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ARTICLE INFO ABSTRACT

Keywords: Episodic memory depends decisively on the hippocampus and the parahippocampal gyrus, brain structures that
Exercise are also prone to exercise-induced neuroplasticity and cognitive improvement. We conducted a randomized con-
Bed rest

trolled trial to investigate the effects of a high-intensity exercise program in twenty-two men resting in bed for
60 days on episodic memory and its neuronal basis. All participants were exposed to 60 days of uninterrupted
bed rest. Eleven participants were additionally assigned to a high-intensity interval training that was performed
five to six times weekly for 60 days. Episodic memory and its neural basis were determined four days prior to and
on the 58th day of bed rest using functional magnetic resonance imaging (fMRI). We found increased BOLD sig-
nal in the left hippocampus and parahippocampal gyrus in the non-exercising group compared to the exercising
bed rest group whereas the mnemonic performance did not differ significantly. These findings indicate a higher
neuronal efficiency in the training group during memory encoding and retrieval and may suggest a dysfunctional
mechanism in the non-exercising bed rest group induced by two months of physical inactivity. Our results provide
further support for the modulating effects of physical exercise and adverse implications of a sedentary lifestyle

Pattern separation
Episodic memory

and bedridden patients.

1. Introduction

Physical exercise is widely suggested as an effective, low-cost, non-
pharmacological strategy for maintaining and improving physical and
psychological health and well-being. There is increasing evidence that
regular physical activity has also considerable neurobehavioral benefits
across the lifespan. Recently, particular attention has been paid to the
prefrontal cortex and the hippocampal formation and their associated
cognitive functions such as executive control and declarative memory
(Erickson, Leckie, & Weinstein, 2014; Firth et al. 2018). For instance,
cross-sectional studies in preadolescents revealed that more physically
fit children showed greater hippocampal volume and greater volume
was accompanied with better performance in relational memory tasks
(Chaddock et al., 2010; Chaddock, Hillman, Buck, & Cohen, 2011). Like-
wise, there is cross-sectional evidence suggesting that elderly people
engaged in habitual exercise show less degenerative symptoms and per-
form better in spatial memory tasks than persons of the same age not
engaged in exercise (Erickson et al., 2009; Erickson et al., 2010; Bugg &

* Corresponding author.
E-mail address: astahn@pennmedicine.upenn.edu (A.C. Stahn).

https://doi.org/10.1016/j.neuroimage.2020.117359

Head, 2011; Szabo et al., 2011). Longitudinal training studies in rodents
(van Praag, Shubert, Zhao, & Gage, 2005; Lafenetre, 2010; (Wrann et al.,
2013) and humans (Erickson et al., 2011) showed that regular physical
activity can increase the concentrations of (neurotrophic) growth hor-
mones, which are critical for hippocampal plasticity, learning, and mem-
ory formation. Changes in hippocampal volume were associated with
changes in brain-derived neurotrophic factor (BDNF) (Erickson et al.,
2011) as well as with changes in spatial (Erickson et al., 2011) and
episodic memory (Hotting et al., 2012). These data highlight the posi-
tive neurobehavioral effects associated with regular physical activity.
Likewise, it can be speculated that a sedentary life-style may have
adverse effects on hippocampal plasticity, learning, and memory for-
mation. However, previous work investigating the effects of physi-
cal inactivity or immobilization has mainly been limited to structural
brain changes in patients and the elderly (Liepert, Tegenthoff, & Malin,
1995; Lissek et al., 2009; Langer, Hanggi, Miiller, Simmen, & Jancke,
2012) or focused on functional changes in other brain regions such
as the frontal and parietal lobes (Yuan et al., 2016) and on the (so-
matosensory) motor cortex (Cassady et al., 2016; Koppelmans et al.,
2018). The majority of these studies have been cross-sectional in na-
ture, questioning the causal relationship between physical inactivity and
brain plasticity. For instance, it is well-known from animal studies that
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environmental enrichment (Fabel et al., 2009) and social interaction
(Djordjevic, Adzic, Djordjevic, & Radojcic, 2009; Murinové, Hlavacova,
Chmelova, & Riecansky, 2017) can also reinforce brain plasticity and
memory function. These and other potential confounding factors have
not been controlled for in human studies investigating the effects of
physical (in)activity on the hippocampus and episodic memory forma-
tion.

To address this gap, we investigated the effects of an exercise pro-
gram during two months of strict bed rest on memory-specific neu-
ronal activity in humans using a randomized controlled trial study that
standardized food, wake/sleep cycles, social interaction, and environ-
mental enrichment. Healthy men undergoing two months of bed rest
were randomly allocated to a control group and an exercise group that
performed a high-intensity interval training. Both groups remained in
bed rest throughout the entire study period. Using functional magnetic
resonance imaging (fMRI) we determined neuronal activity during an
episodic memory task that specifically targets the hippocampus and
parahippocampal gyrus before and after two months of bed rest. Pro-
longed bed rest can be considered as a model to mimic accelerated
physiological aging processes (Pavy-Le Traon, Heer, Narici, Rittweger,
& Vernikos, 2007). Previous studies have shown that aging and cogni-
tive decline are associated with hyperactive signaling of the hippocam-
pus during episodic memory formation, which has been interpreted as
a compensatory response (Hamaéldinen et al., 2007; Miller et al., 2008a;
Miller et al., 2008b; Nyberg et al. 2019; Yassa et al., 2010; Yassa, Mat-
tfeld, Stark, & Stark, 2011). Consequently, we hypothesized that two
months of bed rest would affect behavioral mnemonic performance and
its neural basis, and that these changes were counteracted by the struc-
tured high-intensity interval training. In line with the above-mentioned
studies assessing the effects of aging and cognitive decline, we expected
that the maladaptive effects of prolonged physical inactivity would be
evident as increases in hippocampal and parahippocampal neuronal sig-
naling during mnemonic processing in the bed rest control group com-
pared to the bed rest group that additionally performed the exercise
program.

