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Delayed, transient, lateralized
deficits in pattern separation and
pattern completion after focal
hippocampal irradiation in humans
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Adult hippocampal neurogenesis is essential for discriminating between similar contexts (pattern
separation) in animals. In humans, the link between neurogenesis and pattern separation remains
tenuous due to the inherent constraints on manipulating neurogenesis. Here, we report a longitudinal
study of patients with benign cavernous sinus meningiomas localized immediately adjacent to the
hippocampus. Patients underwent focal stereotactic radiotherapy, which, while targeted at the tumor,
inevitably affected the ipsilateral hippocampus. At different timepoints post-therapy (up to 2 years),
patients were presented with mnemonic similarity task (MST) to assess pattern separation, pattern
completion, and recognition memory. While hippocampal irradiation did not affect the overall recall

or recognition memory, we found delayed, transient, laterally-restricted effects on pattern separation
and completion. In patients with right-sided (but not left-sided) hippocampal irradiation deficits in
pattern separation and completion accumulated by 12 months post-treatment, but returned to the
initial levels by 24 months. The observed changes are consistent with the vulnerability of dividing
neural progenitors in the dentate gyrus, the protracted maturation of new neurons in the adult human
brain, and the involvement of adult-born neurons in pattern separation and pattern completion. Our
findings support the notion that ongoing hippocampal neurogenesis contributes to defined cognitive
functions in humans.
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Episodic memory relies, among other processes, on the ability to discriminate between similar but nonidentical
contexts presented during the encoding phase (behavioral pattern separation) and to restore a previously learned
representation when presented with an incomplete cue during the recall phase (behavioral pattern completion)'-5.
While conceptually related, pattern separation and pattern completion are not simply complementary and can
be experimentally dissociated; moreover, they critically rely on adjacent, but distinct, brain structures, such as
the dentate gyrus (DG) and the CA3 region of the hippocampus, respectively!5-12,

The DG is distinct from most other brain regions in that it supports the production of new granule neurons
from neural stem cells in adulthood*!*-1¢. In rodent models, the generation of new neurons in the DG has been
convincingly linked to efficient pattern separation in gain- and loss- of function experiments: suppression of
neurogenesis reduces the animals’ ability to distinguish between familiar and slightly modified contexts, whereas
enhanced neurogenesis improves this ability beyond normal levels”17-%3,

In humans, the hypothesis that adult hippocampal neurogenesis supports pattern separation is gaining
support, primarily from correlational studies involving aging and neurologically impaired populations!?4-%’.
These studies typically use modified versions of MST in which subjects must distinguish a briefly presented
visual cue from a new visual cue that carries some, but not full, resemblance to the original cue (pattern
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separation)>1024-28 ' An overlapping test evaluates the ability to retrieve a memory representation based on
partial or degraded cues (pattern completion)>!%2426_ Such tasks reveal that the ability to discriminate between
similar contexts decreases with age, stroke, traumatic brain injury, or progression of mild cognitive impairment
and Alzheimer’s disease—conditions that have been associated with reduced hippocampal neurogenesis in
animal models. These findings align with accumulating evidence for lifelong hippocampal neurogenesis in
humans, and for its decline in Alzheimer’s disease?*~3*, However, a more direct relationship between hippocampal
neurogenesis and pattern separation/pattern completion in humans has not been established, largely due to
the obvious limitations of intentionally interfering with neurogenesis in human subjects, e.g., by diminishing
production of adult-born neurons.

There is a broad range of experimental approaches for eliminating dividing cells and prospective new neurons
in animals; this includes genetic techniques!”'%3%, treatment with anti-mitotic factors such as chemotherapeutic
agents'®3¥ and irradiation with X-rays, gamma-rays, or heavy ions’®**. Human populations exposed
to comparable treatments include cancer patients receiving chemo- or radiotherapy as first-line or adjuvant
therapies. However, in most cases, such treatments are either systemic or affect large regions of the brain and
are often confounded by the effects of the tumor itself having spread or occupied extended brain areas. As a
result, the cognitive and behavioral consequences of such therapies are difficult to reliably ascribe specifically to
reduced neurogenesis.

To circumvent these limitations, we focused on a cohort of meningioma patients undergoing focal radiation
therapy. Meningiomas are extracerebral, slow-growing, typically benign non-metastatic neoplasms that can
be effectively treated with surgery or targeted radiotherapy®®. Specifically, we studied a unique cohort of
meningioma patients with the tumors confined to the cavernous sinus, adjacent to the hippocampus. Such
patients are successfully treated with stereotactic conformal irradiation?®°. While this technique allows for a
highly restricted radiation exposure focused on the tumor, in some cases, the beam unavoidably affects adjacent
brain structures such as the hippocampus. Because radiation is delivered specifically to eradicate proliferating
cells, we posited that in these cases, one of the consequences of therapy might be selective and efficient ablation
of the dividing neural stem and progenitor cells of the DG and suppression of the production of new neurons
in the DG; this could provide a framework for probing neuropsychological consequences of reduced adult
neurogenesis in humans.

