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a b s t r a c t

Heterogeneity in episodic memory functioning in aging was assessed with a pattern-completion func-
tional magnetic resonance imaging task that required reactivation of well-consolidated face-name
memory traces from fragmented (partial) or morphed (noisy) face cues. About half of the examined
individuals (N ¼ 101) showed impaired (chance) performance on fragmented faces despite intact per-
formance on complete and morphed faces, and they did not show a pattern-completion response in
hippocampus or the examined subfields (CA1, CA23, DGCA4). This apparent pattern-completion deficit
could not be explained by differential hippocampal atrophy. Instead, the impaired group displayed lower
cortical volumes, accelerated reduction in mini-mental state examination scores, and lower general
cognitive function as defined by longitudinal measures of visuospatial functioning and speed-of-
processing. In the full sample, inter-individual differences in visuospatial functioning predicted perfor-
mance on fragmented faces and hippocampal CA23 subfield activity over 25 years. These findings suggest
that visuospatial functioning in middle age can forecast pattern-completion deficits in aging.
� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Individual differences in how episodic memory (EM) changes
with advancing age are well documented (Josefsson et al., 2012;
Lindenberger, 2014; Nyberg and Pudas, 2019). It is also well
established that the magnitude of age-related impairment varies
depending on the nature of testing conditions. One fundamental
dimension is the degree of cue completeness. Inmany experimental
and everyday situations, an original memory trace is reactivated
based on cue information entailing only parts of the original
memoryda computation referred to as pattern completion (Marr,
1971; McClelland et al., 1995). Past studies indicate that the age-
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related EM deficit becomes magnified as a function of reduced
cue completeness (Paleja and Spaniol, 2013; Vieweg et al., 2015),
which is suggestive of a pattern-completion deficit in aging. Thus,
although the evidence is still limited, it may be that tasks taxing
pattern completion are particularly sensitive for revealing hetero-
geneity in EM functioning in older populations.

The mechanisms underlying a pattern-completion deficit in
aging remain unclear. Pattern completion has since long been
associated with the hippocampus (HC), in particular the CA3 sub-
field (Marr, 1971; see, e.g., Hunsaker and Kesner, 2013). Findings
from rodent studies (Neunuebel and Knierim, 2014) and human 7T
MRI (Grande et al., 2019) support a role of CA3 in pattern comple-
tion. There is evidence that most older adults, even those at low risk
for neurodegenerative disease, display some changes in hippo-
campal regions (Fjell et al., 2013, 2014). A dominating theory is that
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variable rates of hippocampal atrophy and functional responsive-
ness account for EM heterogeneity in aging (Buckner, 2004; Nyberg
et al., 2012; Nyberg and Lindenberger, 2020), suggesting that age-
related hippocampal atrophy, notably in CA3, may explain
impaired pattern-completion ability in aging.

Another reason why pattern-completion tasks may be particu-
larly age-sensitive is that reducing cue completeness confers
increased demands on several cognitive processes (Honey et al.,
2017; Marr, 1971; Tang et al., 2018). Those processes include but
are not limited to sustained attention, visuospatial processes, ex-
ecutive hypothesis testing operations, and other fluid cognitive
functions that jointly have been referred to as general (fluid)
cognitive function, GCF (Davies et al., 2015). There is evidence for a
strong GCF-EM association that can be described as a hierarchical
GCF to EM relation (Deary et al., 2010; Salthouse, 2004). By this
view, individuals with higher GCF functions tend to score higher on
EM tasks. Longitudinal investigations have revealed long-term
stability of individual differences in GCF (Arbuckle et al., 1998;
Gow et al., 2011; Kremen et al., 2019; Rönnlund et al., 2015;
Walhovd et al., 2016). Moreover, there is strong evidence from twin
(McClearn et al., 1997) and genome-wide association (Davies et al.,
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2015) studies for genetic effects on GCF in middle and older age.
Thus, a major predictive factor of impaired pattern-completion
ability in aging could be “lifelong” lower GCF.

Here, taking advantage of one of the longest existing longitu-
dinal datasets on neurocognitive function, the Betula study (Nilsson
et al., 2004), we related pattern-completion performance and
associated hippocampal-functional activity to longitudinal patterns
of hippocampal and cortical structural integrity and to GCF. Pattern
completion was assessed at the latest wave of the Betula study
(Wave 7; Fig. 1A) using a new functional magnetic resonance im-
aging (fMRI) task (Fig. 1B). This task was built on a face-name fMRI
task that was included at Waves 5e7, but it was unconfounded by
practice effects. Specifically, consistent with the definition of
pattern completion, the new task required reactivation of well-
consolidated face-name memory traces from partial (fragmented)
or noisy (morphed) face cues. Both partial and noisy cues can
trigger pattern completion (Hunsaker and Kesner, 2013; Liu et al.,
2016), but fragmented faces are more process pure than morphed
faces, for which both correct old and “new” responses are formally
correct and hence could tap other mnemonic processes as well
(Hunsaker and Kesner, 2013). We therefore categorized the
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participants as pattern-completion “intact” or “impaired” based on
their performance on fragmented cues.

