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Recent evidence suggests an association between benzodiazepines (BZDs) use and lower brain amyloid load, a hallmark of AD
pathophysiology. Other AD-related markers include hippocampal atrophy, but the effect of BZDs on hippocampal volume remains
unclear. We aimed at 1) replicating findings on BZDs use and brain amyloid load and 2) investigating associations between BZDs
use and hippocampal volume, in the MEMENTO clinical cohort of nondemented older adults with isolated memory complaint or
light cognitive impairment at baseline. Total Standardized Uptake Value Ratio (SUVR) of brain amyloid load and hippocampal
volume (HV) were obtained, respectively, from 18F Florbetapir positron emission tomography (PET) and magnetic resonance
imaging (MRI), and compared between BZD chronic users and nonusers using multiple linear regressions adjusted for age, sex,
educational level, ApoE ε4 genotype, cognitive and neuropsychiatric assessments, history of major depressive episodes and
antidepressant intake. BZD users were more likely to manifest symptoms of depression, anxiety and apathy. In the MRI subgroup,
BZD users were also more frequently females with low education and greater clinical impairments as assessed with the clinical
dementia rating scale. Short- versus long-acting BZDs, Z-drugs versus non-Z-drugs BZDs, as well as dose and duration of BZD use,
were also considered in the analyses. Total SUVR and HV were significantly lower and larger, respectively, in BZD users (n= 38 in
the PET subgroup and n= 331 in the MRI subgroup) than in nonusers (n= 251 in the PET subgroup and n= 1840 in the MRI
subgroup), with a medium (Cohen’s d=−0.43) and low (Cohen’s d= 0.10) effect size, respectively. Short-acting BZDs and Z-drugs
were more significantly associated with larger HV. We found no effect of dose and duration of BZD use. Our results support the
involvement of the GABAergic system as a potential target for blocking AD-related pathophysiology, possibly via reduction in
neuronal activity and neuroinflammation. Future longitudinal studies may confirm the causal effect of BZDs to block amyloid
accumulation and hippocampal atrophy.
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INTRODUCTION
Epidemiological studies have questioned the chronic use of
GABAergic agents such as benzodiazepines (BZDs) and Z-Drugs, as
they have been associated with an increased risk of neurocogni-
tive disorders, including Alzheimer’s Disease (AD) [1]. However,
the risk of neurocognitive disorder in BZDs users remains
inconclusive, mostly because of inconsistent results. Two recent

large epidemiological studies are representative of this incon-
sistency, with, on the one hand, a large Taiwanese study finding
a greater risk of dementia with BZDs [2], whereas, on the
other hand, a large Danish study finding no effect of BZDs on
dementia incidence and rather a lower incidence of dementia in
chronic Z-Drugs users [3]. Potential explanation for these recurrent
inconsistencies may rely on how well data are controlled
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for psychiatric disorders which constitute potential confounding
factors, the latter Danish study having more strictly controlled for
psychiatric disorders than the Taiwanese report for instance, an
effect possibly accounted by cultural differences in self-reporting
psychiatric symptoms which constitute a potential challenge to the
optimal control of psychiatric disorders in Asian populations [4].
While epidemiological studies appear inconsistent, findings on

a potential neuroprotective effect of BZDs appear more robust,
especially in preclinical studies in which the use of BZDs was
associated with neuroprotective effects as shown by lower
amyloid deposition [5–7] and lower hippocampal cell death in
mice [6], these two processes being considered hallmarks of the
pathophysiology of AD. Moreover, two recently published
neuroimaging studies have consistently found that chronic use
of BZDs was associated with lower amyloid deposition in human.
Indeed, a first pilot study in the ADNI cohort found lower amyloid
load as assessed with 18F Florbetapir positron emission tomo-
graphy (PET) in 15 BZDs users compared to matched BZD
nonusers [8]. More recently, our group, in which most of the
authors of the present report were involved, published a second
larger PET study based on the MAPT cohort, in which the 47 BZDs
users exhibited lower amyloid load compared to the 221 BZDs
nonusers [9]. Because only two studies on the impact of BZDs on
brain changes are available in clinical population, the potential
neuroprotective effect of BZDs remains to be investigated in
humans, and replication studies are needed, while other markers
of neurodegeneration, such as hippocampal volume, may also be
investigated in addition to amyloid load.
In this study, we have investigated associations between BZDs use

