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Abstract

Childhood maltreatment has long lasting impacts on neural development of the hippocampus,
which is important for learning and memory. The present study aimed to assess the effects of a
mindfulness based intervention on hippocampal morphometry and episodic memory in this
population. We administered MRI, psychological questionnaires and an episodic memory task to
21 participants (5 males) before and after a mindfulness-based behavioral intervention, compared
to 21 participants (7 males) on the waiting list. Changes in Gray Matter Volume (GMV) in
bilateral hippocampi were analyzed with VVoxel-Based Morphometry (VBM). One cluster was
identified in the right hippocampus with a group by time interaction effect that consisted of 130
contiguous voxels but fell short of significance with full FDR correction (0= 0.077). GMV in this
cluster increased by 0.76% in the mindfulness group and decreased by 0.78% in the control group.
Within the mindfulness group, changes in hippocampal GMV were negatively associated with
changes in perceived stress and depression severity and positively associated with enhancement in
performance accuracy on the episodic memory task. Findings from this pilot study suggest that a
mindfulness-based intervention may lead to an increase in partial hippocampal GMV with
associated symptom reduction and improvement in episodic memory.
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Introduction

Childhood maltreatment is associated with increased risks for various medical and
psychiatric problems throughout the entire lifespan (Pietrek et al., 2013). Adverse childhood
experiences, such as physical and emotional abuse or neglect, have been repeatedly reported
to have long lasting impact on neural development (Teicher et al., 2016), which may
underlie their enhanced risk of psychopathology (McCrory et al., 2012).

In particular, prior research showed that childhood maltreatment was associated with
reduced Gray Matter Volumes (GMV) of the hippocampus (Dannlowski et al., 2012; Woon
and Hedges, 2008), particularly the volumes of hippocampal subfields CA3, dentate gyrus,
and subiculum (Teicher et al., 2012). The hippocampus, an important brain structure for
learning and memory (Burgess et al., 2002), also plays an important role in stress regulation
with its projections to the hypothalamus and its corticosteroid receptors (Jacobson and
Sapolsky, 1991). Studies with animal models have revealed various kinds of stress, including
prenatal stress (Marrocco et al., 2012), neonatal stress (Andersen and Teicher, 2004), chronic
stress as well as acute stress (Murakami et al., 2005), all negatively impact the morphometry
of the hippocampus. Human studies also identified stress as a primary predictor for
hippocampal changes among maltreated children (Carrion et al., 2007).

Mindfulness based clinical interventions have beneficial effects on stress related
psychological and medical symptoms, many of which are commonly found among
childhood maltreatment victims, including depression (Williams et al., 2014) and anxiety
(Goldin and Gross, 2010). Several studies further revealed neurobiological changes
associated with mindfulness practices (Gotink et al., 2016). In particular, with respect to the
hippocampus, long term meditators were shown to have higher GMV than controls in the
left (Luders and Kurth, 2018) and right hippocampus (Holzel et al., 2008) as well as bilateral
hippocampal subiculum (Luders and Kurth, 2018). Increases in left hippocampal GMV were
reported among healthy adults after they went through an eight-week mindfulness-based
stress reduction intervention program (Holzel et al., 2011). Furthermore, studies also suggest
mindfulness practices enhance episodic memory (Brown et al., 2016), which is an important
function of the hippocampus (Burgess et al., 2002).

In the present study we sought to assess the effects of a mindfulness intervention on
hippocampal GMV as well as performance on an episodic memory task among young adults
with self-reported histories of childhood maltreatment. We hypothesized that hippocampal
GMV would increase after the mindfulness-based intervention and would be associated with
symptom reduction and improvement in performance on an episodic memory task.

Methods

2.1 Subject Enrollment

Detailed information on subject recruitment and enrollment was presented in a previous
publication (Joss et al., 2019). There were three waves of recruitment, during each wave,
subjects were assigned to either the mindfulness group or waiting list control depending on
their projected availability to attend the majority of intervention sessions, and subjects on the
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waiting list were offered the mindfulness intervention in the following wave. A total of 43
subjects were enrolled, 4 of which dropped out, and 3 subjects did not yield research data
due to logistic issues. Among the remaining 36 subjects, 21 completed the mindfulness
intervention and the research data collection before and after the intervention, while another
21 on the waiting list completed research data collection at the corresponding time, among
which 6 subjects completed the mindfulness intervention after the waiting period (Figure
1.A).

