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Spontaneous recovery of motor and cognitive function occurs in many individuals after stroke. The mechanisms are in-
completely understood, but may involve neurotransmitter systems that support neural plasticity, networks that are in-
volved in learningandregionsof thebrainthatareable toflexiblyadapt todemand(suchas the ‘multiple-demandsystem’).
Forty-twopatientswithfirst symptomatic ischaemic strokewere enrolled in a longitudinal cohort study of cognitive func-
tionafter stroke.High-resolutionvolumetric, diffusionMRIandneuropsychological assessmentwereperformedatamean
of 70+18 days after stroke. Cognitive assessment was repeated 1 year after stroke, using parallel test versions to avoid
learning effects, and change scores were computed for long-term episodic, short-term and working memory. Structural
MRI features that predicted change in cognitive scores were identified by a two-stage analysis: a discovery phase used
whole-brain approaches in a hypothesis-free unbiased way; and an independent focused phase, where measurements
were derived from regions identified in the discovery phase, using targeted volumetric measurements or tractography.
Evaluationof the cholinergic basal forebrain, basedonavalidatedatlas-basedapproach,was includedgivenprior evidence
of a role in neural plasticity.
The statusof the fornix, cholinergic basal forebrain anda set of hippocampal subfieldswere found topredict improvement
in long-termmemory performance. In contrast to prior expectation, the samepatternwas found for short-termandwork-
ingmemory, suggesting that these regionsarepart of a common infrastructure that supports recovery across cognitivedo-
mains. Associations between cholinergic basal forebrain volume and cognitive recovery were found primarily in
subregions associated with the nucleus basalis of Meynert, suggesting that it is the cholinergic outflow to the neocortex
that enables recovery. Support vector regressionmodels derived from baselinemeasurements of fornix, cholinergic basal
forebrain andhippocampal subfieldswere able to explain 62%of change in long-termepisodic and 41%of change inwork-
ingmemory performance over the subsequent 9 months.
The results suggest that the cholinergic system and extended hippocampal network play key roles in cognitive recovery
after stroke. Evaluation of these systems early after stroke may inform personalized therapeutic strategies to enhance
recovery.
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Introduction
Spontaneous recovery of cognitive function occurs in many indivi-
duals in themonths following brain injury.1 Recovery occurs across
multiple cognitive domains, including long-term episodic and
working memory. Lesion mapping studies have suggested distinct
associations between lesion location and working or episodic
memory deficits after stroke.2 A similar dissociation could apply
to cognitive recovery, through domain and network-specific me-
chanisms of plasticity and neural adaptation. Generic mechanisms
may also operate that support recovery across multiple domains.
The latter might include neurotransmitter systems that support
plasticity or systems that are able to support learning or cognition
across multiple domains dependent on context. For example, the
multiple-demand system of the brain3 is increasingly engaged
across a variety of cognitive tasks as task complexity, time pressure
and associations with reward increase.4 A role for cortical regions
that are part of the multiple-demand system is suggested by func-
tional MRI studies of recovery from aphasia.5

In the healthy brain, long-term episodic memory is supported
by an extended hippocampal network that incorporates the hippo-
campus, fornix, diencephalon and retrosplenial cortex.6 Working
memory, on the other hand, is supported by a distinct network
that includes regions in the frontal and parietal cortices.7 These
domain-specific anatomical networks are innervated by ascending
neurotransmitter systems, such as the cholinergic, noradrenergic
and serotonergic systems, which project widely to subcortical and
cortical regions. Interactions between these systems appear to be
critical to performance. Working memory, for example, is sup-
ported by a complex interplay between cholinergic inputs and
neural oscillations across a large-scale cortical network.8 The inter-
play between specific functional networks and ascending systems

also appears to be critical for outcome after injury. In experimental

lesion studies in the macaque, the effect of fornix transection on

long-term memory is much more severe if preceded by cholinergic

denervation.9 Consistent with this finding, in a previous neuroima-

ging study in humans, we demonstrated that higher grey matter

volumes in the cholinergic basal forebrain (ChBF) enabled greater

neural adaptation through a redistribution of cognitive load to

tracts other than the fornix in individuals with early fornix degen-

eration.10 Cholinergic innervation is essential for driving skilled

motor learning after brain injury.11,12 Ascending neurotransmitter

systemsmay therefore provide a commonmachinery to support re-

covery of function after injury. However, the exact role that cholin-

ergic signalling pathways play, and the importance of interactions
with specific cortical regions, remains to be elucidated.

The objective of this study was to identify systems that enable
spontaneous recovery after focal brain injury. To achieve this, long-

term episodic, short-term and working memory change were mea-
sured in a cohort of individuals that had suffered a first ischaemic
stroke. Detailed structural MRI was performed approximately 3
months after stroke and change in cognition was then assessed
over the succeeding 9 months (to a point 1 year after stroke).
Associations with change were tested in non-lesioned grey and
white matter, and specifically in the ChBF using a focused region
of interest approach.13 Diffusion tractography and measurements
of grey matter volume in atlas-defined subregions were performed
as guided by the results of the whole brain analysis and previous
findings reported in the literature. The prediction was that ChBF
structure would be associated with recovery across multiple
domains but that other grey and white matter regions involved
in recovery would show domain-specificity for either long-term
episodic, short-term or working memory, consistent with the
segregated networks supporting these distinct domains. Identifying
the regions associated with recovery is important given the
potential for neuromodulatory therapies to be applied to these
regions.