We conducted a longitudinal study on this unique patient cohort to investigate the impact of hippocampal
irradiation (with presumable disruption of neurogenesis) on human pattern separation and pattern completion
abilities, using a modified version of the MST. In particular, considering that a wide range of brain functions
exhibits pronounced dependence on the side of the brain®**!, we modified the tests to assess potential laterality
effects with respect to both the location of the tumor and the presentation of the visual stimuli. Our findings
reveal a significant reduction in pattern separation and an increase in pattern completion abilities in irradiated
patients one year post-irradiation. Importantly, these changes were overcome at the later timepoints. Notably,
this protracted time course is comparable with the proposed maturation timeline of adult-born neurons in the
human hippocampus®*>2->4, Remarkably, the deficits were most pronounced in a subcohort of patients with
the tumor localized (and thus the radiation treatment conducted) in the vicinity of the right hippocampus,
consistent with the reported functional differences between the left and right sides of the brain and of the
hippocampus®*1:3°, Together, our results provide the first evidence of transient reversible changes in pattern
separation and pattern completion in humans and suggest that temporary suppression of the hippocampal
neurogenesis may underlie these dynamics.

Results

Patient population

We studied meningioma patients with tumors localized to the central part of the skull base, in the cavernous
sinus region. Importantly, meningiomas are extracerebral tumors that do not infiltrate the neural tissue, and
are typically diagnosed when the tumor begins to exert pressure on adjacent brain structures or involves
cranial nerves. While meningiomas most commonly arise on the surface of the frontal and parietal lobes, in
the sylvian region, or along the sphenoid ridge, in a small number of cases the growth is limited to the left or
right cavernous sinus*®%. In the latter case, the tumors are not easily accessible to surgery and are treated by
stereotactic irradiation. In a fraction of those cases, the hippocampus is located in the immediate vicinity of the
tumor and inevitably falls within the radiation exposure zone.

We selected a group of 28 patients with cavernous sinus meningiomas located in close proximity to the
hippocampal region. The group included 24 females and 4 males of median age 52 years, reflecting the known
prevalence of meningiomas in females over 50 (Supplementary Table 1). Of these, 15 patients had left-sided
localization of the tumor (tumLeft) and 13 had right-sided tumor localization (tumRight). In each case the
diagnosis of benign meningioma was made based on the clinical features and the results of MRI. The control
group comprised 29 healthy individuals matched for age, gender, and education.

Treatment

The current standard of treatment of skull base meningiomas is stereotactic conformal irradiation, which is
characterized by submillimeter accuracy of dose delivery and high selectivity with a significant reduction of
the impact on the surrounding normal structures**°. Radiotherapy was performed on the Novalis device. In
the patients’ cohort that we have selected, the tumor location was such that the hippocampus, positioned in
the immediate vicinity of the tumor, unavoidably fell into the radiation exposure zone (an example of such
localization and the characteristics of the radiation treatment are in Fig. 1A,B,C). Patients received radiation
treatment (total focal dose of 54 Gy) in the standard fractionation mode in 30 fractions (5 fractions each week).
There were no statistically significant differences between the tumLeft and tumRight groups in the volume of the
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Fig. 1. Focal stereotactic radiotherapy of a meningioma tumor. (A) Axial tomograms in T1 mode with
contrast enhancement of the patient’s meningioma tumor. The area of the meningioma and key brain
structures are highlighted in different colors (see the color chart legend in B). (B)Three-dimensional
reconstruction of the tumor, the hippocampi, and the adjacent structures. (C) The irradiation dose distribution
over the brain: the "dose-volume" histogram for one representative hippocampus reflecting what volume of
the structure in % receives a certain dose in % of the prescribed dose (54 Gy). Tumor, hippocampi, and critical
structures are outlined on T1 mode MRI tomograms in three projections (axial, frontal, and sagittal). The

dose distribution is marked with dotted isodose lines. Each isoline outlines the region that received the same
radiation dose, as a percentage.
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tumor, of the ipsi- and contralateral hippocampi, or in the radiation doses received by the ipsi- or contralateral
hippocampi (Supplementary Tables 1 and 2).

Timepoints and basic neuropsychological tests

Patients underwent neuropsychological and psychophysiological assessment at the following timepoints: (1)
prior to treatment (0 months, the baseline), (2) immediately following the treatment (i.e.,~ 1.5 months after
the therapy onset), and (3) 6 months, (4) 12 months, and (5) 24 months after the start of radiation therapy. The
control group was subjected to identical tests at 0 and 1.5 months (corresponding to the beginning and the end
of the radiation treatment of the meningioma patients). The test panel included standard protocols for evaluating
cognitive status, such as the Wechsler Memory Scale, the dichotic listening test, the finger tapping test, and the
bell test. Participants also completed a modified version of MST, designed to assess potential laterality effects
on pattern separation and pattern completion (see next section). Furthermore, patients were analyzed for the
changes in the tumor growth using MRI and for the clinical dynamics of neurological symptoms.

Modified MST design

MST?426-2857 i5 based on presenting participants, in the first (encoding) phase of the task, with a series of
individual images, and in the second (recognition) phase, of a series of images that are either identical, similar, or
different from those shown previously. We modified the MST paradigm in order to detect potential differences
associated with the left and right location of the tumor and the left vs. right presented visual stimuli. Specifically,
after being instructed on the details of the test, each subject was sequentially presented on the monitor screen
with triplets of images arranged in horizontal rows. Each triplet presentation lasted for 10 s and was interspersed
with the presentation of a gray screen without images, to minimize carry-over visual effects. Ten minutes after
the end of the encoding phase, participants were asked to recall, in a random order, the images they had seen
(“free recall”). Twenty minutes later (i.e., thirty minutes after the triplets’ presentation), during the testing phase,
they were shown a new series of images, this time presented individually. This new series included (a) the same
images that were presented in the encoding phase (“targets”); (b) images slightly different from the presented
images in detail, color, or perspective (“lures”); and (c) images entirely different from the originally presented
images (“foils”). In addition, the distribution of attention by the subjects was assessed by registering the eye
movement®®, performed in parallel with the MST. Eye-tracking®®>® showed that in all subjects the duration
of gaze fixation in the central part of the triplet was higher than in the lateral sectors; however, there was no
significant difference in the duration and distribution of gaze fixation in the lateral parts of the screen (i.e., left-
and right-presented visual stimuli).

