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Within-session verbal learning
slope is predictive of lifespan
delayed recall, hippocampal
volume, and memory training
benefit, and is heritable

Kristine B. Walhovd®?*, Anne Cecilie Sjeli Brathen?, Matthew S. Panizzon?,
Athanasia M. Mowinckel', @ystein Serensen?, Ann-Marie G. de Lange>§,
Stine Kleppe Krogsrud?, Asta Haberg*, Carol E. Franz3, William S. Kremen3 &
Anders M. Fjell*2

Memory performance results from plasticity, the ability to change with experience. We show that
benefit from practice over a few trials, learning slope, is predictive of long-term recall and hippocampal
volume across a broad age range and a long period of time, relates to memory training benefit, and is
heritable. First, in a healthy lifespan sample (n=1825, age 4-93 years), comprising 3483 occasions of
combined magnetic resonance imaging (MRI) scans and memory tests over a period of up to 11 years,
learning slope across 5 trials was uniquely related to performance on a delayed free recall test, as well
as hippocampal volume, independent from first trial memory or total memory performance across
the five learning trials. Second, learning slope was predictive of benefit from memory training across
ten weeks in an experimental subsample of adults (n=155). Finally, in an independent sample of
male twins (n=1240, age 51-50 years), learning slope showed significant heritability. Within-session
learning slope may be a useful marker beyond performance per se, being heritable and having unique
predictive value for long-term memory function, hippocampal volume and training benefit across the
human lifespan.

Memory function dependent on medial temporal lobe (MTL) structures is target of intensive research on normal
as well as degenerative age changes in cognition'™. Yet, surprisingly little attention has been paid to the indi-
vidual differences and characteristics of the learning process underlying performance on memory tests. There
are substantial individual differences in episodic memory performance as well as the hippocampal formation*~".
While a major portion of both can be accounted for by genetic factors®®, episodic memory is inherently derived
from experience, and how much one changes with experience will necessarily be critical to one’s memory
performance. Both genetic and environmental factors will be at play in this. There is evidence for heritability
of acquisition and retrieval of verbal information, and specific genetic influences on acquisition have been
indicated!®. However, little is known of heritability of verbal learning slope, or ability to benefit from practice.
We know that practice may dramatically alter retrieval, as evidenced by effect on recall performance. Training
studies show that recall performance can be more than doubled with strategy training'>'2. However, there is
huge individual variability in training responses'!, and beyond a few proximate characteristics, we know little of
what makes some individuals’ memory benefit more from practice than others, and to what extent this variability
matters in the long run. This is surprising, as the human MTL, its connections, and MTL-dependent memory
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are vulnerable in aging'*-?*, and have unique plastic characteristics'®*-?’. It is now pivotal that the predictive
value across the lifespan and the heritability of MTL-based learning slope is investigated in a controlled setting.

Unknown relations between learning slope within-session and across weeks, standard meas-
ures of delayed recall, and hippocampal volumes. Much research has focused on single measures of
free recall?®. These standard measures typically refer to how much can be remembered of a stimulus material,
such as a verbal list, shortly after presentation, or after an interval of maximum 20-30 min (termed delayed
recall)®*. However, such metrics often derive from list learning tests that comprise several trials, enabling not
only single measures of recall or aggregate measures of total learning, but also assessment of learning slope, i.e.
cognitive plasticity. Cognitive plasticity can be defined in terms of the individual ‘s latent cognitive potential or
capacity to acquire skills under specific contextual conditions®. In accordance with Baltes and Lindenberger®,
the focus is on intraindividual modifiability, the range of performance or potential within an individual to change
performance.

Various methods have been used to measure such interindividual modifiability of performance, involving
repeated exposure or training with a range of different stimuli or tasks, targeting anything from sensory, motor,
and attentional processes to higher order cognitive strategies, yielding multiple plasticity paradigms®“**-%¢. Typi-
cally, cognitive plasticity has been studied within a short time frame®'. Learning slope across trials within one ses-
sion is an example of short-term plasticity, and differences in learning curves with age have been characterized™.
There are indications that learning slope may be more related to neuroanatomical features in relatively early
neurodegenerative conditions, such as mild cognitive impairment (MCI), than in normal aging®. In a recent
cross-sectional population-based study of healthy older adults, it was found that hippocampal volume positively
predicted verbal learning rates (estimated by a latent growth model), but only in individuals with higher limbic
white matter anisotropy®. It is unknown how learning slope relates to delayed recall and hippocampal volumes
in a cognitively healthy lifespan population. Moreover, range of cognitive plasticity manifested is expected to
vary on the basis of duration, intensity, or instructional procedures used’!, and it is unknown how short-term
cognitive plasticity, i.e. modifiability of performance across trials within one session, relates to cognitive plasticity
as measured in another context, across weeks of cognitive training, here termed long-term plasticity. It may be
expected that relatively short-term cognitive plasticity measured in terms of verbal learning slope across trials
within one session, should relate positively to long-term plasticity measured in terms of improvement in learning
verbal material across weeks or months. This is so because both short-term and long-term plasticity as measured
here to some extent rely on the medial temporal lobe system underlying explicit, episodic memory*’. However,
there are important differences. While the within-session across-trial learning only involves repetition and test-
ing of the same material, the training across weeks involves learning strategies for encoding and recalling, and
testing of different materials. It has been shown that mnemonic training drives distributed changes*!. For these
reasons, one may expect a relationship between within-session learning slope and long-term memory training
benefit, but such a relationship may not be strong, as additional factors, and additional brain areas, would be
involved in long-term memory training.

Unknown heritability of verbal learning slope. Given the established heritability of brain and cogni-
tion, one may expect that one s potential for modifying performance is heritable too. As genetic influences work
at multiple levels*>-*, studies including measures of change over multiple opportunities to learn are critical to
address this issue. A genetic component for neurocognitive plasticity has previously been indicated in training
studies of candidate genes®>*~*%, However, findings have in part been inconsistent®. There are limitations to
the candidate gene approach, and training samples are typically not large enough for genome-wide association
studies (GWAS). Valuable independent and complementary information on genetic influences on neurocogni-
tive plasticity may be gained from twin data of episodic memory practice effects, i.e. learning slope. So far, the
few twin studies that have investigated practice effects have centred on basic motor learning or conditioning.
A seminal paper on acquisition of skill for rotary pursuit* reported that heritability increased with number of
trials. A small study of young adult twins® used paired associative stimulation of motor cortex to elicit motor
evoked potential in resting muscle. The derived heritability estimate for brain plasticity was 0.68, implicating
that genetic factors may contribute significantly to inter-individual variability in plasticity paradigms®®. One can-
not, however, readily generalize from heritability of sensory or motor modifiability to modifiability of complex
cognitive processes. There are to our knowledge no previous studies testing the heritability of neurocognitive
plasticity or practice effects on hippocampal-based memory.

Investigating whether learning slope is predictive of lifespan delayed recall, hippocampal vol-
ume, and memory training benefit, and is heritable. Here we quantify learning slope as the amount
of benefit from practice over trials in a verbal recall task. We investigate how learning slope predicts delayed
recall and hippocampal volume across the lifespan. We investigate whether learning slope is associated with
long-term benefit measured experimentally in a memory training paradigm across ten weeks. We also inves-
tigate whether learning slope shows significant heritability and whether heritability of memory increases with
learning. We utilize data from three different samples: (1) a lifespan sample followed longitudinally, to assess
relations between single-session learning rate, and long-term hippocampal and memory characteristics, (2) an
experimental subsample of the lifespan sample undergoing extended memory training across 10 weeks, i.e. a
training sample, to assess the relations between single-session learning rate and long-term memory training
benefit, and (3) a twin sample, of middle-aged men, to assess the heritability of learning rate. We hypothesize that
rate of learning slope as assessed in a single session has unique predictive value for memory and hippocampal
volumes across the lifespan, is positively related to benefit from long-term memory training, and is heritable.
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4.1-93

3 36.2 5.5-88.5 45.7 10.7-82.3 60.6 21.8-83.3 59.0 22.1-82.8 63.2 23.1-84.0

Interval

2.7 0.2-9.5 4.7 0.4-10.0 2.6 0.6-11.0 1.6 0.8-6.6 3.0 1.8-8.9

Hip. vol

8134

4494-11,607 8037 4447-10,920 7976 4400-11,417 7641 4375-10,747 7667 5601-10,801 7564

5584-
10,735

Learn. trial 1

6.8

7.2 0-16 7.6 2-15 7.0 2-15 7.4 2-15 7.4 3-12

Learn. slope

5.7

-5to 14 6.1 —4to14 6.3 -1to14 7.3 -1to 14 7.1 1-13 7.3 1-12

Total learn

52.6

56.0 13-80 58.8 28-79 59.3 24-79 61.2 20-78 61.3 29-76

Del. recall*

11.6

12.2 0-16 13.1 0-16 13.6 3-16 14.1 4-16 14.1 5-16

Table 1. Lifespan sample descriptive characteristics across 3483 observations. Age and interval are given in
years. Interval is interval since 1st visit. Hippocampus volume (Hip. vol.) denotes number of voxels (mm”) in
the hippocampal segmentation bilaterally. Learn. Trial 1 =Learning trial 1; number of words recalled at first
trial. Learn. slope =learning slope across five trials (trial 5 minus trial 1). Total learn. =total learning, the sum
of words recalled across five consecutive trials. Del. Recall = delayed recall approximately 20 min after the short
delay recall test that follows the 5 learning trials (delayed recall was missing for n=7 at Timepoint (Tp) 1,n=1
at Tp2, n=2 at Tp3, and n=1 at Tp5).