Materials and methods
Participants

Patients with first symptomatic ischaemic stroke (n= 179) were en-
rolled into a large study on cognitive outcome after stroke
(STRATEGIC, NCT03982147) within 7 days of stroke. Data presented
in thismanuscript included a subset of 51 patientswho additionally
underwent research MRI and 12-month follow-up assessment of
memory performance. Inclusion criteria were age over 50 years
and stroke confirmed by neuroimaging (CT or MRI). Exclusion cri-
teria were previous large-artery infarct, prior moderate to severe
head injury, dementia or cognitive disorder or other established
neurological disease, inability to conversefluently in English, active
malignancy and inability to consent. Dysphasia or visual impair-
ment severe enough to prevent a participant from providing in-
formed consent or complete written cognitive tests were also

exclusion criteria. This was based on clinical diagnosis of aphasia

by either a treating speech and language therapist or the recruiting

investigator (M.O.S.). The study protocol was approved by the
London and Bromley Research Ethics Committee and the
University of Queensland Research Ethics Committee. All partici-
pants gave written informed consent. Cognitive testing and re-
search MRI were performed at approximately 3 months [days
since stroke: mean= 69.61, standard deviation (SD)=17.92] and
follow-up clinical and cognitive evaluation at 12months (days since
stroke: mean=386.95, SD=33.08) after stroke.
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Clinical evaluation and stroke subtypes

All participants underwent comprehensive clinical evaluation includ-
ing ascertainment of cardiovascular risk factor status and stroke sub-
typing investigations including neuroimaging, imaging of cervical
arteries (CT angiography of Doppler ultrasound) and assessment of
cardiac rhythmand structure. Smoking, diabetesmellitus, family his-
tory of stroke and/or cardiac disease and hypertensionwere assessed
via self-report. Hypertensionwas defined as a diagnosis of high blood
pressure or prescription of antihypertensive drugs. Ischaemic heart
diseasewas defined as a history of acute coronary syndrome or a cor-
onary artery intervention. Carotid stenosis was defined as.50% ves-
sel narrowing identified on CT angiography or Doppler ultrasound.
Atrial fibrillation was defined as AF on admission or other inpatient
12-lead ECG or sustained atrial fibrillation (.7min) on subsequent
prolonged Holter recordings. Cerebral small-vessel disease was de-
fined by the presence of confluent or near-confluent MRI
T2-weighted hyperintensity (corresponding to grade 2 or 3 according
to Fazekas et al.14) in either deep or periventricular white matter.

Clinical MRI was used to classify infarcts by hemisphere and ar-
terial territory: cortical lesions were classified into anterior, middle
and posterior cerebral artery territories. Middle cerebral artery in-
farcts were furthermore subclassified into middle–anterior, mid-
dle–posterior and middle striatocapsular lesions. Lesions in the
thalamus were classified as thalamic infarcts and other lesions in
white or deep grey matter with a diameter of less than 15 mm
were classified asnon-thalamic lacunar lesions. The characteristics
of the sample in terms of stroke location, subtype, demographics
and risk factor status are summarized in Table 1.

Cognitive tests and measures

General cognitive ability was measured with the Montreal Cognitive
Assessment (MoCA), a short test assessing performance across mul-
tiple cognitive domains (attention, executive function, orientation,
language, abstract reasoning and memory).15 Long-term episodic
memory was tested with the Free and Cued Selective Reminding
Task (FCSRT).16 In this test, participants are instructed to learn 16

items presented four at a time on a card placed in front of them.
They are asked to point to, and name, each item (e.g. grapes) linked
to a category cue (e.g. fruit). After a 20-s interference period, partici-
pants are given 2 min to recall as many items as possible (delayed
free recall). Cued recall of items that arenot retrievedby initial free re-
call is then tested by presenting the category cues. If an item is not re-
trieved within 10 s, the participant is reminded of the item. Delayed
Free Recall and Total Recall (free recall plus cued recall) are the
main measures of performance.16 Short-term and working memory
were evaluated with digit span (DS).17 Participants are read a se-
quence of numbers and asked to repeat the sequence back to the
examiner in the sameorder (DS forward),which is consideredameas-
ure of short-termmemory. Alternatively, participants are asked to re-
call the sequence backwards, which involvesmentalmanipulation of
thenumber sequence and is therefore ameasure ofworkingmemory.
The sequences are increased in difficulty by one digit at a time until
theparticipant isunable to remember the complete sequence, or until
they repeated it incorrectly on two consecutive trials. The final score
is the maximum sequence length successfully recalled.

The MoCA, FCSRT and DS tests were administered again at the
1-year follow-up assessment. For all three tests, alternative parallel
versions were administered at follow-up to avoid learning effects
from the first administration. The order of administration was
counter-balanced, i.e. approximately half of the participants were
tested with version A then version B, and approximately half ver-
sion B then version A for each of the three tests.

Memory outcome scores were calculated by subtracting scores
at 12 months from scores at the 3-month assessment, generating
the following change scores: ΔFCSRTdelayed free recall; ΔFCSRT to-
tal recall; ΔDS forward; and ΔDS backward.

Positive scores indicated memory improvement, negative
scores worsening of memory performance and a score of zero re-
flected equivalent performance at both time points. Difference
scores were used in all analyses below. Two participants did not
complete FCSRT on follow-up. All analyses with FCSRT were there-
fore performed with 40 participants.

Research MRI data acquisition

Research MRI scans were collected on a 3 T MR750 MR scanner
(GE Healthcare). T1-weighted images were acquired with the
MPRAGE sequence18 using the following parameters: repetition
time (TR)=7.31 ms, echo time (TE)=3.02 ms and flip angle=11°.
Images were acquired in the sagittal plane with field of view
(FOV)=270×270 mm, matrix size= 256×256 voxels and slice
thickness and gap= 1.2 mm. T2-weighted fluid-attenuated inver-
sion recovery (FLAIR) and fast recovery fast spin echo (FRFSE) se-
quences were acquired for lesion delineation. The FLAIR
sequence was acquired with TR=8000 ms, TE= 120–130 ms and
flip angle=90–111°. The FRFSE sequence was performed with TR
= 4380 ms, TE= 54–65 ms and flip angle=90–111°. Images were ac-
quired in the axial plane with FOV= 240×240 mm for both se-
quences. The matrix size for the FLAIR sequence was 256×128
voxels and 320×256 voxels for the FRFSE sequence. Slice positions
were aligned for both sequences with 36 slices at 4 mm thickness
for FLAIR and 72 slices at 2 mm thickness for FRFSE.