and two AD-related markers, namely amyloid load in PET imaging
and hippocampal volume in Magnetic Resonance Imaging (MRI), in
the large French MEMENTO cohort at baseline, which primary goal
was to identify new phenotypes of participants who will develop
dementia over time. All participants underwent MRI examination
whereas only a subgroup underwent amyloid PET imaging. We
hypothesized to find lower amyloid load and larger hippocampal
volume in BZD users compared to nonusers. In addition, we
investigated whether certain characteristics of BZD use, including
short- versus long-acting BZDs, as well as Z-drugs versus non-Z-
drugs BZD, dose and duration of use, influenced the association with
neuroimaging markers.

MATERIALS AND METHODS
Participants
The participants were part of the MEMENTO Cohort (registration:
NCT01926249), a 5-year longitudinal clinic-based study whose principal
objective was to identify new phenotypes of participants who will develop
dementia over time. The study design of the MEMENTO cohort has been
extensively described elsewhere [10]. There were no overlapping
participants among the MEMENTO and the MAPT cohorts and no risk of
overlapping results with our previously published study in the MAPT
cohort. Briefly, 2323 nondemented adults with either an isolated memory
complaint (if aged ≥60) or a light cognitive impairment (defined as test
performance 1 SD below age, sex and education-level norms) while not
demented (Clinical Dementia Rating [CDR] < 1), were recruited in 28 French
memory clinics from 2011 to 2014. Main exclusion criteria were contra-
indication or refusal to perform magnetic resonance imaging (MRI),
neurological disease such as treated epilepsy, treated Parkinson’s disease,
Huntington disease, or brain tumor, history of head trauma with
neurological sequelae, stroke occurring in the past three months, history
of schizophrenia, or illiteracy. Baseline data collection included clinical
examinations, neuropsychological testing, blood sampling and brain MRI.
In addition, we included participants with 18F Florbetapir PET scans (n=
289) [11, 12], so as to replicate the previous findings on amyloid load and
benzodiazepine use, from 2 ancillary studies (Insight-PreAD, AMYGING,
NCT02164643). All participants signed an informed consent to participate
in the study that was approved by the ethics committee “Comité de
Protection des Personnes Sud-Ouest et Outre Mer III.”

Benzodiazepine use and clinical assessments
Participants were identified as chronic BZD users if they had used any type
of BZD or Z-drug for at least 3 months in the immediate period prior to
study enrollment. The duration of BZD use was calculated as follows: end
date of use (or date of PET/MRI scan, if still on medication at PET/MRI scan
date) minus starting date of use. The BZD dose was standardized by
converting the various BZD doses to diazepam dose equivalents. We also
distinguished between short- (half-life ≤20 h) and long-acting (half-life >20
h) BZDs because previous epidemiological and imaging studies used this
classification and found a differential effect of long-acting versus short-
acting BZDs on AD-related pathophysiology [9]. In case of multiple BZDs in
a participant, we considered sum of the doses and durations of use of each
BZD. In addition, in the eventuality of different BZD classes in a participant,
we classified the participant as a long-acting BZD user if at least one long-
acting BZD was taken by the participant and as a short-acting BZD user if
only short-acting BZD were reported. Finally, in case of pro re nata BZD
prescription, dose and duration of use were calculated based on the
approximation of a daily use.
Clinical assessment included age, sex, educational level, cognitive and

dementia status assessed with the Mini-Mental State Examination (MMSE)
and the Clinical Dementia Rating (CDR), NPI depression, anxiety, apathy
subscales, history of major depressive episodes, history of antidepressant
intake and apolipoprotein E ε4 (ApoE ε4) genotype. NPI allows assessments
for 12 different behavioral and psychological disorders, scored whether
they are absent (score= 0) or based on their frequency (score ranged 1–4)
and severity (score ranged 1–3). Total score for a given disorder is
calculated as frequencyXseverity for a total score ranging between 0 and
12. Implementation of the NPI in the MEMENTO cohort was limited to a
systematic assessment of depression, anxiety and apathy, whereas
assessments of other disorders, such as sleep disorder, were optional.
Sleep disorder scoring had many missing data and no reliable statistics
could be performed with this NPI dimension notably.