2. Methods
2.1. Study design

The experiment was performed as part of the European Space Agency
(ESA) study “Reactive jumps in a sledge jump system as a counter-
measure during long-term bed rest” (RSL). The study was conducted at
the:envihab facility of the German Aerospace Center (DLR) in Cologne,
Germany, and recorded on the German Clinical Trials Register (DRKS,
registration number DRKS00012946, 18t of September 2017). The gen-
eral study design is described elsewhere (Kramer et al., 2017a). Briefly,
23 young, healthy men underwent 60 days of six-degree head-down tilt
bed rest (HDT). The baseline data collection (BDC-15 through BDC- 1)
and subsequent recovery period (R+0 through R+14) lasted 15 days. On
the first day of bed rest, eleven participants were randomly assigned to
a high-intensity interval training (TRAIN). All participants underwent
MRI scans four days prior to the bed rest commencing (BDC-4) and af-
ter 58 days of head-down tilt bed rest (HDT58). The experiment was
approved by the Ethics Committee of the Northern Rhine Medical As-
sociation (Arztekammer Nordrhein) in Diisseldorf, Germany and by the
local Ethics Committee of the Charité - Universitdtsmedizin Berlin, Ger-
many. The study conformed to all standards of human research set out
in the declaration of Helsinki. All participants were informed about the
purpose, experimental procedures, and risks before giving their verbal
and written informed consent.

2.2. Exercise training

The exercise training was performed in a supine position on a
custom-built sledge jump system (Novotec Medical GmbH, Pforzheim,
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Germany) (Kramer et al., 2017a). All participants were familiarized with
the correct jumping technique in nine 30 min sessions during the base-
line data collection period. Four different training sessions consisting of
varying numbers of countermovement jumps and hops were designed,
and applied to TRAIN on 48 out of 60 days during the HDT phase, result-
ing in five to six training sessions per week (five sessions during the first
two weeks of HDT and six sessions per week for the following six weeks
of HDT). The force in the training device was increased gradually from
50% to 100% of participants’ body weight. The total training duration of
one session did not exceed more than 17 min using an average training
load between 80% and 90% of the body weight. Thus, the plyometric
jump training can be considered as a short-duration high-intensity train-
ing that has been shown to successfully prevent musculoskeletal and car-
diovascular deconditioning caused by 60 days of bed rest (Kramer et al.,
2017b; Maggioni et al., 2018). All training sessions were scheduled in
the afternoon from 2 pm to 6 pm. The timing of exercise sessions was
kept constant within subjects. Visual feedback for jump height and peak
force were provided via a monitor. Verbal feedback was given to the par-
ticipants by an exercise physiologist to ensure correct execution during
each session. All participants completed all scheduled training sessions.
Maximum effort was not achieved in about 6% of all familiarization
and training sessions due to headache, indisposition or minor discom-
fort (Kramer et al., 2017a). Further details about the training protocol
and adherence are provided elsewhere (Kramer et al., 2017a).

2.3. Participants and recruitment process

Subject recruitment was supported by announcements in local
and nationwide newspapers, internet, radio, poster advertisement, and
DLR’s test participant archive. Short information was sent to all in-
terested candidates, followed by a telephone screening. If interested,
eligible participants received detailed information by email. Qualify-
ing volunteers were invited to an information session, where the ob-
jectives, content, and risks of the experiment were explained in de-
tail. Next, interested participants were medically and psychologically
screened to ensure their compliance with all inclusion and exclusion cri-
teria (Kramer et al., 2017a). The medical screening comprised a compre-
hensive anamnesis and physical examination, including an assessment of
resting electrocardiogram (ECG), orthostatic tolerance, thrombosis risk,
nicotine and substance abuse, the prevalence of infectious diseases, and
cardiopulmonary fitness using graded exercise testing. The psychologi-
cal screening was performed by a psychologist using questionnaires and
a personal interview. Eligible participants underwent a dual energy X-
ray absorptiometry (DEXA) scan to evaluate the bone mineral density
of the femur and the lumbar vertebra column as a final criterion to be
included in the study. Finally, twenty-seven volunteers passed the entire
screening process and twenty-four of them were enrolled in the study.
Twenty-three participants (29 + 6 years, height: 181 + 6 cm, weight:
77 + 7 kg) completed the study. A detailed CONSORT flow diagram is
displayed in Figure 1.