Diffusion-weighted images were acquired with an echo planar
imaging sequencewith double refocused spin echo for 60 diffusion-
sensitization directions at b=1500 s/mm2 and six acquisitions
without diffusion sensitization (b= 0). Image geometry for the
diffusion-weighted images covered thewhole brain using 2 mmax-
ial slices with matrix size of 128×128 voxels and FOV of 256×

Table 1 Lesion characteristics and risk factors

Variable Category/mean (SD)

Lesion characteristics
Hemisphere (left/right) 23/19
Arterial territory (ACA/MCAant/MCApos/

MCAstr/PCA/lacunar/thalamic)
0/8/9/8/9/5/3

Volume (ml) 7761.07 (11865.61)
Fazekas (1/2/3) 20/18/4

Risk factors
Carotid stenosis (yes/no) 5/37
Atrial fibrillation (yes/no/unknown) 9/30/3
Smoking (yes/no/previously) 5/24/13
Hypertension (yesa/yesb/no) 23/2/17
Diabetesmellitus, type 2 (yesa/yesc/yesd/no) 5/1/1/35
Ischaemic heart disease (yes/no) 8/34
Small-vessel disease (yes/no) 14/28
Family history (yese/yesf/yesg/no) 10/16/5/11

ACA= anterior cerebral artery; MCAant=middle cerebral artery, anterior; MCApos=
middle cerebral artery, posterior; MCAstr=middle cerebral artery, striatocapsular;

PCA=posterior cerebral artery. Fazekas: 1= ‘caps’ or pencil-thin lining,

2= smooth ‘halo’, 3= irregular periventricular signal extending into the deep white

matter.
aControlled bymedication; buncontrolled; ccontrolled by diet; dcontrolled by insulin;
estroke; fcardiac disease; gstroke and cardiac disease.
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256 mm, resulting in 2 mm isotropic resolution. Slices were aligned
such that the intercommissural line was as close to the axial plane
as possible. Acquisition was peripherally gated to the cardiac cycle,
giving a sequence duration of 11–20 min, a TR of 10 000–14118 ms
and a TE of 66–78 ms with a flip angle of 90°.

MRI preprocessing

Lesionsweremanually drawn on FLAIR images and, whennecessary,
confirmed on diffusion images acquired acutely. Lesion maps were
co-registered into Montreal Neurological Institute (MNI) standard
space, so that anatomically homologous brain areas were aligned. A
study-specific lesion map was generated by combining all lesions in
MNI space into a binary mask image (Supplementary Fig. 1).

Registration and segmentation of T1-weighted imageswere per-
formed using DARTEL,19 an algorithm for diffeomorphic image
registration implemented in SPM12 (Statistical Parametric
Mapping software: http://www.fil.ion.ucl.ac.uk/spm/) run in
MATLAB 2020a (https://au.mathworks.com/products/new_
products/release2020a.html) Individual images were displayed in
SPM12 to verify they were free from gross anatomical abnormal-
ities. To reduce scanner-specific bias and improve registration, T1

images were semi-automatically centred at the anterior commis-
sure and reoriented according to the anterior–posterior commis-
sure line. Images were segmented into grey matter, white matter
and CSF using the New Segment procedure. DARTEL was used to
spatially normalize and modulate the segmented images.19 The
image intensity of each voxel was modulated by Jacobian determi-
nants derived from spatial normalization to ensure that regional dif-
ferences in the total amount of grey matter volume were conserved.
The registered imageswere then transformed toMNI space. The nor-
malized, modulated grey matter images were smoothed with an
8-mm full-width at half-maximum Gaussian kernel to increase the
signal-to-noise ratio. Total intracranial volume was calculated by
summing total grey matter, white matter and CSF. Absolute thresh-
old masking of 0.1 was used to exclude voxels with a grey matter
probability below 0.1 to avoid overlap around the borders between
grey and white matter as well as grey matter and CSF.

Diffusion-weighted image data were preprocessed in Explore
DTI v4.8.5.20 Data were corrected for motion artefacts and eddy
current distortions with reorientation of the gradient encoding
vectors. Free-water (FW) imaging was used to remove partial vol-
ume effects induced by CSF contamination and to quantify the
amount of extracellular FW by separating the diffusion properties
of brain tissue from the surrounding extracellular FW.21 The result-
ing FW-corrected diffusion-weighted image maps were then used
to generate tensor images. Tissue-specific fractional anisotropy
(FAT), axial diffusivity (ADT) and radial diffusivity (RDT) maps
were generated from the FW-corrected tensor maps using fslmaths,
a command line utility implemented in FSL.22

Whole-brain tractograms were generated in all participants
using the constrained spherical deconvolution algorithm23 with re-
cursive calibration of the response function.24 The tracking algo-
rithm was set to terminate when the fibre orientation density
amplitude fell below 0.1, the turning angle exceeded 45°, the
path length was shorter than 50 mm or exceeded 500 mm.

Design of analysis

The analysis was performed in two stages, a discovery phase
(hypothesis-free) and a second hypothesis-driven validation phase
(Fig. 1). Both phases tested associations with grey matter structure

and white matter microstructure separately. In the first phase,
well-established whole-brain hypothesis-free approaches were
adopted, namely voxel-based morphometry for grey matter and
tract-based spatial statistics (TBSS) for white matter. The plan for
the validation phase was to: (i) investigate grey matter regions in
more detail using atlas-based labelling approaches to derive mea-
surements of specific grey matter regions at a smaller scale and
with higher anatomical specificity (implemented in
FreeSurfer); and (ii) to use tractography to reconstruct fibre path-
ways implicated by TBSS and previous research and thereby to de-
rive tract-specific measures of microstructure. In addition, we
planned a priori to investigate associationswith greymatter volume
within the cholinergic basal forebrain, based on previous evidence
of involvement of the cholinergic system in neural plasticity and
adaptation to injury.9,10

Hypothesis-free whole-brain analysis

To investigate associations with grey matter, four multiple
linear regression voxel-based morphometry analyses were per-
formed in SPM12 to test for associations between grey matter
volume and memory outcome (ΔFCSRT delayed free recall/
ΔFCSRT total recall/ΔDS forward/ΔDS backward). The study-
specific lesion map was used as an exclusion mask to remove
voxels containing lesions in one or more participants. Statistical
thresholds were set to a familywise error corrected P≤0.05 at
cluster-level.

