and information from clinical interviews. The panel

included two cognitive and stroke neurologists, one clinical neuropsy-

chologist, two research neuropsychologists, and one research psychol-

ogist. Participants were classified as cognitively normal if there was no

evidence of cognitive impairment in any domain; cognitively impaired

if a z-score was < –1.5 in at least one cognitive domain, without any
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functional decline; or demented if the z-scores in at least two domains

were< –1.5, in addition to a functional decline.

In this study, we were specifically interested in tests of verbal mem-

ory. We used HVLT-R36 for assessing immediate and delayed recall,

and raw scores were standardized (z-scores) using appropriate age-

stratified normative data.37

2.6 Statistical analysis

Statistical analyses were completed in MATLAB (Statistics Toolbox,

R2019b,MathWorks). Analpha thresholdof0.05wasused tomark sta-

tistical significance.

2.6.1 Demographic, clinical, neuropsychological,
and imaging data

Comparisons between groups were conducted using: (1) two-sample

t-test for age, cognitive testing (except visuospatial function), NART,

and whole hippocampal volumes; (2) Fisher exact test for sex, clini-

cal information (APOE ε4, depression, vascular risk factors), cognitive

panel rating, aphasia, and Oxfordshire classes; and (3) Wilcoxon rank

sum test for years of education, CCI, lesion volumes, visuospatial func-

tion, NIHSS, andmRS scores.

2.6.2 Correlations between memory performance
and hippocampal volumes

Partial Pearson’s correlation analysis (partialcorr, MATLAB) was per-

formed to test the association between standardized immediate and

delayed recall scores and hippocampal whole and subfield volumes.

Correlations were obtained separately for left and right volumes.

We focused on the major subfields after excluding those with rela-

tively small volumes, which we deemed more prone to segmentation

inaccuracies: hippocampal fissure, fimbria, HATA, and parasubiculum.

The FreeSurfer parcellations of the excluded subfields were shown

to have higher reproducibility error compared to other subfields.38

Sex and years of education were included as covariates for their

known associations with hippocampal volume and/or memory. Stroke

side was included as a covariate for its known different effects on

ipsilateral and contralateral volumes. Because memory scores were

standardized using appropriate age-stratified normative, age was not

used as a covariate. The partial correlations across memory tests were

corrected for multiple comparisons using a 5% false discovery rate.

Correlations between hippocampal volumes and verbal memory

performance were assessed cross-sectionally at 3 months and 3 years.

In addition, correlations were assessed for two distinct stroke sub-

groups: right-sided (n=51) and left-sided (n=31) stroke patients.New

knowledgewas gained from separately analyzing these subgroups (see

section 3.3). A plot of average whole hippocampal volumes and recall

scores at both timepoints (Figure 1) shows combined volume–memory

states that are significantly different in volume and/or memory. Our

F IGURE 1 Hippocampal whole volumes and recall scores in
control and stroke groups (markers indicate average volumes and
recall scores at 3months, lines show amounts of reduction in volumes
and recall scores from 3months to 3 years)

primary goal was to characterize the volume–memory associations for

these distinct volume–memory states.

3 RESULTS

Thisworkwas conducted on 38 (23men, 68.7± 6.8 years) healthy indi-

viduals and82 first-ever stroke patients (58men, 66.7±11.6 years). As

shown in Figure 1, the reduction of hippocampal volume over timewas

accompanied by a reduction in verbal memory performance for both

control and stroke groups; a general characteristic of volume–memory

relationship in adults.

3.1 Comparison of demographics, cognition, and
clinical data between healthy controls and stroke
patients

Demographics, vascular risk factors, z-scores for all five cognitive

domains, general cognitive status (cognitive panel rating), and hip-

pocampal volumes at 3 months are shown in Table 1. Comparisons

between the groups at 3 years were generally similar. The general cog-

nitive status at 3 years is also shown in Table 1.

There were no significant differences between groups in age and

sex, but the stroke group had significantly less years of education than

the control group. Also, there were no significant differences between

healthy controls and stroke patients in terms of hippocampal volume,

medical comorbidity score (CCI), or vascular risk factors except for AF.