Because of medical reasons two subjects (one from each group)
started their recovery on HDT 49 and HDT 50, respectively (instead of
HDT60). MRI scanning for these participants was performed on the last
day of their bed rest (i.e., HDT48 and HDT49 instead of HDT58). Due to
an incomplete log file data set, one subject (TRAIN) had to be excluded
from the data analysis. Both groups did not differ with respect to their
age, height, weight, and BMI at baseline (two-tailed Student’s t-test: all
Ps > 0.3). An overview of subjects’ group characteristics is displayed in
Table 1.

2.4. MRI Scanning procedure

Magnetic resonance imaging was conducted on a 3 Tesla Siemens Bi-
ograph mMR (Siemens Healthcare, Erlangen, Germany), equipped with
a 16-channel head coil. Functional images were acquired using a T2-
weighted echo planar imaging (EPI) sequence sensitive to blood oxygen



A. Friedl-Werner, K. Brauns and H.-C. Gunga et al.

Neurolmage 223 (2020) 117359

Enrollment process

Candidates (n = 494)

n =371

T

Participation in the information event (n = 121) li n=61

Declined to

participate

Medical screening (n

= 60) or not

meeting
inclusion

DEXA scan (n = 31)

Psychological screening (n = 45) li n=14 citetla

Assessed as eligible (n = 27) li n = 3 kept as back-ups

Enrolled in the study (n = 24)

Allocation
n = 1 drop-out at BDC-4 |
due to medical reasons [ |
unrelated to the study Randomly allocated to Randomly allocated to
n = 1 early reambulation on control group exercise intervention n = 1 early reambulation on
HDT49 (CTRL, n =12) (TRAIN, n = 12) HDT50
Analysis
CTRL (n = 11) TRAIN (n =12) n = 1 excluded from analysis
due to incomplete data set
Final data set
CTRL (n=11) TRAIN (n = 11)
Fig. 1. CONSORT flow diagram. Overview of recruiting, enrollment, and analysis process.
Table 1 (MPRAGE) sequence was acquired in a sagittal plane with the following

Subjects’ group characteristics at baseline.’

Characteristic CTRL(n=11) TRAIN(n=11) ty P

Age [years] 28.2 (5.7) 30.8 (6.2) 1.02 0318
Height [cm] 180.6 (5.0) 181.6 (6.8) 039  0.699
Body Mass [kg]  76.2 (8.0) 77.9 (6.6) 054  0.593
BMI [kg/m?] 23.4 (2.0) 23.6 (1.9) 024 0812

* Data are means (SD); BMI, Body Mass Index; CTRL, bed rest control
group; TRAIN, exercising bed rest group; t, t-statistics; P, p-value.

level dependent (BOLD) contrast (36 axial slices, interleaved slice or-
der, time to repeat (TR) = 2000 ms, time to echo (TE) = 30 ms, field of
view (FoV) read = 216 mm, FoV phase = 100%, flip angle = 80°, slice
thickness = 3 mm, distance factor = 20%, voxel size: 3 mm X 3 mm X
3 mm). For anatomical reference, a three-dimensional volumetric T1-
weighted Magnetization Prepared Rapid Acquisition of Gradient Echo

parameters: voxel size: 1 mm X 1 mm X 1 mm; TR = 2500 ms, TE =
4.82 ms, inversion time = 1100 ms, FoV read = 256 mm, FoV phase
= 100%, flip angle = 7°, and bandwidth = 140 Hz/Px. Scanning was
always performed before noon between 8 am and 12 pm.

2.5. fMRI paradigm

Episodic memory was assessed using a continuous memory recogni-
tion task that was originally proposed by Kirwan & Stark (2007) and that
was shown to reliably target the hippocampus (Bakker, Kirwan, Miller,
& Stark, 2008; Kirwan et al., 2012; Ally, Hussey, Ko, & Molitor, 2013).
A schematic overview of the fMRI paradigm is displayed in Fig. 2. Im-
ages of different objects were presented to the participants via a mirror
system mounted on top of the head coil. Each picture was shown for
2000 ms with a randomized intertrial interval (ITI) of 2000 to 4000 ms.
For each picture, participants had to indicate via a button press whether
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"New"

Stimulus 2s
ITI 2-4s

Stimulus 2s

ITI 2-4s

"Similar"
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"Olg"

time

Fig. 2. fMRI paradigm for pattern separation task. A picture was presented for 2 s followed by an intertrial interval (ITI) of 2 to 4 s. Quotation marks above the

picture indicate the correct response.

the presented object was “new” (novel condition), “old” (repetitive con-
dition), or “similar”, though not identical to an object shown earlier in
the run (lure condition). The experiment consisted of 216 trials admin-
istered in two blocks, each containing 108 items (16 similar pairs, 16
identical pairs and 44 unrelated novel stimuli) with an overall duration
of approximately six minutes per run. To avoid that participants remem-
bered the objects from pre- to posttest, one of two sets of stimuli were
either presented on BDC-4 or HDT58. The order of the two sets was se-
lected in a randomized counterbalanced fashion. Picture presentation
and timing was controlled using Presentation® software (Version 18.1,
Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com).