2.2 Subject Assessment

Comprehensive standardized clinical assessment on childhood experiences and psychiatric
history were completed in the previous study where the subjects were recruited from (Khan
et al., 2015). When subjects were enrolled for the present study, clinicians administered the
Longitudinal Interview Follow-up Evaluation - Psychiatric Status Ratings (LIFE) (Keller et
al., 1987) to assess their current mental health condition to determine whether they meet the
inclusion/exclusion criteria (Joss et al., 2020, 2019). A battery of online questionnaires (Joss
et al., 2020, 2019) were administered with the REDCap electronic data capture tool (Harris
et al., 2009), among which three questionnaires were used in the present study: Perceived
Stress Scale (PSS, (Cohen et al., 1994)), State-Trait Anxiety Inventory (STAI, (Spielberger
and Sydeman, 1994)), and Beck Depression Inventory (BDI,(Beck et al., 1996)).

2.3. Research Procedures

Overview—aParticipants first went through a clinical interview to determine their eligibility,
then eligible participants were instructed to fill out online questionnaires and complete an
MRI visit which typically took place within a month before the start of the mindfulness
intervention program or waiting period. At the MRI visit, all subjects underwent a urine drug
test and female subjects also completed a urine pregnancy test. The MRI procedures
included a 6-minute anatomical scan, and a 7-minute resting state fMRI scan that is not
included in this manuscript. Subjects also completed a computerized episodic memory task
outside the MRI scanner. Then subjects attended the mindfulness-based intervention
program for eight continuous weeks. This consisted of eight 2.5 hour long weekly weekday
evening sessions plus one six-hour weekend session. Within a month after the intervention
program was finished, subjects came back for a second MRI visit during which they
repeated the same MRI and computer test procedures and completed the same online
questionnaires. Subjects on the waiting list were administered the same research procedures
around the same time as subjects participating in the intervention program.

MRI parameters—MRIs were acquired on a Siemens 3T magnetom Skyra system at the
Martinos Center for Biomedical Imaging of the Massachusetts General Hospital. MRIs of all
subjects were acquired on the same scanner with exactly the same parameters without
software upgrades during the course of the study. A 32-channel head coil was used to
acquire all MRI images. High resolution anatomical image was acquired using a T1-
weighted multi-echo MPRAGE (MEMPRAGE) sequence (van der Kouwe et al., 2008),
which acquires 4 separate structural scans with different TE values ranging from 1.5 to 7 ms,
but in the same time span as a conventional scan, and then the 4 separate images were
averaged to increase the signal to noise ratio. Voxel size was 1.0x1.0x1.0 mm, Field of View
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(FOV) read was 256mm, base resolution was 256, and there were 176 slices per slab. Phase
encoding direction was A>>P. TR=2530ms, T1=1100ms, TE 1=1.69ms. Flip angle =7.0
degrees.

Mindfulness based intervention program—The mindfulness based intervention
program was modeled after the Mindfulness Based Stress Reduction program (Kabat-Zinn,
1990; Santorelli et al., 2017), which covered topics such as mindfulness meditation,
attention and awareness, mindful yoga, responding vs. reacting to stress, stress coping
strategies, handling difficult emotions and communications, as well as applying mindfulness
in everyday life (Figure 1.B). Several modifications were adapted to increase the program’s
trauma sensitivity (Joss et al., 2020), such as providing audio instructions for meditation
practice of various lengths (2, 10, 20 or 30 minutes, as opposed to the original 45 minutes),
inclusion of the 3-minute breathing space practice (King et al., 2013), incorporation of more
mindful movement components, as well as cultivating a sense of empowerment by providing
choices and flexibility throughout program instructions.

Episodic memory task—An episodic memory task (Stark et al., 2013) was administered
on the computer outside the MRI scanner at each MRI visit. During the task, participants
viewed color photographs of common objects, and were instructed to indicate whether they
were viewing an object they had seen before (“old”), a slight variation of an object they had
previously seen (“similar”), or an object they had not previously seen (“new”). Participants
responded among the 3-alternative forced choices: “old”, “similar” and “new”. The whole
task included 768 trials that were equally divided into 8 blocks. Each stimulus was presented
for 2000ms with a 500ms inter-stimulus-interval. Presentation of the three conditions were
fully randomized throughout the whole task. Presentation of the task was implemented with
the Psychophysics Toolbox extensions (Pelli, 1997) on the MATLAB (MathWorks, Natick,
MA) 2009 platform on a Windows 8 operating system (Microsoft, Redmond, WA).

