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Mnemonic strategy versus spaced retrieval training in MCI

Abstract

The termoﬁe training includes a range of techniques that hold potential for treating
cognitive @ ent caused by neurologic injury and disease. Our central premise is that
these techmiguess differ in their mechanisms of action and therefore engage distinct brain
regions (hl networks). We support this premise using data from a single-blind

randomized contfolled trial in which patients with mild cognitive impairment were randomized

¢

to either ic strategy training (MST) or spaced retrieval training (SRT) as they
learned e gi€ally relevant object location associations. Both training approaches were
highly effective ii the short term, but MST demonstrated a clear advantage after days to
weeks. M increased activation in and functional connectivity between frontal,
temporal,:)

etal regions as well as the hippocampus. In contrast, patterns of reduced

activation m\:ﬁonal connectivity were evident following SRT. These findings support the

rational develo;ment of cognitive training techniques.
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1 gz;%ing holds promise for treating cognitive deficits caused by neurologic injury
and dise uding in those with mild cognitive impairment (MCI; [1, 2]). Multiple
techniquessanemimcluded under the general umbrella of cognitive training, all of which focus
on improh-naintaining abilities using structured tasks [2, 3]. However, the current

practice ofl lumpifig diverse techniques under this umbrella term may obscure meaningful

¢

differenceggb en them and lead to suboptimal treatment. Our central premise is that

S

these tech differ in their “mechanisms of action” and engage distinct brain regions (or

neural networks)fias a result of the cognitive processes engaged. We support this premise

U

using findi a randomized controlled study and point to a future where providers will

1

be able ienally select specific cognitive training techniques that either re-engage

dysfunctiofia n regions (i.e., “restoration”) or “compensate” using relatively preserved

a

regions

Our s randomized patients with MCI to either mnemonic strategy training (MST)

M

or to tched active condition known as spaced retrieval training (SRT) while

learning egologically relevant object-location associations (OLA). MST enhances the depth

OF

of processing of the to-be-learned information by requiring the user to organize and
elaborate @ eaning” [3]. By providing general rules for patients to use across settings,

MST may to new information. Earlier studies showed that MST can improve memory

h

for sp ation (e.g., face-name or object-location associations learned using MST)

t

[4-8]; the®current study examined whether patients were able to independently use the

mnemonic strategies during training and to then apply them to novel information. We and

G

others hav n that MST increased activation in many brain regions that are affected in

MCI, inc e lateral prefrontal, parietal, and temporal cortices [4, 5, 7, 9, 10] as well as

A

the hippocampus [11]. Such findings suggest that MST’s beneficial effects arise from
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increased cognitive control by neocortical regions (i.e., “top-down” processing), which
restores the contributions of affected brain regions (e.g., hippocampus).

m, SRT is a structured rehearsal technique in which delays between study
and test aticaIIy increased [3]. An earlier review [12] found that SRT effectively
teachess speeifiesinformation (e.g., names of objects) as well as cue-behavior relationships
(e.g., redhppropriate behaviors when a cue is presented) in those with dementia.
SRT is aI@icial in those with MCI [13-15]. The mechanisms underlying SRT are not

well establish s we could not identify any neuroimaging studies in older adults. Since

S

SRT relies earsal, we hypothesized that activation-related changes would conform to

well-established Jiepetition suppression effects wherein activation is reduced in sensory

U

cortical r following multiple stimulus exposures, presumably due to increased

1

efficiency ry processing [16].

T ry findings from the current study directly support our central premise.

a

First, both training approaches were highly effective at teaching specific information over the

short term (= accuracy during training sessions), but only MST effects persisted and
showe iological and cognitive evidence of near-transfer to novel stimuli. Second,

functional magnetic resonance imaging (fMRI) demonstrated distinct patterns of change in

I

brain activation and functional connectivity during encoding as a function of cognitive training

technique cally, MST increased activation in lateral and rostral prefrontal cortex as

well as i pocampus whereas SRT reduced activation predominantly in sensory

g

cortica ee Figures 2-5 and Supplemental Materials). Changes in the MST group

t

are consdhant with increased “top-down” processing since the (ventro)lateral prefrontal

cortex is enga during successful learning [17] as well as working memory [18], cognitive

U

control [19 semantic processing [20]. Additionally, the rostral prefrontal cortex is

believe ift attention and to coordinate distinct cognitive processes [21, 22]. The