2.6. Behavioral analysis

For each group and time point separately, the number of each stim-
ulus type (novel, lure, repetition) in accordance with participants’ in-
dividual response (new, similar, old) was extracted from the data log
file. We then calculated the percentage for each response type relative
to the total number of trial type (i.e., number of correctly identified re-
peated stimuli as old relative to the total number of repeated stimuli).
In order to distinguish between signal and noise that corrects for a pos-
sible response bias, we also determined separation bias (Yassa et al.,
2010), also referred to as the lure discrimination index (Stark, Steven-
son, Wu, Rutledge, & Stark, 2015) and recognition memory performance
(Stark, Yassa, Lacy, & Stark, 2013).! The separation bias score was as-
sessed as the percent of lure trials correctly identified as “similar” (Lure
Correct Rejection) minus the percent of novel trials endorsed as “simi-
lar”. This approach corrects for a possible response bias toward exhibit-
ing a tendency for the use of similar responses (Yassa et al., 2010).
Recognition memory performance was operationalized as the percent
of repetition trials correctly identified as “old” (Hits) minus the percent
of novel trials endorsed as “old” (Stark et al., 2013). The behavioral re-
sponse according to each trial type as well as the separation bias and
recognition memory scores were subjected to mixed linear models to
quantify the effects of Time (BDC-4, HDT58) and Group (CTRL, TRAIN),

1 Typically, d’ prime is used as a sensitivity index to distinguish between sig-
nal and noise that corrects for a possible response bias in two-item response
paradigms. For instance, in a yes/no discrimination paradigm giving the same
answer for all trials yields 100% correct for one item, and 0% for the other
(Pallier, 2002). The current task, however, was characterized by a three-choice
serial reaction time task, requiring a slightly different analysis approach, tak-
ing into account three alternative responses. We here follow the suggestions to
determine separation bias and recognition memory score for the pattern separa-
tion paradigm as outlined by Stark and colleagues (Stark, Yassa, Lacy, & Stark,
2013; Stark, Stevenson, Wu, Rutledge, & Stark, 2015; Yassa et al., 2010).

and their interaction. Details of the statistical model are provided in
section 2.8 below.

2.7. fMRI Analyses

2.7.1. Image preprocessing

fMRI data were preprocessed and analyzed using SPM12 software
(Wellcome Department of Cognitive Neurology, London, UK) running
on Matlab R2015b. The first four volumes of all EPI series were ex-
cluded from the analysis to allow the magnetization to reach a dynamic
equilibrium. Data processing started with slice time correction and re-
alignment of the EPI datasets. A mean image of EPI volumes was created
to which individual volumes were spatially realigned by means of rigid
body transformations. The individual structural image of each subject
was co-registered with the mean image of the respective EPI series. The
structural images were normalized to the Montreal Neurological Insti-
tute (MNI) template and normalization parameters were applied to the
EPI images to ensure an anatomically informed normalization. A com-
monly applied filter of 8 mm FWHM (full-width at half maximum) was
used to smooth the images. Low-frequency drifts in the time domain
were removed by modelling the time series for each voxel by a set of
discrete cosine functions to which a cut-off of 128 seconds was applied.

2.7.2. Subject-level analyses

Region of interest model. The subject-level statistical analyses were per-
formed using general linear models (GLM) within the SPM-framework.
The model was based on the first-level model reported by Kirwan and
Stark (2007) using the following conditions: 1) Hits (repeated stimuli
correctly called “old”; 2) Lure Correct Rejection (lure stimuli correctly
identified as “similar”); 3) Lure False Alarms (lure stimuli called “old”);
4) Miss (repeated or lure stimuli called “new”); 5) Subsequent Hits (first
time presentation of a repetition stimuli that was later correctly iden-
tified as “old”); 6) Subsequent Lure Correct Rejection (first time presen-
tation of a lure stimuli that was later correctly identified as “similar”);
7) Subsequent Lure False Alarms (first time presentation of a lure stim-
uli that was later incorrectly identified as “old”); 8) Subsequent Misses
(first time presentation of a repetition or lure stimuli that was later in-
correctly labeled as “new™); 9) Foils (stimuli that have only been shown
once and not in the same or similar way again and have been classified as
“new”); and 10) Other (foils and first presentations that were incorrectly
labeled as “old” or “similar”). Vectors of onsets for each of the above-
mentioned event types for each participant and each point in time were
convolved with the canonical hemodynamic response function (HRF)
and the temporal derivative. Both session runs that have been adminis-
tered at one point in time were modeled in the same GLM. Furthermore,
the six movement regressors obtained from the realignment step were
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entered into the GLM. After model estimation, this model was used for
the region of interest analysis (ROI).

To verify if the regions of the medial temporal lobe were engaged
in the task, we additionally computed a contrast on our first-level GLM
from the ROI analysis were the average activity in Hits is greater than
the average in Lure Correct Rejection and Foils (Hits > Lure CR = Foils)
and a contrast where average activity in Lure Correct Rejection is greater
than the average activity in Hits and Foils (Lure CR > Hits = Foils). These
contrasts were computed for all participants during their baseline as-
sessment (BDC-4) before they were assigned to any intervention. The
resulting contrast images were used for group-level statistics within the
SPM-framework.

Whole-brain model. For whole-brain data we modeled a second GLM
on a subject-level, but limited the analyses to conditions with correct
responses, i.e., Foils, Hits, and Lure Correct Rejections (Pidgeon & Mor-
com, 2016). We computed t-contrasts for pattern separation and pattern
completion as follows: Pattern separation was defined as the contrast
where average activity in Lure Correct Rejection is the same as in Foils
and greater than the average activity in Hits (Lure CR = Foils > Hits), and
pattern completion was defined as the contrast where average activity
in Foils was greater than in Hits and Lure Correct Rejection (Foils > Hits
= Lure CR) (Pidgeon & Morcom, 2016). The resulting contrast images
were used for further whole brain analysis on a group level.

