Received: 15 September 2023

Revised: 13 February 2024

'-) Check for updates

Accepted: 18 March 2024

DOI: 10.1002/alz.13833

RESEARCH ARTICLE

Alzheimer’s &Dementia’

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Altered fornix integrity is associated with sleep apnea-related
hypoxemia in mild cognitive impairment

Nicola Andrea Marchi’>>#

Marie-Eve Martineau-Dussault>? ® |
Jacques Yves Montplaisir®’

Arnaud Boré!? I

Maxime Descoteaux!? I

| Véronique Daneault> ® | Claire André’?® |
Andrée-Ann Baril¢ |
Danielle Gilbert®® |

Cynthia Thompson' ® |
Dominique Lorrain'®*! |

Julie Carrier!2 | Nadia Gosselin®2

1Center for Advanced Research in Sleep Medicine, Hopital du Sacré-Coeur de Montréal, CIUSSS du Nord-de-I'lle-de-Montréal, Montreal, Quebec, Canada

2Department of Psychology, Université de Montréal, Montreal, Quebec, Canada

3Center for Investigation and Research in Sleep, Department of Medicine, Lausanne University Hospital and University of Lausanne, Lausanne, Vaud, Switzerland

4L aboratory for Research in Neuroimaging, Department of Clinical Neurosciences, Lausanne University Hospital and University of Lausanne, Lausanne, Vaud,

Switzerland

5Centre de Recherche de I'lnstitut Universitaire de Gériatrie de Montréal, CIUSSS du Centre-Sud-de-I'lle-de-Montréal, Montreal, Quebec, Canada

6Department of Medicine, Faculty of Medicine, Université de Montréal, Montreal, Quebec, Canada

7Department of Psychiatry, Université de Montréal, Montreal, Quebec, Canada

8Department of Radiology, Radio-oncology and Nuclear Medicine, Université de Montréal, Montreal, Quebec, Canada

?Department of Radiology, Hopital du Sacré-Coeur de Montréal, CIUSSS du Nord-de-I'lle-de-Montréal, Montreal, Quebec, Canada

10Research Center on Aging, Institut Universitaire de Gériatrie de Sherbrooke, CIUSSS de I'Estrie, Sherbrooke, Quebec, Canada

11Department of Psychology, Université de Sherbrooke, Sherbrooke, Quebec, Canada

125herbrooke Connectivity Imaging Lab, Université de Sherbrooke, Sherbrooke, Quebec, Canada

Correspondence

Nadia Gosselin, Center for Advanced Research
in Sleep Medicine, Hopital du Sacré-Coeur de
Montréal, CIUSSS du Nord de
I'lle-de-Montréal, 5400 West Gouin
Boulevard, Montreal, Quebec H4J 1C5,
Canada.

Email: nadia.gosselin@umontreal.ca

Funding information

Canadian Institutes of Health Research,
Grant/Award Numbers: FDN154291,
MOP123294,MOP102631, PJT153259; Swiss
National Science Foundation
(Postdoc.Mobility), Grant/Award Number:
203196; Fonds de Recherche du Québec -
Nature et Technologies; Fonds de Recherche
du Québec - Santé; Québec Bio-Imaging
Network; Banting Fellowship Program

Abstract

INTRODUCTION: The limbic system is critical for memory function and degenerates
early in the Alzheimer’s disease continuum. Whether obstructive sleep apnea (OSA) is
associated with alterations in the limbic white matter tracts remains understudied.
METHODS: Polysomnography, neurocognitive assessment, and brain magnetic reso-
nance imaging (MRI) were performed in 126 individuals aged 55-86 years, including
70 cognitively unimpaired participants and 56 participants with mild cognitive impair-
ment (MCI). OSA measures of interest were the apnea-hypopnea index and composite
variables of sleep fragmentation and hypoxemia. Microstructural properties of the
cingulum, fornix, and uncinate fasciculus were estimated using free water-corrected
diffusion tensor imaging.