Results

Analyses in the lifespan sample: Learning slope is positively related to longitudinal delayed
recall and hippocampal volume through the lifespan. At all test occasions, a verbal learning test
comprising a list of 16 items was given (see “Methods”). The list was read five times, and learning slope was
quantified as performance after last learning trial subtracted from the performance after first learning trial (trial
5 minus trial 1, i.e. trial 1 is termed “offset”). Total learning was defined as the sum of items recalled across
all learning trials (max 80), and delayed recall was quantified as number of items remembered after approxi-
mately 20 min (see “Methods”). The overall relationships in terms of correlations between variables of interest
are shown in Supplementary Table 1. First, the relationships between learning slope, delayed recall and hip-
pocampal volume were tested in the cognitively healthy lifespan sample (for a description of distribution of scans
and tests across the decade of follow-up see Table 1). For all results where confidence intervals (CI) of effect sizes
are reported, 95% CI is used.

In the lifespan sample, hippocampal volume, as shown in Fig. 1A, increased sharply in early development,
reaching relative stability with a slight apparent decline shortly after the teenage years, until a sharper decline
beginning around the age of 60 years, in line with previous research'*2***>!. Learning slopes, as shown in Fig. 1B,
increased sharply in early development, reached a plateau in teenage years, and then seemed to remain compara-
tively stable, with a slight apparent decline in the 70 s. Correlation analysis at time point 1, showed that learning
slope was positively related to age in the lifespan sample (r=0.24, p<0.0001, df=1823, CI 0.19, 0.28). Since we
know that learning increases in development, remains relatively stable in adulthood, but shows sharper decrease
in older adulthood*®**3, we ran the same analysis in subsamples defined by age accordingly. These showed that
the positive relationship was found only in development (age < 18 years; r=0.51, df=647, P <0.0001, CI 0.45,
0.56), not in adulthood (age 18.00-69 years, r=0.03, p=0.0928, df=1004, CI - 0.03, 0.09), and a negative rela-
tionship was found in the oldest participants (age =70 years, r=-0.27, p=0.0004, df=168, CI — 0.40, — 0.12).
Delayed recall, as shown in Fig. 1C, also showed sharp developmental increase, with relatively greater stability,
yet some continued improvement into the 20 s and 30 s, then slight decline, followed by an apparently sharper
decline from the 70 s onwards.

Analysis with General Additive Mixed Models (GAMM) where delayed verbal recall was predicted from
verbal learning slope, with first trial learning and total learning across five trials as covariates along with verbal
learning test version, age as a smooth function, sex and subject timepoint, showed a significant positive effect
of learning slope (t=9.964, p<0.0001, 3472 observations). The estimated effect of one unit (words) increase in
learning slope on delayed recall was 0.248 increase in units (words) on delayed recall (CI 0.199, 0.297). Likewise,
GAMM analysis where hippocampal volumes were predicted from verbal learning slope, with first trial learning
and total learning across five trials as covariates along with verbal learning test version, age as a smooth func-
tion, sex, subject timepoint, intracranial volume and scanner as covariates, showed a significant positive effect
of learning slope (t=3.115, p=0.0019, 3483 observations). The estimated effect of one unit increase in learning
slope was 8.6 mm?® increase in hippocampal volume (CI 3.2, 14.1). For plots of these effects, see Supplementary
Material (Supplementary Fig. 1A,B).

To further test whether including learning slope in these models provided additional explanatory power over
and beyond models only including first trial learning and total learning, we compared models using the Akaike
Information Criterion (AIC). These model comparisons showed that both in predicting delayed recall and
hippocampal volume, including learning slope improved prediction in the lifespan sample (see Supplementary
Material S1, Model Comparisons, p.2-4).

Individual differences in other abilities, including working memory, have been shown to affect verbal learning
performance. To illuminate whether effects of learning slope were specific, a measure of working memory which
was administered in a comparable way across ages in the lifespan sample, digit span backwards, was added as an
additional covariate in the above models. Results showed that also working memory was a significant predictor
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Figure 1. Lifespan sample changes in hippocampus, learning rates and memory. (A) Hippocampus volume
(across hemispheres, shown in mm? on the Y-axis) and change in relation to age (in years, x, axis) plotted with
individual trajectories overlaid. (B) Learning slope (trial 5 minus trial 1 on the Y-axis) and change in relation

to age (in years, X, axis) plotted with individual trajectories overlaid. (C) Delayed free recall of the 16 word list
approximately 20 min after initial administration (Y-axis) and change in relation to age (in years, x, axis) plotted
with individual trajectories overlaid. Shaded areas represent 95% confidence intervals.
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of delayed verbal recall (t=3.866, p=0.0001), but verbal learning slope remained a significant predictor when
covarying also for working memory (t=9.229, p <0.0001, 3163 observations), confirming that the effect of
learning slope on delayed recall could not be ascribed to more fundamental individual differences in working
memory. The estimated effect of one unit (words) increase in learning slope on delayed recall was then 0.243
increase in units (words) on delayed recall (CI 0.191, 0.294). Working memory was not a significant predictor
of hippocampal volume (t=0.762, p=0.4463), and when covarying for working memory, learning slope was
still significantly related to hippocampal volume (t=3.380, p=0.0007, 3170 observations). The estimated effect
of one unit increase in learning slope was 10.3 mm? increase in hippocampal volume (CI 4.3, 16.3). To further
investigate neuroanatomical specificity of effects, this analysis was next repeated now predicting putamen volume
instead of hippocampal volume. Putamen was chosen because it is a subcortical structure of comparable size to
the hippocampus, which is implicated in among other functions working memory*>. Neither working memory
(t=0.159, p=0.8733), nor learning slope (t=0.224, p=0.8230) were significant predictors of putamen volume.
The estimated effect of one unit increase in learning slope was 1 mm? increase in putamen volume (CI — 7.7, 9.6).

Since some floor and ceiling effects were unavoidable with a verbal learning test applied across an age range
of 90 years in the lifespan sample, analyses were repeated excluding observations with a perfect recall score across
all 5 trials, as well a first learning trial or delayed recall score of 0. Learning slope remained a positive predictor of
both delayed verbal recall and hippocampal volume. Likewise, to further investigate robustness of results, analy-
ses were repeated additionally excluding those enrolled in memory training intervention. Analyses restricted
to adults were also performed. Learning slope remained a significant (p < 0.05) predictor of both delayed verbal
recall and hippocampal volume in all these conditions (for details, see Supplementary Material S1, Sensitivity
analyses in the lifespan sample, p.4-5).

Arguably, representing learning slope via a single difference score between trial 1 and trial 5, may not equally
well capture the learning process across different stages of the lifespan. As seen from the descriptive figures and
correlation analyses in the present lifespan sample, learning slope correlated positively with age in development
only, while a negative correlation was observed in aging. Differences in learning curves of children and adults
have been reported previously, using more complex models with other data®. To provide series of different
slope estimates for different subsets of the lifespan is beyond the scope of this paper. However, we also described
the learning slopes/curves with principal components in the lifespan sample (see Supplementary Material S1,
Describing the learning slopes using principal components, p. 5-8). Four principal components are sufficient
to completely describe learning across the five trials, and our results showed that using the first two of these
components as replacements for the difference score in the GAMMs gave meaningful interpretations. Both for
prediction of hippocampal volume and for prediction of 30-min free recall, the first principal component was of
highest importance, and further analyses revealed that this first component very closely resembles that difference
score between the last and the first timepoint. Hence, this alternative method of modeling®® the learning curves
supports our interpretation of the main results.