For white matter microstructure, Advanced Normalization
Tools25 TBSS (ANTs-TBSS) was used instead of the traditional FSL
TBSS pipeline, as it has been shown to improve sensitivity and spe-
cificity of voxel-wise comparisons through improved registration
algorithms.26 ANTs-TBSS generates a study-specific template
from T1-weighted images in native space, which is preferable
over registration to standard templates ormost representative sub-
jects as used in FSL TBSS.27 This is particularly the case in clinical
populations. Registration steps were carried out with ANTs
v2.3.5.28 In a first step, unweighted, averaged diffusion images
(b0s) were non-linearly registered to native, bias-corrected and
skull-stripped T1 images. In a second step, groupwise registration
of T1 images was performed with four iterations of rigid, affine
and non-linear symmetric image normalization registration.29

The algorithm performs symmetric pair-wise mapping whereby
an image is mapped onto a shape-based mean target generated
from all input T1 images, which is thenmapped back onto the indi-
vidual T1 image. The final template has the same resolution as the
original inputs. In a third step, the individual transforms generated
during registration of native b0s to native T1 and native T1 to T1

group template are then used to warp metric maps (i.e. native
FAT/ADT/RDT/FW) to the group template space. A binarywhitemat-
ter mask was created by thresholding the mean FAT image to only
contain voxels with FAT,0.2. Voxel-wise changes of white matter
measurements (FAT/ADT/RDT/FW) associated with memory out-
come (ΔFCSRT delayed free recall/ΔFCSRT total recall/ΔDS for-
ward/ΔDS backward) were tested with four regression analyses
(one per white matter metric) using non-parametric permutation
tests (Randomize, FSL). Threshold-free cluster enhancement was
used to avoid selecting an arbitrary cluster threshold. Data were
tested against an empirical null distribution computed by 5000 per-
mutations for each contrast, therefore generating statistical maps
that are fully corrected for multiple comparisons across space.
The significance level was set to a FWE corrected P ≤ 0.05. To com-
pute the proportion of white matter tracts included in a given
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cluster, significant cluster maps were binarized and overlayed on
the JHU DTI-based white-matter atlas.30 Percentages of overlap
with atlas-defined white matter tracts were then calculated using
the atlasquery tool implemented in FSL.22 Only white matter tracts
thatwere reliably identified across regression analyses and contrib-
uted to memory outcome with the majority of their corresponding
voxels, defined as.50% overlap with their respective atlas regions,
were investigated further with tractography. Statistical maps plot-
ting the corrected P-values were visualized using FSL (TBSS-fill and
FSLeyes).

Focused analysis

Hippocampal subfields were automatically segmented using a
Bayesian statistical model with Markov random field priors to esti-
mate labels from an ex vivo atlas of hippocampal subfields.31

Hippocampal subfields were segmented by appending the flag
hippocampal-subfields-T1 to the recon-all command for processing
T1-weighted images in FreeSurfer (v6.0, http://surfer.nmr.mgh.
harvard.edu/).32 Hippocampi were automatically segmented into 12
subfields: hippocampal tail, parasubiculum, presubiculum, subicu-
lum, cornu ammonis (CA)1, CA3, CA4, hippocampus–amygdala tran-
sition area, granule cell and molecular layers of the dentate gryus,
molecular layer, fimbria and hippocampal fissure
(Supplementary Fig. 2). Segmentations were checked visually for
agreementwith knownhippocampal anatomy. Volumetricmeasure-
ments were normalized according to total intracranial volume.
Volumes calculated for each hippocampal segment were averaged
across hemispheres.

Grey matter volume within the ChBF was measured using tem-
plate regions that have been histologically validated against post-

mortem anatomy.13 The MNI-registered ChBF map was applied to
the normalized, modulated, grey-matter threshold masked and re-
gistered subject scans. ChBF volumes were calculated from all vox-
els within the mask, again applying normalization by total
intracranial volume. The ChBF consists of several subregions with
somatotopically organized projections to the cortex and subcortex
(Supplementary Fig. 2). We therefore also tested associations be-
tween ChBF volume and memory outcome with a voxel-wise re-
gression analysis in SPM12 confined to the ChBF mask
(cluster-level FWE correction: P ≤ 0.05).

Tractography was performed using regions of interest as way-
points to extract tract reconstructions from whole-brain tracto-
grams. The algorithm used to extract the fornix has been
described in previous publications, including an earlier methodo-
logical study. Briefly, the fornixwas delineated by placing a seed re-
gion of interest in a coronal plane to enclose the columns of the
fornix at their inferior curve. An inclusion region of interest was
drawn in the axial plane around the crus of the fornix at the inferior
edge of the corpus callosum. Exclusion regions of interest were
placed in anterior, posterior, superior and inferior planes at the lim-
its of the fornix and to remove outlier tracts. In a subsample of par-
ticipants from this study (n=10), tractography was performed by
two raters to test reproducibility. Inter-rater intra-class correla-
tions were ≥0.82, indicating good inter-rater reproducibility.

Statistical analysis

Change in memory performance was evaluated with paired sample
t-tests between scores at 3- and 12-month assessments for FCSRT
delayed free recall, FCSRT total recall, DS forward and DS backward.
Improved and declined memory performance were defined as

Figure 1 Analysis pipeline.
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increased and decreased scores at 12 months relative to 3 months,
respectively. Participants with the same score at 3- and 12-month
assessments were classified to exhibit stable memory performance.