RESULTS: Higher levels of OSA-related hypoxemia were associated with higher left
fornix diffusivities only in participants with MCI. Microstructure of the other white
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1 | BACKGROUND

Obstructive sleep apnea (OSA) is one of the most prevalent sleep disor-
ders in older age.! The estimated prevalence of its moderate to severe
form (defined by an Apnea-Hypopnea Index [AHI] >15/h) is about
30% among individuals older than 60 years.! OSA is characterized
by repetitive narrowing of the upper airways during sleep, leading to
sleep fragmentation and hypoxemia.® Epidemiological studies suggest
that OSA may be independently associated with the risk of developing
Alzheimer’s disease (AD).2¢ In addition, there is evidence for a cor-
relation between OSA severity and AD biomarkers measured in the
cerebrospinal fluid’-¢ and by nuclear imaging.?~12

However, OSAis not yet recognized as one of the modifiable risk fac-
tors for dementia,’® and the mechanisms by which OSA may increase
the risk of AD remain largely unknown. One potential mechanism
could be the detrimental effect of OSA-related hypoxemia, which could
promote tissue alterations in AD-related brain regions. OSA-related
hypoxemia has been associated with gray matter changes in the medial
temporal lobe, including volume loss4~16 and edema.!” Yet, no study
has extended these findings to assess the link between OSA and
microstructural integrity of limbic white matter tracts that represent
the main afferent and efferent pathways of the medial temporal lobe.

The limbic tracts are of clinical importance because of their piv-
otal role in memory function® and because they are among the first
white matter tracts to degenerate in the AD continuum.'? Microstruc-

20-22 particularly in the fornix,2122

tural changes in the limbic tracts,
have already been detected among individuals with mild cognitive
impairment (MCI). Moreover, altered microstructure of limbic tracts
has been correlated with poorer memory function?223 and progression
to AD.21.24-26

Diffusion magnetic resonance imaging (MRI) allows the microstruc-
ture of white matter to be studied in vivo by measuring water
diffusion.?” However, conventional diffusion tensor imaging (DTI) mea-

sures have limitations, such as partial volume effects, which may be

matter tracts was not associated with OSA measures. Higher left fornix diffusivities
correlated with poorer episodic verbal memory.
DISCUSSION: OSA may contribute to fornix damage and memory dysfunction in MCI.

Alzheimer’s disease, dementia, fornix, free water-diffusion tensor imaging, hypoxia, limbic system,
memory, mild cognitive impairment, sleep apnea, sleep, white matter

* Sleep apnea-related hypoxemia was associated with altered fornix integrity in MCI.
* Altered fornix integrity correlated with poorer memory function.
* Sleep apnea may contribute to fornix damage and memory dysfunction in MCI.

particularly important in the AD continuum where atrophy leads to
ex vacuo increases of cerebrospinal fluid and free water (FW) in brain
tissue.282? To overcome this problem, the FW index obtained from F\W-
DTl indicates the fraction of signal explained by freely diffusing water
in the extracellular space and is considered to be related to inflamma-
tion, atrophy, and extracellular edema.2® Importantly, FW correction
to conventional DTI measures of fractional anisotropy and diffusivity
improves tissue specificity and appears to capture subtle alterations
across the AD continuum not always detectable with the conventional
DTl approach.3©

The relationship between OSA and white matter microstructure
is complex and only partially understood. OSA has been associated
with higher diffusivity and lower fractional anisotropy, suggesting
chronic white matter damage.31-33 However, OSA has also been asso-
ciated with lower diffusivity with or without concomitant variations
in fractional anisotropy, a pattern that suggests acute white mat-
ter alterations potentially due to intracellular edema and/or reactive
gliosis.?*3¢ Gaps remain in the literature. Few studies investigating
the association between OSA and white matter microstructure have
included older adults at risk for dementia,3*°7-38 and none has explored
the moderating role of MCI on this association. Although some stud-
ies have used a tract-specific approach,32333? none has focused on
the limbic white matter tracts. Finally, studies have not yet analyzed
FW-DTI measures in OSA.