While learning slope explains unique variance in hippocampal volume in a mixed model, this does not
necessarily imply that change in learning slopes longitudinally is coupled with hippocampal change. To assess
the change-change correlation in the lifespan sample, we excluded timepoints with less than 6 months between
them and excluded participants with a single timepoint, and then computed two GAMMs independently, hav-
ing learning slope and hippocampal volume as dependent variables, respectively, as smooth functions of age.
Sex was included as an additional covariate for both models, while scanner and ICV were included as covariates
in the model for hippocampal volumes. Both GAMMs had random slopes for age, showing for each person
whether he or she tended to change more positively or more negatively than average, given his/her age. Cor-
related change in learning slope and hippocampal volume was computed as the Pearson correlation between
each person’s random slopes in the two models. The Pearson correlation for hippocampal change and change in
learning was 0.01 (CI — 0.06, 0.08; t=0.3260, df =683, p=0.7445). The correlation was additionally computed
within development (< 18 years of age), adulthood (18-69 years of age) and older adulthood (age>70 years). In
no case was the change-change correlation significant, neither in development (r=0.04, CI — 0.071, 0.146), nor
adulthood (r=-0.09, CI - 0.197, 0.018) or older adulthood (r=0.28, CI - 0.07, 0.59), although we note that the
correlation appeared somewhat stronger in older adulthood.

Analyses in the training sample: within-session learning slope is positively related to benefit
from memory training across 10 weeks. A subsample (n=155, Neurocognitive Plasticity (NCP) study,
see “Methods”) of adults in the lifespan sample underwent strategic episodic memory training after one or more
MRI scan and cognitive testing. This is here termed the training sample. To avoid ceiling effects, benefit from ver-
bal memory training was measured by a 100-word recall test at baseline and after a period of 10 weeks of train-
ing. We partialled out offset scores (verbal learning test first trial score and 100-word recall test pre-training),
interval between first verbal learning test and 100-word-pre-training test, sex, and age (see ““Memory tests”, and
Supplementary Material S1, Information on the Memory training program (NCP) for further information).
In the training sample, single session learning slope at baseline pre-training correlated positively with memory
training benefit across 10 weeks of training (r=0.25, p=0.0020), showing that within-session learning slope
related positively to long-term cognitive plasticity in terms of strategic memory training benefit. The relationship
between within-session learning slope and benefit from ten-weeks training, regardless of age, sex and memory
score intercepts, is shown in Fig. 2. Benefit from memory training also correlated positively with hippocampal
volume at baseline within this sample (n=153), when partialling out age, sex, 100-word baseline score, the
interval between scan and 100-word-pre-training test, and intracranial volume (ICV) (r=0.26, p=0.0015). This
correlation in the training sample demonstrates the positive relationship between hippocampus and learning
capacity also across weeks.
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Figure 2. Training sample relationships of benefit from ten-week memory training. (A) Memory training
benefit standardized scores (y-axis, 100 word test performance post- minus pre ten weeks of memory training)
and within-session learning slope standardized scores (x-axis), residual values after partialling out offset scores
and interval between first verbal learning test and 100 words-pre-training test, and (B) Hippocampus volume
standardized values (across hemispheres, y-axis), and memory training benefit standardized scores (x-axis,

100 word test performance post- minus pre ten weeks of memory training), residual values after partialling out
age, sex, 100-words baseline score, the interval between scan and 100 words-pre-training test, and intracranial
volume.

Analyses in the twin sample: genetic influences on learning slope. The heritability of learning
slope was investigated in The Vietnam Era Twin Study of Aging (VETSA) (n= 1240 male twins aged 51-60 years),
here called the twin sample. Across the individual learning trials the relative contribution of genetic influences
gradually increased, going from a heritability of 0.16 (95% CI 0.03-0.31) at trial 1 to a heritability of 0.37 (95% CI
0.19-0.46) at trial 5 (see Fig. 3). Supplementary Fig. 2 shows the phenotypic variance and the relative contribu-
tions of genetic and environmental variance across the learning trials. Notably, as seen here, phenotypic variance
also increased across trials in the twin sample. Although the heritability estimates for trial 1 and trial 5 differed
substantially, they were not significantly different from one another based on the 95% confidence intervals. In a
genetically informed linear growth curve model, learning slope showed significant heritability of 0.44 (95% CI
0.15-0.71). While the relative contribution of genetic influences was roughly equivalent to the heritability of the
intercept (i.e. first trial) factor (0.47, 95% CI 0.24-0.61), the absolute genetic variances for intercept and slope
differed markedly: 1.20 for the intercept and 0.05 for slope. This discrepancy was consistent with the observed
phenotypic variances of the two factors (2.55 for intercept and 0.12 for slope). The genetic correlation between
intercept and slope, indicating the degree of genetic overlap between the two, was 1.0, indicating that the genetic
factors underlying learning slope are identical to those that influence performance at any individual learning
trial. This should be interpreted in light of the phenotypic correlation between intercept and slope, which was
significant, but relatively moderate (r=- 0.28, p<0.001, for CVLT trial 1 and learning slope).

Discussion

We found that within-session verbal learning slope, i.e. ability to benefit from practice across repeated episodic
memory trials, uniquely explained variance in both delayed recall and hippocampal volume across the lifespan.
The variance explained by verbal learning slope was beyond what was explained by performance after a single
learning trial, the aggregate performance across trials, estimated working memory capacity, age, and sex. This
finding highlights short-term learning benefit per se as metric of high interest. We further showed that this
short-term learning benefit, within a session, related positively to benefit from memory training across weeks,
demonstrating a broader relevance. Finally, we demonstrated significant heritability of individual differences in
learning slope, and while genetic influences on slope appeared to be the same as those on intercept, performance
after multiple learning trials tended to a greater extent to reflect differences in genetic variance.

Given the unique value shown of the slope of learning in healthy persons of different ages, it is unfortunate
that research has chiefly focused on single measures of recall?®. The present findings indicate that practice may
promote prediction, in that the learning slope measure explained unique variance in delayed recall beyond
that explained by single trial learning or aggregate performance across trials. In a recent cross-sectional study
of older adults, it was found that the interaction of hippocampal volume and limbic white matter diffusivity
characteristics, but not hippocampal volume alone, predicted verbal learning rates®. In that older population,
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Figure 3. Twin sample heritability of each of the California Verbal Learning Test trials. Bars show the relative
contribution of genetic influences across the individual learning trials, going from a heritability of 0.16 (95% CI
0.03-0.31) at trial 1 to a heritability of 0.37 (95% CI 0.19-0.46) at trial 5.

greater hippocampal volume was only associated with better learning rate in older adults with higher fractional
anisotropy in limbic regions®, and not in those with presumably lower white matter integrity. We cannot per-
form the same analyses with the current cognitively healthy lifespan sample which is based on macrostructural
scans, and what white matter anisotropy signifies also likely differs across stages of the lifespan. However, the
present findings extend previous observations in a cognitively healthy lifespan population, with unique relations
of learning slope to delayed recall and hippocampal volume.

Moreover, the establishment of a relationship between short-term learning capacity and benefit from long-
term cognitive training may serve as an indication that within-session measures of plasticity can be utilized as a
marker of long-term potential for modifying performance. As long-term cognitive training studies are costly and
time-consuming, within-session measures of learning may then be a marker of substantial interest in selection
of individuals for cognitive training interventions and trials.

The significant heritability of learning slope in the current twin sample, support the notion that also higher
order short-term cognitive plasticity is heritable, as previously indicated for basic motor learning or conditioning
in twin studies of practice effects. As reported for acquisition of skill for rotary pursuit®*, heritability appeared to
increase with number of trials for verbal learning. A previous twin study of motor evoked potential implicated
that genetic factors may contribute significantly to inter-individual variability in plasticity paradigms®, with a
derived heritability estimate of 0.68. The present study shows that such genetic influences can be found also on
training of a higher-order cognitive function, episodic memory, even if the heritability estimate of higher order
learning found here may be slightly lower (0.44 for learning slope). While the present results indicate that the
genetic influences on variance in slope are similar as to those for offset (first trial score), they also underscore
that the relative proportion of variance in episodic memory being grounded in genetic variance may be height-
ened with practice. This finding should be of interest to both the basic science field, intervention and education.

Limitations and future directions

There are limitations to the present study that should be addressed by future research. First, the application
of a similar list learning test across the lifespan yielded some floor and ceiling effects. While results remained
unchanged when excluding performers with bottom and top scores in the lifespan sample, development and
validation of new tests with adaptive difficulty level may yield improved measures of learning slope across the
lifespan. It should also be noted that the verbal learning tests used here were designed with four semantic catego-
ries, and results may not be directly transferable to other popular verbal learning tests such as the Rey Auditory
Verbal Learning Test® or the Hopkins Verbal Learning test—Revised®® used in other studies. It is also evident
that since the learning material used is verbal, effects may be limited to verbal learning, and cannot necessarily
be generalized to other modalities. Also, we used a readily available and simple measure of short term learning
slope, and more complex and detailed measures, such as items touched and turnover may reveal differences across
the lifespan®. Since education was not collected in a comparable manner across all participants, the relations to
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education could not be investigated. As cognitive training samples, including the present, typically are not very
large, we did not have the possibility to replicate findings in separate subsamples. Future studies are needed to
investigate further whether learning slope may be useful e.g. in the selection of participants for training stud-
ies. Furthermore, the participants in all studies were cognitively healthy. Differences in learning rate have been
reported in clinical groups®, and future studies should investigate to what extent short-term learning slope posit
the same relations to hippocampal characteristics, long-term learning benefit and genetic influences in clinical
groups. It should also be noted that heritability of learning slope was only evaluated in middle aged men, and
this needs to be studied also across sex and ages.