A

combination of these processes appears to support memory formation by re-engaging the

hippocampus and other medial temporal regions, which are known to be vital for learning
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and memory [23] but affected in those with MCI [24-26]. Our finding that MST increased
hippocampal and larger network functional connectivity supports such integrative processing
and, ch)ands earlier fMRI findings [4, 5, 7, 9, 11, 27]. Importantly, this increase
appears t¢ @ orative given our prior findings of reduced encoding-related activation [26]
and comneetivitymf?8] of such areas in those with MCI relative to cognitively intact controls.
MST’s aphestorative effects are even more striking given the reduced activation
shown b@T group in distinct brain regions that are generally less affected by
Alzheimer’gadig@ase (i.e., primary motor, somatosensory, and visual cortices). Non-specific
factors are"Aigy unlikely to account for these neural changes given the tightly matched

training conditio; (e.g., both groups received the exact same number of training trials and

reported able training experiences — Table 2) and comparable baseline
neuropsy igal profiles and brain volumes between the groups.
Pr lly, such findings will ultimately help establish optimal treatment

parameters for cognitive training techniques. For example, MST may be more appropriate
when reten%E’ needed for days to weeks or when transfer effects are desired. The fact
that o ts successfully developed strategies for 82% of the stimuli suggests an
relatively high level of skill was achieved during this relatively brief intervention (i.e., 405 total

trials), which Tikely explains the observed near-transfer effects. Our imaging data also

suggest e most appropriate during earlier clinical/disease stages when the above-

noted Kws/networks are relatively preserved. In contrast, SRT and possibly other

rehear pproaches (e.g., see [11]) may be most appropriate for teaching specific
informa#espex:ially when it is only needed in the short term (e.g., hours to days — such as
when an individ§| is transitioning into a new living environment). The fMRI-related changes
in typicall ed sensorimotor regions/networks suggest SRT may remain beneficial
into mmd clinical/disease stages. Thus, there may be a critical point in clinical
progression when treatment should shift from MST to SRT (or other rehearsal based

approaches).
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Conclusions

mt findings reinforce our central premise that cognitive training techniques
differ in anisms of action but limitations and additional questions exist. We
encouragestiesseplication and extension of our findings to include other cognitive training
approachh more extensive mapping of the parameter space. Our data used a

respectable sample size for this area of study and largely replicated and extended our earlier

C

findings, theu e number of participants is small for traditional clinical trial designs. While

S

our fMRI y8€s and associated time-courses replicate and extend our prior work, larger

samples would @hhance statistical confidence and enable correlational analyses between

U

cognitive roimaging changes. Other limitations include our use of a single task

N

paradigm, some outcome data, and need to evaluate transfer to everyday life. Future

efforts smso clarify mechanisms of action and identify the optimal treatment

parameters, especially as they relate to dose-response and patient-level factors (including

biomarkers) various cognitive training approaches. An intriguing but unanswered
in whether the consistent re-engagement of the observed brain regions

via MST cpuld be leveraged to enhance everyday functioning through prolonged training like

[

that used In computerized cognitive training approaches (e.g., 40+ hours of training instead

of the ~3 Ro @your studies) [29]. Careful consideration of such factors will ultimately allow

clinicians the technique best suited for the patient’s goals by engaging, or avoiding,

h

region y the underlying disease process. The clinical translation of cognitive

t

training te€hniques will be improved through consistent use of our multi-stage process that

J

establishes optimial conditions of use [3]. This translation-focused framework will be even
more critic ease-modifying (but not necessarily cognition enhancing) agents become

available mmonplace in our treatment landscape.

A

2. Consolidated Results & Study Design
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Participants: Fifty-nine right-handed participants with MC| were randomized to MST
or SRT (1:1 ratio) using the sealed envelope method and were blinded to the other treatment
conditiony design is shown in Figure 1. The groups were not significantly different
on demog m europsychological performance, or key brain volumes at baseline (Table
1). Botim themlmmery University Institutional Review Board and the Atlanta VAMC Research

and Dev

S
)

Committee approved the study. Participants provided informed written

INSERT FIGURE 1

INSERT TABLE 1

Training p:es & outcome measures: Participants were randomized after the baseline

fMRI sessjon (see details below). We used the same study design [8, 9] and stimuli [8] as in

our prior mDuring the 3 training sessions, each group received a total of 405 training

[

trials duri they learned 45 OLAs from either List A or B (9 trials for each of 15 stimuli
each s sessions). This list is referred to as the “trained” list; memory (in percent
correct LAs on this list served as the primary outcome measure. The other list of

OLAs was seen only post-training and provided a set of novel stimuli through which we

f

examined ing-related fMRI changes (secondary outcome used to evaluate physiological

near tran cts). The brief fMRI trials and supraspan nature of the task effectively

O

evaluated tion change but were suboptimal for evaluating memory performance

g

change [2(]. Thus, we developed the object-location touchscreen test (OLTT; [30]), which

served ondary cognitive outcome measure of near transfer and was performed

{

outside th nvironment. The OLTT has several advantages relative to the in-scanner

U

task sinc s a smaller number of stimuli, provides greater exposure time per object-

locatio as a more standard 15-minute delay, and uses a continuous measure of

memory (i.e., distance from the target location) (see Section 3 and Supplemental Material for

additional details).
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MST required participants to use a 3-step process in which they 1) identified a salient
feature, close to the object, within the room, 2) used a verbally-based “reason” that related
the objm specific feature, and 3) formed a corresponding mental image. Each
subseque @ trial required the participant to recall, in order, the feature, reason, and
locatioms(fremm&meptions — each of which was a target location) so as to promote a specific
series of ht could be applied to other OLAs. In contrast, SRT required participants to
recall theecatio’ of each object from among the 5 options following progressively longer
delays of m4, 8, 16, 32, 64, and 128 seconds. The correct OLA was shown following

each trial o groups (see Section 3 for more details).