MRI evaluation
Brain magnetic resonance images were acquired after a standardization of
the imaging processes by a dedicated neuroimaging specialized team
(CATI for “Centre pour l’Acquisition et le Traitement des Images”, http://
cati-neuroimaging.com/) [13, 14]. MRI machines of 1.5 and 3 Tesla were
used for this study (the complete list of machines is provided in
Supplementary 2 Appendix A). All MRI scans were centralized, quality
checked, and postprocessed by the CATI to obtain standardized
measurements for each participant. The datasets underwent two steps
of quality check in the process to yield HV. MRI raw data were first quality
checked to evaluate if no artefact (system or patient related) could
endanger the reliability of subsequent image processing pipelines. Then
the result of the segmentation tool was quality checked to ensure that no
major segmentation failure could make the estimated volume unreliable.
Both steps of the quality check rely on systematic visual evaluation of
trained raters. Segmentation results are graded on a 0–4 range, with 0
meaning completely wrong segmentation, 2 borderline segmentation
(segmentation mistakes may have an influence on the resulting volume)
and 4 perfect segmentation; volumes for grades lesser than 2 were not
included in the analyses. The MRI protocol included 3D-T1 1mm isometric
sequences that were used to assess the total intracranial volume (TIV) with
Statistical Parametric Mapping [15] and hippocampal volumes with the
SACHA software [16]. The principal MRI outcome was the hippocampal
volume (HV - calculated as the sum of the right and left hippocampi in
each participant) divided by TIV as a control for head size inter-subject
variability. 2,171 participants with hippocampus volumes were included in
the MRI analyses, as HV was not available for 152 participants, because no
MRI was available or exclusion after CATI quality check.

18F Florbetapir PET analysis
Control procedures for PET assessment were carried out by the CATI,
similarly to MRI. Participants were examined using 5 different hybrid PET-
CT scanners, including one PET CT 690 (GE Healthcare), one Discovery RX
VCT (General Electric), two True Point HiRez (Siemens Medical Solutions)
and one Biograph 4 Emission Duo LSO (Siemens Medical Solutions), 50
(±5) min after the injection of roughly 370 MBq (333–407 MBq)
of 18F-Florbetapir. PET acquisition were performed 50 (±5) min after the
injection of roughly 370 MBq (333–407 MBq) of 18F-Florbetapir, and
consisted of 3 × 5-min frames, during a 128 × 128 acquisition matrix, with a
voxel size of 2 × 2 × 2mm3.
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The method for images processing with partial volume effect correction
on untransformed PET images has been extensively described elsewhere
[17]. Briefly, a quality check was performed by the CATI team: frames were
realigned, averaged and visually inspected for possible artefacts, including
subject motion, mismatch between CT and emission scans and attenuation
correction artefacts. The Rachel software, developed by the CATI, was used
for 18F Florbetapir PET image processing. Structural MRI images were
coregistered to 18F Florbetapir-PET images using SPM12 with visual
inspection to detect any coregistration errors. Parametric PET images were
then created for every individual, by dividing each voxel with the mean
activity extracted from a combination of the whole cerebellum and pons as
the reference region. Images were corrected from the Partial Volume Effect
using the RBV-sGTM method. Finally, standardized uptake value ratios
(SUVRs) were calculated by averaging the mean activity of all cortical
regions of interest within the individual PET native space. Cerebellum and
pons were selected as the reference region based on prior work on the
MEMENTO cohort that found that the combination of these 2 regions was
the best to distinguish between amyloid positive and amyloid negative
subject [17]. Total SUVR was the principal PET outcome of this study
because previous studies indicated a global effect on amyloid with BZDs
rather than region-specific effects.