Conclusions

These results indicate that extent of plasticity of memory, i.e. short-term rate of verbal learning, has unique
predictive value for long-term hippocampal characteristics and training benefits across the human lifespan, and
is heritable. This calls for memory plasticity, beyond performance per se, as an important biomarker through
the lifespan.

Methods
All methods were carried out in accordance with relevant guidelines and regulations, including the Declaration
of Helsinki.

Lifespan and memory training samples.  For these samples, the studies were approved by the Regional
Ethical Committee of South East Norway https://helseforskning.etikkom.no/komiteerogmoter/sorost/sekretaria
t?region=10795&p_dim=34981&_ikbLanguageCode=us . Informed consent was obtained for all participants; in
writing from those 16 years and older, and from parents of participants below 16 years of age. (In Norway, where
the data from the young participants was collected, the age of majority for health-related questions is 16 years of
age.) Participants 12 years and older also gave oral consent.

Lifespan sample: LCBC. Participants in the lifespan sample (1) were cognitively healthy community-
dwelling volunteers. A total of 3483 valid scans and combined test session data from 1825 cognitively healthy
participants, 4.1-93.4 years of age (mean visit age = 36.5 years, SD =25.1 years), were drawn from four Norwegian
sub-studies coordinated by the Center for Lifespan Changes in Brain and Cognition (LCBC); The Norwegian
Mother and Child Cohort Neurocognitive Study (with partcipants recruited from the Norwegian Mother, Father
and Child Cohort study, MoBa, at the Norwegian Institute of Public Health, see)®', Neurocognitive Development
(ND)®, Cognition and Plasticity Through the Lifespan (CPLS)%, Neurocognitive Plasticity (NCP)®. MoBa, ND,
and CPLS were observational studies. However, within the CPLS sample, 22 persons, with a total of 41 observa-
tions, were offered 8 weeks of memory training memory as a precursor study to the NCP study, but without the
same memory training benefit measure (100 words test, see below). Separate analyses were thus conducted with
and without these observations. In the NCP study, all were offered one or two 10-week periods of memory train-
ing or rest, with scans in between these. All persons in the NCP project were offered memory training at some
time point, and separate analyses were thus conducted without these, as well as with these only (see below for
separate description of NCP procedures). The majority of participants in the lifespan sample were followed lon-
gitudinally, with intervals ranging 0.2-11.0 years (mean = 3.1 years, SD = 2.7 years). The sample is partly overlap-
ping with®>%%. Education was initially recorded somewhat differently across sub-projects, but for most, education
was recorded as number of years of education to the highest attained degree for adults (age >18 years), and for
participants below 18 years of age, the average of paternal and maternal years of education to the highest attained
degree was entered, or if unavailable, for one parent (either available). By this measure, education was obtained
in a comparable manner for most participants (n=1253, mean=16.1 years, SD =2.7 years, range 8-23 years at
first timepoint; this education was collected for additional participants later on, in total n=1376, mean=16.3,
SD=2.7, range 8-23 years). Dementia, previous stroke with sequela, Parkinson’s disease, and other neurodegen-
erative diseases likely to affect cognition were exclusion criteria across all projects, with additional inclusion and
exclusion criteria being applied per study.

Participants above 60 years of age were required to have a Mini mental Status Examination® score > 26 to be
included in the present analyses. Complete absence of health problems was not required for inclusion. Partici-
pants with common health conditions, such as moderately elevated blood pressure and being on antihypertensive
treatment, were not excluded. They were recruited in part by newspaper and online adverts, and in part through
the population registry cohort study MoBa®'. Additional criteria for being included in the present analyses were
(1) having data recorded for all five learning trials for CVLT, and (2) having a valid anatomical MRI scan with
successful automatic hippocampal segmentation (see below). Sample descriptions for the total sample binned
by timepoints are given in Table 1. Additional descriptions including distribution of sub-study samples per
timepoint are given in Supplementary Table 1. All participants were compensated a modest sum for their par-
ticipation, depending on amount of examinations (for the structural scan session around NOK 500, or USD $60).

Training sample: neurocognitive plasticity (NCP). The sample was a subsample of the lifespan sample
described above, who took part in memory training in the project Neurocognitive Plasticity at the Center for
Lifespan Changes in Brain and Cognition (LCBC), Department of Psychology, University of Oslo. The final
sample for this analysis after application of exclusion criteria (see below) consisted of a group of younger (n=>56,
of whom 30 females, mean age =26.4 years, SD=3.1 years, range =20.5-31.1 years), and older adults (n=99, of
whom 63 females, mean age=73.3 years, SD =3.0 years, range =69.0-81.9 years). Mean years of education for
the sample was 15.4 years (SD=2.7 years, range 7.5-21 years). Participants were recruited through newspaper
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and web page adverts and were screened with a health interview. Participants were required to be either young
or older (in or around their 20 s or 70 s, respectively) healthy adults, right-handed, fluent Norwegian speak-
ers, and have normal or corrected to normal vision and hearing. Exclusion criteria were history of injury or
disease known to affect central nervous system function, including neurological or psychiatric illness or serious
head trauma, being under psychiatric treatment, use of psychoactive drugs known to affect central nervous
system functioning, and MRI contraindications. Moreover, for inclusion in the present study, participants were
required to score>26 on the Mini-Mental State Examination (MMSE)® and have scores within normal range
(=2 standard deviations below mean) for age and sex on the 5-min delayed recall subtest of the California Verbal
Learning Test II*°. All participants further had to achieve an IQ above 85 on the Wechsler Abbreviated Scale of
Intelligence®. Three participants in the older group were excluded based on these criteria. Participant scans were
evaluated by a neuroradiologist and deemed free of significant injuries or conditions. The images were further
manually quality checked for artifacts affecting segmentation, and one older participant was excluded from the
MRI analysis due to scan artifacts, while another had missing MRI data, reducing the sample for hippocampal
volume relations to n=153. Only participants who underwent follow-up assessment after memory training and
neuropsychological tests at baseline were included in the current analyses. A total of 25 participants (11 young,
14 older) dropped out before the follow-up session, and were thus excluded from the longitudinal plasticity
analyses. The participants who dropped out reported that the participation was too time consuming or that the
particular time frame for assessment was inconvenient. Additionally, memory test data for time point 1 was lack-
ing for one participant, who was hence excluded from the present analyses. For details of the memory training
program, see Supplementary material S1 and”.

MRI data acquisition. Participants were scanned at a total of 4 S scanners at 2 sites (1: Oslo University Hos-
pital, Oslo, 2: St.Olav’s Hospital, Trondheim): A 1.5 T Avanto equipped with a 12 channel head coil (Site 1 and
2),a3 T Skyra equipped with a 24-channel Siemens head coil (Site 1) or a 3 T Prisma equipped with a 32 channel
head coil (Site 1) (all Siemens Medical Systems, Erlangen, Germany). Our MRI data acquisition methods are also
described elsewhere, see!*%%. The pulse sequence used for morphometric analyses were one to two 3D sagittal
T1-weighted MPRAGE sequences. Avanto site 1 and 2: 160 slices, repetition time (TR), 2400 ms; echo time (TE),
3.61 ms/3.79 ms (Site 1/2); time to inversion, 1000 ms; flip angle, 8% matrix, 192 x 192; field of view, 240; voxel
size, 1.25x 1.25x 1.20 mm per participant per visit. Scanning time for each MPRAGE sequence was 7 min 42 s.
For the children recruited for the MoBa study we used a parallel imaging technique (iPAT), using the same scan
parameters, acquiring multiple T1-scans within a short scan time (acquisition duration of 4 min 18 s.), enabling
us to discard scans with residual movement.

Skyra: 176 slices, TR =2300 ms, TE =2.98 ms, flip angle = 8°, voxel size=1x 1 x 1 mm, FOV =256 x 256 mm.
Prisma: 208 slices, TR=2400 ms, TE=2.22 ms, TI=1000 ms, flip angle =8°, voxel size=0.8 X 0.8 x 0.8 mm?>,
FOV =240 x 256 mm?. Other MRI volumes were recorded including sequences intended for and examined by
a radiologist, to rule out and medically follow up incidental neuroradiological findings. Distribution of scans
from the different scanners per timepoint is given in Supplementary Material (please see Supplementary Table 2).