2.4 Data analyses

A total of 36 participants were able to provide research data from at least two time points,
either pre- and post-intervention or the two corresponding time points as a waiting list
control. There were 6 subjects that completed the mindfulness intervention program after
their waiting period, thus contributing data to both the control group and the mindfulness
group. As a result, there were 21 pairs of MRI data for each group. One subject in the
mindfulness group and 3 subjects in the control group did not complete the required
questionnaires. All subjects that completed MRIs also completed the episodic memory task,
although one subject during the post-waiting period testing could not complete the last block
of the task due to technical issues, and performance accuracy of this subject was calculated
based on the available data.

Questionnaire data and task performance accuracy was first analyzed with ANOVA with
repeated measures to specifically evaluate the group by time interaction effect, effect size
was evaluated with partial eta squared (n)2), with a value above 0.06 indicates medium effect
size and above 0.14 indicates large effect size. Then for each group, paired t-test was used to
assess changes between the two time points (post- vs. pre-intervention/waiting period),
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effect size was evaluated with Cohen’s d (d), with a value above 0.5 indicates medium effect
size and above 0.8 indicates a large effect size.

We used the CAT12 toolbox (Gaser and Dahnke, 2016) and SPM12 (Friston et al., 1995) for
Voxel-Based Morphometry (VBM) analysis (Ashburner, 2007). The anatomical MRIs from
all scans of each subject were segmented into gray matter, white matter and cerebrospinal
fluid using the longitudinal module of CAT12. The mean image of all time points was
created for each subject after realignment and bias correction; then based on the
segmentation of the mean image, CAT12 estimated the spatial normalization parameters
with the help of a Dartel normalization (Ashburner, 2007) for each image (i.e., the image
from each time point). Finally, these normalization parameters were applied to each of the
segmented images and then modulated and co-registered to the Montreal Neurological
Institute (MNI) template. The estimated GMV map was then smoothed with Gaussian kernel
full width at half maximum 8 by 8 by 8 mm3. Flexible factorial design was used for testing
the group by time interaction effect. Total Intracranial Volumes (T1V) of each scan of each
subject were used as covariates to control for individual variability in brain sizes.

Difference maps of GMV estimates were calculated (post minus pre) from the smoothed
GMV maps of each subject with the “ImCalc” function in SPM12. Regression analyses were
conducted within each group with the difference maps and the changes of questionnaire
scores or episodic memory task performance accuracy. Average TIVs across two MRI data
from two time-points for each subject were used as covariates in each regression analysis.
Global scaling with individual TIV values was performed by adapting the “global
calculation”, “global normalization”, and “proportional normalization” processing steps to
reduce the issues of collinearity and increase orthogonality between TIV and independent
variables.

Statistical results from all the above analyses were conducted within the anatomical masks
of the left and right hippocampus obtained from the neuromorphometrics label template in
SPM12. We used the 3dClustSim function in the AFNI (afni.nimh.nih.gov) package to
determine the appropriate threshold for multiple comparison corrections within the
hippocampal masks. There was a total of 1359 voxels in the left hippocampus and 1457
voxels in the right, setting the uncorrected p-threshold at p <0.05, to reach a corrected p-
value of p <0.05, a cluster must have a minimum of 141 voxels in the left hippocampus or
152 voxels in the right hippocampus.

For illustrative purposes, after each regression analysis, we used the MarsBar (Brett et al.,
2002) toolbox of SPM12 to extract the average GMV per voxel of each individual subject
from the clusters of interest , and plotted them with the variable of interest, i.e., score
changes of PSS, BDI and episodic memory task performance accuracy, with strength of
association represented with Pearson correlation values.

Psychiatry Res Neuroimaging. Author manuscript; available in PMC 2021 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joss et al.

Page 6

3. Results

3.1 Results from research questionnaires and the episodic memory task

Detailed information on subject demographics and research questionnaires were reported in
a previous publication (Joss et al., 2019). There were no group differences in age, sex, or
ethnicity distribution. The mindfulness group (N = 21) had an average age of 26.05 years
(SD = 2.25, range 22-29), with 76% female and 57% Caucasian. The control group (N = 21)
had an average age of 25.19 years (SD = 2.69, range 22-29), with 67% female and 71%
Caucasian. The two groups had 6 overlapping subjects who completed the mindfulness-
based intervention after their waiting period (Figure 1.A).