-

MRI scatessions 1 & 5): Details for the sequences, paradigm, and analyses are

provided ee Section 3). Briefly, participants encoded either OLA List A or List B at

ere novel since the stimuli had never been seen before) and were then

baseline m
trained_on that list using the previously described methods. At post-training, participants

again saw t
novel).

a function!if training-specific content (i.e., trained stimuli post > novel stimuli pre) as well as

ined list (that was novel at baseline) as well as the other list (which was

n allowed us to directly compare change in encoding-related activation as

physiologiC evidence of near-transfer (i.e., novel stimuli post > novel stimuli pre). fMRI
changes f @ ained stimuli presumably represent a mixture of cognitive training method
as well a iated recall/re-encoding of those stimuli. In contrast, the novel stimuli
provid;-pure” measure of the cognitive training condition. During these encoding
runs, prere instructed to remember each object’s location and to push a button
with their right indlex finger at the start of each trial to provide evidence of task engagement.
fMRI encodi ta were available from 21 MST and 18 SRT participants. Participants
unableﬁz fMRI underwent the same procedures in a quiet office.

One hour after the encoding fMRI session ended, participants completed the retrieval

scan and selected the object’s location from among 3 choices (retrieval data will be reported
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separately). Each of the choices used during the retrieval phase was an actual target

location within that room; a design intended to promote recollection over familiarity.

Imaging s: To replicate our earlier findings [27], we used all previously described

settingssamemamalyses for BrainVoyager QX v21.4.0.4002, which is a software package for
the analy&visualization of functional and structural MRI datasets (Brain Innovation,
Maastrich‘ The betherlands) with a moving-target group-averaging cortex-based alignment
procedure48 ich accounts for inter-individual variability in sulcal and gyral patterns (see
Section 3(&23). Likewise, we applied the same hippocampal mask and small volume
correction approdch as in our earlier study [11], which had revealed increased hippocampal
activation ST. To further understand any treatment-induced effects, we then
evaluatedC!nmpal functional connectivity using correlational psycho-physiological

interaction¥(c following the methods described in the supplemental material (exploratory

whole brain cPPI analyses are also provided in the supplemental materials).

Behavzalysis: Differences on the seven item post-training satisfaction Likert-style

questionnaire were evaluated using the Mann-Whitney U. Using Stata,SE software

(StataCorp , College Station, Texas, v16.0) we set 2-tailed alpha to reject the null

hypothesi, with an emphasis on characterizing the observed effects in addition to
reporting | significance for the primary and secondary (near-transfer) cognitive
outcon‘;s. Consistent with our mixed-factorial experimental design, and
continuously scaled outcomes, we utilized mixed-effects modeling to evaluate the effects of

condition (MST,ASRT) and time (Pre, Post, Follow-up) on our primary and secondary

J

outcomes. model incorporated a random Y-intercept to accommodate the within-
participa itudinal experimental design, using full information maximum likelihood
estimation assuming compound symmetry variance-covariance structure of the random

effects, and fixed-effects coefficients to evaluate the simple-interaction effects of treatment
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by time, relative to pre-training. Exploratory analyses used mixed effects models that

incorporated whether participants underwent fMRI scanning, which had no effect whatsoever

{

as a mainfeffect or interaction component with time, group, or the 3-way interaction term

involving @ up, and fMRI status.

Behaviorhs (Table 2 & 3):

The gene@rience was comparable between the training groups as reflected by non-

significant gif ces in their responses to the satisfaction survey (Table 2). During the
training smparﬁcipants in the MST group were able to develop their own cues (i.e.,
“Feature” and “s\eason" steps) on 82% of the trials and recalled the features (95.3%
(SD=9.3)) sons (95% (SD=8.8)) on nearly all the trials. During the training sessions,
participanishi h groups remembered the target location of trained items on over 95% of

the traini(MST: 95.4% (SD=10.1); SRT: 95.8% (SD=6.1)), thereby demonstrating

the short-term success of both training methods.