Age, sex and baseline cognitive performance (MoCA score) col-
lected at 3 months were included as covariates in all of the follow-
ing analyses. Baseline scores on FCSRT and DS were added as
covariates to analysis of their corresponding change scores to as-
sess change in cognitive scores independently of initial memory
performance. All analyses were repeated with risk factors
(Table 1) as covariates. Due to the high number of covariates and
relatively small sample size, these results are only reported if
they differ from results without covarying for risk factors. For
whole-brain voxel-based analyses, type I errorwas controlled using
established approaches for each methodology with a whole-brain
(familywise error corrected) significance level of P, 0.05 (as de-
scribed above for each specific analysis). For analysis of specific net-
works and structures, linear associations of memory outcome
(ΔFCSRT delayed free recall/ΔFCSRT total recall/ΔDS forward/ΔDS
backward) and microstructural or volumetric measurements were
assessed using partial correlation coefficients, correcting for age,
sex, baseline cognitive performance (MoCA) and baseline memory
performance (FCSRT or DS). We performed multiple comparisons
across recurrentmeasures and correlatedmeasures that are not in-
dependent. In this circumstance, the Bonferroni correction is un-
duly conservative. We therefore used the FDR at a stringent level
of 1% (0.01) and a more lenient level of 5% (0.05) to correct for mul-
tiple comparisons.

To estimate the overall explanatory power of the regions identi-
fied in the analyses, we investigated the extent to which fornix
microstructure, ChBF and hippocampal subfield volumes collect-
ively predicted memory outcome by performing four Support
Vector Machine Regression (SVR) in MATLAB 2020a for each cogni-
tive change score.We chose SVR over multiple regression analysis
due to the large number of predictors as, relative to multiple re-
gression, SVR is less prone to overfitting through the use of regu-
larization. Individual participants were allocated randomly to
either training (75%) or test (25%) sets. To further control for false
positive inflation (type I error), 10 permutations per SVRwere used.
The generalizability of the SVRs were assessed by calculating the
loss (mean squared error) for each cross-validated regression
model. The function fitrsvmwas used to fit a SVRmodel using stan-
dardized data and either a linear or Gaussian kernel in the training
set. The generatedmodel was used to predict responses in the test
set. R2 was calculated to estimate how well the model generated

from the training set predicted the data in the test set. (Further de-
tail on the SVR procedures is provided in the Supplementary
material) To investigate whether memory outcome could instead
be predicted from lesions, additional SVRs were performed with
lesion characteristics (Table 1) as predictor variables and cognitive
change scores as outcome variables.

Data availability

Data included in themanuscript are available for sharing. Requests
should bemade to the corresponding author andwill be considered
by the investigators against the data sharing arrangements articu-
lated in the protocol and ethical approval of the study.

Results
Nine patients did not complete follow-up assessments: one died;
two were excluded due to recurrent stroke; and six declined or
did not respond to the invitation. The final patient sample (n= 42)
ranged in age from 53 to 86 years (mean= 70.76, SD= 8.03), com-
pleted a minimum of 9 and a maximum of 21 years of education
(mean= 14.12, SD=3.9), 29% (n=12) were female and 97.6% (n=
41) were right-handed.

Cognitive prognosis

Overall cognitive performance asmeasured by the MoCA remained
relatively stable from 3 months (mean=25.46, SD= 3.33) to 12
months (mean= 25.78, SD=3.59) post-stroke. Based on a cut-off
score of 26 (out of 30) on the MoCA,15 59% (n= 25) of patients scored
within the normal cognitive range and 41% (n=17) within the range
of scores indicating mild cognitive impairment. Memory perform-
ance across the whole sample improved from baseline to follow-up
assessments as indexed by FCSRT delayed free recall [t(39)=2.09,
P= 0.043], DS forward [t(41)= 5.91, P, 0.001] and DS backward
[t(41)=6.48, P, 0.001], but not FCSRT total recall (Fig. 2).
Performance on FCSRT delayed recall improved in 72.5% and wor-
sened in 27.5% of participants (ΔFCSRT delayed free recall:
mean=2.23, SD= 6.74, IQR=−1.75–6.75). FCSRT total recall im-
proved in 47.5%, remained stable in 25% and worsened in 27.5% of
participants (ΔFCSRT total recall: mean= 0.78, SD=3.43, IQR=
−1.0–3.0). DS improved in 76.2%, remained stable in 19% and dete-
riorated in 4.8% (DS forward: mean= 1.52, SD= 1.67, IQR= 0.75–3.0)
andworkingmemory (DS backwards) improved in 78.6%, remained

Figure 2 Cognitive prognosis. Memory performance at 3 months (circles) and 12 months (triangles) post-stroke. ns=not significant; error bars re-
present the standard error of the mean; *P≤0.05; **P≤ 0.01; ***P≤0.001.
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Figure 3 TBSS results. Increased tissue-specific fractional anisotropy (FAT) and axial diffusivity (ADT) were observed with memory improvement on
FCSRT delayed free recall and total recall, as well as DS backward.
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unchanged in 9.5%anddeteriorated in 11.9% (DS backward:mean=
1.81, SD= 1.81, IQR= 1.0–3.0) of patients.

Hypothesis-free whole-brain analyses

Positive associations were found between tissue microstructure
and improved performance for FCSRT delayed free recall and
FCSRT total recall. Significant positive associations were found
within the body and column of the fornix for both recall measures
and both microstructural metrics (FAT and ADT, P, 0.05,
FWE-corrected; Fig. 3 and Table 2). Voxel-based morphometry de-
monstrated no associations between grey matter volume and
change in long-term episodic memory performance that were sig-
nificant at the whole-brain level.

Positive associations were also found between tissue micro-
structure and improved working memory performance (DS back-
wards). Significant positive associations were found within the
body and columns of the fornix. There was substantial anatomical
overlap in the regions associated with long-term episodic memory
and working memory (Fig. 3 and Table 2). Furthermore, the peak of

themain FAT clusters (FCSRT delayed free recall/FCSRT total recall/
DS backward) and two of the ADT clusters (FCSRT total recall/DS
backward) were located in the body and column of the fornix.
Voxel-basedmorphometry demonstrated no associations between
grey matter volume and change in working memory performance
that were significant at the whole-brain level.