Statistical analysis
Clinical variables were described and compared according to the use of
BZDs. Quantitative variables were described with medians and inter-
quartile ranges and compared using Mann–Whitney’s tests. Qualitative
variables were described with counts and percentages and compared
using the chi-squared test.
We used linear mixed models to estimate the effect of BZD use (the

independent variable) on total SUVR and HV (the dependent variables).
The models included adjustments for age, sex, educational level, CDR,
MMSE, NPI depression, NPI anxiety, NPI apathy, history of major depressive
episodes, history of antidepressant intake, and ApoE ε4 genotype to
account for the potential confounding effects of these factors. These
covariates were chosen because of their potential associations with
amyloid and hippocampal volume, as well as because they may influence
BZD use, which may modify the results of linear regressions. Indeed, older
women with low education may be more likely to use BZD [18], while at
the same time being potentially more likely to exhibit higher amyloid load
and smaller hippocampus. Similarly, BZD use may be more frequently
associated with low cognitive performance (in particular because BZD may
impair cognitive functions such as memory and attention [19] and more
psychiatric symptoms (in particular because BZD can be prescribed in
patients with anxiety and/or depression), while these factors have been
associated with higher amyloid [20] and smaller hippocampus [21].
Prescription of antidepressants could also be considered a potential bias
because individuals with BZD may be more frequently prescribed
antidepressants as a co-prescription for anxiety or depressive disorders
for example, as well as potentially influencing amyloid accumulation [20]
and hippocampal volume [21]. ApoE ε4 genotype was also included
because of a strong association toward greater amyloid accumulation [22]
and smaller hippocampus volume [23]. Differences in hippocampus
measurements could also be observed depending on MRI machines and
this factor may also constitute a potential bias in our study. Scanner types
for PET imaging were less likely to influence the amyloid measurement
because the different PET scanners involved in the MEMENTO cohort have
been rigorously configured to limit variability across centers [24].
The use of BZDs was considered as a binary variable (BZD users versus

BZD nonusers) and as a 3-category variable for different half-life groups
(short versus long-acting BZD users versus BZD nonusers) and as a
3-category variable for investigating the effects of Z-drugs (Z-drugs versus
non-Z-drugs BZD versus BZD nonusers). In each case, non exposure to BZD
was used as the reference level. Finally, to investigate potential effects of
dose and duration of BZD use, the doseXduration variable (dose of BZD
multiplied by duration of use) was coded in 4 categories (BZD nonusers as
reference and the three tertiles of the variable to distinguish for small,
moderate and large doseXduration BZD use) and integrated in adjusted
multiple linear regressions.

RESULTS
Sample characteristics
The clinical and demographic characteristics of the study
participants are shown in Table 1.

In the MRI subgroup, n= 1840 participants were identified as
BZD nonusers and n= 331 were identified as BZD users. The BZD
list included in the analyses is provided in Supplementary
Material 1. There were no significant differences between BZD
users and BZD nonusers in age, ApoE ε4 and MMSE score. In
contrast, BZD users were more frequently females, with lower
educational level and higher CDR and NPI anxiety, depression and
apathy scores, and were more likely to have experienced
depression and to use antidepressants.
In the 18F Florbetapir PET subgroup, n= 251 participants were

identified as BZDs nonusers and n= 38 were identified as BZD
users. The BZD list included in the analyses is provided in
Supplementary Material 1. There were no significant differences
between BZD users and BZD nonusers in clinical characteristics,
except for history of depression and NPI anxiety, depression and
apathy scores, which were greater in BZD users.