There were significantly more stroke patients with AF than healthy

controls (P = .035). The left-sided stroke patients also showed signif-

icantly lower hippocampal volume at 3 months (P = .035) than the

healthy controls.
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TABLE 1 Comparison of demographics, cognition, and vascular risk factors of healthy controls and stroke patients at 3months

Group Control Stroke P

Number, N 38 82

Sociodemographic

Age, years, mean± SD 68.7± 6.8 66.7± 11.6 .23a

Sex, men, no. (%) 23 (60.5) 58 (70.7) .30b

Education, years, median (Q1, Q3) 17 (11, 18) 12 (10, 15) <.001c

Clinical

Charlson Comorbidity Index, median (Q1, Q3) 3 (2, 3) 3 (2, 4) .45c

APOE ε4, no. (%) 4 (10.5) 15 (18.3) .42b

Depression, no. (%) 4 (10.5) 8 (9.8) >.99b

Hypertension, no. (%) 16 (42.1) 45 (54.9) .24b

Hypercholesterolemia, no (%) 14 (36.8) 32 (39.0) .84b

Type 2 diabetes mellitus, no. (%) 4 (10.5) 17 (20.7) .21b

Atrial fibrillation, no (%) 1 (2.6) 14 (17.1) .035b

Smoking, no (%) 7 (18.4) 18 (22.0) .81b

Alcohol consumption, high, no (%) 6 (15.8) 7 (8.5) .34b

Obese, no. (%) 6 (15.8) 23 (28.0) .17b

Imaging

Hippocampal volume (mm3), mean± SD 3581± 316 3505± 378 .25a

Cognitive—Verbal memory

Immediate recall, z-score, mean± SD 0.77± 1.0 0.04± 1.08 <.001a

Delayed recall, z-score, mean± SD 0.47± 1.09 –0.15± 1.33 .008a

Cognitive—Other

Dementia rating, cognitively impaired, no. (%) 1 (2.6) 21 (25.6) .002b

Dementia rating at 3 years, no. (%)

Cognitively normal (CN)

Cognitively impaired (CI)

Demented (D)

36 (94.7)

2 (5.3%)

0 (0)

66 (80.5)

14 (17.1)

2 (2.4)

.13b

NART-FSIQ, mean± SD 118.7± 9.9 111.1± 11.4 <.001a

Aphasic, no. (%) 0 (0) 7 (8.5) .10a

Attention, z-score, mean± SD 0.27± 0.45 –0.26± 0.62 <.001a

Executive function, z-score, mean± SD 0.02± 0.68 –0.62± 1.04 <.001a

Language, z-score, mean± SD 0.48± 0.80 0.04± 0.81 .007a

Visual memory, z-score, mean± SD 0.70± 1.13 –0.01± 1.14 .002a

Visuospatial function, z-score, median (Q1, Q3) 1.17 (0.75, 1.17) 0.62 (–0.21, 1.0) <0.001c

Abbreviations: APOE, apolipoprotein E; NART-FSIQ, National Adult Reading Tests-Full Scale IntelligenceQuotient; SD, standard deviation.

Note: Q1, Q3, 25th, 75th percentiles.
aTwo-sample t-test.
bFisher exact test.
cWilcoxon rank sum test.

There was no significant difference in aphasia prevalence (P = .1)

between control and stroke groups. However, the stroke patients

scored significantly lower in all cognitive domains and in the general

cognitive rating (P= .002) at 3 months. Over the period of 3 years, five

cognitively impaired stroke patients became cognitively normal and

two became demented. Thus, the difference in general cognitive status

at 3 years between the control and stroke groups became insignificant

(P= .13).

3.2 Comparison of demographics, cognition,
clinical data, and stroke characteristics between
left-sided and right-sided stroke patients

Demographics, vascular risk factors, stroke characteristics, and

cognition at 3 months for left-sided and right-sided stroke

patients are shown in Table 2. Comparisons at 3 years remain

similar.
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TABLE 2 Demographics, cognition, and clinical and stroke characteristics of left-sided and right-sided stroke patients at 3months