The pattern-completion intact and impaired groups were
compared on hippocampal subfield (Fig. 1C and D) functional ac-
tivity, and also HC atrophy and cortical gray matter (GM) volume
change (3 repeated measures over 10 years). Building on previous
work (Deary et al., 2010; Duncan, 2013; Jung and Haier, 2007;
Salthouse, 2004), particular focus was on frontal and parietal
cortical gray matter (GM) volume. The intact and impaired groups
were also compared on 6 repeated test waves of GCF and mini-
mental state examination (MMSE) (Folstein et al., 1975), spanning
25 years. In previous work (Davies et al., 2015), we defined GCF
based on visuospatial functioning (block design), speeded task
performance (letter digit substitution, fluency), and EM (verbal
recall). Here, when pattern completion was the outcome, we
omitted EM measures from the GCF composite and used block
design and letter digit substitution (in combination and separately)
as indicators of GCF. Continuous regression analyses of the entire
sample were conducted to identify the strongest predictors of
heterogeneity in pattern-completion ability and functional activity
in the HC and its subfields.

2. Materials and methods

2.1. Participants

The participants in the present study were from the longitudinal
Betula study on memory, health, and aging. The research was
approved by the local ethics board at Umeå University, Sweden. All
participants provided written informed consent and were
compensated monetarily for their participation. The samples,
recruitment procedure, offline procedures, imaging procedures,
and other methodological details have been described in detail in
several prior publications (Nyberg et al., 2019; Pudas et al., 2018).
Here we focus on materials and methods of relevance to this study.

The participants in this study were from the 2 main longitudinal
samples of approximately 1000 participants each, included at the
first (Sample 1) or second (Sample 3) Betula test wave (Fig. 1A). At
Wave 5, 292 of these participants were part of a larger imaging
study, 177 were rescanned at Wave 6 (for a drop-out analysis, see
Nyberg et al., 2019), and 101 at Wave 7 (Table 1). Thus, 3 test waves
were of particular importance: Wave 2, when all participants un-
derwent cognitive testing; Wave 5 being the first with imaging
data; and Wave 7dthe final test wave for both cognition and
imagingdthat served as outcome.

2.2. Offline cognitive testing

The MMSE task was administered at each test wave
(maximum ¼ 30). Data from tests of visuospatial ability (block
Table 1
Sample characteristics

Whole samplea Intact group

Women N ¼ 44 N ¼ 21
Men N ¼ 57 N ¼ 29
Age (y) 72.3 69.7
Age range (y) 63.0e87.9 63.0e82.5
Education (y 13.8 14.3
APOE-4 carriers N ¼ 33 N ¼ 14
Episodic memoryMean scoreb 11.1 11.9

a Note: 101 participants were scanned at Wave 7, but some had to be excluded in cer
b Maximum score for the EM composite ¼ 28. The difference between the intact and im

[t(66) ¼ 0.24, p ¼ 0.807, 2-sided] age matching the groups.
design) and speed of processing (letter digit substitution) were
used to define a composite measure of GCF (Davies et al., 2015). The
maximum score of the composite task was 176, except for Wave 2
when the speed task was not included (maximum ¼ 51). To
investigate the change over time and groups, we used repeated
measures analysis of covariance with age at baseline as a covariate
to adjust for age differences between groups. We used this for all
individual tests as well as the composite measure. In order to make
the composite score comparable across all time points, we stan-
dardized, by z-transformation, each test with respect to its mean
and standard deviation at the third test wave (i.e., the wave at
which the speed test was introduced). For Waves 3e7 respectively,
we added the standardized scores to obtain a composite score. For
Wave 2, where the speed test was not available, the standardized
Block Design score was multiplied by 2 to ensure comparability
with composite scores fromWaves 3e7. Finally, we characterize the
groups in terms of their offline performance on several measures of
EM that formed an EM composite score (Table 1).
2.3. fMRI task