For each image, the subjects were asked to characterize it as (a) those that they had seen previously (“old”);
(b) bearing a resemblance to the original images but not identical to them (“similar”); or (c) as images that were
not presented earlier (“new”). Responses were recorded and categorized into nine possible outcome types (e.g.,
target/old, target/new, target/similar, etc.) (Fig. 2). The distribution of the responses (i.e., percentage endorsed for
each stimulus and each response type) indicated that the mnemonic similarity of the stimuli, lures in particular,
was sufficient for generating a representative range of possible participants’ responses (for instance, 31.2% for
“lure/old”, 59.9% for “lure/similar”, and 8.9% for “lure/new”) (Supplementary Table 3).

old similar new
target/old | target/similar | target/new
hit rate incorrect miss rate
lure/old lure/similar lure/new
pattern pattern incorrect
completion | separation
rate rate
foil/old foil/similar foil/new
false alarm | similar bias correct
rate rate rejection
’ rate
foil

Fig. 2. Design of the experiments: the images presented to the subjects during the encoding and the
recognition phases, and a schematic table of potential responses and the parameters used to determine the
bias-corrected recognition, pattern separation, and pattern completion.
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Free recall

Ten minutes after the last image triplet presentation, subjects were asked to recall, in any order, the images shown
to them on the screen during encoding. The proportion of correctly recalled was presented as the “free recall”
score (Fig. 3A).

There were no statistically significant differences in free recall accuracy before the start of the treatment
(baseline) for the groups with left or right localization of the tumor (tumLeft and tumRight groups) and the
healthy controls, and the recall rates fell within a normative range for this test®®*. Throughout the observation
period there was no significant difference across the timepoints (0, 1.5, 6, 12 and 24 months) (effect of timepoint
F (4, 119)=1.914, P=0.1126), between the groups with left vs. right localization of the tumor (tumLeft and
tumRight) (effect of tumor localization F (1, 119)=0.000, P>0.999), or for the left- and right-positioned visual
stimuli in the triplet in either tumLeft or tumRight group (Fig. 3A) (Supplementary Table 4a, line 1). This
indicates that the participants’ ability to recall the stimuli was not affected by the presence of the tumor prior to
irradiation treatment or by the treatment itself.

Recognition memory
Among the parameters that can be derived from the MST results, is a measure of recognition memory
performance, the bias-corrected recognition memory index?!, determined here as the proportion of targets
correctly identified as “old” (target/old) minus the proportion of foils incorrectly endorsed as “old” (foil/old).
We did not detect any differences in recognition memory between the tumLeft and tumRight groups at any
of the tested timepoint (Fig. 3B, effect of timepoint F (4, 119)=0.5331, P=0.7116). Likewise, we did not observe
differences between the tumLeft, tumRight, and control groups at baseline (prior to treatment), nor between
left- and right-positioned visual stimuli in the triplet in either tumLeft or tumRight group at any timepoint
(Supplementary Table 4a, line 2). These results are consistent with the results of the free recall measurements
(Fig. 3A), supporting the conclusion that neither the initial presence of the tumor nor the subsequent irradiation
altered the basic ability of the subjects to remember the stimuli.

Pattern separation
We next determined participants’ capacity for pattern separation, defined as the fraction of lures correctly
recognized as “similar” (lure/similar) minus the fraction of foils incorrectly endorsed as “similar” (foil/similar)
and presented as bias-corrected pattern separation index (BPS)?*2°. There was no significant difference in BPS
scores between the tumLeft, tumRight, and control groups before the start of treatment, indicating that the
presence of the tumor did not affect the BPS capacity on its own (Fig. 4A, Supplementary Table 4a, lines 3-4).
However, there were important differences in the time course of changes in the tumRight group (Fig. 4A):
while there was no significant difference between the first three timepoints (0, 1.5, and 6 months), a significant
decrease in the BPS score was observed 12 months after the start of treatment, compared to both pre-treatment
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Fig. 3. Free recall (A) and recognition memory (B). (A) Free recall score was determined as the fraction

of correctly remembered images presented on the screen 10 min earlier. The data are normalized to the
results at the 0 month timepoint of the tumLeft group. No statistically significant differences were detected
for the tumLeft and tumRight data, both between and within the groups, during the course of analysis,

or in comparison with the performance immediately before the irradiation treatment. The grey bar here