E INSERT TABLE 2
outcomes were evaluated at baseline, 2 days after the final training

session a!d about 1 month later, with omnibus interactions followed by simple-interaction

contrasts comparing the Pre/Post and Pre/Follow-up changes by group. For our primary

scanner), ibus interaction was significant (p<.001) and simple-interactions revealed
that th of improvement from baseline was significantly greater in the MST than

the SRT *oup at both post-training (on average 18.47 (12.28-24.67 95% CI) units higher,

outcome of trained stimuli list accuracy (in percent correct; acquired in the fMRI

p<.001) and at 157onth (on average 10.93 (4.57-17.29 95% CI) units higher, p=.002). There

were no si t differences (omnibus p=.56) in memory test change (in percent correct)

for the n uli encountered during fMRI scanning post-training (on average 1.91 (-4.62
to 8.44 95% CIl) units higher for MST, p=.567) or at 1-month follow-up (on average 1.76 (-
8.45 to 4.93 95% CI) units higher for SRT, p=.607) (though see below for fMRI based

10
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changes). However, the omnibus interaction effects were significant for all portions of the
OLTT (secondary outcome measure of near transfer collected outside the fMRI environment)
(free rewg, cued recall p=.015, recognition p=.002). Simple interactions revealed
that there @ ater improvement for the MST than the SRT group during cued recall (on
averagel 2e88m@td to 3.91 95% CI) units better, p=.004) and recognition (on average 2.81
(1.3 to 4.&00 units higher, p<.001) components post-training as well as during free

recall at 1§imonth fon average .40 (.12 to .69 95% CI) units better, p=.005).

w INSERT TABLE 3

fMRI Findi ures 2-5):
For the ti@ined stimuli (trained stimuli post > novel stimuli pre), which were initially

SC

novel at bc the MST group demonstrated increased task-related blood oxygen level
dependen ) signal, post-training relative to the pre-training state, in the medial frontal

and pariete s of the left hemisphere as well as reduced BOLD in the occipital cortex

ﬂ

bilaterall 2). This contrast and the associated findings presumably reflect the

cognitive tra approach as well as memory (or “re-encoding”) of the trained OLA. In
g activations pre- and post-training for the stimuli that were novel at each
time poin elds results that more directly reflect the cognitive training approach. For the

trained stlmU| e MST group demonstrated increased activation in the superior and medial

prefrontal‘as well as the precuneus and posterior cingulate cortex of the left

hemlspxje novel stimuli (near-transfer), the MST group again showed increased

activati ft superior prefrontal cortex as well as in the left lateral prefrontal (e.g.,

inferior frohtal gyrus with extension to the depths of the inferior frontal sulcus and ventral

middle frontal s), lateral occipitotemporal cortex, and medial temporal cortex. Reduced
activation served in the occipital cortex for both trained- and novel-stimuli. Across
nearly a se regions, the time-courses were highly similar for the trained and novel

stimuli, which suggests comparable cognitive processes were engaged across stimuli.

Whole brain exploratory cPPIl analyses revealed net increased connectivity (ratio of

11
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increased to decreased connections for trained stimuli (trained post > novel pre) was
18.56:1, and 10.21:1 for the novel fMRI stimuli (novel post > novel pre)), especially between
the defw and visual networks (see supplemental materials). Moreover, we found
increasedpal activation in the head and body of the left hippocampus for both
trainedmndmexelstimuli. Hippocampal functional connectivity for the trained stimuli was also
increasedhearly all major associative brain networks (p’s <.024) surviving FDR
correction‘ with ’specially robust results (Po,s=.08) for the dorsal attention, frontoparietal,
and visuamks. Similar, albeit attenuated, results were found for the novel stimuli with

dorsal atte Pfrontoparietal, and visual network connectivity all surviving FDR correction

(p’s <.004) (see SJppIementaI Materials).
! INSERT FIGURE 2

In contrask t T group (Figure 3) demonstrated reduced BOLD signal bilaterally for both

the trai vel stimuli in (mostly sensory) neocortical regions distinct from those
showing chan llowing MST. The time-course data for the trained and novel stimuli were
highly , in suggesting training-induced changes regardless of stimulus type. Whole

brain conrgctivity suggested net decreases (decreased to increased ratio of 4.36:1 for

trained stimuliand 8.37:1 for novel stimuli; see Supplemental Materials). Although there

@ hippocampal changes in activation or connectivity following SRT, a trend

toward mnnectivity with the visual network was evident for novel stimuli (see
Supple erials).

: INSERT FIGURE 3

ion analyses (group x time; Figures 4 & 5) largely mirrored the changes found

were no s

at the individual group level. In all areas showing such interaction effects, the MST group
showed significantly greater BOLD change than did the SRT group. Changes in the left

rostral superior frontal gyrus and inferior frontal gyrus were highly similar for both trained and

12
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novel stimuli; again supporting that MST preferentially engaged these regions. Likewise,
MST showed significantly greater hippocampal BOLD change for both the trained (bilateral
anterioMel stimuli (left anterior). Relative to SRT, the change in hippocampal
connectived stimuli was significantly greater with the dorsal attention, default
mode, sromtepanietal, and visual networks following MST (see Supplemental Materials).
While simhrences were evident with the dorsal attention and visual networks for the

novel stimli, theflindings did not survive FDR correction (likely due to our sample size).