A face-name paired associates task was included at all 3 imaging
waves (Nyberg et al., 2019). This 10-minute task comprised 6 blocks
of face-name encoding (remember a name associatedwith a face), 6
blocks of cued-name retrieval (indicate the first letter corre-
sponding to the name previously encoded with a face), and 8 blocks
of an active control task involving a simple perceptual discrimina-
tion (pressing a button each time a fixation mark changed into a
circle). Scanner task performance was calculated as mean number
(%) of correct answers. A novel fMRI task was added for at the third
MRI wave (Betula Wave 7; Fig. 1A). It was a 12-minute task con-
taining a total of 62 cued-name retrieval items. These items were
made up of altered versions of faces that had been previously
presented during the face-name task, as well as faces that had not
been presented before. Three different kinds of items were pre-
sented during this test: fragmented images (24 old þ 4 new faces),
noisy images (24 old þ 4 new faces), and unaltered images (6) that
previously were presented during the face-name task. The frag-
mented imagesweremade by covering the images in black, then, by
revealing the face via 4 squares showing approximately 20%e25% of
the face. The squares were placed so that at least the mouth, nose,
and one of the eyes were shown on all faces. The fMRI task also
included a condition with noisy cues, made up by morphing
(50e50) each original face with a unique new face. Each morphing
pair was matched on gender, approximate size of the face and hair
so that there would be less artifacts from the morphing. Base
morphing of the faces was done via www.morphthing.com; images
were cleaned from major artifacts in an image editing software.
Presentation order was randomized for all participants. Each item
was presented for a total of 6 seconds, the 3 possible answers that
Impaired group Age matched
intact group

Age matched impaired
group

N ¼ 21 N ¼ 14 N ¼ 12
N ¼ 26 N ¼ 20 N ¼ 22

74.9 72.6 72.6
63.4e87.9 64.0e82.5 63.4e84.3

13.6 13.4 14.2
N ¼ 19 N ¼ 6 N ¼ 16

10.3 11.0 10.8

tain analyses as detailed in the text.
paired groups was significant before [t(95) ¼ 2.43, p ¼ 0.017, 2-sided] but not after

http://www.morphthing.com
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the participant could choose from, that is, the name of the shown
face, another name that previously had been paired with another
face, and “new,”were shown during the last 4 seconds (Fig. 1B). The
inter-stimulus interval (ISI) was randomly jittered among 2.5 (21
ISIs), 5 (21 ISIs), or 7.5s (20 ISIs) during which a cross hair (þ) was
displayed. Responses were given through a button press on a
scanner-compatible response pad, and participants were instructed
to guess if uncertain. All participants completed a short practice
version of the task at least once prior to scanning. In the scanner
room, the task was displayed on a computer screen seen through a
tilted mirror on the head coil. Old hit rate is defined as responding
to an old face (fragmented or morphed) with the correct old name
(rather than choosing the incorrect old name or “new”).

2.4. fMRI acquisition

The same 3T General Electric scanner (equipped with a 32-
channel head coil) was used to collect images at all imaging ses-
sions. Functional images for the complete face-name task were
acquired with a gradient echoplanar imaging sequence (37 trans-
axial slices; thickness: 3.4 mm, gap: 0.5 mm, repetition time (TR):
2000 ms, echo time (TE): 30 ms, flip angle: 80�, field of view:
25� 25 cm,matrix: 96� 96 voxels [zero-filled to 128� 128]). High-
resolution functional MRI images (HR-fMRI), with an isotropic
resolution of 1.5 mm, were acquired with a reduced field-of-view
on the mid part of the brain with an echoplanar imaging
sequence (20 slices oriented parallel to the long axes of the left and
right HC; thickness: 1.5 mm, no gap, TR: 1500 ms, TE: 30 ms, flip
angle: 75�, field of view: 9.6 � 9.6 cm, matrix: 64 � 64) with 10
dummy scans collected and discarded before the collection of 470
volumes. Total acquisition time was 11 minutes, 45 seconds.

2.5. Additional MRI scans

T1-weighted data (T1w) were acquired in axial orientation with
a 3-dimensional fast spoiled gradient echo sequence (180 slices
with 1 mm thickness, TR: 8.2 ms, TE: 3.2 ms, TI: 450 ms, flip angle:
12�, field of view: 25 � 25 cm, matrix: 256 � 256, reconstructed to
512 � 512). For the HR T2-weighted data (HR-T2w) a PROPELLER
sequence was employed with high in-plane resolution and the
slices covering the HC in a perpendicular orientationwith respect to
the HC long axis (TR: 5925 ms, TE: 92.344 ms, echo train length: 28,
flip angle: 120�, number of excitations: 2.5, 31 slices of 2.0 mm
thickness and no gap, field of view: 20.48 cm, matrix 512 � 512,
resulting in an in-plane resolution of 0.4 mm). The B0 field was
collected with a fast gradient echo sequence (B0-map). The
sequence produced magnitude images which were coregistered
with the T1w image, and B0-maps which were transformed to T1w
space using the same transformation matrix.