Image analysis. All scans were reviewed for quality and automatically corrected for spatial distortion’".
Images were first automatically processed cross-sectionally for each time point with the FreeSurfer software
package (version 6.0). This processing includes motion correction, removal of non-brain tissue, automated
Talairach transformation, intensity correction and automatic volumetric segmentation, including hippocampal
volumetric segmentation’>”. In older subjects, FreeSurfer is shown to calculate consistent hippocampal volumes
with reproducibility errors of 3.4-3.6%"*. While FreeSurfer has previously been shown to yield higher volume
estimates than manual segmentation, particularly in younger than older adults”, these biases have been shown
to be weaker in version 6.0 than in previous versions’.To extract reliable longitudinal subcortical volume esti-
mates, the images were run through the longitudinal stream in FreeSurfer’””8. Specifically, an unbiased within-
subject template volume based on the cross-sectional images was created for each participant, and processing of
all time points was then initialized using common information from this template. This increased sensitivity and
robustness of the longitudinal analysis and ensured inverse consistency’”. In addition, new probabilistic meth-
ods (temporal fusion) were applied to further reduce the variability across time points. Participants followed-up
on different MRI scanners were independently processed for each scanner. To allow assessment of differences
between scanners, 24 participants were scanned on all three scanners from Oslo University Hospital on the
same day. Linear regression analyses were run testing the concordance between hippocampal volumes between
scanners, yielding excellent agreement (Avanto vs Prisma R*=0.93; Prisma vs Skyra R?=0.94; Prisma vs. Avanto
R?=0.90). Thus, including scanner as covariate in the analyses would almost perfectly account for any possible
scanner bias.

Twin sample: the Vietnam era twin study of aging (VETSA). The VETSA is a longitudinal study
of cognitive and brain aging, with baseline in midlife (mean age=55.9, SD=2.4, range 51.1-60.7). Memory
data was initially available from 1291 participants. Of these, fifty-one cases were excluded due to errors in test
administration, or because participant reported a history of stroke or other brain disease (e.g., brain cancer).
All participants gave written informed consent to be in the study. The study protocol was approved by the Insti-
tutional review boards of the participating institutions, the Human Research Protections Program of the Uni-
versity of California, San Diego https://irb.ucsd.edu/Home.FWx , and the Boston Medical Center and Boston
University Medical Campus Institutional Review Board http://www.bumc.bu.edu/irb/. Data for this study were
collected at 2 sites: University of California, San Diego, and Boston University. For the 1240 men included in the
present analysis, mean level of education was 13.8 years (SD =2.1; range 8-20). Memory analyses included 338
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monozygotic (MZ) and 254 dizygotic (DZ) twin pairs and an additional 56 unpaired twins from two sites (see
Supplementary Material S1).

Memory tests. Different versions of the California Verbal Learning Test (CVLT)****” were used across
subprojects of the Lifespan sample and the VETSA sample. The standard CVLT administration procedure, with
a list of 16 words read to the participant over five trials was followed, with the exception of children below
6.5 years, where the list was reduced to 12 words. After each trial the participant was asked to repeat all of the
words she/he could remember. Following these initial learning trials an interference list was read, and the par-
ticipant was then asked to recall all of the words from the new list as possible. The interference list was followed
by a short delay free recall of the first list (“5 min recall”). Approximately 20 min later there was a long delay
free recall of the first list (delayed recall). Directly following the short and long delay free recall conditions, a
cued recall condition was administered in which the participant was prompted with the four semantic categories
of the words on the first list (in the reduced 12 word version for children, one word was subtracted from each
category, so categories were retained). In the VETSA sample, the CVLT II original version was used. Different
Norwegian versions of the CVLT, including the CVLT I, CVLT II original and alternate version®**>7°, were
used in different follow-up waves of the lifespan sample, to reduce direct recall effects across testing occasions.
In addition, two additional word list tests were created, mimicking the exact structure of the CVLT, with 16
words across 4 different semantic categories, were created and employed, given the multitude of follow-ups. This
yielded 5 different word list tests, all used in NCP (for participants completing all 6 follow-ups here, the original
CVLT II version was used at TP2 and Tp6). On the majority of testing occasions, CVLT II was used, in either
the original (1311 occasions) or alternate version (1185 occasions), of which a small proportion involved testing
children below 6.5 years, and hence administration of the simplified version of these (249 occasions in total).
CVLT 1 was administered on 559 occasions, and a created version on a total of 427 occasions. Test version was
controlled for in analyses (see “Statistical analyses”).

Learning slope, calculated as trial 5 minus trial 1 score, was used as measure of learning slope. The first trial
learning score (the “offset”) as well as the total of trials 1 through 5, i.e. total learning, were used as covariates in
analyses. The long delay free recall condition was utilized as indicator of delayed verbal recall.

In the memory training sample, NCP, benefit from memory training was measured by change in correct writ-
ten recall of a word list consisting of 100 nouns administrated in the laboratory on the neuropsychological test
sessions on baseline and after the intervention, on the follow-up test. The task measured change in correct writ-
ten recall of a word list consisting of 100 nouns, in terms of number of nouns remembered (regardless of serial
position), that is the score post-intervention minus baseline score. The participants were given five minutes to
memorize the word list, followed by ten minutes to recall as many words as possible. The words in the lists differed
between the two time points. The extensive length of the word lists was chosen to avoid ceiling effects. For more
details regarding memory training program and the individual adjustments, see Supplementary Material $17°.

Statistical analyses. Analyses were run in R® version 3.6.1. General Additive Mixed Models (GAMM)
using the package “mgcv”®! version 1.8-28 were used to derive age-functions with a random intercept term per
participant. Delayed verbal recall was predicted from a linear function of verbal learning slope, with a smooth
function of age, and linear functions of sex and first trial learning and total learning across five trials as covari-
ates, along with verbal learning test version and subject timepoint (to account for effects of repeat test admin-
istrations throughout the follow-up period). Hippocampal volumes were predicted from a linear function of
verbal learning slope, with a smooth function of age, and linear functions of verbal learning test version, sex,
scanner, intracranial volume, first trial learning and total learning across five trials as covariates, along with sub-
ject timepoint. Marginal maximum likelihood was used for smoothness selection.

To test the hypothesis that rate of learning as assessed within a single session is positively related to plasticity
as assessed in long-term memory training, we correlated within-session learning slope (first administration of
CVLT) and plastic changes across 10 weeks in the experimental training sample (sample 1) undergoing extended
memory training. Age, sex and baseline scores (CVLT trial 1, 100 words test score pre-training) were partialled
out, along with interval between first administration of CVLT and the pre-training 100 words test score. To
check whether plasticity as assessed in long-term memory training was also related to hippocampal volume, we
correlated change in 100 words recall after 10 weeks memory training (100 words post-training test—100 words
pre-training test) with hippocampal volume at first MRI. Age, sex and 100 words test score pre-training were
partialled out, along with interval between first MRI and the pre-training 100 words test score. Procedures for
additional follow-up analyses are described in the Results section and in Supplementary Material S1.

To test the hypothesis that learning slope was heritable and that heritability increased with learning, multivari-
ate biometric analyses were performed using the structural equation modelling software OpenMX®2. A multivari-
ate Cholesky decomposition model was first fit to the data in order to estimate the genetic and environmental
variances and covariances among the learning trials. The Cholesky also allowed us to estimate the heritability
(i.e., the standardized genetic variance) at each trial. The genetically informative latent growth curve model
was fit using a variant of the widely used common pathway or psychometric factors model®. In this model, two
latent factors were fit to the data, representing intercept and linear slope. Loadings for the intercept factor were
fixed at 1.0, while loadings of the slope factor were fixed at — 2, — 1, 0, 1, and 2 (centering the data at trial three).
Residual variance of each observed variable was constrained to be equal, and the model was specified so that
only unique environmental factors could contribute to the residual variance. The variances of the intercept and
slope factors were decomposed into additive genetic (A), common environmental (C), and unique environmental
(E) variance components, and the latent factors were allowed to correlate at genetic and environmental levels.

Scientific Reports |

(2020) 10:21158 | https://doi.org/10.1038/s41598-020-78225-1 nature research



www.nature.com/scientificreports/

Data availability

Data not published are subject to restricted access due to ethical and data protection legislation, but will be made
available pending reasonable request, appropriate institutional data protection security measures, and pending
ethical approval.

Received: 21 December 2019; Accepted: 12 November 2020
Published online: 03 December 2020

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Das, S. R. et al. Anterior and posterior MTL networks in aging and MCI. Neurobiol. Aging 36(Suppl 1), S141-150. https://doi.
org/10.1016/j.neurobiolaging.2014.03.041 (2015).

Tromp, D., Dufour, A., Lithfous, S., Pebayle, T. & Despres, O. Episodic memory in normal aging and Alzheimer disease: insights
from imaging and behavioral studies. Ageing Res. Rev. 24, 232-262. https://doi.org/10.1016/j.arr.2015.08.006 (2015).