There were significant group by time interaction effects with the scores of the PSS (F(1,34)
=9.276, p=0.004, n2 = 0.214) and the STAI-t (F(1,33)= 6.785, p= 0.014, 12 = 0.171), but
not the BDI (F(1,33) = 0.034, p = 0.855, )2 = 0.001). The mindfulness group had
significantly reduced scores on PSS (£{18) =—3.529, p=0.002, d=0.809) and STAI-t (#(19)
=-2.945, p=0.008, d= 0.659), while the control group had no significant change in any of
the symptom scores (p > 0.429) (Table 1).

There was no significant group by time interaction with performance accuracy on the
episodic memory task (F(1,40) =1.341, p = 0.254, n2= 0.032). Both groups had increased
accuracy at post-intervention/waiting period testing, but only the control group reached
significance (£20)=3.259, p=0.004, 0=0.904). After removing the 6 overlapped subjects
from the mindfulness group, the mindfulness group had a significant increase as well (414)
=2.734, p=0.016, o= 1.038)(Table 1).

3.3 MRI results: group by time interaction effect

The largest cluster identified for the group by time interaction effect was located in the right
hippocampus and consisted of 130 contiguous voxels. The size of this cluster did not reach
the threshold of 152 voxels required for an FDR-corrected significance (p <0.05) level
(Table 2). The FDR corrected p value for this cluster was p= 0.077. We extracted average
GMV values of each subject at each time point from this cluster and plotted the values in
Figure 2 for illustrative purposes. There was a 0.76% increase in GMV among the
mindfulness group, and a 0.78% decrease in the control group, with a significant group
difference from two sample t-test (£40)=-3.19, p <0.01).

3.4 MRl results: correlations with changes of symptom severity and task performance

accuracy

We used regression analyses in SPM to assess the association in each group between
unilateral hippocampal GMV and symptom reduction. Within the mindfulness group, there
was one cluster in the right hippocampus that showed significant negative association with
BDI score changes, and one cluster in the left hippocampus that showed significant negative
association with PSS score changes, both of which reached the minimum cluster size
threshold to be considered as significant clusters (FDR corrected, p <0.05) (Table 2, Figure
3). Hippocampal clusters from regression analyses of the STAI-t did not reach the minimum
size threshold.
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The same analyses within the control group revealed some clusters of voxels that also
showed negative correlations with changes of PSS, BDI and STAI-t scores (p < 0.05,
uncorrected), but the cluster sizes did not reach the minimum threshold for FDR corrected
significance level of p< 0.05. The largest clusters with negative correlation with symptom
score changes in the control group were located in the same side of the hippocampus as
those in the mindfulness group (Table 2).

Regression analyses within the mindfulness group revealed two small clusters of 80 and 53
voxels respectively in the left hippocampus that showed positive association (p < 0.05,
uncorrected) between changes in GMV and changes in performance accuracy on the
episodic memory task (Figure 4); neither cluster reached the minimum size threshold for
FDR corrected significance level of p< 0.05. The same analysis within the control group did
not reveal any significant (o < 0.05, uncorrected) voxels within bilateral hippocampi that had
positive associations between changes of GMV and task performance accuracy.

4. Discussion

This pilot study investigated changes in hippocampal GMV after a mindfulness based
behavioral intervention among young adults with childhood adversity. We found a 130-voxel
cluster in the right hippocampus in which the mindfulness group showed an increase in
GMV after the intervention as opposed to a decrease observed in the control group after the
waiting period. Furthermore, there were two hippocampal clusters that showed significant
associations with stress and depression symptom reduction. A subthreshold cluster was also
observed with positive association with performance accuracy changes on an episodic
memory task. The implications of these findings are discussed below.