This study aimed at characterizing the relationship between OSA
and FW-DTI measures of the main limbic white matter tracts - namely
the fornix, cingulum, and uncinate fasciculus - in a sample of cogni-
tively unimpaired (CU) participants and participants with MCl aged 55
years and older. We also examined the moderating role of cognitive
status (CU vs. MCI) on this relationship. Based on previous neuroimag-
ing studies on OSA*-17 and the AD continnum,?°-22 we hypothesized
that higher levels of OSA-related hypoxemia would be associated with
altered integrity of the limbic tracts, especially in individuals with
MCI.
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2 | METHODS
2.1 | Participants

We included participants aged 55-86 years old, who were recruited
between 2012 and 2020 for studies on OSA and MCI conducted
in Montreal and Sherbrooke (Canada), as previously described.174°
All potential participants were first contacted by phone to assess
their eligibility for the study. Exclusion criteria were the inability to
communicate in French or English, less than 7 years of education,
treatment for OSA, sleep disorders other than untreated OSA (e.g.,
central sleep apnea, chronic insomnia disorder, or rapid eye move-
ment sleep behavior disorder), neurological diseases (e.g., epilepsy or
Parkinson’s disease), psychiatric diseases (e.g., major depressive disor-
der or anxiety disorder), cerebrovascular or pulmonary diseases (e.g.,
history of stroke or chronic obstructive pulmonary disease), body mass
index (BMI) >40 kg/m?2, uncontrolled diabetes or hypertension, drug or
alcohol abuse, contraindication for MRI, and use of psychotropic med-
ication. Eligible participants proceeded to an in-laboratory visit, which
included a polysomnography (PSG), a neurocognitive assessment, and
questionnaires. Finally, participants were invited to return for a brain
MRI session. A total of 134 participants completed the entire proto-
col. We excluded participants with insufficient pulse oximeter quality
during PSG (n = 3), features compatible with rapid eye movement sleep
behavior disorder during PSG (n = 2), structural lesions on MRI (n = 1),
failure in MRI acquisition/processing (n = 1), and recent diagnosis of
pulmonary disease (n = 1). The final sample consisted of 126 partici-
pants. The average time between PSG and MRI was 2.7 + 2.4 months.

2.2 | Sleep assessment

Participants were evaluated with an all-night in-laboratory
polysomnography (PSG) including a 17- or 19-channel elec-
troencephalogram (EEG) montage, two electrooculograms, an
electrocardiogram, and three surface electromyography (one sub-
mental and two for right and left anterior tibialis muscles). An oronasal
canula, an oronasal thermistor, and a thoraco-abdominal strain gauge
were used in addition to a transcutaneous finger pulse oximeter to
measure respiratory variables and oxygen saturation. The scoring of
sleep stages and respiratory events was done according to the 2012
American Academy of Sleep Medicine criteria by experienced sleep
technologists.* Apnea was defined as a reduction of airflow of >90%
for at least 10 seconds, and hypopnea was defined as a reduction of
airflow of >30% for at least 10 seconds associated with an oxygen
desaturation >3% and/or an arousal.* The following PSG variables
were analyzed: total sleep time, proportion of sleep stages, sleep
efficiency, awakening index (number of transitions to wake per hour
of sleep), arousal index (number of arousals per hour of sleep), AHI,
oxygen desaturation index (ODI) >3% and >4% (ODI-3 and ODI-4,
respectively), mean oxygen saturation during sleep (mean SpO,),
and percentage of sleep time with oxygen saturation (TST) <90%
and <92% (TST90 and TST92, respectively). None of the partici-
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using PubMed and cited the appropriate articles.
Obstructive sleep apnea (OSA) is increasingly recog-
nized as a potential risk factor for Alzheimer’s disease
(AD). However, the mechanisms underlying this associ-
ation remain poorly understood. Little is known about
the relationship between OSA and the microstructure
of the limbic white matter tracts, which are known to
degenerate early in the AD continuum.

2. Interpretation: In this cross-sectional study, OSA-related
hypoxemia was associated with altered fornix integrity
in individuals with mild cognitive impairment (MCI), but
not in cognitively unimpaired individuals. Altered fornix
integrity correlated with poorer episodic verbal memory.
These findings suggest that OSA may contribute to fornix
damage and memory dysfunction in MCI.