2.6. VBM analyses

For the voxel-based morphometry (VBM) analyses, T1w images
for each participant and time point were segmented into GM, white
matter, and cerebrospinal fluid likelihood maps in native (used for
VBM) and DARTEL imported space (used for spatial normalization).
For each individual, the DARTEL imported space files were pro-
cessed in the DARTEL toolbox (Ashburner, 2007) of statistical
parametric mapping (SPM) to make a participant-specific template
and native / participant-template flow-field files were achieved.
Next, the participants’ templates were, in the same way, processed
to make a group template and flow-field maps from participant-
template / group-template were achieved. The GM files were
normalized to Montreal Neurological Institute space with the flow-
field maps by mapping native/participant-template/group-
template and then by an affine transformation to Montreal
Neurological Institute space. The signal amount was preserved
during normalization (¼modulated) and the images were
smoothed by convolving with a Gaussian 6-mm filter. The files were
mapped into 1-mm isotropic resolution. At each wave a 2-sample t-
test was performed with the age-matched intact (N ¼ 34) and
impaired (N ¼ 33) groups. ANCOVA regressors were added to the
model and an explicit mask of areas from a mean T1w image with a
GM likelihood larger than 0.2 was used. The core VBM results
remained unchanged when using an explicit mask of GM >0.5 (i.e.,
all the clusters and selected peak coordinates remained unchanged,
data not shown). A conjunction of the intact-impaired t-tests over
the 3 waves was made with an uncorrected p-value threshold of
0.001 and an extent threshold of 80 voxels (80 mm3). All pre-
processing was performed with SPM12 functions.

2.7. Hippocampus subfield segmentation

Hippocampal subfield segmentation was performed with the
HippocampalSubfield module of FreeSurfer v.6.0 (https://surfer.
nmr.mgh.harvard.edu/fswiki/HippocampalSubfields). For the
Wave 7 analyses, both T1w and HR-T2w structural images were
used as input to the segmentation, while for the longitudinal
analysis (Waves 5e7) only T1w images were used as input into the
longitudinal stream (Reuter et al., 2012) in FreeSurfer. As a control
analysis for the functional analysis, hippocampal subfield seg-
mentation was performed with the Automatic Segmentation of
Hippocampal Subfields (ASHS 1.0.0; Yushkevich et al., 2015) using
an atlas developed to consider individual anatomical variability
(Berron et al., 2017). Some of the participants were excluded due to
problems with the segmentations. This resulted in a total of 98
participants remaining for the Freesurfer segmentation and 93
participants for the ASHS segmentation. For the age-matched
groups (originally 34/group), the remaining number of partici-
pants in the intact/impaired group was 33/32 for Freesurfer and 32/
30 for ASHS.

2.8. Comparison of volumes from subfield segmentations using T1w
or T1w þ T2w

The longitudinal subfield analysis could only use a T1w image as
input, since the HR-T2w protocol was only included in Wave 7. A
comparisonwas made onWave 7 data between using only T1w and
using both T1w and T2w images in the segmentation. Overall,
agreement between the 2 methods was good with correlation co-
efficients above 0.95 and slopes between 0.88 and 1.05 for all
subfields (CA1, CA2/3, DGCA4) and the whole HC (Fig. S1).

2.9. Preprocessing of the HR-fMRI data

The data were corrected for slice timing and head movement,
and they were corrected for B0 field inhomogeneities using the
measured B0-map. It proved to be difficult to register the functional
data to T1w space using coregistering routines, due to the reduced
field of view, poor contrast, and signal dropout in the functional
images. Therefore, a different procedure was chosen as follows:
first, the HR-T2w images were coregistered to T1w space. This was
done in the FreeSurfer segmentation. The functional datawere then
coregistered using the transformation matrix for the HR-T2w /

T1w coregistration. Since the functional scan was started within
30e60 seconds after the finish of the HR-T2w scan it was assumed
that the participant had not moved between these 2 data collec-
tions, thereby making it possible to use this procedure. This
assumption is believed to be accurate within 1.5 mm (1 voxel size),
based on an analysis of the motion parameters from the functional

https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfields
https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfields
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scan, where the mean displacements over all participants were
0.49 mm, with a standard deviation of 0.19 mm. Only 5 participants
showed a displacement larger than 2mmat any time during the 12-
minute long functional scan. We cannot, however, exclude the
possibility that some participants made substantial movements
between the HR-T2w scan and the functional scan.