2.7.3. Group-level analyses

Region of interest analysis. Anatomical regions of interests were deter-
mined a priori based on 1) regions that have been shown to be vul-
nerable to physical exercise, and 2) regions that have been reported
previously to be involved in the task that we used. Previous work on
the effects of physical exercise suggests that the hippocampus is signif-
icantly affected by regular exercise (Erickson et al., 2011; Firth et al.,
2018). The pattern separation paradigm used in the present study dis-
tinctly activates the hippocampus and parahippocampal gyri (Kirwan
& Stark, 2007; Bakker et al., 2008). Hence, we retrieved BOLD signal
change in bilateral hippocampus and parahippocampal gyrus from the
Automated Anatomical Labeling (AAL) Atlas (Tzourio-Mazoyer et al.,
2002). This subject-level design matrix was used to extract the mean
percent signal changes for each subject, each condition, and each point
in time. Given that blood oxygenation peaks 4 to 6 seconds post-stimulus
(Poldrack, Mumford & Nichols, 2011; Chen, Shen & Truong, 2016), we
extracted the mean percent signal change covering a time window of 4 to
6 seconds after stimulus onset for each of the four regions of interest (left
and right hippocampus and left and right parahippocampal gyrus) using
the MarsBaR toolbox (http://marsbar.sourceforge.net/) (Brett, Anton,
Valabregue, & Poline, 2002). Differences in mean percent signal change
of hippocampal and parahippocampal activation were analyzed using
mixed linear models (see also statistical models in section 2.8 for de-
tails). To validate the paradigm on the group-level, the contrast images
for the contrasts Hits > Lure CR = Foils and Lure CR > Hits = Foils that
had been computed across all participants during the baseline assess-
ment prior to the intervention (BDC-4) were subjected to a one-sample
t-test within the SPM-framework to verify which regions were engaged
during the retrieval of repetitive and lure stimuli. The results were cor-
rected using a family wise error rate (FWE).

Whole-brain analyses. The contrast images of the pattern separation and
completion contrasts that had been acquired on a subject-level were
used in a flexible factorial design within the SPM framework with Subject
as a random factor, and Time and Group as fixed factors. Contrasts for
main and interaction effects were computed and results were corrected
for multiple comparisons using a family wise error rate (FWE).

2.8. Statistical analysis

Behavioral data and mean percent BOLD signal change for our a pri-
ori regions of interest, i.e., bilateral hippocampus and parahippocampal
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gyrus were analyzed by linear mixed models. To assess the effects of bed
rest and the exercise intervention on percent responses classified as new,
similar or old, we performed mixed models with Group (CTRL, TRAIN),
Time (BDC-4, HDT58), and their interaction as fixed factors, and Subject
as a random factor. The inclusion of Stimulus Type (novel, lure, repe-
tition) as an additional factor did not allow precise estimations of the
variance-covariance matrices. Hence, we ran separate mixed models for
each stimulus (novel, lure, repetition) and response type (new, similar,
old). Mean percent BOLD signal change was assessed for hippocampus
and parahippocampal gyrus in two separate models. In each model, we
entered Time (BDC-4, HDT58), Group (TRAIN, CTRL), Laterality (Left,
Right), Condition (Encoding, Retrieval), and Stimulus Type (Lure, Rep-
etition). Covariance matrices were determined by restricted maximum
likelihood (REML) estimation. P-values were obtained by using Satterth-
waite’s approximation for denominator degrees of freedom. Pre-planned
contrasts were used to quantify the interaction between Time and Group
by Laterality crossed with Condition and Stimulus Type for BOLD sig-
nal change. Contrasts were adjusted using a false discovery rate (FDR)
procedure treating each region of interest (left and right hippocampus
and parahippocampal gyrus) as one family of four comparisons each
(two comparisons for Condition x two comparisons for Stimulus Type)
(Benjamini & Hochberg, 1995). Effect sizes were reported as Cohen’s d
and 95% confidence intervals. For imaging data, a false coverage state-
ment rate (FCR) was computed using a Matlab script (Groppe, 2020) to
construct multiple comparison corrected confidence intervals that corre-
spond to the FDR-adjusted p-values (Benjamini & Yekutieli, 2005). The
level of significance was set at = 0.05 (two-sided) for all tests. All sta-
tistical analyses and graphical illustrations were carried out using the
software package R version 3.5.2 (R Core Team, 2018).