It’s well-known that stress has adverse impacts on the hippocampus (McEwen et al., 2012).
Stress impacts the hippocampus by inducing “debranching and shortening of dendrites and
suppression of neurogenesis” (Czéh et al., 2001), which are reflected as morphometric
changes in human neuroimaging studies. Our findings of treatment related morphometric
changes over eight weeks are similar to prior reports. For example, a significant correlation
was reported between numbers of stressful life events and reduction of right hippocampal
GMV over a 3-months interval (Papagni et al., 2011). Another study found increased
hippocampal gray matter among patients with unipolar depression after an 8-week
antidepressant treatment (Arnone et al., 2013). The decreased GMV after the waiting periods
in the control group likely reflects the effect of stress and anxiety on hippocampal
morphometry (Czéh et al., 2001; McEwen et al., 2012). Unlike the mindfulness group which
had significantly reduced stress and anxiety after the intervention, these metrics remained
high in the control group and trended slightly upward.

Our findings of a subthreshold cluster of increased hippocampal GMV after mindfulness
intervention is consistent with previous reports of higher hippocampal GMV among long
term meditators (Luders and Kurth, 2018) and increased hippocampal GMV after a
mindfulness based stress reduction program (Holzel et al., 2011), which was attributed to
possible neurogenesis (Gage, 2002) upon stress alleviation (Holzel et al., 2011). However,
both previous studies reported significant findings in the left hippocampus, whereas in the
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present study the identified cluster was located in the right hippocampus. Such difference in
laterality might be related to the effect of childhood maltreatment on hippocampal
development. A meta-analysis found that trauma exposure was associated with hippocampal
volume reduction, and the impact was more prominent in the right hippocampus among
subjects that developed PTSD (Woon et al., 2010). Overall, the laterality of reported effects
in maltreated individuals is mixed with the majority reporting bilateral effects (43%)
followed by left only (30%) and right only (25%) (Teicher et al., 2016). Despite the mixed
findings on laterality in previous reports, the adverse impact of childhood maltreatment on
hippocampal development could have caused the hippocampus to respond differently to the
mindfulness intervention compared to previous studies in nontraumatized populations.

The episodic memory task indirectly reflects hippocampal functionality. In previous
functional MRI (fMRI) studies, the episodic memory task was used to observe hippocampal
activations (Bakker et al., 2012; Stark et al., 2013). Prior longitudinal studies have reported
associations between changes of hippocampal morphometry and episodic memory
performance (Engvig et al., 2014; Gorbach et al., 2017). In the present study, both groups
had improved performance accuracy, but only the mindfulness group showed positive
association with hippocampal GMV changes, while the same analyses did not reveal any
significant hippocampal voxels with such association in the control group. Therefore, unlike
the hippocampus-associated performance enhancement in the mindfulness group, the
accuracy improvement of the control group might have recruited different neural resources
(Kramer et al., 2005).

Existing research suggests that stress related hippocampal impairments are reversible under
appropriate conditions. Several mechanisms have been found to increase hippocampal
volumes. One animal study found that antidepressant treatment prevented stress-induced
hippocampal volume reduction (Czéh et al., 2001) while human studies found antidepressant
medication treatment led to increased hippocampal GMV among PTSD patients (Vermetten
et al., 2003). Environmental enrichment and voluntary exercise were also found to increase
adult hippocampal neurogenesis (Kim et al., 2010; Olson et al., 2006). Mindfulness based
interventions seem to have similar effects on hippocampal morphometry (Hélzel et al.,
2011), although the exact cellular mechanism is still unclear. In the present study, we found
that changes in GMV were significantly associated with reduction in perceived stress and
depression, suggesting that hippocampal changes may be accompanied by clinical
improvement.

This pilot study has several limitations, such as a small sample size, use of a waiting list
control as opposed to an active control condition, lack of long term follow-up, as well as the
inability to account for other factors that can affect neural changes such as hormonal
fluctuations over the menstrual cycle (Protopopescu et al., 2008). Nevertheless, findings
from this pilot study suggest that mindfulness-based interventions can be helpful for
promoting hippocampal neural plasticity with associated improvements in clinical symptoms
and episodic memory.
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Highlights:
. Mindfulness based intervention for young adults with childhood maltreatment
history
. Increased gray matter volumes at the right hippocampus in the mindfulness
group
. Hippocampal changes negatively associated with depression and stress level

changes in the mindfulness group

. Hippocampal changes positively associated with improvement in performance
accuracy on an episodic memory task in the mindfulness group
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Figure 1:

(A)Flow chart of subject enrolment and retention. One subject in the mindfulness group and
3 subjects in the control group did not complete the required questionnaires. Six subjects

completed the mindfulness intervention program after their waiting period. All subjects that
completed the MRI also completed the episodic memory task. (B) Flow chart of the primary

topics for each week of the eight-week mindfulness- based intervention.
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Figure 2:
Group by time interaction effect and changes in each group within the right hippocampus.