and in subsequent figures marks the time period of irradiation (1.5 months). For statistical analysis, see
Supplementary Table 4a (line 1). (B) Bias-corrected recognition memory score (BPR) was determined as the
fraction of the already presented images (targets) correctly recognized as such (target/old) minus the fraction
of the images never presented to the subject (foils) but incorrectly recognized as already presented (foil/
old). The data are normalized to the results at the 0-month timepoint of the tumLeft group. No statistically
significant differences were detected for the tumLeft and tumRight, both between and within the groups,
during the course of analysis or in comparison with the performance immediately before the treatment. For
statistical analysis, see Supplementary Table 4a (line 2).
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Fig. 4. The dynamics of changes in bias-corrected pattern separation (BPS). (A) BPS score was determined
as the fraction of the images similar but not identical to those already presented (lures) correctly recognized
as similar (lure/similar) minus the fraction of the images never presented to the subject but incorrectly
recognized as similar (foil/similar). The data are normalized to the results at the 0-month timepoint of the
tumLeft group. Note that in the tumRight group, the score was decreased after 12 months and restored after
24 months; no statistically significant differences were detected for the tumLeft or the tumSum groups over
the entire course of analysis. The overall dynamics of changes over the course of analysis were different for
the tumLeft and tumRight groups. Red asterisks correspond to tumRight data. Vertical black bracket and
asterisks at t=24 months correspond to the comparison between the tumRight and tumLeft groups at that
timepoint. Vertical black bracket and symbols in the chart legend correspond to the comparisons between
tumor localizations (*) and across timepoints (#). *p<0.05, **p<0.01, *p <0.05. For statistical analysis, see
Supplementary Table 4a (lines 3-4). (B) BPS score was determined separately for the stimuli presented on
the right or on the left for the tumLeft and tumRight groups (marked as, e.g., tumLeft, Left stim). The data
are normalized to the tumLeft/Left stimuli results at the 0-month timepoint. Note a high difference for the
tumRight/Left stimuli and tumRight/Right stimuli results at the 1.5-month timepoint (black bracket, red
asterisks in the chart), which corresponds to the end of the irradiation sessions. Vertical black bracket and
symbols in the chart legend correspond to the comparisons between the stumulus localization (*) and across
timepoints (#). Grey brackets and grey asterisks in the chart legend refer to the comparison across timepoints
between all four sets of resutls. **p <0.01, **p<0.001, ***p<0.0001, *p <0.01. For statistical analysis, see
Supplementary Table 4a (lines 5-7).

baseline (q=3.919, P=0.0498) and 6 months scores (q=4.573, P=0.0135). Importantly, this decrease was
transient: by 24 months, the BPS score had returned to baseline levels, with a significant difference between the
12- and 24-month timepoints (q=4.854, P=0.0072), but no significant difference between the 0- and 24-month
timepoints.

Remarkably, the observed changes were specific to the tumRight group: no statistically significant BPS changes
were revealed in the tumLeft group at any timepoint in comparison with any other timepoint; furthermore, there
was significant difference between the tumRight and tumLeft groups in the overall trajectories of changes and
the 24-month timepoint values (t=3.549, P=0.0028) (Fig. 4A). Notably, when data from both tumor groups
were pooled (i.e., under the design similar to the conventional version of MST), the difference between the
timepoints across the time-course of the study was not detectable (grey line in Fig. 4A).

Together, these results indicate that in the tumRight group, the capacity for pattern separation declined by
12 months post-irradiation, but was restored to the original levels by 24 months. No comparable difference was
observed in the tumLeft group across the entire time-course of the study.

Pattern separation for the left- and right-presented visual stimuli
We next examined subjects’ capacity for pattern separation in relation to the side of the presented stimuli (the
images on the left or on the right side of the triplet, i.e., ipsi- or contralateral to the tumor). In the tumRight
group, BPS scores showed significantly different overall dynamics of changes for the left- versus right-presented
stimuli (effect of timepoint F (4, 106) =3.855, estimated effect size r]2:0.1012, P=0.0058; effect of stimulus
localization F (1, 106)=10.10, estimated effect size n?=0.0668; P=0.0019, interaction F (4, 106)=4.480,
P = 0.0022; Supplementary Table 4a, lines 5-6, Supplementary Table 4b, line 1) (Fig. 4B). There was also a highly
significant threefold difference in the BPS score for the left- and right-sided stimuli in the tumRight group at the
1.5-month timepoint (i.e., the timepoint corresponding to the end of radiation exposure phase), the score being
lower for the left-sided stimuli, i.e., contralateral to the location of the tumor (t=5.142, P<0.0001) (Fig. 4B).
The difference between the left- and right-presented stimuli in the tumRight group was resolved by the 6-month
timepoint and was not observed later.

In contrast, patients in the tumLeft group did not exhibit any bias for the contra- or ipsi-lateral-presented
stimuli throughout the time-course of the study (effect of timepoint F (4, 132)=1.350, estimated effect size
n2=0.0379, P=0.2547, effect of stimulus localization F (1, 132)=0.2288, estimated effect size n?=0.0016,
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P=0.6332), and there was a highly significant difference between the overall dynamics of changes in the tumLeft
and tumRight groups with right- or left-presented stimuli (Fig. 4B).

These results reveal a remarkable difference in pattern separation in response to the stimuli presented ipsi-
and contralaterally to the tumor location for the tumRight group 1.5 months after the start of treatment. Of note,
this timepoint corresponds to the end of the radiation exposure, i.e., the period when the targeted region shows
signs of inflammation, possibly reflecting massive cell death in the vicinity of the irradiated tumor.