. Wolk, D. A, Dunfee, K. L., Dickerson, B. C., Aizenstein, H. J. & DeKosky, S. T. A medial temporal lobe division of labor: insights

from memory in aging and early Alzheimer disease. Hippocampus 21, 461-466. https://doi.org/10.1002/hip0.20779 (2011).

. Thompson, P. M. et al. Genetic influences on brain structure. Nat. Neurosci. 4, 1253-1258. https://doi.org/10.1038/nn758 (2001).
. 5Peper, J. S., Brouwer, R. M., Boomsma, D. I., Kahn, R. S. & Hulshoff Pol, H. E. Genetic influences on human brain structure: a

review of brain imaging studies in twins. Hum. Brain Map. 28, 464-473. doi:https://doi.org/10.1002/hbm.20398 (2007).

. Reynolds, C. A. & Finkel, D. A meta-analysis of heritability of cognitive aging: minding the “missing heritability” gap. Neuropsychol.

Rev. 25, 97-112. https://doi.org/10.1007/s11065-015-9280-2 (2015).

. Tulving, E. Episodic memory: from mind to brain. Annu. Rev. Psychol. 53, 1-25. https://doi.org/10.1146/annurev.psych.53.10090

1.135114 (2002).

. Jansen, A. G., Mous, S. E., White, T., Posthuma, D. & Polderman, T. J. What twin studies tell us about the heritability of brain

development, morphology, and function: a review. Neuropsychol. Rev. 25, 27-46. https://doi.org/10.1007/s11065-015-9278-9 (2015).

. McGue, M. & Christensen, K. The heritability of level and rate-of-change in cognitive functioning in Danish twins aged 70 years

and older. Exp. Aging Res. 28, 435-451. https://doi.org/10.1080/03610730290080416 (2002).

Panizzon, M. S. et al. Genetic architecture of learning and delayed recall: a twin study of episodic memory. Neuropsychology 25,
488-498. https://doi.org/10.1037/a0022569 (2011).

de Lange, A. G. et al. White matter integrity as a marker for cognitive plasticity in aging. Neurobiol. Aging 47, 74-82. https://doi.
org/10.1016/j.neurobiolaging.2016.07.007 (2016).

de Lange, A. G. et al. The effects of memory training on behavioral and microstructural plasticity in young and older adults. Hum.
Brain Map. 38, 5666-5680. https://doi.org/10.1002/hbm.23756 (2017).

Fjell, A. M. et al. Brain events underlying episodic memory changes in aging: a longitudinal investigation of structural and func-
tional connectivity. Cereb. Cortex 26, 1272-1286. https://doi.org/10.1093/cercor/bhv102 (2016).

Fjell, A. M. et al. Morphometric changes in the episodic memory network and tau pathologic features correlate with memory
performance in patients with mild cognitive impairment. AJNR Am. J. Neuroradiol. 29, 1183-1189. https://doi.org/10.3174/ajnr.
A1059 (2008).

Ostby, Y., Tamnes, C. K., Fjell, A. M. & Walhovd, K. B. Dissociating memory processes in the developing brain: the role of hip-
pocampal volume and cortical thickness in recall after minutes versus days. Cereb. Cortex 22, 381-390. https://doi.org/10.1093/
cercor/bhr116 (2012).

Tamnes, C. K. et al. Regional hippocampal volumes and development predict learning and memory. Dev. Neurosci. 36, 161-174.
https://doi.org/10.1159/000362445 (2014).

Walhovd, K. B. et al. Multimodal imaging in mild cognitive impairment: metabolism, morphometry and diffusion of the temporal-
parietal memory network. Neurolmage 45, 215-223. https://doi.org/10.1016/j.neuroimage.2008.10.053 (2009).

Fjell, A. M. et al. Brain atrophy in healthy aging is related to CSF levels of Abetal-42. Cereb. Cortex 20, 2069-2079. https://doi.
org/10.1093/cercor/bhp279 (2010).

. Krogsrud, S. K. et al. Development of hippocampal subfield volumes from 4 to 22 years. Hum. Brain Mapp. 35, 5646-5657. https

://doi.org/10.1002/hbm.22576 (2014).

Ostby, Y. et al. Heterogeneity in subcortical brain development: a structural magnetic resonance imaging study of brain maturation
from 8 to 30 years. J. Neurosci. 29, 11772-11782. https://doi.org/10.1523/J]NEUROSCI.1242-09.2009 (2009).

Walhovd, K. B. et al. Combining MR imaging, positron-emission tomography, and CSF biomarkers in the diagnosis and prognosis
of Alzheimer disease. AJNR 31, 347-354. https://doi.org/10.3174/ajnr.A1809 (2010).

Walhovd, K. B. et al. Size does matter in the long run: hippocampal and cortical volume predict recall across weeks. Neurology 63,
1193-1197 (2004).

Walhovd, K. B. et al. Consistent neuroanatomical age-related volume differences across multiple samples. Neurobiol. Aging 32,
916-932. https://doi.org/10.1016/j.neurobiolaging.2009.05.013 (2011).

Walhovd, K. B. et al. Effects of age on volumes of cortex, white matter and subcortical structures. Neurobiol. Aging 26, 1261-1270.
https://doi.org/10.1016/j.neurobiolaging.2005.05.020 (2005).

Engvig, A. et al. Effects of cognitive training on gray matter volumes in memory clinic patients with subjective memory impair-
ment. JAD 41, 779-791. https://doi.org/10.3233/JAD-131889 (2014).

Engvig, A. et al. Hippocampal subfield volumes correlate with memory training benefit in subjective memory impairment. Neu-
rolmage 61, 188-194. https://doi.org/10.1016/j.neuroimage.2012.02.072 (2012).

Walhovd, K. B. et al. Premises of plasticity: and the loneliness of the medial temporal lobe. NeuroImage 131, 48-54. https://doi.
org/10.1016/j.neuroimage.2015.10.060 (2016).

Tierney, M. C., Yao, C,, Kiss, A. & McDowell, I. Neuropsychological tests accurately predict incident Alzheimer disease after 5 and
10 years. Neurology 64, 1853-1859. https://doi.org/10.1212/01.WNL.0000163773.21794.0B (2005).

Schmidt, M. Rey Auditory and Verbal Learning Test: A handbook. (Western Psychological Services 1996).

Delis, D. C., Kramer, J. H., Kaplan, E. & Ober, B. A. California verbal learning test: second edition (CVLT - II) (The Psychological
Corporation, San Antonio, TX, 2000).

Willis, S. L. & Schaie, K. W. Cognitive training and plasticity: theoretical perspective and methodological consequences. Restor.
Neurol. Neurosci. 27, 375-389. https://doi.org/10.3233/RNN-2009-0527 (2009).

Baltes, P. B. & Lindenberger, U. On the range of cognitive plasticity in old-age as a function of experience: 15 years of intervention
research. Behav. Ther. 19, 283-300. https://doi.org/10.1016/S0005-7894(88)80003-0 (1988).

Engvig, A. et al. Effects of memory training on cortical thickness in the elderly. NeuroImage 52, 1667-1676. https://doi.
org/10.1016/j.neuroimage.2010.05.041 (2010).

Fox, P. W,, Hershberger, S. L. & Bouchard, T. J. Jr. Genetic and environmental contributions to the acquisition of a motor skill.
Nature 384, 356-358. https://doi.org/10.1038/384356a0 (1996).

Scientific Reports |

(2020) 10:21158 | https://doi.org/10.1038/s41598-020-78225-1 nature research


https://doi.org/10.1016/j.neurobiolaging.2014.03.041
https://doi.org/10.1016/j.neurobiolaging.2014.03.041
https://doi.org/10.1016/j.arr.2015.08.006
https://doi.org/10.1002/hipo.20779
https://doi.org/10.1038/nn758
https://doi.org/10.1002/hbm.20398
https://doi.org/10.1007/s11065-015-9280-2
https://doi.org/10.1146/annurev.psych.53.100901.135114
https://doi.org/10.1146/annurev.psych.53.100901.135114
https://doi.org/10.1007/s11065-015-9278-9
https://doi.org/10.1080/03610730290080416
https://doi.org/10.1037/a0022569
https://doi.org/10.1016/j.neurobiolaging.2016.07.007
https://doi.org/10.1016/j.neurobiolaging.2016.07.007
https://doi.org/10.1002/hbm.23756
https://doi.org/10.1093/cercor/bhv102
https://doi.org/10.3174/ajnr.A1059
https://doi.org/10.3174/ajnr.A1059
https://doi.org/10.1093/cercor/bhr116
https://doi.org/10.1093/cercor/bhr116
https://doi.org/10.1159/000362445
https://doi.org/10.1016/j.neuroimage.2008.10.053
https://doi.org/10.1093/cercor/bhp279
https://doi.org/10.1093/cercor/bhp279
https://doi.org/10.1002/hbm.22576
https://doi.org/10.1002/hbm.22576
https://doi.org/10.1523/JNEUROSCI.1242-09.2009
https://doi.org/10.3174/ajnr.A1809
https://doi.org/10.1016/j.neurobiolaging.2009.05.013
https://doi.org/10.1016/j.neurobiolaging.2005.05.020
https://doi.org/10.3233/JAD-131889
https://doi.org/10.1016/j.neuroimage.2012.02.072
https://doi.org/10.1016/j.neuroimage.2015.10.060
https://doi.org/10.1016/j.neuroimage.2015.10.060
https://doi.org/10.1212/01.WNL.0000163773.21794.0B
https://doi.org/10.3233/RNN-2009-0527
https://doi.org/10.1016/S0005-7894(88)80003-0
https://doi.org/10.1016/j.neuroimage.2010.05.041
https://doi.org/10.1016/j.neuroimage.2010.05.041
https://doi.org/10.1038/384356a0

www.nature.com/scientificreports/

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

. Soderqvist, S., Matsson, H., Peyrard-Janvid, M., Kere, J. & Klingberg, T. Polymorphisms in the dopamine receptor 2 gene region
influence improvements during working memory training in children and adolescents. J. Cognit. Neurosci. 26, 54-62. https://doi.
org/10.1162/jocn_a_00478 (2014).