w INSERT FIGURE 4

¢

INSERT FIGURE 5

3. DetaileCds and Results

Pan‘icipame fifty-nine right-handed participants, one in each group was excluded from

the study because of an inability to comprehend training instructions, leaving 57 participants

with data a rimary endpoint (session 5; 96.6% retention). Four participants (3 MST)

were turn for the 1-month evaluation (89.8% overall retention). Results were

unchange! when these dropouts were excluded from analyses.
Each participant was diagnosed with amnestic MCI according to Petersen’s criteria
[32] durin

sensus clinical conference. The diagnosis required a subjective report of
cognitive provided by the patient or an informant) and objective evidence of memory
impairr£enerally preserved global cognitive functioning and instrumental activities
of dailym:h participant completed the measures in Table 1 at the time of enroliment.
Participants wergistable on all medications for at least 6 weeks prior to the study. The overall
profile refl arning and memory deficits within the context of preserved everyday
functio@consistent with an underlying Alzheimer’s disease etiology.

Exclusion criteria for all participants included a history of neurologic injury or disease
such as dementia, stroke, epilepsy, or moderate-to-severe traumatic brain injury as well as

13
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psychiatric disorders (e.g., major depressive disorder, bipolar disorder, schizophrenia) and

current or recent alcohol or drug dependence.

i

Training pPko es & outcome measures: Randomization effectively equated the groups,

P

as evigeneedmby the comparable performances across all measures, including brain
volumes, ¥ine (Table 1). We used the same study design [8, 9] and stimuli [8] as in

our prior studies MWhere participants completed 5 sessions within 2 weeks and then returned

¢

for a follo luation approximately a month later. fMRI scanning was performed during

S

sessions d & there were always 2 days between sessions 4 and 5. Following our earlier

recommendationfto refine dosing parameters [3], each group received a total of 405 training

U

trials duri they learned 45 OLAs from either List A or B (15 stimuli per session for 3

N

sessions) ist is referred to as the “trained” list; memory for the OLAs on this list served

as the p utcome measure. The other list of OLAs was seen only post-training

d

(sessions 5 and 6) and provided a set of novel stimuli through which we examined near-

transfer/gen tion fMRI effects. The OLTT [30] served as our cognitive measure of

v

near tr provides 15 seconds of exposure to each of 15 stimuli, thereby creating

the conditjons under which participants could demonstrate their application of trained skills.

f

Memory was evaluated after a 15-minute delay by measuring the distance (in cm) between

the stated @ actual location of a given object under free recall (i.e., a blank screen that

evaluated spatial memory) and cued recall (i.e., a picture of the target room without

N

any ob t) conditions. A 3-choice recognition test was then completed where each

£

option was a target item within the room; an approach intended to facilitate recollection

instead of mere lamiliarity. Software coding errors led to the loss of data for the first 15

U

participants T, 8 SRT), leaving data from 21 participants per group.

e training sessions, each trial began by showing an object and requiring the

A

participant to name it. Consistent with phase 2 of our model [3], we required participants to

develop their own MST cues (see Supplemental Material for examples). Success was

14
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recorded and assistance provided if participants encountered difficulty. Each subsequent
“test” trial required the participant to recall, in order, the feature, reason, and location (from 5
optionsm which was a target location) so as to promote a specific series of steps
that coul to other OLAs. The cues were provided in the event of an incorrect
response emmimability to recall the information) and the location shown after each trial to
ensure ¢ i@ learning. In contrast, SRT required participants to recall the location of
each obje@mong the 5 options following progressively longer delays of 0, 1, 2, 4, 8,
16, 32, 64 8 seconds. Each of these delays were “empty” in that the computer screen
was blank*and®he participant did not engage in any task (or conversation). The correct
location was sh;n after each trial for both groups to reinforce the correct object-location
associatio

AtC of session 5, all participants completed a questionnaire focusing on their

experienc@study, including the perceived usefulness of the training approach [8] (see

Table 2).

fMRI s ssions 1 & 5) was performed, for MRI-eligible participants, on a Siemens

Trio 3T MEI scanner (Siemens Medical Solutions, Malvern, PA), using a 12-channel head
coil. Participanis unable to undergo fMRI due to contraindications (e.g., tattoos, metallic
implants, @ phobia) or poor pre-training data quality (e.g., excessive motion) (7 MST,

11 Sthhe same procedures in a quiet office setting (as in [6, 8, 9, 27]). For blood

oxyge I-dependent (BOLD) contrast, T2*-weighted functional images were
acquired Using a single-shot, gradient-recalled, echo-planar imaging (EPI) sequence with the
following paramelers: repetition time (TR) 2000 ms, echo time (TE) 30 ms, field of view
(FOV) 220 p angle (FA) 90°, 33 axial slices of 3.5 mm thickness, in-plane resolution
3.4X3.4 in-plane matrix 64x64. High-resolution anatomic images were acquired

using a 3D MPRAGE sequence (TR 2300 ms, TE 3.9 ms, Tl 1100 ms, FA 8°) consisting of