3. Results
3.1. Validation of the fMRI paradigm

All participants demonstrated high accuracy in correctly identify-
ing novel (> 93%) and repetitive stimuli (> 90%), whereas lure stimuli
were harder to classify correctly (between 43% to 51% for BDC-4). A
detailed summary of the descriptive statistics is provided in the Supple-
mentary Material (Table S1). To verify which regions were engaged in
the paradigm, we assessed brain activations during the contrasts Hits
> Lure CR = Foils and Lure CR > Hits = Foils at the first point in time
(BDC-4) for all participants (n = 22). Clusters that were significantly
activated for the contrast Hits > Lure CR = Foils were the left fusiform
gyrus, left hippocampus, left MTG (for all 3 clusters Pgyyg corr. = 0.033),
and bilateral precuneus (Pgyg.cor. < 0.001) as well as bilateral cerebel-
lum (Ppyg.corr. = 0.029 for right and Pryyp cor. = 0.002 for left cerebel-
lum). For the contrast Lure CR > Hits = Foils, we observed significant
activations in bilateral precuneus (Ppyp.cor. < 0.001), left hippocam-
pUus (Prwg-corr. = 0.042), and bilateral cerebellum (Ppyg.cor. = 0.027 for
right and Ppyg cor. = 0.026 for left cerebellum). Both, the behavioral
performance and the regions activated at BDC-4 are very similar to
the results reported previously confirming the validity of the paradigm
(Hamaldinen et al., 2007; Kirwan & Stark, 2007; Pidgeon & Morcom,
2011).

3.2. Behavioral findings

Figure 3 shows frequency of the responses given to each stimulus
type for the contrast between HDT58 and BDC-4. Both groups showed
a significant improvement in the discrimination of lure items by identi-
fying them more often as “similar” and less as “old” on HDT58 (all Ps
< 0.05). Numerically, TRAIN also improved in the recognition of rep-
etition trials (ty) = 0.46, P = 0.654, d = 0.19, [-0.65, 1.03]), whereas
CTRL showed a small decrease from HDT58 to BDC-4 (tyy = -0.76, P =
0.457, d = -0.32, [-1.16, 0.52]). There was neither a significant main
effect for Group nor a Group x Time interaction in any of the behavioral
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Fig. 3. Changes in response frequency from baseline (HDT58 vs. BDC-4) by Stimulus Type (lure, novel and repeated stimuli), Group (TRAIN, CTRL), and Response
(items classified as new, old, or similar). Data are marginal means and standard errors. CTRL, bed rest control group; TRAIN, exercising bed rest group. N = 11 for

each group respectively. * P < 0.05, ** P < 0.01 compared to BDC-4.

conditions (all Ps > 0.124). Detailed statistical results are provided in
Supplementary Material (Table S2 and S3).

Results for the separation bias and the recognition memory score
were similar to changes observed for discriminating lure and repetition
trials (see Supplementary Material Figure S1). We also observed an in-
crease in the separation bias score in both groups (F; 59 = 26.16, P <
0.001 for Time). This is in line with the improvement in discriminating
lure trials, given that the separation bias score was calculated as the dif-
ference between the probability of identifying a lure item as “similar”
and the probability of identifying a novel foil item as “similar”. Numer-
ically, TRAIN showed a higher and CTRL a lower recognition memory
score that, however, did not reach statistical significance (Group x Time,
Fy 5 = 0.89, P = 0.358). Detailed statistical results are provided in Sup-
plementary Material Table S4.

3.3. fMRI results

3.3.1. Region of interest analysis

After two months of bed rest, increases in BOLD signal were observed
in CTRL for all mnemonic conditions, whereas the signal in TRAIN de-
creased (Fig. 4). Pre-planned contrasts revealed that the decrease in
BOLD signal within TRAIN was significant for five out of eight condi-
tions in the left hemisphere (all Ps < 0.05). A detailed summary of the
simple effects of Time by Laterality (Left, Right) and Condition (Encoding,
Retrieval) and Stimulus Type (Lure, Repetition) for each group separately
and for all main and interaction effects of the multilevel analysis is pro-
vided in Supplementary Material Table S5, S6, and S7. We also observed
a significant interaction between Group and Time in the left hemisphere
for the retrieval process of lure stimuli (hippocampus: P = 0.035, d =
-1.12 [-2.27, 0.04]); parahippocampal gyrus: P = 0.012, d = -1.23 [(-
2.14, -0.30]). Furthermore, a significant interaction of Group x Time
during correct encoding and retrieval of repetition stimuli was found
in the left parahippocampal gyrus (P = 0.019, d = -1.01[-1.89, -0.11];
P =0.018, d = -1.05 [-1.93, -0.14], respectively). A nearly significant
interaction was observed for the left hippocampus during encoding of
lure items (P = 0.054, d = -0.95 [-2.07, 0.19]) and for the right parahip-
pocampal gyrus during retrieval of lures (P = 0.056, d = -1.05). There
were no other significant main or interaction effects (all Ps > 0.215).
Details of these analysis are provided in Supplementary Material Table
S8.

3.3.2. Whole-brain analysis
Greater activation on HDT58 compared to BDC-4 for the pattern sep-
aration contrast [BDC-4 (Lure CR = Foils > Hits)] vs. [HDT58 (Lure CR

= Foils > Hits)] was observed in the right occipital pole (R OCP), right
middle temporal gyrus (R MTG), frontal pole, right fusiform gyrus (R
FuG), and left inferior temporal gyrus (L ITG) for CTRL (P < 0.001, clus-
terwise FWE-corrected (P < 0.05)). Notably, only the right OCP survived
the FWE-cluster correction (Fig. 5). Higher activation was also seen in
the right superior parietal lobule in TRAIN, but did not reach the level
of significance. There was no Group x Time interaction for the pattern
separation contrast.