Focused analysis of specific networks

In line with previous research findings, the results of the whole
brain TBSS analysis reliably identified large portions of the fornix
(60.1–78.9%) to be associated with memory outcome across all re-
gression analyses, which was therefore selected as a white matter
pathway for further interrogation by tractography. Given the intim-
ate anatomical association between the fornix and hippocampus,33

volumetric measurements of hippocampal subfields were also per-
formed and based on the a priori analysis plan, the ChBF was also
assessed as a region of interest. Table 3 shows the partial (control-
ling for age, sex, MoCA baseline scores and baseline memory per-
formance) correlation coefficients for change of cognition in

Table 2 ANTs-TBSS regression analysis with FCSRT and DS

Modality Direction Cluster
size

Anatomical regions Peak
t-statistic

Peak MNI
coordinates

ΔFCSRT delayed free recall
FAT Positive 31 948 Fornix (body and column: 78.9%) (peak)

CC (splenium) (29.6%); corticospinal tract (lh: 3.3%; rh: 14.8%); ILF (lh:
10.1%); hippocampal cingulum (lh: 29.6%; rh: 7.6%); fornix (cres)/stria
terminalis (lh: 24.7%; rh: 14.8%); SLF (rh: 11.8%); IOFF (lh: 8.4%; rh: 8.4%); UF
(lh: 4.3%; rh: 4.1%); anterior cingulum (lh: 4.5%)

4.52 1, 3, 5

ADT Positive 26 330 CC (splenium) (peak) (23.1%)
Fornix (body and column: 60.1%); ATR (lh: 23.3%; rh: 29.4%); corticospinal
tract (lh: 21.6%; rh: 20.1%); fornix (cres)/stria terminalis (lh: 29%);
hippocampal cingulum (lh: 27.4%; rh: 7.5%); posterior cingulum (lh: 10%;
rh: 1.6%); SLF (lh: 16.3%; rh: ,0.1%); IOFF (rh: 16.1%); UF (lh: 4.2%); ILF (rh:
7.1%); forceps major (8.3%)

4.02 0, −33, 15

ΔFCSRT total recall
FAT Positive 9106 Fornix (body and column: 77.3%) (peak)

CC (genu: 28%); ATR (lh: 21.5%; rh: 27.8%); anterior cingulum (lh: 8.3%; rh:
23.7%)

4.37 0, −1, 11

Positive 7588 PLIC (rh: 29.2%) (peak)
ATR (rh: 15.3%); fornix (cres)/stria terminalis (rh: 32.8%); external capsule
(lh: 7.3%; rh: 9.1%); posterior corona radiata (rh: 15.2%); ILF (rh: 8.5%); IOFF
(rh: 7.3%); SLF (rh: 4%)

4.28 28, −36, 16

ADT Positive 17 036 Fornix (cres)/stria terminalis (rh: 61.6%) (peak)
SLF (rh: 8.3%); PLIC (rh: 5.9%); corticospinal tract (lh: 7.3%; rh: 5.8%); ILF (rh:
7%); external capsule (rh: 3.4%); IOFF (rh: 15.8%)

3.91 32, −22, −8

Positive 10 805 Fornix (body and column: 66.7%) (peak)
ATR (lh: 23.7%; rh: 14.9%); UF (lh: 0.3%; rh: 1%); ALIC (lh: 7.3%; rh: 9.1%); IOFF
(lh: 0.5%; rh: 3.4%); ILF (rh: 8.4%); CC (body: 18.6%)

3.8 0, −1, 11

DS backward
FAT Positive 4613 Fornix (body and column: 67.1%) (peak)

CC (body: 12.4; splenium: 14.8%); anterior cingulum (lh: 7.7%; rh: 18.4%);
forceps major (3.6%); IOFF (lh: 0.5%; rh: 9.7%); ILF (lh: 2.2%; rh: 4.2%);
hippocampal cingulum (lh: 5.5%; rh: 3.2%)

4.58 1, −1, 12

Positive 215 Posterior corona radiata (lh: 6.4%) (peak)
SLF (lh: 9.1%); CC (body: 1.4%); ATR (lh: 7.7%)

3.77 −21, −32, 36

ADT Positive 4622 Fornix (body and column: 61.4%) (peak)
CC (splenium: 14.1%); hippocampal cingulum (rh: 4%); ATR (rh: 14.6%);
forceps major (15.8%); IOFF (rh: 13.9%); ILF (lh: 0.3%; rh: 6.1%)

4.57 0, −7, 18

ADT= free-water corrected axial diffusivity; ALIC=anterior limb of internal capsule; ANTs= advanced normalization tools; ATR= anterior thalamic radiation; CC= corpus

callosum; FAT= free-water corrected fractional anisotropy; ILF= inferior longitudinal fasciculus; IOFF= inferior occipitofrontal fasciculus; lh= left hemisphere; PLIC=posterior

limb of internal capsule; rh= right hemisphere; SLF= superior longitudinal fasciculus; UF=uncinate fasciculus. Percentages correspond to % overlap with tracts on the JHU

white matter atlas.30
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association with each of the grey and white matter structural
measures.

Analysis based on tractography and tract-specific microstruc-
tural measures confirmed an association between fornix micro-
structure and improvement of both long-term episodic memory
and working memory (DS backwards) scores. Improvement in ver-
bal recall performance was also associated with volume of hippo-
campal subfields (subiculum, hippocampal fissure, hippocampal
tail, CA4, parasubiculum) and grey matter volume in the ChBF.
Improvement in working memory performance was also positively
associated with grey matter volume in hippocampal subfields and
ChBF. The pattern of associations was similar for episodic and
working memory and changed little when adding risk factors as
covariates (Supplementary Table 1).