15
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176 sagittal slices of 1 mm thickness (FOV 256 mm, in-plane resolution 1x1 mm, in-plane
matrix 256x256).

mcoding, stimuli were presented in 5 functional runs, each consisting of
seven 20 direst blocks that alternated with six 32 second active blocks. Each active
block cansistedsef three 10 second trials in which the object was shown for 1 second and
then the Llocation for 9 seconds. Trials were separated by a 1 second interstimulus
interval. I‘e ord’r of blocks was randomized prior to the start of the study but then fixed
within a gi tocol to create 5 distinct “orders”. These orders were randomized for each
person acm

5 functional runs. At baseline, participants were shown a total of 45 novel

stimuli (3 blocksi)er functional run, each with 3 stimuli) from either List A or B (based on

randomlz counterbalancing for treatment group) as well as 45 repeated stimuli (i.e.,
two addlt As alternated during the block as in our earlier studies [9, 26, 27]). The
structure st-treatment encoding scan was identical except that stimuli now consisted

of the 45 trained stimuli (i.e., the novel stimuli from baseline that were used during Sessions
2-4) and 4 | stimuli (i.e., the untrained List). In this way, we were able to directly
compa n encoding-related activation as a function of training-specific content (i.e.,

trained stimuli post > novel stimuli pre) as well as near-transfer (i.e., novel stimuli post >

novel stlmU| pre). The retrieval scan was performed one hour later, results of which will be

reported s @ y. Participants unable to complete fMRI underwent the same procedures

Additiona#aging data preprocessing details: Functional runs were motion-corrected in real
time using Siemghs 3D-PACE (prospective acquisition motion correction). For each subject,
the functionaigif@ges were realigned to the first image of the series using BrainVoyager QX
v21.4.0. ages were pre-processed using trilinear-sinc interpolation for additional
motion correction, cubic spline interpolation for slice scan time correction, and high-pass
temporal filtering to 2 cycles/run to remove slow drifts in the data. They were then co-
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registered with anatomic images and transformed into Talairach space [33], which is
standard in BrainVoyager.
Hrep iCate our earlier findings [27], we used all previously described settings and

analyses @ ainVVoyager's moving-target group-averaging cortex-based alignment

proceduresi@dimwhich accounts for inter-individual variability in sulcal and gyral patterns. All
analyses Lerformed using random effects, general linear models (GLMs) for the
aligned n@al data. Resulting activation maps were corrected by imposing a cluster-
volume th for contiguous vertices passing a vertex-wise significance threshold of p <
.05 (500 iterati of a permutation test were performed), which is available in BrainVoyager
and based on nte Carlo simulations arising from prior work [34]. While this cluster-
defining tt (CDT - the initial voxel-level threshold at the p<.05 level) may be viewed

as liberal

given ourmo replicate and extend our prior intervention-related findings [9, 11, 27].

Likewise, we applied the same hippocampal mask and small volume correction (with CDT
p<.05) approgs in our earlier study [11], given those findings of increased hippocampal

activati

to discussions around observational research [35], we felt it appropriate

ST. To further understand any treatment-induced effects, we then

evaluated,_hippocampal functional connectivity using correlational psycho-physiological
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e
Q.
-

deviations a

Table 1. Defographié and baseline neuropsychological test results for the MST and SRT groups. Standard
ed in parentheses. Brain volumetrics are provided in percent of intracranial volume (%

ICV). MM:mmental state exam; RBANS = Repeatable Battery for the Assessment of
)

Neuropsyc al Btatus; GDS = Geriatric Depression Scale; FAQ = Functional Activities Questionnaire.

WAIS-III = Adult Intelligence Scale 3™ edition. Degrees of freedom were 55 unless otherwise noted

(+=52, ++=54, +++=48, ++++=37).

MST (n=28) SRT (n=29) Pearson Chi> p-value

Sex (F/M)

Age (years)
Education (
MMSE (rawgisc

WAIS-III In (scaled score)

Standard Scores)
Immediate
Visuospais
Lang
Attention
Delayed Memory
Total ScqQfe

nstruction

Trails A (T-scg

Trails B (T- @

Wisconsin Card Sorting Test (Emory version) ™

Sorts co W)
Perseverative errors (raw)
Set 1 )

6D (r YRPED

FAQ (raw sj
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10/18

72.7(8.3)
15.8 (2.9)
27.2(1.5)
12.0 (2.5)

87.7 (10.1)
96.0 (17.6)
92.8 (11.1)
94.8 (11.7)
77.8 (19.6)
86.2 (8.8)

47.8 (10.1)
48.3 (10.2)

3.1(1.8)
6.5 (6.1)
1.8 (1.8)

1.6 (1.4)
3.7 (5.0)

14/15

70.5 (8.3)
15.9 (2.8)
27.8(2.2)
12.1 (2.5)