Regions showing decreased activation for the pattern completion
contrast [BDC-4 (Foils > Hits = Lure CR)] vs. [HDT58 (Foils > Hits =
Lure CR)] involved bilateral precentral gyrus, bilateral insular cortex,
and right middle temporal gyrus for CTRL and left superior temporal
gyrus (L STG) and left occipital fusiform gyrus (L. OFuG) for TRAIN. Only
the bilateral precentral gyrus survived FWE-cluster correction. A Group
x Time interaction that did not reached statistical significance was ob-
served in the right precentral gyrus. A detailed overview of the regions
that showed changes in the pattern separation and completion contrast
from BDC-4 to HDT58 and exceeded the threshold of 20 voxels is pro-
vided in the Supplementary Material Table S9 and S10.

4. Discussion

We investigated the effects of long-term bed rest on episodic mem-
ory performance and its neural basis and whether a high-intensity jump
training can mitigate the effects of physical inactivity on the neural un-
derpinnings of memory functioning. After two months of bed rest, we
found increases in BOLD signal during memory encoding and retrieval
in the hippocampal formation in CTRL compared to TRAIN, suggest-
ing a modulating effect of the exercise intervention. The strongest ef-
fects of exercise were observed in the left hemisphere. This is in line
with recent research summarizing the effects of regular physical activ-
ity on the hippocampus. In a meta-analysis of 14 longitudinal studies,
Firth et al. (2018) reported significantly larger effects for the left hip-
pocampus (Hedge’s g [95% CI] = 0.265 [0.090, 0.441], P = 0.003) com-
pared to the right hippocampus (Hedge’s g [95% CI] = 0.164, [-0.010,
0.339], P = 0.065).

Increased brain activity during pattern separation has been ob-
served in the elderly compared to young adults (Yassa et al., 2011),
as well as in patients with mild cognitive impairment (MCI) compared
to healthy controls (Hamaldinen et al., 2007; Yassa et al., 2010). Bed
rest is a classical model to simulate some of the physiological adapta-
tions associated with spaceflight (Pavy-Le Traon et al., 2007). Given
that the physiological responses to spaceflight reflect an accelerated ag-
ing process (McGuire et al., 2001; Vernikos & Schneider, 2010), bed
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Fig. 5. Right occipital pole showing increased activation during pattern separation in CTRL. SPMs for the contrast [BDC-4 (Lure CR = Foils > Hits)] vs. [HDT58 (Lure
CR = Foils > Hits)] averaged over 11 CTRL subjects mapped onto an MNI template (P < 0.001, clusterwise FWE-corrected (P < 0.05)).
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rest can also be considered as a unique model to better understand
the effects of premature physiological aging. In this regard, our find-
ings of increased brain activation in CTRL could be interpreted as a
consequence of bed rest-induced accelerated aging. This is also sup-
ported by findings from Miller and colleagues (Miller et al., 2008a),
showing a very similar response in the elderly. Specifically, they ob-
served greater hippocampal activity during the encoding process in low-
performing older adults and explained this phenomenon as a compen-
satory response (Miller et al., 2008a). In another study Miller and col-
leagues also demonstrated that greater hippocampal activation during
memory encoding predicted the rate of cognitive decline (Miller et al.,
2008b). Additional evidence comes from Yassa et al. (2010) who found
an inverse relationship between hyperactivity in the dentate gyrus and
CA3 region and behavioral performance, suggesting that the increase
in brain activity resulted from dysfunctional encoding mechanisms.
Conflicting results have been reported in a precedent study by Small
and colleagues (Small, Perera, DeLaPaz, Mayeux, & Stern, 1999) who
found reduced activation in all hippocampal subfields in Alzheimer pa-
tients compared to healthy elder controls. Sperling speculated that hy-
peractivation occurs in very early stages of MCI as a compensatory
response to maintain memory performance but at a later stage the
hippocampus fails, resulting in decreased activation (Sperling, 2007).
In a longitudinal study Nyberg and colleagues (2019) have observed
both during encoding, an age-related hypoactivity in the anterior hip-
pocampus, and hyperactivity in the anterior and posterior hippocam-
pus in elderly having lower memory performance and a higher demen-
tia risk. The authors suggested that hippocampal hyperactivity is not
a response per se to normal aging but rather a pathological sign of
neurocognitive disorders (Nyberg et al. 2019). The same group also
assumed that hippocampal atrophy and memory decline induces func-
tional reorganization in the prefrontal cortex (Pudas et al., 2018) and el-
evated functional connectivity between PFC and anterior hippocampus
(Nyberg et al. 2019).