The voxel intensities were averaged over each subfield, using
masks from the FreeSurfer T1w þ T2w subfield segmentation, or
from the ASHS segmentation, creating a single time series for each
subfield. Since the definition of the subfields differ between the 2
methods, it is difficult to make direct comparisons. A subset of
subfields was therefore selected that are most similarly labeled in
both methods; CA1 (same label in both methods), CA2/3 (single
label in FreeSurfer, 2 labels in ASHS), and DG/CA4 (2 labels in
FreeSurfer, single label in ASHS). Despite this effort, there are still
differences in the way these subfields are defined in each method,
so one cannot expect the results to be exactly comparable.

2.10. Statistical analyses for the HR-fMRI

The time series for each subfield was analyzed in a general linear
model for each participant. The events were modeled as a boxcar
with the length of 3 TRs, convolved with the standard hemody-
namic response function and initiated at stimulus onset (when each
face was shown). The regressors based on the answers to the
stimuli were as follows: frag_corr, frag_incorr, morph_corr, mor-
ph_incorr, where “corr” refers to answering the correct old name
and “incorr” refers to selecting any of the other 2 choices (incorrect
name or “new”). Four regressors of no interestdfrag_new-face,
morph_new-face, unaltered face, and hair-crossdwere also
included. In addition, 6 realignment parameters from the motion
correction step and a second-order polynomial were included. The
obtained beta values were used to create the contrasts and mean
values and standard errors were calculated.

2.11. Statistical methods

The first set of main analyses was based on comparing the
“Intact” and “Impaired” groups. They were defined using the hit
rate for old faces in the fragmented faces task, wherewe considered
performance at or below chance level indicative of impairment (see
also Section 3.1). For comparing functional hippocampal responses
as well as subfield and cortical volumes, we age-matched the
groups since the impaired group turned out to be older on average.
In analyses involving GCF (results presented in Section 3.5), we
retained the whole groups and used age as a covariate in the
models. This was done since preliminary analyses indicated resid-
ual age-confounding even after matching. Cross-sectional analyses
were performed using 1- and 2-sample t-tests, Wilcoxon signed
rank tests, Pearson correlation, or linear regression, while the lon-
gitudinal analyses were performed using repeated measures
analysis of covariance. In the regression analyses, when possible,
we considered a combined GCF score based on block design and
letter-digit, as well as treating them as separate predictors.

2.12. Preprocessing and analyses of fMRI data

For each participant and time point, fMRI data during the
complete face-name task were movement corrected and coregis-
tered to the T1w image. The normalization procedure is similar to
the VBM normalization described in Section 2.6 with the exception
that the BOLD-signal-concentration was preserved during the
normalization steps, and mapped into 2-mm isotropic resolution.
The datawere convolvedwith an 8-mm full width at half maximum
Gaussian function. A map of B0-inhomogenities was recorded at
Wave 7, which was used for adjustment of fMRI data. A boxcar
model with regressors for encoding, retrieval, and baseline task was
setup together with the 6 movement parameters achieved during
the movement correction as nuisance regressors. The boxcar
functions were convolved with the canonical hemodynamic
response function in SPM. A linear regressor model was run in each
voxel and a contrast between the achieved beta values for retrieval
and baseline was stored and used. All steps except B0-
inhomogenity adjustment were performed in SPM12. Batches of
analyses were simplified by an in-house program DataZ.

3. Results

3.1. Heterogeneity in pattern-completion ability in aging

A sizable proportion of individuals in the sample performed at or
below the chance level (33%) on the fragmented faces task. This
proportion increased as a function of age (Fig. 2A), but a plot of
scores confirmed heterogeneity in all age groups (Fig. 2B). In sub-
sequent analyses, based on their old hit rate on the fragmented
faces task (intact, range ¼ 10e18; impaired, range ¼ 4e9), the
sample was split into “intact” (N¼ 50) and “impaired” (“at-chance,”
N ¼ 47) pattern-completion groups. Level of education and the
proportion of ApoE-ε4 carriers did not differ significantly between
groups (p’s > 0.40; Table 1). To control for the higher mean age in
the impaired group, age-adjusted analyses were conducted by age-
matching the groups (M¼ 72.6 years, N¼ 34/group) or by including
age as a covariate in the continuous analyses (3.5).