88.3(17.3)
95.4 (16.5)
92.4 (18.4)
97.8 (17.1)
83.0 (18.3)
89.2 (14.1)

47.5 (10.7)
49.5 (10.8)

3.8 (1.4)
4.5 (3.6)
1.5 (1.6)

1.8 (2.0)
3.0 (4.4)

922

t(55)
.98

q
.99
A1

.16
A3
A1
.79
1.0
97

A1
42

1.6
1.51
1.55

17
51

424

p-value
33

92
.33
91

.88
.90
91
43
31
.34

91
.68

1
.14
45

.87
.61
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Brain Volume (% ICV)™™"
Cortical gray matter 30.2 (2.3)
Total ventricular volume 34(1.5)

Inferior lateral ventricles 2(.07)
Entor“‘ 33 (.07)

Hippocamp 43 (.08)
Parahipp, @ yrus .29 (.03)
Amygdal® .18 (.04)

Days belfv c@liltEgifing sessions

Sessions 1.75 (1.0)
Sessions 3.8(1.5)
Session 5 31 (8.4)

e
O
2,
-

30.6(2.1) .51
35(19) 22
22(12) 45
33(05) 37
43(08) 27
28(03) 15
18(.03) .52
2.7 (1.6)
3.3(2.1)

30.5 (5.9)

.61
.83
.66
71
.79
15
.61

Tab
le 2.
Gro
up
med
ians
(stan
dard
devi
ations in pan@nt @ for the post-training questionnaire that used a visual analogue scale (O=not at all, 5 =
somewhat, 10@= ¢ ely). Non-parametric tests (Mann-Whitney U) were used since some items did not meet
the assunapgi mality and homogeneity of variance.
MST SRT U p-value
1) How useful was th ning? 7.5(1.79) 7.0 (1.61) 361 462
2) How muc eel the training improved your memory? 7.0 (1.64) 6.0 (1.77) 364 494
3) How likel se these strategies in your everyday life? 7.0 (2.15) 8.0 (2.21) 380.5 .679
4) How likely would you be to do a similar study? 8.0 (2.23) 7.0 (2.63) 371 .569
5) How likely would you be to refer a friend or family member for this study? 8.0 (2.31) 9.0 (2.52) 358 430
6) How friendlyWas our staff (How well did we treat you)? 10.0(0.39) 10.0(1.0) 403.5 .952
7) How would y&m overall experience in the study? 9.0 (1.48) 9.0 (1.74) 368 528
23
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T

Q.

Table 3. Gr (#95% CI) for outcomes measured Pre-training, Post-training, and 1 month later. Note
that pre-trainie pasformance for the fMRI stimuli (“Trained” and “Novel” Lists) are the same since participants
were randomlized to @he of two lists, which was novel at baseline but served as the training list during Sessions
2-4. Near tr evaluated using the OLTT, which was acquired in a quite office using novel stimuli
outside of the environment. Omnibus interactions are reported in the text.*higher values indicate greater
distance (in g€ntinet®rs) from the actual target location, which reflects worse performance (OLTT Free Recall
& Cued Re

MST SRT Group x Time (relative to baseline)
Simple Interaction Effects

!

Trained Li environment)
Accuracy (p. ect)
Pre-train!g 45.38 (40.19-50.57) 46.31 (41.25-51.36)
Post-trai 80.00 (74.86-85.14) 62.45(57.40-67.51) p<.001

1 month 54.37(49.07-59.67) 44.37 (39.27-49.47) p<.002
Novel List @unment)
Accuracy (petrcent*€orrect)
Pre-taimi 45.38 (40.19-50.57) 46.31 (41.25-51.36)
Post-tra 45.71 (41.50-49.93) 44.68 (40.53-48.82) p=.567
1 month 35.23(30.82-39.63) 37.85(33.65-42.05) p=.607
Near T ; office setting)
Free Recall*
Pre-training 11.64 (10.32-12.95) 9.81 (8.60-11.02)
Post-:ﬁ’ning 9.55 (8.36-10.74) 8.88 (7.73-10.03) p=.232
1 mo 9.24 (8.03-10.46) 10.02 (8.80-11.24) p =.005
9.23 (7.93-10.53) 7.93 (6.64-9.24)
6.1 (4.80-7.40) 7.14 (5.84-8.44) p=.004
7.07 (5.74-8.41) 6.91 (5.61-8.21) p=.169
7.9 (6.80-9.01) 9.43 (8.33-10.53)
10.57 (9.47-11.67)  9.29 (8.18-10.39) p <.001
9.69 (8.56-10.83) 10.05 (8,.95-11.15) p=.134