Associations between benzodiazepine use and brain amyloid
load
Distribution of SUVR according to BZD use showed a lower
amyloid load in BZD users (mean= 0.72, SD= 0.11) compared to
nonusers (mean= 0.81, SD= 0.22) (Fig. 1). The difference was
moderate, with a raw Cohen’s d at 0.43. The first model included
amyloid SUVR in the total cortex as the dependent variable and
BZD use, age, sex, educational level, MMSE, CDR sum of boxes,
history of depression, antidepressant intake, ApoE ε4 status and
NPI scores (apathy, depression, anxiety), as explicative variables.
We found a significant effect of BZD use (beta=−0.073, IC95%=
[−0.142; −0.003], p= 0.042) on total cortex SUVR. We found no
significant effect of doseXduration on total SUVR (p= 0.39),
neither for dose solely (p= 0.24), nor duration (p= 0.45).
In the second model, where we distinguished short and long-

acting BZDs, we found no significant effects of either short- or
long-acting BZDs on the total cortex SUVR, although there was a
statistical trend for short-acting BZDs (beta=−0.078, IC95%=
[−0.170; 0.014], p= 0.097).
In the third model, where we distinguished Z-drugs and non-Z-

drugs BZD, we found no significant effects (p= 0.119).

Associations between benzodiazepine use and hippocampal
volume
Figure 2 depicts the ratio of the hippocampal volume over TIV,
with a larger HV in BZD users (mean= 3.98, SD= 0.57) compared
to BZD nonusers (mean= 3.92, SD= 0.57). Raw Cohen’s d was
0.10. After adjustment for age, sex, educational level, MMSE, CDR,
history of depression, antidepressant intake, ApoE ε4 status and
NPI score (apathy, depression, anxiety), we found a significant
effect of BZD use (beta= 0.072, IC95%= [0.008; 0.136], p= 0.027).
We found no significant effect of doseXduration on HV (p=

0.33), dose solely (p= 0.87) or duration (p= 0.39).
In the second model, where we distinguished short and long-

acting BZDs, we found significant effects of short-acting BZDs on
hippocampal volume (beta= 0.099, IC95%= [0.023; 0.174], p=
0.037), whereas the effect of long-acting BZDs on hippocampal
volume was not significant (beta= 0.02, IC95%= [−0.083; 0.122]).
In the third model, where we distinguished Z-drugs and non-Z-

drugs BZD, we found significant effects of Z-drugs on hippocam-
pal volume (beta= 0.114, IC95%= [0.016; 0.211], p= 0.047),
whereas the effect of non-Z-drugs BZD on hippocampal volume
was not significant (beta= 0.048, IC95%= [−0.03; 0.126]).

Univariate analyses
Supplementary material 3 provides the detailed statistics of the
uni and multivariate regressions for the 3 models. For SUVR and
BZD use multivariate analysis, only age and APOE covariate were
associated, and in a weaker extend MMSE score. Thus, non-
adjusted and adjusted associations were similar. HV was
associated with sex, age, APOE, CDR, MMSE, apathy (only in
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univariate regression), history of depression (only in univariate
regression) and antidepressant intake. BZD use was not
significantly associated with HV in univariate analysis (p= 0.18)
but became significantly associated in multivariate analysis (p=
0.027) with the influence of the antidepressant intake variable
which was strongly associated with the BZD use variable (Chi [2],
p < 10−4). Interestingly, the association HV/antidepressant intake
was negative. Therefore, the BZD use variable probably captured
at the same time the BZD effect and the antidepressant effect,
which were opposite, resulting in a nonsignificant univariate
association for BZD use. In adjusted regression, the proper effect
of BZD was revealed as a significant positive association with HV,
independent of antidepressant.

DISCUSSION
We replicated the findings that nondemented older adults with
either isolated memory complaint or light cognitive impairment
who chronically use BZDs had a reduced brain amyloid load
compared to BZD nonusers, independent of potential confound-
ing factors such as cognitive impairment, history of depression
and antidepressant intake. In addition, we extended these findings
to other neuroimaging markers of AD, by showing that
nondemented older adults with BZDs had a significantly larger
hippocampal volume compared to BZD nonusers. These results

Fig. 1 Scatterplots of the individual total amyloid SUVR in BZD
users and nonusers. BZD: Benzodiazepine; SUVR: standardized
uptake value ratio. Thresholds for amyloid positivity with the PET
imaging processing used in the MEMENTO cohort were 0.79 (liberal
threshold) and 0.88 (conservative threshold) [17]. The total amyloid
load was significantly lower in BZD users compared to BZD nonusers
(beta=−0.073, p= 0.042) after controlling for age, sex, educational
level, CDR, MMSE, NPI scores (depression, anxiety and apathy)
history of major depressive episodes, history of antidepressant
intake and ApoE ε4.