Group Left stroke Right stroke P

Number, N 31 51

Sociodemographic

Age, years, mean± SD 67.3± 11.2 65.8± 11.8 .59a

Sex, men, no. (%) 21 (67.7) 37 (72.6) .80b

Education, years, median (Q1, Q3) 12 (10, 15.75) 12 (10, 15) .72c

Clinical

CCI, median (Q1, Q3) 3 (2, 4.75) 3 (2, 4) .76c

APOE ε4, no. (%) 7 (22.6) 8 (15.7) .56b

Depression, no. (%) 1 (3.2) 7 (13.7) .25b

Hypertension, no. (%) 14 (45.2) 31 (60.8) .18b

Hypercholesterolemia, no (%) 13 (41.9) 19 (37.3) .82b

Type 2 diabetes mellitus, no. (%) 7 (22.6) 10 (19.6) .78b

Atrial fibrillation, no (%) 5 (16.1) 9 (17.6) >.99b

Smoking, no (%) 5 (16.1) 13 (25.5) .41b

Alcohol consumption, high, no (%) 2 (6.5) 5 (9.8) .70b

Obese, no. (%) 11 (35.5) 12 (23.5) .31b

Imaging

Hippocampal volume (mm3), mean± SD 3410± 340 3563± 392 .065a

Stroke lesion volume (mm3), median (Q1, Q3) 1899 (503, 5762) 1522 (282, 6728) .77c

Cognitive—Verbal memory

Immediate recall, z-score, mean± SD –0.08± 1.26 0.11± 0.94 .45a

Delayed recall, z-score, mean± SD –0.41± 1.61 0± 1.12 .22a

Cognitive—Other

Dementia rating, cognitively impaired, no. (%) 7 (22.6) 14 (27.5) .80b

Dementia rating at 3 years, no. (%)

Cognitively normal (CN)

Cognitively impaired (CI)

Demented (D)

25 (80.7)

5 (16.1)

1 (3.2)

41 (80.4)

9 (17.6)

1 (2.0)

>.99b

NART-FSIQ, mean± SD 110.7± 9.5 111.3± 12.4 .81a

Aphasic, no. (%) 2 (6.5) 5 (9.8) .70b

Attention, mean± SD –0.31± 0.60 –0.23± 0.64 .55a

Executive function, mean± SD –0.51± 0.84 –0.68± 1.15 .45a

Language, mean± SD –0.16± 0.88 0.16± 0.75 .11a

Visual memory, mean± SD 0.07± 1.18 –0.05± 1.13 .64a

Visuospatial function, median (Q1, Q3) 0.71 (0.04, 1.07) 0.62 (–0.45, 0.93) .28c

Stroke characteristics

NIHSS score, median (Q1, Q3) 3 (1.25, 4.75) 2 (1, 4) .58c

NIHSS severity, mild (0–7), no. (%) 27 (87.1) 48 (94.1) .42b

mRS score, median (Q1, Q3) 1 (1, 1) 1 (1, 2) .94c

mRS severity, mild (0–1), no. (%) 24 (77.4) 34 (66.7) .33b

Oxfordshire, no. (%)

Lacunar infarct (LACI)

Posterior cerebral infarct (POCI)

Partial anterior cerebral infarct (PACI)

Total anterior cerebral infarct (TACI)

3 (9.7)

11 (35.5)

17 (54.8)

0 (0)

8 (15.7)

18 (35.3)

24 (47.1)

1 (2.0)

.84b

Abbreviations: APOE, apolipoprotein E; CCI, Charlson Comorbidity Index; NART-FSIQ, National Adult Reading Tests-Full Scale Intelligence Quotient;

NIHSS,National Institutes of Health Stroke Scale; mRS,Modified Rankin Scale; SD, standard deviation.

Note: Q1, Q3, 25th, 75th percentiles.
aTwo-sample t-test.
bFisher exact test.
cWilcoxon rank sum test.
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There were no significant differences between the two groups in

age, sex, years of education, medical comorbidity score, vascular risk

factors, aphasia prevalence, z-scores in all five cognitive domains, or in

general cognitive status.

The hippocampal volumes were relatively smaller in the left-sided

stroke patients, compared to right-stroke group, although this differ-

encewas not statistically significant (P= .065). Also, the average stroke

lesion volume was not significantly different between the two groups,

nor was the severity of stroke (NIHSS) or neurological disability (mRS).

Most of our participants had a mild stroke (87.1% in left-sided and

94.1% in right-sided patients). All stroke infarcts occurred remote to

the hippocampi and were mostly posterior (POCI) and/or partial ante-

rior (PACI) circulation infarcts.Most of the lesionswere subcortical and

occurred predominantly in areas away from knownmemory hubs such

as the prefrontal cortex andmedial temporal lobes.