Pattern completion

We next assessed participants’ capacity for pattern completion, defined as the fraction of lures incorrectly
endorsed as “old” (lure/old) minus the fraction of foils incorrectly endorsed as “old” (foil/old) and presented as
bias-corrected pattern completion index (BPC)?%2%,

As with the pattern separation measurements, there was no significant difference in BPC scores between
the tumLeft, tumRight, and control groups before the start of treatment, indicating that the presence of the
tumor on its own did not affect the capacity for pattern completion (Fig. 5A). However, there was a significant
difference in the overall time-courses of changes between the tumLeft and tumRight groups (effect of timepoint
F (4,119)=5.036, P=0.0009) (Fig. 5A). There was also a significant difference in the trajectories of changes within
the tumLeft or tumRight groups (effect of tumor localization F (1,119) =9.005, P=0.0033). The tumRight group
showed particularly pronounced changes, with differences between the 0- and 12-month (q=3.940, P=0.0479),
6- and 12-month (q=4.828, P=0.0077), and 12- and 24-month timepoints (q=4.697, P=0.0103), indicating a
significant bias towards pattern completion 12 months after the beginning of treatment. Similar to BPS, the peak
at 12 months was transient, with no difference between the 0-, 1.5-, or 6-month vs. the 24-month timepoints,
suggesting that by 24 months the BPC score returned to the baseline pre-treatment values.

The kinetics was different for the tumLeft group, where the capacity for pattern completion showed an
increase by 12 months (q=4.020, P=0.0413) but did not decrease by 24 months post-irradiation (however, the
difference with the start point was not significant). As with the BPS scores, these differences were not detectable
when data from both tumor groups were combined (grey line in Fig. 5A), underscoring the importance of
laterality-specific analysis.

Together, these results indicate that in the tumRight group the capacity for pattern completion peaked by
12 months post-irradiation, but was restored to the original levels by 24 months.

Pattern completion for the left- and right-presented visual stimuli
Next, paralleling the BPS measurements, we analyzed participants’ capacity for pattern completion in relation
to stimulus laterality (i.e., left- or right-presented images) (Fig. 5B, Supplementary Table 4a, lines 9-10,
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Fig. 5. The dynamics of changes in bias-corrected pattern completion (BPC). (A) BPC score was determined
as the fraction of the images similar but not identical to those already presented (lures) incorrectly recognized
as already presented (lure/old) minus the fraction of the images never presented to the subject but incorrectly
recognized as already presented (foil/old). The data are normalized to the results at the 0-month timepoint

of the tumLeft group. Note that in the tumRight group, the score was increased after 12 months and restored
after 24 months. Red and blue asterisks correspond to tumRight and tumLeft data, respectively. Vertical

black bracket and asterisks at t =24 months correspond to the comparison between the tumRight and
tumLeft groups at that timepoint. Vertical black bracket and symbols in the chart legend correspond to the
comparisons between the tumor localizations (*) and across timepoints (#). *p<0.05, **p<0.01, **p<0.001.
For statistical analysis, see Supplementary Table 4a (lines 8-9). (B) BPC score was determined separately for
the stimuli presented on the right or on the left for the tumLeft and tumRight groups. The data are normalized
to the tumLeft/Left stimuli results at the 0 timepoint. Note a high difference for the tumRight/Left stimuli

and tumRight/Right stimuli at the 1.5-month timepoint (black bracket, red asterisks), which corresponds to
the end of the irradiation sessions. Vertical black bracket and symbols in the chart legend correspond to the
comparisons between the stimulus localization (*) and across timepoints (#). Grey brackets and grey asterisks
in the chart legend refer to the comparison across timepoints between all four sets of results. ***p <0.001,
0t <0.0001, #p <0.001. For statistical analysis, see Supplementary Table 4a (lines 10-12).
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Fig. 6. The dynamics of changes in the relation between BPS and BPC. The ratio of the BPS to BPC scores was
determined for each timepoint for the tumLeft, tumRight, and tumSum groups (the lower part of the graph).
The upper part of the graph shows the sum of the tumLeft and tumRight scores, which does not change over
the entire course of analysis. Red asterisks correspond to tumRight data. Vertical black bracket and asterisks

at t=24 months correspond to the comparison between the tumRight and tumLeft groups at that timepoint.
Vertical black bracket and symbols in the chart legend correspond to the comparisons between the tumor
localizations (*) and across timepoints (#). *p <0.05, **p<0.01, **p<0.001, **p <0.01. For statistical analysis,
see Supplementary Table 4a (lines 13-14).

Supplementary Table 4b, line 2). In the tumRight group, there was a highly significant difference in BPC
score trajectories for the left vs. right-presented stimuli (effect of timepoint F (4, 106) =5.423, estimated effect
size n?=0.1285, P=0.0005, effect of stimulus localization F (1, 106) =14.31, estimated effect size n*>=0.0848,
P=0.0003, interaction F (4, 106) =6.275, P=0.0001); there was also a highly significant difference between the
overall dynamics of changes in regard to the stimuli in the tumLeft and tumRight groups (Fig. 5B). As with BPS,
the lateralized difference was particularly pronounced (>sevenfold difference; t=6.155, P<0.0001) at the end
of radiation exposure phase (the 1.5-month timepoint), with higher BPC scores for left (contralateral) stimuli
(Fig. 5B).

Paralleling the BPS results, the subjects with left-localized tumors did not demonstrate a bias in BPC for
the left or right stimuli throughout the course of treatment (Fig. 5B), and the scores for the stimuli presented at
either side at the last (24-month) timepoint returned to the pre-treatment values.

Ratio of BPC to BPS

We next addressed the relationship between pattern completion and pattern separation by determining the
time course of changes in the BPC/BPS ratios. There were drastic changes in the ratio as a function of time after
irradiation, the difference reaching 2.8-fold 6 months after irradiation and 3.3-fold 24 months post-irradiation,
but approaching the value of one by 12 months, with a highly significant difference between the overall dynamics
of changes in the tumLeft and tumRight groups (effect of timepoint F (4, 117) =3.500, P=0.0098) (Fig. 6, lower
part). However, the sum of BPS and BPC scores remained stable throughout the observation period (effect of
timepoint F (4, 117)=0.3437, P=0.8480) (Fig. 6, upper part), suggesting a dynamic trade-off between these
processes rather than a net loss in overall performance. These results are consistent with the time courses of two
complementary error metrics—target/new responses (“miss rate”), and foil/old responses (“false alarm rate”),
which remained stable across timepoints for both tumor groups.