Table 1. Demographic and clinical characteristics of the two studied population (MRI subgroup – left side; PET subgroup – right side).

MRI subgroup (n= 2171) PET subgroup (n= 289)

BZDs nonusers
(n= 1840)

BZDs users
(n= 331)

p value BZDs nonusers
(n= 251)

BZDs users
(n= 38)

p value

Female 1105 (60.1%) 238 (71.9%) <10−4 163 (64.9%) 24 (63.2%) 0.83

Age in years 71.5 (1.1) 72.7 (12.7) 0.40 75.6 (6.0) 76.8 (5.3) 0.34

Baccalaureate or above 1,023 (55.7%) 159 (48.0%) 0.010 178 (70.9%) 26 (68.4%) 0.75

MMSE 28 (2.0) 28 (2.0) 0.133 29 (1.0) 29 (1.0) 0.55

CDR at 0.5 1,062 (58.1%) 225 (68.2%) 0.0006 30 (12.0%) 5 (13.2%) 0.83

CDR Sum of boxes 0.5 (1.0) 0.5 (1.0) <10−4 0 (0.0) 0 (0.0) 0.17

APOE- ε4 0.29 0.74

0 1,222 (69.9%) 226 (72.2%) 181 (75.4%) 27 (77.1%)

1 462 (26.4%) 81 (25.9%) 55 (22.9%) 8 (22.9%)

2 63 (3.6%) 6 (1.9%) 4 (1.7%) 0 (0 %)

NPI Score

Depression 0 (1.0) 1 (4.0) <10−4 0 (0.0) 0 (0.0) 0.034

Anxiety 0 (3.0) 1 (5.0) <10−4 0 (0.0) 0 (1.0) 0.0029

Apathy 0 (0.0) 0 (0.0) 0.013 0 (0.0) 0 (0.0) 0.0076

History of depression 650 (35.3%) 205 (61.9%) <10−4 70 (27.9%) 19 (50.0%) 0.0059

Antidepressant intake 232 (12.6%) 131 (39.6%) <10−4 26 (10.4%) 7 (18.4%) 0.145

BZDs dosage
(mg, diazepam equivalent)

– 5 (5) – 5 (5)

BZDs duration of use (months) – 68 (126) – 72 (102)

Values are expressed as the median (interquartile range) or n (%). Comparisons were performed with Mann–Whitney tests (quantitative data) and chi-squared
tests (qualitative data).
MRI magnetic resonance imaging, PET positron emission tomography, BZDs benzodiazepines, ApoE ε4 apolipoprotein E ε4, MMSE mini-mental state
examination, CDR clinical dementia rating, NPI Neuropsychiatric Inventory.

Fig. 2 Scatterplots of the individual HV in BZD users and
nonusers. BZD Benzodiazepine, HV hippocampal volume, TIV total
intracranial volume. The hippocampal volume (ratio of the sum of
the left and right hippocampal volumes over TIV, multiplied by
1000 to facilitate interpretation) was significantly larger in BZD
users compared to BZD nonusers (beta= 0.072, p= 0.027) after
controlling for age, sex, educational level, CDR, MMSE, NPI scores
(depression, anxiety and apathy) history of major depressive
episodes, history of antidepressant intake and ApoE ε4, type
of MRI.
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are consistent with the recent literature on the protective effect of
GABAergic agents on AD-related pathophysiology, both in clinical
[8, 9] and preclinical studies [6].
As discussed elsewhere, the principal hypotheses to account for