The Wave 7 performance on the complete face-name task was
positively correlated with the probability of responding with the
correct old name to fragmented faces (r ¼ 0.41, p ¼ 0.000031, N ¼
97), suggesting that the strength of face-name memory traces
influenced pattern completion (correlation for the age-matched
sample; r ¼ 0.29, p ¼ 0.017, N ¼ 68). In the complete sample, the
pattern-completion intact group showed significantly higher per-
formance on complete faces [t(95) ¼ 3.16, p ¼ 0.0011 (one-sided)]
and also on the EM composite (Table 1). After age matching,
consistent with a pattern-completion deficit, the group difference
remained on the fragmented faces (p < 0.001), whereas the per-
formance for complete faces (across waves) and morphed faces at
Wave 7 were comparable in the intact and impaired groups (p’s >
0.05; Fig. 2C). A nonsignificant group difference was also seen for
the EM composite after age matching (Table 1).

3.2. Hippocampal functional responses

To isolate apattern-completion signature, that is, activation changes
when an originalmemory tracewas restored on basis of partial input,
an fMRI contrastwas set-upbetween fragmentedold faces completed
with the correct (old name) versus incorrect (new or incorrect old
name) responses. In the entire sample (NOBS ¼ 97), a significant
pattern-completion response (correct > incorrect) was observed in
the whole HC as well as in all subfields (Fig. 3A). Group-specific an-
alyses revealed a pattern-completion response across the FreeSurfer-
segmented subfields in the intact group, whereas the response was
weak and nonsignificant in the impaired group (Fig. 3B). Parametric
and nonparametric statistical details are presented in Table S1. In a
correspondingASHS control analysis (Fig. S2a, seeMethods), a similar
patternwas seenwithapattern-completion response across subfields
in the intact group (significant only for CA1), along with generally
weaker responses in the impaired group (Fig. S2b).

The fMRI analysis of data fromthemorphed faces condition (old>
new/other; Fig. 3C) revealed a similar BOLD-signal response pattern
as for fragmented faces. Thus, older individuals with impaired
pattern-completion ability on fragmented face cues showed altered
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hippocampal functional activation also for morphed face cues. In
fact, the negative bars for HC and DGCA4 indicated a stronger
response to new/other than old responses in the impaired group.

Finally, the longitudinal fMRI responses across Waves 5e7 dur-
ing the complete face-name retrieval task were compared between
the age-matched intact and impaired groups. A 2 � 3 analysis of
variance was conducted. No significant group or group by time
interaction in or close to the HC was found at a p < 0.001 (uncor-
rected) threshold.

3.3. Pattern-completion ability in relation to hippocampal-subfield
volumes

Cross-sectional FreeSurfer analyses of structural HC data from
Wave 7 provided no evidence for group differences (age-matched
intact vs. impaired) in CA1 [t(63) ¼ 0.47, p ¼ 0.64], CA2/3 [t(63) ¼
1.11, p¼ 0.27], or DG/CA4 [t(63)¼ 1.12, p¼ 0.27] volumes. Relatedly,
longitudinal analyses (see Section 2.8) revealed a significant time
effect (p < 0.001; i.e., across Waves 5e7) but no significant effect of
group or group-by-time interaction (p’s > 0.10) for the HC (Fig. 3D).
A similar pattern as for thewhole HCwas observed for each subfield
(Fig. 3EeG), with no group differences between the intact and
impaired groups or any group by time interactions (p’s > 0.10).

3.4. Cortical volumes in relation to pattern completion

Whole-brain GM volume changes across Waves 5e7 were
compared between the pattern-completion intact and impaired
groups using VBM. This longitudinal VBM analysis revealed a group
difference in cortical regions (Fig. 4A, upper), with the strongest
effects in left parietal cortex [peak t-value in Brodmann area 39, x, y,
z ¼ �46, �68, 27; t(63) ¼ 4.63] and right frontal cortex [peak t-
value in Brodmann area 44, x, y, z¼ 60,10, 21; t(63)¼ 4.55]. In these
regions, the pattern-completion intact group displayed greater GM
volume than the pattern-completion impaired group across all 3
test waves (Fig. 4A, lower panels, uncorrected p’s ¼ 0.001).

3.5. Pattern-completion ability in relation to general cognitive
function and brain volumes

FromWave 2 and onwards (i.e., across 25 years), theGCF scores in
the intact group were found to be consistently higher than in the
impaired group (Fig. 4B, upper panel). A group by session analysis of
variance on the composite score revealed significant effects of group
[F(1,83) ¼ 14.95, p < 0.001], time [F(5,415) ¼ 5.89, p < 0.001], and a
nonsignificant interaction [F(5,415) ¼ 0.85, p ¼ 0.52]. The pattern
was similar for both tasks that defined the GCF score (Fig. 4B, lower
panels). We also analyzed data from a screening test of cognitive
impairment,MMSE (Folstein et al.,1975). AtWave 2 (age rangeof the
sample¼ 38e63) there was no group difference and themajority of
individuals in the sample scored at or near the maximum of 30. A
similar patternwas seen atWaves 3 and 4, but thereafter significant
groupdifferenceswereobservedatWaves5e7 (Fig. 4C). This pattern
indicated emerging cognitive deficits for some individuals in the
pattern-completion impaired group at the later test waves.