Together, these results indicate that while the balance between pattern separation and pattern completion
shifted during the post-irradiation period, the overall capacity to perform these cognitive operations remained
intact over the full 24-month follow-up period. These observations are also consistent with the results of the free
recall and recognition memory measurements (Figs. 3A,B), supporting the conclusion that the overall capacity
for remembering the stimuli was not affected by the presence of the tumor or the subsequent irradiation.

Discussion

Our results describe changes in several aspects of learning and memory in a cohort of patients with extracerebral
tumors located adjacent to the hippocampi who underwent prolonged fractionated irradiation, using a targeted
beam that also affected the hippocampi on the side of the irradiated tumor. Our findings suggest that focal
irradiation of the human hippocampus, which most likely entails a targeted elimination of dividing neural
progenitors in the DG, does not affect the basic parameters of learning and memory, but selectively impacts
complex cognitive operations such as pattern separation and pattern completion.

Specifically, patients with tumors adjacent to the hippocampus did not exhibit evident deficits in standard
measures of memory such as free recall or recognition memory or other basic parameters of the cognitive status
throughout the two-year observation period; notably, the hippocampal volume did not change during that
period.

However, 12 months after the start of irradiation, distinct changes emerged in more nuanced hippocampal-
dependent functions: patients with right-sided tumors showed a significant decline in pattern separation and an
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increase in pattern completion. Importantly, 24 months after irradiation, the BPS and BPC scores returned close
to the original levels in both groups. Nonetheless, at the 24-month timepoint, patients with right-sided tumors
exhibited significantly higher BPS and lower BPC scores compared to those with left localization of the tumor,
confirming differentially altered MST performance following irradiation, dependent on tumor localization.

Together, our results reveal a marked effect of laterality in patients’ capacity for pattern separation and pattern
completion following irradiation,—presumably under conditions of irradiation-suppressed hippocampal
neurogenesis. Of note, the time-dependent changes in pattern separation and pattern completion were only
marginally evident when the results from the right- and left-irradiated groups were combined, underscoring
the importance of a targeted initial study design that accounts for potential hemisphere asymmetry after focal
intervention and allows for the detection of such left/right bias.

The remarkable difference between the BPS and BPC trajectories in the left- and right-irradiated patient
subcohorts agrees well with the vast body of evidence that the right hemisphere and the right hippocampus
are particularly important for tasks relying on visuospatial memory, in contrast to the left hemisphere, which is
more closely related to the processing of verbal signals®®>!>>. This functional asymmetry is evident both in the
deterioration and in subsequent recovery of BPS and BPC scores in the right-irradiated subcohort (cf. values for
12- and 24-month post-irradiation analysis).

Notably, we also observed a different type of laterality, manifested as a significant difference in the processing
of visual stimuli presented ipsi- versus contra-lateral to the location of the tumor (and hence, the irradiated side
of the brain). Specifically, in the right-irradiated cohort, there was a 3- and sevenfold difference, respectively,
in the number of pattern separation and pattern completion errors related to stimuli presented on the left (i.e.,
contralateral to the tumor) compared to the stimuli on the right. These findings are consistent with evidence of
deficits in processing visual fields contralateral to the affected hemisphere under competition from symmetrical
stimuli®. Interestingly, the difference between the left- and right-presented stimuli was most pronounced at
1.5 months after the start of irradiation, coinciding with the end of treatment when a significant number of
tumor cells die and are cleared from the tissue, leading to an inflammatory response and local edema. This may
indicate that the inter-visual field difference is most pronounced when the hippocampal tissue is stressed by the
inflammatory response in its vicinity and may decrease as the inflammatory processes subside. Note, however,
that other analyzed parameters, such as free recall and recognition memory, were not significantly affected at this
timepoint compared to the preceding (0-month) or following (6-, 12-, or 24-month) timepoints, supporting the
specificity of the observed changes. Furthermore, as per MRI results, the entire group of patients did not show
signs of neuroinflammation at the later timepoints (6-, 12-, or 24-month).

Crucially for the conclusions of this study, the results cannot be attributed to pre-existing differences in BPS
or BPC, as there were no significant differences in these parameters before the start of irradiation treatment (i.e.,
at the 0-month timepoint) between both the tumor patients’ and control (subjects without a tumor) groups.
Additionally, the results cannot be explained by the uneven distribution of attention to the left vs. right stimuli,
as evidenced by the eye-tracking data.

Our findings indicate that the BPS/BPC ratio varies significantly during the course of analysis, with clear
inter-hemispheric differences, supporting the notion that while pattern separation and pattern completion are
conceptually related and, in this study design, experimentally linked, they do not simply mirror each other, but
instead follow distinct temporal trajectories that also reflect tumor laterality. This is consistent with their close,
but not fully reciprocal, functional roles (encoding for pattern separation and retrieval for pattern completion)
and their neuroanatomical basis (e.g., the importance of the DG for pattern separation and of CA3 for pattern
completion)®1°. It should be emphasized, however, that the involvement of DG and CA3 in the two processes
has been shown as a crucial, but not as a sufficient, input, and in the live brain, the entire entorhinal cortex-DG-
CA3-CALl axis may be important for both pattern separation and pattern completion’”$10-12,

Notably, the sums of BPS and BPC remain stable throughout the observation period, compatible with the
constant levels of the “miss rate” and “false alarm” errors as well as free recall and recognition memory scores in
the irradiated patients. Taken together, our results indicate that the overall capacity for memory discrimination
and generalization, as revealed in the tests for pattern separation and pattern completion, did not suffer during
the 2 years of treatment and observation.