amyloid blockade with BZDs refer to modulation of neuronal
hyperactivity and neuroinflammation [25, 26]. BZD act as positive
allosteric modulators of GABA-A receptors and depress neuronal
activity via the increase in intracellular chlorine ions through
chloride channels, hyperpolarizing the cell and decreasing its
probability of firing. Interestingly, growing evidence suggest that
blocking excessive neuronal activity could limit amyloid progres-
sion and ultimately prevent the development of AD [27]. Indeed,
excessive neuronal firing increase amyloid formation [28, 29] and
neuronal hyperactivity has been suggested to constitute an early
dysfunction in the pathophysiological cascade of AD [30], while its
modulation could reduce amyloid accumulation, since a reduction
in neuronal activity results in decreased amyloid production [31],
as well as reduced axonal dystrophy and synaptic loss in areas
near amyloid plaques [32]. Based on accumulating findings on the
link between excessive neuronal activity and brain amyloid
accumulation, some authors have proposed that targeting
neuronal hyperactivity with pharmacological treatment such as
antiepileptic drugs may attenuate amyloid progression and
ultimately prevent the development of AD [27].
Other possible mechanisms related to neuroprotective proper-

ties of BZDs include modulation of neuroinflammation, a process
involved in the pathophysiology of AD, via their action as
Translocator protein (18 kDa) (TSPO) ligands. TSPO, formerly
known as the peripheral benzodiazepine receptor, is an outer
mitochondrial membrane protein involved in steroid metabolism
and other mitochondrial functions, including cell proliferation and
differentiation, mitochondrial respiration and regulation of cyto-
chrome C release, caspase activation, and apoptosis [33].
Pleiotropic neuroprotective effects have been associated with
TSPO ligands, including reduction of amyloid accumulation [34].
In comparison to amyloid reduction, the effect of BZDs on

hippocampal volume has been less studied. One clinical study
found an independent positive association of BZD use and
hippocampal volume in a population of middle-aged psychiatric
patients [35]. Preclinical studies show inconsistent findings on the
effect of BZDs on BDNF in the hippocampus of mice, such that
acute but not repeated BZD treatment decrease BDNF concentra-
tion [36]. Hippocampal volume loss is generally considered a later
process in the pathophysiology of AD compared to amyloid
accumulation that can occur several years before cognitive
decline. More specifically, hippocampal atrophy in AD could occur
as the consequence of the neurotoxicity of amyloid that
accumulate in the brain [37]. Therefore, the relatively preserved
hippocampus volume observed in the BZD users of our study may
be accounted by their lower amyloid burden compared to BZD
nonusers and the blockade of hippocampal atrophy with BZD may
involve an indirect mechanism via the blockade of amyloid
accumulation. This hypothesis is consistent with our results of a
smaller effect size in the association between BZDs and
hippocampal volume compared to the effect on amyloid load,
because our participants had low or no cognitive impairments and
could exhibit either no or early AD pathophysiology, with only
little effects on hippocampus at this stage.
We found a more specific association for short-acting BZD and

Z-drugs with larger hippocampus. We previously found that the
effect of short-acting BZDs on amyloid was more significant than
long-acting BZDs [9], a result that was not replicated in the
present study, although we found a statistical trend for a similar
result. Interestingly, short-acting BZDs, especially Z-drugs, have a
greater affinity for the alpha 1 subunit of GABA receptors,
compared to long-acting BZDs, and the alpha 1 GABA receptor is
particularly abundant in the hippocampus [38]. A more focused
action of short-acting BZDs that have a greater affinity for alpha 1

GABA receptors in the hippocampal region may therefore account
for their more specific effect on the hippocampus volume. In
addition, because Z-drugs are generally prescribed for insomnia, a
superior sleep quality may account for the association between
Z-drugs use and larger hippocampus, since chronic insomnia has
been associated with hippocampal atrophy [39]. Unfortunately,
only a few participants in the MEMENTO cohort were assessed for
sleep quality, and we were unable to reliably test this hypothesis.
We found no association between the amyloid load/hippocam-