Missitzi, J. et al. Plasticity in human motor cortex is in part genetically determined. J. Physiol. 589, 297-306. https://doi.org/10.1113/
jphysiol.2010.200600 (2011).

Stepanov, L. I, Abramson, C. I. & Warschausky, S. Assessment of the learning curve from the California Verbal Learning Test-
Children’s Version with the first-order system transfer function. Child Neuropsychol J. Normal Abnormal Dev. Childhood Adolesc.
17, 330-346. https://doi.org/10.1080/09297049.2010.541234 (2011).

Gifford, K. A. et al. Associations between verbal learning slope and neuroimaging markers across the cognitive aging spectrum.
J. Int. Neuropsychol. Soc. JINS 21, 455-467. https://doi.org/10.1017/S1355617715000430 (2015).

Bender, A. R. et al. Hippocampal subfields and limbic white matter jointly predict learning rate in older adults. Cereb. Cortex https
://doi.org/10.1093/cercor/bhz252 (2019).

Scoville, W. B. & Milner, B. Loss of recent memory after bilateral hippocampal lesions. J. Neurol. Neurosurg. Psychiatry 20, 11-21
(1957).

Dresler, M. et al. Mnemonic training reshapes brain networks to support superior memory. Neuron 93, 1227-1235. https://doi.
org/10.1016/j.neuron.2017.02.003 (2017).

Beam, C. R. & Turkheimer, E. Phenotype-environment correlations in longitudinal twin models. Dev. Psychopathol. 25, 7-16. https
://doi.org/10.1017/S0954579412000867 (2013).

Bronfenbrenner, U. & Ceci, S. J. Nature-nurture reconceptualized in developmental perspective: a bioecological model. Psychol.
Rev. 101, 568-586 (1994).

Sameroff, A. in The Transactional Model (ed A. Sameroff) Ch. 1, 3-21 (American Psychological Association, 2009).

Bellander, M. et al. Lower baseline performance but greater plasticity of working memory for carriers of the val allele of the COMT
Val(1)(5)(8)Met polymorphism. Neuropsychology 29, 247-254. https://doi.org/10.1037/neu0000088 (2015).

Cheeran, B. et al. A common polymorphism in the brain-derived neurotrophic factor gene (BDNF) modulates human cortical
plasticity and the response to rTMS. J. Physiol. 586, 5717-5725. https://doi.org/10.1113/jphysiol.2008.159905 (2008).

Lovden, M. et al. Performance-related increases in hippocampal N-acetylaspartate (NAA) induced by spatial navigation training
are restricted to BDNF Val homozygotes. Cereb. Cortex 21, 1435-1442. https://doi.org/10.1093/cercor/bhq230 (2011).

Witte, A. V. et al. Interaction of BDNF and COMT polymorphisms on paired-associative stimulation-induced cortical plasticity.
J. Neurosci. 32, 4553-4561. https://doi.org/10.1523/J]NEUROSCI.6010-11.2012 (2012).

Freundlieb, N. et al. No association of the BDNF val66met polymorphism with implicit associative vocabulary and motor learning.
PLoS ONE 7, 48327. https://doi.org/10.1371/journal.pone.0048327 (2012).

Fjell, A. M. et al. Critical ages in the life course of the adult brain: nonlinear subcortical aging. Neurobiol. Aging 34, 2239-2247.
https://doi.org/10.1016/j.neurobiolaging.2013.04.006 (2013).

Walhovd, K. B. et al. Maturation of cortico-subcortical structural networks-segregation and overlap of medial temporal and fronto-
striatal systems in development. Cereb. Cortex https://doi.org/10.1093/cercor/bht424 (2014).

Delis, D. C., Kramer, J. H., Kaplan, E. & Ober, B. A. California Verbal Learning Test: Adult Version. Manual. (Psychological Cor-
poration, 1987).

Davis, H. P. et al. Subjective organization, verbal learning, and forgetting across the life span: from 5 to 89. Exp. Aging Res. 39,
1-26. https://doi.org/10.1080/0361073X.2013.741956 (2013).

Rast, P. Verbal knowledge, working memory, and processing speed as predictors of verbal learning in older adults. Dev. Psychol.
47, 1490-1498. https://doi.org/10.1037/a0023422 (2011).

Yu, Y, FitzGerald, T. H. & Friston, K. ]. Working memory and anticipatory set modulate midbrain and putamen activity. J. Neurosci.
33, 14040-14047. https://doi.org/10.1523/JNEUROSCI.1176-13.2013 (2013).

Morris, J. S. Functional regression. Annu. Rev. Stat. Appl. 2, 321-359. https://doi.org/10.1146/annurev-statistics-010814-020413
(2015).

Rey, A. Lexamen clinique en psychologie. (Presses Universitaires de France., 1964).

Benedict, R. H. B., Schretlen, D., Groninger, L. & Brandt, ]. Hopkins verbal learning test revised: normative data and analysis of
inter-form and test-retest reliability. Clin. Neuropsychol. 12, 43-55. https://doi.org/10.1076/clin.12.1.43.1726 (1998).

Blachstein, H. & Vakil, E. Verbal learning across the lifespan: an analysis of the components of the learning curve. Neuropsychol.
Dev. Cogn. B Aging Neuropsychol. Cogn 23, 133-153. https://doi.org/10.1080/13825585.2015.1063579 (2016).

Hansen, T. I. et al. Cognitive deficits associated with impaired awareness of hypoglycaemia in type 1 diabetes. Diabetologia 60,
971-979. https://doi.org/10.1007/s00125-017-4233-3 (2017).

Krogsrud, S. K. et al. Changes in white matter microstructure in the developing brain: a longitudinal diffusion tensor imaging
study of children from 4 to 11years of age. Neurolmage 124, 473-486. https://doi.org/10.1016/j.neuroimage.2015.09.017 (2016).
Tamnes, C. K. et al. Longitudinal working memory development is related to structural maturation of frontal and parietal cortices.
J. Cognit. Neurosci. 25, 1611-1623. https://doi.org/10.1162/jocn_a_00434 (2013).

Storsve, A. B. et al. Differential longitudinal changes in cortical thickness, surface area and volume across the adult life span: regions
of accelerating and decelerating change. J. Neurosci. 34, 8488-8498. https://doi.org/10.1523/J]NEUROSCI.0391-14.2014 (2014).
de Lange, A. G., Brathen, A. C. S., Rohani, D. A, Fjell, A. M. & Walhovd, K. B. The temporal dynamics of brain plasticity in aging.
Cereb. Cortex https://doi.org/10.1093/cercor/bhy003 (2018).

Fjell, A. M. et al. Development and aging of cortical thickness correspond to genetic organization patterns. Proc. Natl. Acad. Sci.
U.S.A. 112, 15462-15467. https://doi.org/10.1073/pnas.1508831112 (2015).

Walhovd, K. B. et al. Neurodevelopmental origins of lifespan changes in brain and cognition. Proc. Natl. Acad. Sci. U.S.A. 113,
9357-9362. https://doi.org/10.1073/pnas.1524259113 (2016).

Folstein, M. E, Folstein, S. E. & Mchugh, P. R. Mini-mental state: practical method for grading cognitive state of patients for clini-
cian. J. Psychiatr. Res. 12, 189-198. https://doi.org/10.1016/0022-3956(75)90026-6 (1975).

Folstein, M. E, Folstein, S. E. & McHugh, P. R. Mini-mental state: a practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 12, 189-198 (1975).