Although the persistence of hippocampal neurogenesis in the adult human brain remains debated?!:6!-¢,
recent reports provide multipronged evidence for its continuation in adult humans and primates, albeit with
kinetics significantly slower than that in rodents®*3*3*3364-67 T particular, our results are consistent with those
that describe changes in the human brain affected by aging and Alzheimer’s disease?2, the RNA expression
patterns of human neural progenitors**4, and the slow maturation of human neurons grown as organoids™.

A plausible interpretation of our results is that focal irradiation impairs local production and integration of
newborn neurons in the adult DG. We posit that while radiation damages and eliminates dividing neural stem
and progenitor cells, their deficit is not reflected in behavioral tests at earlier stages (up to 6 months). However,
by 12 months, the reduced supply of new neurons may begin to compromise behavioral responses requiring
efficient pattern separation and pattern completion. These deficits could be mitigated over time by the gradual
maturation of the neuronal progenitors, which eventually reach functional maturity and fulfill their roles in BPS
and BPC (also note that in the animal brain irradiation, besides eliminating actively dividing cells, leads to a
temporary suppression of the activity of neural stem cells that have survived irradiation®).

While there is a vast body of evidence potentially linking pattern separation and adult neurogenesis in humans,
much of it concerns comparisons between different groups of subjects (e.g., with and without mild cognitive
impairment, Alzheimer’s disease, trauma, or seizures) 2422857 Qurs is the first longitudinal study to monitor
changes in memory, pattern separation, and pattern completion within the same patient cohort over two years,
revealing a defined time-course of deterioration and recovery of pattern separation and pattern completion
within the same subjects. Also important for the conclusions of the study, meningiomas are extracerebral tumors
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and do not alter or infiltrate the neural tissue per se, as in the case of brain tumors, brain metastasis, neurological
disorders, and trauma; therefore, unavoidable elimination of dividing neural progenitors by irradiation arises as
a plausible explanation of our results. Taken together, our results provide support for the importance of ongoing
hippocampal neurogenesis in specific cognitive operations in humans.

While our study offers experimentally-supported conclusions on the potential link between damage to the
hippocampus and altered pattern separation and pattern completion performance, there are several limitations
and caveats to consider. In particular, in the absence of the ability to directly measure neurogenesis in the living
human brain, our study provides correlative, rather than direct, evidence that the neurogenic function of the
hippocampus is responsible for the pattern separation and pattern completion deficits observed after irradiation.
Indeed, it is conceivable that the defects we observe are due, at least partially, to impairments in other functions
of the hippocampus or DG, unrelated to neurogenesis”!124647:68 Such defects may include vascular injury,
microstructural white matter changes, and local inflammation®’. Furthermore, the observed changes may also
be induced by network-level plasticity and reorganization (e.g., compensatory recruitment of the contralateral
or extra-hippocampal networks). Nevertheless, since the elimination of dividing cells is a primary consequence
of radiation exposure, its effect on neurogenesis should be considered among the main potential explanations
for the observed changes. Furthermore, the high specificity of the observed changes (e.g., intact free recall and
recognition memory) supports the interpretation that radiation-induced alterations in neurogenesis specifically
underlie the observed deficits in pattern separation and pattern completion.

Furthermore, our study design precludes the inclusion of an “ideal” control group beyond the pre-exposure
tests (when the conditions for the control and trial groups can be matched), as the patients undergo a lengthy
(1.5 months) series of psychologically and physiologically demanding therapeutic procedures that cannot be
applied to a control group (e.g., immobility, head fixation, and inevitable stress and anxiety related to the disease
and surgery). However, we consider the longitudinal design of the analysis of the same subjects as outweighing
the lack of direct comparisons with control groups at the post-exposure stages of the study.

One additional consideration is that the hippocampus contralateral to the irradiation site still received a
dose of radiation, even though it was significantly lower than that received by the ipsilateral hippocampus
(Supplementary Table 2); still, our results indicate a marked difference between the responses of the left- and
right-irradiated groups.

Regardless of the mechanistic basis for the observed changes, our findings carry several clinical implications.
First, they highlight the need to evaluate potential cognitive side effects when planning radiation treatment
in patients with tumors located adjacent to the hippocampus and suggest that strategies to preserve or restore
hippocampal neurogenesis should be considered when designing treatments for brain tumors and other
neurological conditions. Second, they provide further support for the use of MST and its modifications in
evaluating the fine aspects of learning and memory in humans. Finally, our study provides a framework for
future research exploring the mechanisms of pattern separation and pattern completion in humans and their
connection to hippocampal neurogenesis.