In the present study, differences in brain activity between groups
were not paralleled by changes in behavioral performance. Participants
most often identified novel, lure, and repetition stimuli correctly as
new, similar, and old showing the highest accuracy in novel and repe-
tition items. Lure items were harder to classify and only correctly iden-
tified in 43% to 66% of all lure trials. Very similar performances on
novel, lure and repetitive trials have been reported in previous stud-
ies (Hamaldinen et al., 2007; Kirwan & Stark, 2007) confirming the
validity of the paradigm in the present study. Notably, we observed
an improvement in the ability of discriminating lure trials on HDT58
compared to BDC-4 in both groups that may be the result of additional
test-enhanced learning effects that occurred independently of the in-
tervention. It can only be speculated whether the discrepancy between
neuronal activity and mnemonic performance is due to a reduced neu-
ronal efficiency in CTRL (i.e., that maintaining behavioral performance
requires a higher neural demand) or that bed rest induced dysfunctional
mechanisms in neuronal coupling, which were counteracted by the ex-
ercise intervention. In addition to our a priori hypothesis anticipating
changes in hippocampus and parahippocampal gyrus, we also explored
whole-brain BOLD signal changes during pattern separation and com-
pletion from BDC-4 to HDT58. We observed a significant increase in the
right occipital pole during pattern separation in participants that did
not undergo the training intervention. Occipital, parietal, and temporal
regions have been reported previously to contribute to pattern separa-
tion (Pidgeon & Morcom, 2016) and memory retrieval (Jonker et al.,
2018). It is also possible that these activations reflect other processes
associated with the encoding of the stimuli. For instance, Sestieri, Shul-
man, & Corbetta (2017) noted that such activations could be related
to perceptual attention. Our data also suggested a stronger decrease in
CTRL for bilateral precentral gyrus. However, the interaction between
Group and Time was not significant. It is possible that this activation is
likely to be attributed to bed rest (Cassady et al., 2016). Cassady and
colleagues reported that the intrinsic connectivity contrast (ICC) of the
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precentral gyrus is increased after 70 days of bed rest (Cassady et al.,
2016). We therefore assume that the observed cluster is unrelated to our
fMRI paradigm and a result of prolonged bed rest per se.

Key strengths of this study are the highly-standardized conditions
and environment of the experimental and control group. In con-
trast to previous ambulatory training studies (Erickson et al., 2011;
Ruscheweyh et al., 2011; Hotting et al., 2012), we were able to stan-
dardize various critical factors that are known to affect neurobehavioral
measures, including the social environment, leisure time activities, nu-
trition, sleep, and day and night cycles. Over three months, including
the 60 days of bed rest, sleep, diet, light exposure, environmental con-
ditions, and physical activity were strictly regulated and standardized
(Kramer et al., 2017a). Social interactions were limited to staff, other
participants, and individual personal phone calls only. Thus, the differ-
ences in neuronal activity observed in the study can likely be exclusively
attributed to the result of the exercise intervention. It should also be
noted that the exercise intensity and target population of the current
project differed compared to previous studies.

Our exercise group followed a short but intensive jump training pro-
tocol and completed 48 sessions within two months. For example, this
was the same amount of sessions over a course of six months in the study
by Hotting et al. (2012). Moreover, a large part of the existing body
of research focuses on older adults with a mean age >60 years (e.g.,
Erickson et al., 2011; Ruscheweyh et al., 2011; Jonasson et al., 2016).
Only very few studies with a similar cohort following a comparable
study design have been reported so far and none of these studies particu-
larly targeted the function of the hippocampus (Koppelmans et al., 2013;
Rao et al., 2014; Zhou et al., 2014; Yuan et al., 2016). In these studies, 45
days of bed rest led to altered functional connectivity in the left anterior
insula and dorsal anterior cingulate cortex (Zhou et al., 2014) as well as
to greater activation in the ventromedial prefrontal cortex during risky
decision making (Rao et al., 2014). Another research group reported
increased brain activity in frontal and parietal regions that were accom-
panied with slower reaction times (Yuan et al., 2016) and detrimental
effects on functional connectivity in motor and somatosensory brain ar-
eas after 70 days of bed rest (Cassady et al., 2016; Koppelmans et al.,
2017; Koppelmans et al., 2018). The authors concluded from the ob-
served increased brain activation that more neurocognitive control is
required during bed rest for dual-task execution (Yuan et al., 2016). The
results of the present study confirm these findings for episodic memory
and its neural basis, and provide novel insights into the effects of phys-
ical activity on mitigating the effects of bed rest on brain function.

4.1. Limitations

Although the study was highly standardized, our findings are subject
to a few limitations. The overall experimental protocol was defined by
the study sponsor, including inclusion and exclusion criteria as well as
sample size. These restricted criteria have resulted in a highly selective
sample of young, healthy men. Accordingly, caution must be applied
with respect to the generalizability of the findings to women, the aging
population, and patients. Further research is needed to investigate bed
rest induced changes in mnemonic processing and their neural basis
in different populations. We also acknowledge that the present study
lacks a non-resting control group. Albeit, the challenges in controlling
for diet, sleep, social contacts, and physical activity levels in ambulatory
controls, such data could also provide important information to better
understand the effects of long-duration immobilization.

5. Conclusion

The current study assessed the effects of long-term bed rest on
episodic memory and its neural correlates and the efficacy of a regu-
lar high-intensity exercise to mitigate adverse neurobehavioral effects.
With the same mnemonic performance, we found an elevated BOLD
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signal in the non-exercising bed rest group compared to the exercis-
ing bed rest group. It cannot be conclusively decided whether this is
a compensatory response or the result of an underlying dysfunctional
mechanism. Our findings show, however, that high-intensity exercise
modulates neuronal activity and may counteract hyperactive signaling
in the hippocampal formation. Further research is needed to elucidate
sex-specific effects of the high-intensity exercise program on hippocam-
pal activation, and explore the potential of these programs to preserve
brain function in the aging population.
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