The anatomical pattern of association between greymatter vol-
ume and cognitive change was examined in a voxel-based analysis
limited to the ChBF. Associations between grey matter volume and
memory outcome were limited to a region that corresponds to the
anterior and intermediate nucleus basalis of Meynert (Fig. 4).
Here, grey matter volume was positively associated with improve-
ment of both FCSRT delayed free recall [F(5,34)=6.3, P=0.009] and
DS backward [F(5,36)= 3.71, P= 0.047]. After controlling for risk fac-
tors, grey matter volume in the nucleus basalis of Meynert re-
mained positively associated with improved FCSRT delayed free
recall [F(13,26)=3.63, P= 0.048], but only showed a trend-level asso-
ciation with DS backward [F(13,28)=1.85, P= 0.087].

Collective prediction of outcome

SVRswere used to build amodel fromhippocampal subfields, ChBF
volume and fornixmeasurements in training sets, whichwere then
used to predictmemory outcomes in test sets. Evaluation of the dis-
tribution of generalization errors across permutations revealed
that none of the mean squared error (MSE) values were outliers
for linear or Gaussian models (Supplementary Fig. 3). SVR models
with a linear kernel performed better for FCSRT delayed free recall
(MSElin=10.4; MSEgaus=12.7), FCSRT total recall (MSElin=4.3;
MSEgaus=5.7) and DS backward (MSElin= 0.8; MSEgaus= 1.6).
Models with a Gaussian kernel performed better for DS forward
(MSElin=1.7; MSEgaus=0.7). Trained SVR models predicted FCSRT
delayed free recall (=0.62, P, 0.001) and DS backward (= 0.41, P,
0.001) in the test sets (Fig. 5). SVR models performed less well in
the test sets of FCSRT total recall (= 0.02, P=0.08) and DS forward
(=0.03, P= 0.06). None of the SVR models using lesion characteris-
tics as predictor variables were able to predict memory outcome in
the test sets (detailed analyses are provided in the Supplementary
material).

Discussion
The structural status of the fornix, hippocampus andChBF approxi-
mately 3 months after stroke predicted improvement in cognitive
performance over the subsequent 9 months. This was true of long-
term episodic memory, represented by verbal recall, and working
memory, reflected by backwards DS. The anatomical pattern of as-
sociations was strikingly similar for recovery in these cognitive do-
mains, despite the segregated anatomy of the networks supporting
these functions in the healthy brain. The pattern of associations
suggests that the ChBF, hippocampus and fornix are part of a com-
mon system that enables recovery across cognitive domains.

The fornix and hippocampus, as part of the extended hippo-
campal system, play a critical role in recollection in humans.6,34

The fornix has an intimate anatomical relationship with the hippo-
campus and particularly the subiculum, with the majority of effer-
ent projections in the fornix arising in this part of the hippocampal
formation.33 This relationship between fornix and subiculum ac-
cords with the pattern of results in this study, with associations
with improvements in cognitive performance most convincingly
demonstrated for the subiculum, and also align with a previous
study suggesting that subiculum and fornix are part of a single sys-
tem implicated in ageing effects on recollection.35 Damage to the
fornix, from tumour, trauma or surgical resection, leads to a major
deficit in verbal recall, with relative sparing of familiarity mem-
ory.36,37 A role for the hippocampus in short-term or workingmem-
ory is more controversial. However, contributions to effective
learning strategies in visual memory encoding38 and short-term
visual memory for complex objects39 have been described and the
view that the medial temporal lobe exclusively supports long-term
episodic memory challenged.40 Furthermore, successful working
memory performance is dependent on theta neural oscillations de-
rived from the hippocampus.8 Spatial memory deficits after experi-
mental stroke in rodents also correlate with loss of prefrontal
cortex coherence in hippocampally derived theta oscillations41

and hippocampal inputs play a role in the development of working
memory capability and developmental neuroplasticity of regions
relevant for working memory such as the dorsolateral prefrontal
cortex.42 The volume of the ChBF showed parallel associations
with both working and episodic memory. While the role of the
hippocampus in working memory is controversial, the role of the

Table 3 Correlations betweenmemory outcome and structural
measures

ΔFCSRT
delayed

free recall

ΔFCSRT
total
recall

ΔDS
forward

ΔDS
backward

ChBF 0.442** 0.006 0.355* 0.493***
Hippocampal

tail
0.374* 0.338* 0.002 −0.008

Subiculum 0.680*** 0.269 0.416* 0.426**
CA1 0.138 −0.009 0.272 0.3*
Hippocampal

fissure
0.513*** 0.382** 0.210 0.151

Presubiculum −0.096 −0.095 0.045 0.121
Parasubiculum 0.324* 0.395* 0.035 0.002
Molecular layer

HP
−0.138 −0.156 −0.058 0.104

GCMLDG −0.194 −0.139 −0.071 0.091
CA3 −0.269 −0.196 −0.083 0.001
CA4 0.476** −0.026 0.359* 0.344*
Fimbria 0.035 0.078 −0.204 0.032
HATA −0.076 0.011 −0.023 0.104
Fornix FAT 0.816*** 0.424* 0.324* 0.184
Fornix ADT 0.748*** 0.364* 0.435** 0.474**
Fornix RDT 0.433** 0.162 0.268 0.412**
Fornix FW −−−−−0.658*** −0.278* −0.243 −−−−−0.502***

Correlations are adjusted for age and sex,MoCAbaseline score and baselinememory
performance (corresponding to each difference score). ADT = free-water corrected

axial diffusivity; CA= cornu ammonis; FAT= free-water corrected fractional

anisotropy; GCMLDG=granule cell andmolecular layers of the dentate gryus; HATA

=hippocampus–amygdala transition area; HP=hippocampus; RDT= free-water
corrected radial diffusivity. *P, 0.05, uncorrected; **P,0.01, uncorrected;