Materials and methods

Participants

The study included 28 patients (24 females and 4 males of median age 52+10.7 years) with cavernous sinus
meningiomas situated either to the left or right of the optic chiasm and adjacent to the hippocampus. Detailed
characteristics of the patient group—including age, sex, education, handedness, visual acuity, oculomotor
function, tumor volume and localization, and the volumes of the hippocampus ipsilateral and contralateral
to the tumor—are provided in Supplementary Table 1. None of the participants had previously undergone
radiotherapy or neurosurgical intervention and all participants were screened for medical conditions that could
affect neurological assessment. The control group consisted of 29 healthy individuals (23 females and 6 males,
with median age 0f49.3 + 12.2 years), matched to the clinical groups by age, sex, and education level. The criterion
for not including healthy subjects in the group was a history of craniocerebral trauma, strokes, observation by
a neurologist or psychiatrist, or taking psychotropic drugs. Due to the clinical and organizational restrictions
and decreased compliance during the COVID-19 pandemic, part of the control group was not investigated
at the later (6-, 12-, 24-month) timepoints. Also note that some of the radiation therapy-related procedures
applied to the patients (e.g., head fixation and immobility for prolonged periods of time) cannot be applied to the
subjects in the control group, thus making the measurements beyond the pre-exposure (0-month) timepoints
less informative.

The patients were tested in MST as a part of the neurological and psychological assessment when they visited
the clinic at defined periods of time post-therapy to be evaluated for the changes in the tumor growth using MRI
and for the clinical dynamics of neurological symptoms. The study was observational, as in the course of this
study, we only collected the data on the patients’ neurological and neuropsychological status, without actively
intervening or manipulating the existing conditions. The study did not contradict clinical guidelines and did
not have a negative impact on the treatment results. The study was conducted in accordance with the principles
of biomedical ethics as outlined in the 1964 Declaration of Helsinki and its later amendments. The study was
approved by the Bioethics Committee of the Burdenko National Medical Research Center for Neurosurgery,
Ministry of Health of Russia (Moscow), protocol no. 05 dated 2017. Each participant in the study provided a
voluntary written informed consent after receiving an explanation of the potential risks and benefits, as well as
the nature of the upcoming study.

Radiation therapy and neuropsychological assessment
All patients underwent topometric head magnetic resonance imaging (MRI): axial T2 images (slice thickness
2 mm) and axial three-dimensional spoiled gradient recalled acquisition in steady state (3D SPGR), enhanced
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and non-enhanced (slice thickness 1 mm) before the treatment. For accurate volume estimation and dosimetry
target and hippocampal contouring were performed in the iPlan planning system (BrainLab, Munich, Germany).
Hippocampal contouring was performed according to the Radiation Therapy Oncology Group (RTOG) 0933
protocol. Treatments were performed in the radiotherapy department of the N.N. Burdenko National Medical
Research Center of Neurosurgery, Moscow.

The meningioma patients’ group underwent stereotactic conformal radiation therapy with a photon beam
using the Novalis linear accelerator (Varian, BrainLab) (6 MeV) equipped with a micromultileaf collimator.
Radiotherapy was delivered in the standard fractionation scheme in 30 fractions (5 fractions per week), with a
single dose of 1.8 Gy and a total focal dose of 54 Gy (Fig. 1A,B). This procedure resulted in an average radiation
exposure of 40.0 Gy, 29.3 Gy, and 20.8 Gy for 10%, 30%, and 50%, respectively, of the volume of the hippocampus
adjacent to the tumor. For the contralateral hippocampus, the average dose load of 10% 30% and 50% of the
hippocampal volume was 13.8 Gy, 9.7 Gy, and 8.0 Gy, respectively (Fig. 1C, Supplementary Table 2). The
patients in both groups (with left and right localization of tumor) received similar doses of radiation for the zone
ipsilateral to the tumor (p>0.42) or contralateral to the tumor (p>0.67) (Supplementary Table 2). Furthermore,
there were no noticeable differences in tumor volume or position between the experimental groups.

Patients underwent a battery of neuropsychological tests that included the MST, specifically adapted to assess
pattern separation and pattern completion. These tests were conducted immediately before (baseline, 0-month
timepoint), and after (1.5-month timepoint) the radiation treatment, and at 6, 12, and 24 months after the start
of treatment. As a result of the treatment, the last follow-up tumor growth stopped in 100% of cases, and a
significant decrease in tumor volume was recorded in 33.3% of cases, according to MRI. The overall volumes of
the ipsi- and contralateral hippocampi did not change during the course of observations (Supplementary Table
2).

Mnemonic similarity task (MST)

The basic design of MST?”28 was modified in order to assess, besides pattern separation and pattern completion,
the potential laterality effects relative to tumor position and visual stimulus presentation (additional details
provided in the Results section). Briefly, after explaining the purpose and the details of the task, participants
were shown triplets of images and asked to list the images 10 min later (“free recall”). This was followed, 30 min
after the presentation of the images, by demonstration of a series of individual (i.e., not in triplets) images that
were identical (targets), similar (lures), or dissimilar (foils) to those initially presented, and the participants were
asked to categorize these images as “old”, “similar”, or “new”. Performance metrics included the bias-corrected
recognition score (BPR), bias-corrected pattern separation score (BPS), and bias-corrected pattern completion
score (BPC), as defined in the Results. In parallel, eye movement and duration of gaze fixation for the central,
left, and right visual stimuli was monitored®®.

Statistics

The data were analyzed and the graphs were generated using the GraphPad Prism 10 program (GraphPad
Software LLC, USA). For convenience, full statistical data and behavioral characteristics are presented in
Supplementary Tables 4a-c, with the key differences indicated in the figure panels.

Data availability
The datasets used and analyzed during the current study are available from the authors (O.A.K., M.V.G,, and
G.E.) on reasonable request.
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