In continuous analyses of the entire sample (N ¼ 97), a series of
linear regressions were done to identify the strongest predictors of
heterogeneity in pattern-completion ability (details in Table S2; all
analyses included age, MMSE, and sex). First, it was found that in-
dividual differences in block design atWave2,when the age rangeof
the sample was 38e63 years, predicted pattern-completion ability
25 years later (analysis 1, Table S2). Specifically,Wave 2 variability in
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age [t(92) ¼ �2.99, p ¼ 0.0035] and block design [t(92) ¼ 2.27, p ¼
0.026], but not MMSE [t(92) ¼ 1.24, p ¼ 0.22], were significant
predictors of Wave 7 performance on the fragmented-faces task.

Next, structural brain measures [HC-subfield volumes, parietal
GM volume from the VBM analysis] were included in a linear
regression model that examined individual differences in brain and
cognitive measures at Wave 5 in relation toWave 7 performance on
the fragmented-faces task (analysis 2a, Table S2). Again, GCF was a
significant predictor [t(80) ¼ 2.62, p ¼ 0.010], and now also MMSE
[t(80) ¼ 4.30, p < 0.001]. No brain measure from Wave 5 was a
significant predictor of pattern-completion performance at Wave 7,
but there was a trend for parietal GM volume [t(80 ¼ 1.91, p ¼
0.060)]. When this analysis was repeated with the GCF measure
separated into block design and speed scores (analysis 2b, Table S2),
it was found that Block design [t(79) ¼ 2.52, p ¼ 0.014] but not
speed [t(79) ¼ 0.50, p ¼ 0.62] was a significant predictor.
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Afinal set of linear regressionmodels predictedWave7activity in
the HC and subfields from block design and MMSE at Wave 2 (ana-
lyses 3e6, Table S2) and Wave 5 cognitive and brain data (analyses
7e10 a,b, Table S2). Few significant effects were seen, with no sig-
nificant relations for the overall GCF score or the speed task. How-
ever, BOLD signal variation in CA23 was predicted by block-design
performance atWave 5 [t(79)¼ 2.18, p¼ 0.032], and at trend level by
block-design performance at Wave 2 [t(84) ¼ 1.91, p ¼ 0.059].

4. Discussion

We used a novel pattern-completion task to assess heteroge-
neity in episodic memory in aging. The results revealed that for a
sizable proportion of the examined participants, the “pattern-
completion impaired” group, the probability of completing frag-
mented face cues with the correct old names was similar to
selecting new or incorrect old responses (i.e., at chance level).
Despite at-chance performance on fragmented faces, the impaired
group showed intact performance on complete and morphed face
cues (Fig. 2C). By requiring retrieval of associated face-name pairs
from elements of the pairs (Fig. 1B), all 3 face-name tasks should
have taxed pattern completion to some extent. However, frag-
mented face cues were expected to elicit hippocampal pattern-
completion processes to a higher degree than noisy cues
(Hunsaker and Kesner, 2013). Therefore, these behavioral observa-
tions, combined with other recent findings (Vieweg et al., 2015,
2019), provide evidence for a pattern-completion deficit in aging.

We had predicted a specific pattern-completion response in
CA3, and the fMRI analyses revealed that correctly retrieving old
names based on fragmented face cues was associated with elevated
BOLD signal in CA23 but also DGCA4 and CA1. Although the broader
response pattern across subfields could reflect a limitation in dis-
secting subfields at 3T, it is in line with prior suggestions that
pattern completion from degraded cues relies on an extended
hippocampal circuit (Nakashiba et al., 2012)da circuit that the
pattern-completion impaired group failed to engage. Interestingly,
to morphed faces, we found relatively higher hippocampal signal
for new than old responses in the impaired group, whereas the
pattern-completion intact group showed stronger CA3 activation
for old responses (Fig. 3C). Speculatively, although a pattern-
completion response (old > new/other) was elicited also by
morphed faces in the intact group, the higher fMRI signal to new
responses for morphed faces in the impaired group could reflect a
reliance on novelty signals or other mnemonic processes. By this
view, the altered fMRI response patterns in the impaired group for
both fragmented andmorphed cues constitute converging evidence
for a pattern-completion deficit.