pus volume and dosage or duration of BZD use, which is
consistent with previously published experimental studies [8, 9].
One possible explanation of this result relates to the potential
ceiling effect of BZDs on AD-related pathophysiology, suggesting
that after a certain dose or time of use, no further benefit in
lowering amyloid or protecting hippocampus is achieved with
BZDs. Another complementary explanation could be that the
maximum protective effect of BZDs occurs rapidly, within a
relatively brief duration of use. This hypothesis is consistent with
preclinical studies showing that the in vitro effects of BZDs on
amyloid formation are rapid and occur after a few hours of
exposure [7].
Limitations of our study include that the Memento study was

not primarily designed to assess the effect of BZD use on
neuroimaging markers of AD, and our results were derived from a
secondary analysis, which may limit the strength of our
conclusions. In addition, the use of a cross-sectional design to
examine the association between BZD use and neuroimaging
markers of AD prevents inference of causality; the possible causal
relationship between reduced amyloid load, greater hippocampal
volume and BZDs remains to be confirmed in longitudinal studies.
Moreover, while the association between brain amyloid and BZD
use is now confirmed in three different studies and shows a
medium effect size, the association between hippocampal volume
and BZD use was first identified in our study with only a small
effect size and this association requires further replication and
longitudinal examination. Furthermore, characteristics of the PET
and MRI subpopulations were not strictly identical, regarding
clinical impairment in particular, with a greater proportion of
participants with CDR 0.5 in the MRI subpopulation. We may
conclude from our results that BZD use could block amyloid
accumulation in older individuals with low or no clinical
impairment (a larger sample size would be more informative as
to whether it also apply to more severely cognitively impaired
individuals) whereas the small effect to limit hippocampal atrophy
with BZD may be observed on individuals with greater clinical
impairment. We could not infer whether BZD use has an effect on
amyloid in more severely impaired individuals or on hippocampal
volume in individuals with no or low clinical impairment. In
addition, a recall bias could have limited the accuracy in reporting
dose and duration of use, especially because duration of use
largely exceed 5 years in more than half of the BZD users and
retrospective assessment of such data may be imprecise in most
of the patients. Additional limitations regarding dose and/or
duration of BZD use include that we used the approximation of a
daily use for pro re nata BZD prescription, and that these variables
were calculated based on the immediate period prior to study
enrollment, whereas lifetime exposure of BZD was not available in
our study. These approximations in our data may explain why we
could not identify the critical time period of BZD exposure that
impacts amyloid deposition or hippocampal cell loss. Longitudinal
well-controlled studies for dose and duration of BZD use may be
more informative as to whether dose and/or duration of use
influence the effect of BZD on amyloid accumulation and
hippocampal volume and may ultimately reveal potential
mechanisms involved in the BZD effect. Finally, we cannot exclude
that other factors not included in our study may have confounded
our results, such as history of anxiety disorders (which were not
systematically assessed in the MEMENTO cohort, in contrast to
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depression) or sleep disturbance for which there was too much
missing data since this dimension was not systematically asked
and only rarely informed in the NPI.
In conclusion, our results suggest neuroprotective effects of

BZDs and support the involvement of the GABAergic system as a
potential target for blocking brain amyloid accumulation and
hippocampal atrophy, possibly via reduction in neuronal activity
and neuroinflammation. However, we do not intend to suggest
that BZDs should be used to prevent AD because the chronic use
of BZDs has several side effects, including increased risk of fall,
dependence and cognitive impairment (attention, memory and
executive impairments mostly, at least during the time they are
being taken) that certainly overcome the potential benefits on
neurodegeneration. It is worth reminding that guidelines for BZD
prescription include a short duration of use, which may not
exceed 1 month as a hypnotic and 3 months as an anxiolytic.
Moreover, blocking amyloid pathology and hippocampal atrophy
does not necessarily lead to a decreased incidence of AD, which
involves multiple other pathophysiological mechanisms, such as
tau pathology and vascular disorders. Nevertheless, our paper
suggests that further investigations of GABA and/or TSPO related
mechanisms involved in neuronal excitability and neuroinflamma-
tion may allow the identification of novel pathophysiological
pathways in AD and provide pharmacological targets to reduce
amyloid formation and hippocampal atrophy.
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