3.3 Associations between verbal memory
performance and hippocampal volumes

We explored the linear associations between hippocampal whole and

subfield volumes and verbal memory performance by computing the

partial correlations between these variables after adjusting for sex,

years of education, and side of stroke. Heat maps representing partial

correlations,with significance values, are shown in Figure 2. The partial

correlation coefficients ranged between –0.44 and+0.59 (see Table S1

in supporting information).

We found negative (i.e., inversely proportional) volume–memory

correlations in healthy controls. These correlations were significant

at 3 months for CA1 and whole hippocampal volumes, but not at 3

years. In the stroke group, we found positive (i.e., directly proportional)

volume–memory correlations at 3 months, which were significant in

the left hippocampus. At 3 years, these correlations were greater and

included all hippocampal subfields except the presubiculum. No signif-

icant volume–memory correlations were seen in the right-sided stroke

survivors at either timepoint.

The left-sided stroke participants had smaller volumes and lower

memory performance, and we found strong correlations for both

immediate and delayed recall with the left hippocampus in this group

(see also Table S1). However, there were more significant associa-

tions involving delayed recall than immediate recall. At 3 months post-

stroke, the left CA2/3 and hippocampal tail volumes were significantly

associated with verbal memory in the left-sided stroke group.

Scatterplots of immediate and delayed recall as a function of hip-

pocampal volumeare shown inFigure3.WhileFigure2 is an illustration

of the strength and significance of association between verbal memory

andhippocampal volumes, Figure3 is about the slopeof best-fit regres-

sion line characterizing this association. In stroke, a reduction in hip-

pocampal volume ismostly accompanied by a reduction in verbalmem-

ory performance. However, the slope of best-fit line is shown increas-

ing with further volume reductions indicating a nonlinear relationship

between the volume and memory variables in stroke, as well as in con-

trols. Figure 3 shows that the slopes are increasing faster for certain

F IGURE 2 Heatmaps—Partial correlations between hippocampal
volumes and immediate and delayed recall after correcting for sex,
years of education, and stroke side (IR, immediate recall; DR, delayed
recall; 3M, 3months; 3Y, 3 years, *P< .05, **P< .01). The color shades
reflect the sign and strength of volume–memory correlations (darkest
red reflects correlation coefficients≤–0.5, darkest green reflects
correlation coefficients≥0.5)

subfields (e.g., CA1, CA2/3, DG, hippocampal tail) than for whole hip-

pocampus.

4 DISCUSSION

Weinvestigated theassociationsbetweenhippocampalwhole and sub-

field volumes andverbalmemoryperformance (immediate anddelayed

recall) in healthy individuals and first-ever left-sided and right-sided

stroke patients. At both 3-month and 3-year timepoints, verbal mem-

ory performance in healthy controls was significantly better than in

stroke patients.
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F IGURE 3 Scatterplots of recall performance as function of hippocampal volumes. For clarity, data points were omitted and replaced by
averages (themarkers) and best-fit regression lines (black= control, blue= stroke). The plotted averages represent distinct volume–memory
states and they are, in descending order, (1) for control: average (volume, recall z-score) at 3months and 3 years, (2) for stroke: average (volume,
recall z-score) in right-sided patients at 3months, average (volume, recall z-score) in all stroke patients at both 3-month and 3-year timepoints, and
average (volume, recall z-score) in left-sided patients at 3 years. This figure exemplifies the dynamics of volume–memory association as
hippocampal volumes are reduced. It also shows that these dynamics are different for the hippocampal subregions compared to the whole
hippocampus
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In healthy controls, we found a negative correlation between mem-

orymeasures andhippocampal volumes at 3months, but not at 3 years.

Negative correlations between hippocampal volumes and verbal mem-

ory scores in healthy adults have been reported.10 A meta-analysis

of 33 studies investigating hippocampal volume and memory perfor-

mance in healthy individuals across the lifespan reported little support

for the “bigger-is-better” hypothesis—that is a larger volume predicts

better performance. Instead, the study reported significant negative

relationships between hippocampal volume and memory performance

in children, adolescents, and young adults.39 In studies of older adults,

evidence for a positive relationship between hippocampal size and

episodic memory ability was found to be weak.39 A negative correla-

tion may technically be explained by a relationship in which declining

hippocampal volumes are not accompanied by alterations in memory

performance, and/or by a compensatory volume increase to maintain

memory. Adult hippocampal neurogenesis (AHN) happens throughout

normal aging, up to the ninth decade of life, and is essential formemory,

learning, and mood.40,41 Impairment of AHN has been presented as a

possible mechanism explaining memory deficits in AD,40,41 and AHN

impairmentmay underlie memory deficits in our stroke cohort.