Wechsler, D. Wechsler abbreviated scale of intelligence (The Psychological Corporation, San Antonio, TX, 1999).

de Lange, A. G. et al. The effects of memory training on behavioral and microstructural plasticity in young and older adults (Brain
Map, Hum, 2017). .

Jovicich, J. et al. Reliability in multi-site structural MRI studies: effects of gradient non-linearity correction on phantom and human
data. NeuroImage 30, 436-443. https://doi.org/10.1016/j.neuroimage.2005.09.046 (2006).

Fischl, B. et al. Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron 33,
341-355 (2002).

Han, X. et al. Reliability of MRI-derived measurements of human cerebral cortical thickness: the effects of field strength, scanner
upgrade and manufacturer. Neurolmage 32, 180-194. https://doi.org/10.1016/j.neuroimage.2006.02.051 (2006).

Jovicich, J. et al. MRI-derived measurements of human subcortical, ventricular and intracranial brain volumes: reliability effects of
scan sessions, acquisition sequences, data analyses, scanner upgrade, scanner vendors and field strengths. Neurolmage 46, 177-192.
https://doi.org/10.1016/j.neuroimage.2009.02.010 (2009).

Scientific Reports |

(2020) 10:21158 | https://doi.org/10.1038/s41598-020-78225-1 nature research


https://doi.org/10.1162/jocn_a_00478
https://doi.org/10.1162/jocn_a_00478
https://doi.org/10.1113/jphysiol.2010.200600
https://doi.org/10.1113/jphysiol.2010.200600
https://doi.org/10.1080/09297049.2010.541234
https://doi.org/10.1017/S1355617715000430
https://doi.org/10.1093/cercor/bhz252
https://doi.org/10.1093/cercor/bhz252
https://doi.org/10.1016/j.neuron.2017.02.003
https://doi.org/10.1016/j.neuron.2017.02.003
https://doi.org/10.1017/S0954579412000867
https://doi.org/10.1017/S0954579412000867
https://doi.org/10.1037/neu0000088
https://doi.org/10.1113/jphysiol.2008.159905
https://doi.org/10.1093/cercor/bhq230
https://doi.org/10.1523/JNEUROSCI.6010-11.2012
https://doi.org/10.1371/journal.pone.0048327
https://doi.org/10.1016/j.neurobiolaging.2013.04.006
https://doi.org/10.1093/cercor/bht424
https://doi.org/10.1080/0361073X.2013.741956
https://doi.org/10.1037/a0023422
https://doi.org/10.1523/JNEUROSCI.1176-13.2013
https://doi.org/10.1146/annurev-statistics-010814-020413
https://doi.org/10.1076/clin.12.1.43.1726
https://doi.org/10.1080/13825585.2015.1063579
https://doi.org/10.1007/s00125-017-4233-3
https://doi.org/10.1016/j.neuroimage.2015.09.017
https://doi.org/10.1162/jocn_a_00434
https://doi.org/10.1523/JNEUROSCI.0391-14.2014
https://doi.org/10.1093/cercor/bhy003
https://doi.org/10.1073/pnas.1508831112
https://doi.org/10.1073/pnas.1524259113
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/j.neuroimage.2005.09.046
https://doi.org/10.1016/j.neuroimage.2006.02.051
https://doi.org/10.1016/j.neuroimage.2009.02.010

www.nature.com/scientificreports/

75. Wenger, E. et al. Comparing manual and automatic segmentation of hippocampal volumes: reliability and validity issues in younger
and older brains. Hum. Brain Mapp. 35, 4236-4248. https://doi.org/10.1002/hbm.22473 (2014).

76. Schmidt, M. E et al. A comparison of manual tracing and FreeSurfer for estimating hippocampal volume over the adult lifespan.
Hum. Brain Mapp. 39, 2500-2513. https://doi.org/10.1002/hbm.24017 (2018).

77. Reuter, M., Rosas, H. D. & Fischl, B. Highly accurate inverse consistent registration: a robust approach. Neurolmage 53, 1181-1196.
https://doi.org/10.1016/j.neuroimage.2010.07.020 (2010).

78. Reuter, M., Schmansky, N. J., Rosas, H. D. & Fischl, B. Within-subject template estimation for unbiased longitudinal image analysis.
Neurolmage 61, 1402-1418. https://doi.org/10.1016/j.neuroimage.2012.02.084 (2012).

79. Lundervold, A. J. & Sundet, K. S. Versjon av CVLT-II (Manualsupplement, Psykologiforlaget AB, 2004).

80. Team, R. C. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2018).

81. Wood, R. Generalized Additive Models: An Introduction with R. (Chapman and Hall/CRC, 2006).

82. Neale, M. C. et al. OpenMXx 2.0: extended structural equation and statistical modeling. Psychometrika 81, 535-549. https://doi.
0rg/10.1007/s11336-014-9435-8 (2016).

83. Kendler, K. S., Heath, A. C., Martin, N. G. & Eaves, L. J. Symptoms of anxiety and symptoms of depression: same genes, different
environments?. Arch. Gen. Psychiatry 44, 451-457. https://doi.org/10.1001/archpsyc.1987.01800170073010 (1987).

Acknowledgements

We are grateful to all participants for their time and commitment, and to all colleagues in LCBC for taking part
in the gathering and preprocessing of the data. This research was funded by grants from the Norwegian Research
Council (to KBW and AMF), the European Research Council’s Starting (Grant agreements 283634, to A.M.E
and 313440 to K.B.W.) and consolidator Grant Scheme (grant agreement 771355 to KBW and 725025 to AMF),
and the EU Horizon 2020 Grant ’Healthy minds 0-100 years: Optimizing the use of European brain imaging
cohorts (Lifebrain)’ with grant agreement 732592. VETSA is supported by US National Institute on Aging
Grants R01s AG022381, and AG050595. MSP is supported by K08 AG047903. The content of this manuscript
is solely the responsibility of the authors and does not necessarily represent the official views of the NIA/NIH,
or the U.S. Department of Veterans Affairs (VA). The VA has provided financial support for the development
and maintenance of the Vietnam Era Twin (VET) Registry. Numerous organizations have provided invaluable
assistance in the conduct of the VET Registry, including: Department of Defense; National Personnel Records
Center, National Archives and Records Administration; Internal Revenue Service; National Opinion Research
Center; National Research Council, National Academy of Sciences; the Institute for Survey Research, Temple
University. Most importantly, the authors gratefully acknowledge the continued cooperation and participation of
the members of the VET Registry. The funding sources had no role in the study design; in the collection, analysis,
and interpretation of the data; in the writing of the report; or in the decision to submit the article for publication.

Author contributions

K.B.W. and A.M.E. conceived of the idea for the manuscript. K.B.W. planned analyses and made the first manu-
script draft. A.C.S.B. contributed to planning and conduction of the memory intervention experimental train-
ing, as well as data management and preprocessing for this sub-study and critically revised the manuscript text.
AM.M. contributed to data management, assisting in analyses, and critically revised the manuscript text. @.S.
contributed to analyses and critically revised the manuscript text. A.M.dL. contributed to planning and conduc-
tion of the memory intervention experimental training, and critically revised the manuscript text. S.K.K. and
A K.H. contributed to the conceptualization and data collection of the MoBa MRI sub-study and critically revised
the manuscript text. M.S.P,, C.E.E, and W.S.K. contributed to the conceptualization of the VETSA analyses, and
critically revised the manuscript text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-78225-1.

Correspondence and requests for materials should be addressed to K.B.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21158 | https://doi.org/10.1038/s41598-020-78225-1 nature research


https://doi.org/10.1002/hbm.22473
https://doi.org/10.1002/hbm.24017
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1007/s11336-014-9435-8
https://doi.org/10.1007/s11336-014-9435-8
https://doi.org/10.1001/archpsyc.1987.01800170073010
https://doi.org/10.1038/s41598-020-78225-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Within-session verbal learning slope is predictive of lifespan delayed recall, hippocampal volume, and memory training benefit, and is heritable
	Unknown relations between learning slope within-session and across weeks, standard measures of delayed recall, and hippocampal volumes. 
	Unknown heritability of verbal learning slope. 
	Investigating whether learning slope is predictive of lifespan delayed recall, hippocampal volume, and memory training benefit, and is heritable. 
	Results
	Analyses in the lifespan sample: Learning slope is positively related to longitudinal delayed recall and hippocampal volume through the lifespan. 
	Analyses in the training sample: within-session learning slope is positively related to benefit from memory training across 10 weeks. 
	Analyses in the twin sample: genetic influences on learning slope. 

	Discussion
	Limitations and future directions
	Conclusions
	Methods
	Lifespan and memory training samples. 
	Lifespan sample: LCBC. 
	Training sample: neurocognitive plasticity (NCP). 
	MRI data acquisition. 
	Image analysis. 
	Twin sample: the Vietnam era twin study of aging (VETSA). 
	Memory tests. 
	Statistical analyses. 

	References
	Acknowledgements