(A)lllustration of the location of the cluster with group by time interaction effect (note: the
number (“+27) on the lower left corner of the MRI image indicates the location within the
MNI atlas of the slice being displayed). Color bar indicates F-values of the group by time
interaction effect. (B)Plot of average percent change of GMV within this cluster for each

group.
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Figure 3:
Negative associations within the mindfulness group between changes of hippocampal GMV

and changes of scores on the (A)Perceived Stress Scale (PSS) and (B)Beck Depression
Inventory (BDI). L: left side, R: right side. Scatter plots demonstrate correlations between
symptom changes and the averages of modulated GMV changes among all voxels in the
significant clusters (see Table 2). Color bar indicates the absolute #values of the regression
model.
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Figure 4:
Positive association within the mindfulness group between changes in hippocampal GMV

and changes in performance accuracy on the episodic memory task. (A)lllustration of the
cluster of significant hippocampal voxels (p < 0.05 uncorrected). (B) Scatter plot for the
correlation between changes in task performance accuracy and the average change of
modulated GMV among all significant voxels.
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Table 1:

Symptom questionnaires scores and episodic memory task performance accuracy.

Page 17

Mindfulness Group Waiting List Control
. ] . _ ANOVA (time X group
mean (SD) Paired t-test mean (SD) paired t-test interaction)
Pre Post Pre Post
PSS 22.421 16.895 =3.529 19.176 20.176 =-0.696 p= F(1,34) =9.276, p=
(8.375) (8.055) =0.002 (6.013) (7.860) 0.497 0.004, n>=0.214
STAI-t 45.850 41.000 £2.945 44.333 45.667 +=-0.814 F(1,33) =6.785, p=
(13.019) (12.998) p=0.008 (11.902) (13.069) £=0.429 0.014, 1*=0.171
BDI 18.211 17.000 £=0.389 16.688 16.188 £=0.249 F(1,33) =0.034, p=
(11.835) (15.790) p=0.702 (2.981) (3.304) p=0.807 0.855, 1?=0.001
Performance 0.858 0.874 1 5971 0.850 0.887 £=-3.241 F(1,40) =1.341, p=
Accuracy (0.053) (0.034) p_=0 126 (0.072) (0.041) p=0.004 0.254, %= 0.032

lThe post-intervention change of episodic memory task performance accuracy of the mindfulness group did not reach significance because 6
subjects who completed the intervention after their waiting period completed the task for the third time, thus there could be ceiling effect with their
performance improvement; after removing the 6 subjects, the mindfulness group did have significant increase in performance accuracy (average
(SE) pre-intervention accuracy =0.841(0.059), post-intervention accuracy = 0.874 (0.037), (14)=2.734, p=0.016, d=1.038).
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Clusters within bilateral hippocampi for different statistical effects.

Statistical effect

Cluster
size

Fort

2
value

Z value

p-value
(uncorrected)

side

Peak voxel MNI coordinates (X, y,
2)

Group by time interaction

130

8.784

2.566

0.005

30 -18 -21

Negative association with BDI
score changes in the
mindfulness group

19774

5411

4.022

0.00003

15 -10.5 -20

Negative association with PSS
score changes in the
mindfulness group

160*

2.748

2.451

0.007

-24 -10.5 =27

Negative association with STAIt
score changes in the mindfulness
group

94

3.184

2.781

0.003

Negative association with BDI
score changes in the control

group

92

3.819

3.072

0.001

Negative association with PSS
score changes in the control

group

52

2.748

2.417

0.008

Negative association with STAIt
score changes in the control

group

49

3.067

2.585

0.005

27 -19.5 -16.5

Positive correlation with task
performance accuracy changes in
the mindfulness group

80

2.847

2.553

0.005

-25.5 -19.5 -16.5

2 L . -
Fvalue for group by time interaction effect; #value for all the other statistical effects; ~or #values, Zvalues and p values are of the peak voxels; p

values are uncorrected.

3R: right hippocampus; L: left hippocampus.

4

minimum size threshold, only the largest cluster is presented in this table.

"Cluster size passed the minimum threshold for FDR correction (p < 0.05). For statistical effects that did not have any cluster passing the
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