We found positive volume–memory associations early after

stroke—that is, larger hippocampal volumes in the left CA2/3 areas

were associated with better delayed memory, and larger hippocampal

volumes in the left hippocampal tail were associated with both better

immediate and delayed memory in the left-sided stroke group. At

3 years post-stroke, we found significant associations with multiple

left subfields including CA1 and CA4, DG, and molecular layer. These

findings are supported by post mortem studies in which neuronal

volumes in CA1 and CA2 were found positively correlated with global

cognitive function andmemory function in post-stroke subjects.19,21 It

is also worth noting that the association between whole hippocampal

volume and delayed recall in the left-sided stroke group became sig-

nificant only at 3 years. Our findings are in line with the view that the

right hippocampus is particularly involved in the encoding of spatial

relationships, with the left hippocampus more involved in episodic

memory and storing of verbal information.42

The investigation of the slope of best-fit regression line revealed a

nonlinear relationship between hippocampal volume and verbal mem-

ory in which a fixed-rate decrease in hippocampal volume predicted

an accelerated decrease in verbal memory (Figure 3). The slopes for

several subfieldswere increasing faster, compared towhole hippocam-

pus, as average volumes dropped. In particular, the correlation slopes

involving CA2/3 and hippocampal tail increased faster for both con-

trol and stroke groups. Therefore, the monitoring of left CA2/3 and

hippocampal tail volumes may be used as a biomarker to detect post-

stroke memory impairment, and perhaps for routine mental health

check-ups in older adults. Future investigations, conducted on larger

cohorts, ought to be able to finely define the hippocampal volume

ranges informative of normal and compromised verbal memory status.

In a previous study43 of a slightly larger group (n = 144) combining

40 healthy individuals and 104 stroke patients using a number of

volumetric segmentation methods, we found an anatomical asym-

metry (R > L, P < .01) between lateral hippocampal volumes. In this

study, we again found an anatomical asymmetry (R > L, P = .014)

between left and right whole hippocampal volumes at baseline (first

session for controls and ≈27 days post-incident for stroke). In AD, the

hippocampal volume asymmetry is even larger, perhaps suggesting

the already smaller left hippocampus may be more vulnerable to

the disease pathology than the right hippocampus. Thus, the smaller

left hippocampal volumes have been found to be associated with

poor verbal memory performance.44 In ischemic stroke, we have

shown the longitudinal atrophy of the hippocampus ipsilateral to the

stroke infarct to be larger compared to atrophy of the contralateral

hippocampus.45,46 In the right-sided stroke participants, who had

relatively higher volumes but less hippocampal volume asymmetry,

there were no significant correlations between volumes and verbal

memory in either hippocampus. Nevertheless, the characteristics of

volume–memory association in this group still represented a clear

departure from the associationmechanism in healthy participants.

In the left-sided stroke participants, who already had smaller left

volumes and more hippocampal asymmetry (R > > L), the correla-

tions were stronger and significant between left volumes and delayed

recall. However, there was a significant association between delayed

recall and the right hippocampal tail volume. We posit the positive

relationship of the right hippocampal tail with memory performance

existed due to significant atrophy of this hippocampal subregion, and

that further reductions to the right hippocampal volumes would be

associated with verbal memory reductions. It is also possible that

a functional lateral reorganization would be triggered by a compro-

mised left hippocampus, but are unable to answer this question by our

methods.

5 CONCLUSIONS

At 3 months, reductions in hippocampal volumes in healthy individu-

als could not predict reductions in memory performance; for the rela-

tionship between the two was inversely proportional. In stroke, this

relationship was directly proportional, mostly significant, and could

predict verbal memory performance. In line with reports from stud-

ies of other neurodegenerative diseases, we found strong associations

between the left subfield volumes and delayed recall. This may suggest

that different disease pathologies influence the mechanism of associa-

tion between hippocampal subfield volumes and episodic verbal mem-

ory in a similar manner.
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