Analyzing factors that could explain the observed pattern-
completion deficit, we first considered group differences in whole
HC and subfield volumes. Both the Wave 7 cross-sectional findings
and the 10-year longitudinal analysis revealed comparable volumes
and patterns of atrophy in CA1, CA23, and DGCA4 in the intact and
impaired groups. Atrophy was found to manifest broadly in the
hippocampal region rather than in select subfields (de Flores et al.,
2015). However, limited spatial resolution prevented strong con-
clusions in this regard, and previous studies have found stronger
atrophy in the DG and CA1 regions (Adler et al., 2018). Nevertheless,
the similarity in atrophy rates provided no support that differential
age-related structural alterations of hippocampal subfields
accounted for the deviating behavioral and hippocampal fMRI re-
sponses in the pattern-completion impaired group.

Instead, strikingly, impaired performance on the fragmented-
faces task was found to map on to group differences in GCF that
were stable over 25 years. In addition, in the continuous analyses,
inter-individual variability in block design performance at Waves 2
and 5 was related to fragmented-faces task performance and hip-
pocampal CA23 subfield activity up to 25 years later. Consistent
with prior findings (Duncan, 2013; Jung and Haier, 2007), the intact
pattern-completion group with higher GCF also displayed greater
parietal cortical volumes over 10 years. Moreover, group differences
in pattern-completion ability related to clinical status, as shown by
a significant prediction of fragmented-faces performance by MMSE
scores fromWave 5, and by a significant group difference on MMSE
from Wave 5 and onwards (Small et al., 1997). Thus, individuals
with higher GCF showed better preserved pattern completion in
aging, were more resistant to age-related cognitive deficits, and
displayed greater cortical volumes.
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In pattern-completion tasks when partial/degraded cues are
used to trigger episodic retrieval, such as here for fragmented faces,
visuospatial processes are likely to be engaged. Such processes may
be of a top-down nature, for example, to guide iterative hypothesis
testing until the pattern is solved. By this view, our findings are in
line with past theoretical and empirical suggestions that cortical
top-down processes influence hippocampal pattern completion
(Aly and Turk-Browne, 2015; Eichenbaum, 2017; Honey et al., 2017;
Marr, 1971; Nyberg et al., 2019; Tang et al., 2018). Given that top-
down processing decline in aging, it is not surprising that pattern
completion was found to be a sensitive marker of age-related
cognitive deficits. Perceptual, bottom-up processes could also in-
fluence how well individuals’ complete patterns degraded faces as
well as block designs. Crucially, both the top-down and bottom-up
account highlight an influence of multiple processes on pattern
completion and a role of many brain regions in addition to the CA23
subfield of the HC.

Our study has several strengths, notably the longitudinal nature
of the Betula study design, but it also has some limitations. First,
future studies should investigate longitudinal changes in pattern-
completion ability in aging. Also, as we wanted to build on our
face-name task that had been scanned 5 and 10 years before the
final test wave, quite severe restrictions on the number of trials per
category of interest had to be imposed. This restriction might have
influenced aspects of the fMRI findings, but not the demonstration
of a relation of pattern-completion ability with GCF. The final test
wavewas limited to about 100 participants. Although still relatively
large for an fMRI study, in particular given longitudinal data over
10 years, the limited sample size put restrictions on the analyses we
could consider as well as the statistical power. Finally, despite
employment of a HR-MRI protocol, our study has limitations
regarding measuring hippocampal subfields. In the longitudinal
volumetric analyses, one has to be cautious in interpreting hippo-
campal subfield segmentation results using T1w images with a 1-
mm isotropic resolution because voxel size may partially have
exceeded the size of subfields (e.g., DG and CA3), and key
anatomical landmarks such as the stratum radiatum lacunosum
moleculare cannot be reliably identified (Adler et al., 2018). Note,
though, that we found high concordance between T1w based and
joint T1w and T2w based segmentations in the cross-sectional
comparison.

From a more clinical point of view, while the majority of older
adults adhere to an average rate of episodic-memory decline
(Josefsson et al., 2012; Yaffe et al., 2009), some are more at risk than
others for developing cognitive impairment and neurodegenerative
diseases. The finding that pattern-completion impairment in aging
mapped on to a difference in GCF (block design) 25 years earlier
when there was no group difference inMMSE scores (Fig. 4B and C),
provides evidence for long-term stability in brain-cognition asso-
ciations (Karama et al., 2014; Walhovd et al., 2016). Thus, our
observation along with related findings (Huang et al., 2018;
Rantalainen et al., 2018; Whalley et al., 2000; Yaffe et al., 2009)
suggest that target groups for prevention of old-age cognitive def-
icits can be forecasted well before older age.
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