Figure Captions
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Figure 1. Overall study design. Randomized participants completed 3 training sessions in
which they learned a total of 15 stimuli each session using the designated approach (i.e.,
MST orMh stimulus was presented a total of 9 times during the session, with
corrective @ k provided following each trial for both groups. Participants were trained
using eiithemisisisd or B, the “untrained” list was also used to evaluate fMRI-based evidence
of transferh)ost-training. Participants unable to complete fMRI scanning or with

unusable @ata (MST n=7; SRT n=11) completed the same Post-training (session 5)

procedureggin iet office setting (“behavior only” in the Post-training box above). The 1-
month foll as behavior only and performed in a quiet office setting.
—
Eligibility / Screening Baseline (session 1) 2 Training (sessions 2-4) Post-raining (session 5) 1-month behavior only follow-
(n=87; 28 excluded) Ba (2 days after session 4) up (session 6)
- fMRI -»g‘-z-b = MST (n=29) or SRT (n=30) a (MST n=25; SRT n=28)
+ Informed Consent + encoding & B¢ | *+ (1participant excluded from each = Total n=57 (MST=28; SRT=29)
+ Neuropsychological retrieval 4 Qmu}’) L i = fMRI or "behavior only” (Lists A = Memory test (Lists A and B)
testing + ListAorListB . 9!r|a|sx15_st|rnu|| per session. and B) + OLTT (near transfer task)
+ OLTT (near transfer (405 total trials) + OLTT (near transfer task)
task) - ListAorB * Questionnaires
Figure 2. % in task-related BOLD signal for the MST group for the trained stimuli
(left) a uli (right). Time courses are provided for an entire cluster for descriptive
purposes. ferior frontal gyrus; mSFG = medial superior frontal gyrus; MTL = medial

temporal lobe; PCu/PCC = precuneus/posterior cingulate cortex; pSTS= posterior superior

temporal SIcus. Cooler colors (blue/green) show reduction while warmer colors

(orange/yeOow increased BOLD relative to pre-training.

e
e

-
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Figure 3. C in task-related BOLD signal for the SRT group for the trained stimuli (left)
and novel stimuli (right). Time courses are provided for an entire cluster for descriptive
purposes.Engular gyrus; ITG = inferior temporal gyrus; mSFG = medial superior
frontal gyr S= posterior superior temporal sulcus. Cooler colors (blue/green) show

reduction rmer colors (orange/yellow) show increased BOLD relative to pre-training.
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Spaced Retrieval Training (SRT
Training-specific changes (Trained post > novel pre) Near transfer to novel stimuli (novel post > novel pre)
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Figure 4. Changes in task-related BOLD signal for the interaction of group and time for the

I

trained sti ) and novel stimuli (right). Time courses are provided for an entire cluster
for descrioses. IFG= inferior frontal gyrus; 10S = intraoccipital sulcus; PCC/Pcu =
posterior cj cortex / precuneus; SFS= superior frontal sulcus; STG = superior

n

tempor, armer colors (orange/yellow) show increased BOLD in MST relavite to

{

SRT fo => pre-training contrasts. There were no regions where SRT demonstrated

greater activatiorithan MST.
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MST vs. SRT
Training-specific changes (Trained post > novel pre) Near transfer to novel stimuli (novel post > novel pre)

Left Hemisphere Left Hemisphere| SKT Left IFG
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% signal change

Right Hemisphere

No differences survived correction

volume

- -

Figure to the SRT group, the MST group showed significantly greater

hippoca ivation for both trained and novel stimuli (top row). Additionally, the MST
group showed greater hippocampal connectivity change for the trained stimuli, especially
with the vgalI default mode, frontoparietal, and dorsal attention networks (bottom row).
Similar di were evident for the novel stimuli but only connectivity with the dorsal
attention a al networks survived FDR correction. Network names: Aud=auditory; CON
= cingu@ar; DAN = dorsal attention network; DMN = default mode network; FPN =

frontopWork; HC = hippocampus; Mem = memory; SaN = salience network; SMN =

somatomS«ork; sub = subcortical; VAN = ventral attention.
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MST > SRT Hippocampal Interactions

Trained stimuli Novel stimuli

. 8.00 W T,
Tail —
2.03 Head
t(37)

Medial
Late ral Lateral

s
p

Researcﬁ'n Co'text

1. Sy i¢ review: Literature review stemmed from consideration of articles on
cognitive Wraining for memory that were identified via multiple search engines (e.g.,

ience, PubMed).

on: Our findings of greater cognitive improvement, brain activation, and

al connectivity following mnemonic strategy training relative to spaced

| training support our central premise that cognitive training techniques differ

hanisms of action. Only those trained using mnemonic strategies showed
evidence of near-transfer, further reinforcing differences between training techniques.

3. Future directions: The study and implementation of cognitive training techniques
should thoroughly consider the associated cognitive mechanisms of action and
whether these processes rely on areas affected by, or resilient to, neurologic
injury/disease. Future efforts should clarify the conditions under which techniques are

29
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effective and consider a disease stage-specific approach as well as to clarify the
impact of such techniques on tasks commonly performed in everyday life.
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