***P, 0.001, uncorrected; correlations that reached significance controlled for

multiple comparisons with a FDR of 5% (q,0.05) are highlighted in italics;

correlations that reached significance controlled for multiple comparisons with a
FDR of 1% (q, 0.01) are highlighted in bold.
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cholinergic system in both episodic andworkingmemory iswell es-
tablished. Scopolamine, a cholinergic antagonist, has clear nega-
tive effects on performance of both classical working memory43

and episodic memory tasks.
A critical but sometimes overlooked aspect in explaining the

similar pattern of associations for fornix–hippocampus and ChBF
is the likely interaction between these two systems. For working
memory, a complex interplay between septohippocampal inputs
and hippocampal signals is critical to successful memory perform-
ance.8 Lesions limited to the extended hippocampal system have

also been shown to interrupt cholinergic activity within the hippo-
campus. In this context, it is important to acknowledge that the for-
nix is a bidirectional pathway for which the hippocampal
projections to the mammillary bodies, most implicated in recollec-
tion, are only one component. It also contains afferent cholinergic
projections to the hippocampal formation (from the vertical limb
and the diagonal band of Broca of the basal forebrain) as well as
other efferent pathways to ventral striatum, basal forebrain and
prefrontal cortex. Experimental lesions in the macaque support
the importance of interaction between the cholinergic and

Figure 4 Voxelwise volumetric evaluation of theChBF andmemory recovery. (A) showsmasks of the ChBF as reference. ChBF is displayed atmaximum
intensity projection for better visibility. hDBB=horizontal limb of the diagonal band of Broca; ISN= interstitial nuclei; mS/vDBB=medial septum and
the vertical limb of the diagonal band of Broca; NBM=anterior and intermediate nucleus basalis Meynert; pNBM=posterior nucleus basalis Meynert;
NSP=nucleus subputaminalis. Volume in the pNBMwas positively associated with memory improvement from 3 to 12 months on (B) FCSRT delayed
free recall and (C) DS backward.
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extended hippocampal systems in adaptation after injury.
Cholinergic depletion performed prior to fornix transection pro-
duced a more profound learning deficit than when the order of
these lesions was reversed.9 Although the design of the current
studydoes not allow interrogation of the independent roles of these
systems, the similar pattern of associations suggests that they are
part of a collective infrastructure that supports recovery after
injury.

In a recent human imaging study, we found evidence that the
cholinergic system supports adaptation to compromise of the for-
nix through a realignment of cognitive load to alternative white
matter pathways.10 Because human stroke almost inevitably
causes injury to white matter pathways, it was hypothesized that
the latter mechanism of adaptation would lead to an association
between status of the cholinergic system and cognitive recovery.
The significant associations between ChBF volumes and change
scores for both episodic and working memory support this hypoth-
esis. A voxel-based analysis within the basal forebrain suggested
that this association was strongest in parts of the ChBF that corres-
pondwith the nucleus basalis of Meynert (Fig. 4). The nucleus basa-
lis provides cholinergic innervation to the neocortex, not the
hippocampal formation, which receives cholinergic afferents pre-
dominantly from the medial septum and diagonal band of Broca.
The results suggest, therefore, that it is the outflow to the neocortex
that is important in improvement in cognitive performance after
stroke. This pattern of results is therefore consistent with studies
showing reorganization of function in the cerebral cortex in con-
junction with recovery of language5 or motor deficits after stroke.

No associations were found between baseline grey matter
structure and cognitive change over time. The current study was
limited to analysis of baseline structure and subsequent cognitive
change. Oneweakness of the designwas that follow-up assessment
was not accompanied by repeat imaging. Therefore, the study
was sensitive to structural features that would enable subsequent
plasticity but not to structural alterations accompanying
plasticity. Furthermore, it is not clear whether engagement of
multiple-demand cortex to improve performance after injury
involves change in cortical structure or simply functional recruit-
ment of cortex. Sensitivity to structural features that enable subse-
quent plasticity is consistent with the pattern of results: a role of
the ChBF in enabling subsequent cortical plasticity is consistent
with prior knowledge. The results suggest that the subiculum and
fornix are also part of an underlying infrastructure that enables
plasticity in the period 3–12 months after injury. Future studies

with detailed imaging at multiple time points will be able to test
the prediction that status of a system including ChBF, fornix and
hippocampus will predict subsequent grey matter plasticity and
functional reorganization. The fornix was the only white matter
tract with a majority of fibres (.60% of voxels) were reliably asso-
ciated with memory outcome across all whole-brain white matter
analyses. However, other tracts were implicated with smaller pro-
portional overlaps. These included projection pathways such as
the corticospinal tract and anterior thalamic radiation, limbicwhite
matter including the cingulum bundle and uncinate fasciculus, as-
sociation pathways involved in language, namely the inferior
occipito-frontal fasciculus and superior longitudinal fasciculus as
well as subsections of the corpus callosum. Future studies may
wish to investigate the contribution of these white matter tracts
to memory outcome in stroke survivors.

The importance of a commonmechanism for cognitive recovery
lies in the potential to manipulate and enhance such mechanisms
therapeutically. Previous studies examining the relationship be-
tween stroke and cholinergic activity showed a decrease in cells
and fibres staining positively for keymarkers of cholinergic activity
(choline acetyltransferase and acetylcholinesterase), indicating a
cholinergic deficit.44,45 One drug that has been used to improve cho-
linergic deficits in Alzheimer’s disease patients is donepezil.46

Trials of donepezil in stroke patients, however, have not consist-
ently shown efficacy.47–50 One important potential reason is uncer-
tainty as to the treatment window of donepezil after stroke.47,48

Another possibility is that enhancement is effective only in indivi-
duals with an established cholinergic deficit, so that advanced neu-
roimaging approaches, as used in this study, could play a role in a
personalized medicine approach. Therapeutic stimulation of the
fornix has also been proposed as a possible approach to enhance
cognition.51 If the fornix has a broader role in cognitive adaptation
and recovery, as the current results suggest, then the possible indi-
cations for therapeutic stimulation could extend to enhancing re-
covery from focal brain injury.
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