3. Future directions: Future longitudinal studies should
examine whether OSA accelerates fornix deterioration
and memory decline in the AD continuum.

pants met criteria for central sleep apnea.*? All participants with an
AHI >15/h met criteria for OSA (i.e., they presented predominantly
obstructive respiratory events).*? OSA status was dichotomized
into non-OSA (AHI <15/h; n = 76) or OSA (AHI >15/h; n = 50). PSG
variables demonstrating differences by OSA status (Table 1) were
included in a principal component analysis (PCA). We used the crite-
rion of eigenvalues = 2 and a varimax rotation, to extract a composite
variable of sleep fragmentation (PCA _sleep fragmentation) and a
composite variable of hypoxemia (PCA_hypoxemia) related to OSA
(Table 2).151743 The AHI was analyzed as an independent variable
because (i) it is the current defining variable for OSA severity, and (ii)
when included in the PCA, it demonstrated >0.5 loading for both PCA
components. Therefore, the OSA measures of interest of the study

were: AHI, PCA_sleep fragmentation, and PCA_hypoxemia.

2.3 | Neurocognitive assessment

A comprehensive battery of neurocognitive tests assessed attention
and processing speed, executive functions, episodic verbal memory,
language, and visuospatial skills. We used the following criteria for
the diagnosis of MCI: (1) an objective cognitive impairment defined as
a z-score <1.5 standard deviations below normative data on at least
two measures of the same cognitive domain, or a Montreal Cognitive
Assessment (MoCA)** score <26 points and a z-score <1.5 standard
deviations on at least one measure in two different cognitive domains;
(2) preserved independence in activities of daily living assessed by
the Activities of Daily Living Inventory*® or during an interview; (3)

psychiatric condition or medication use cannot better explain the
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TABLE 1 Sample characteristics.
Non-OSA groups OSA groups
Non-OSA/CU Non-OSA/MCI OSA/CU OSA/MCI
Parameter (A) (B) (C) (D) Test Post hoc
No. of participants 39 37 31 19
Demographic characteristics
Age, years 67.7+74 68.0+9.0 68.3+6.9 69.0+8.0 F=0.1
Women, n (%) 18 (46.2) 14 (37.8) 8(25.8) 9(47.4) Xr=37
Education, years 15.6 +3.2 14.1+3.8 16.0+3.2 13.6 +3.7 F=3.1* A,C>D;B<C
Clinical characteristics
BMI, kg/m? 25.6+37 260+3.6 284+3.6 27.1+33 F=4.1" AB<C
ESS, points 72+49 6.5+4.8 89+56 85+45 F=16
Vascular Burden Index >2, n (%) 8(20.5) 8(21.6) 6(19.4) 4(21.1) ¥ =00
Anxiety symptoms, n (%) 6(15.4) 5(13.5) 4(12.9) 4(21.4) x¥>=07
Depressive symptoms, n (%) 1(2.6) 4(10.8) 5(16.1) 1(5.3) =45
Sleep characteristics
Total sleep time, min 3724 +£59.9 355.9 +66.9 370.9 +49.7 360.7 +40.5 F=07
Stage N1, % 157+7.2 164 +87 28.9+15.8 231+111 F=10.8* AB<C,D
Stage N2, % 57.9+78 58.6+7.9 50.1+12.9 523+9.1 F=6.2" A,B>C,D
Stage N3, % 9.3+ 10.6 81+79 6.0+6.0 82+4.7 F=0.9
REM sleep, % 17.0+5.5 16.8 +4.9 150+4.9 163+5.2 F=10
Sleep efficiency, % 80.0+ 114 77.9+115 80.5+9.6 81.4+8.8 F=0.6
Awakening index, events/h 57+27 5.8+30 8.6+5.6 7.4+3.7 F=4'3% A,B<C
Arousal index, events/h 10.5[8.1,13.2] 10.7[7.6,14.3] 19.0[15.7,30.1] 18.4[10.7,22.3] H=32.6" AB<C,D
AHI, events/h 6.0[3.5,8.5] 6.1[2.3,11.0] 31.8[20.5,45.8] 28.2[19.9,33.5] H=90.1* A B<C,D
ODI-3, events/h 2.4[0.5,5.2] 1.8[0.5,3.9] 18.0[10.4,24.9] 12.8[4.1,17.0] H = 60.6" A,B<CD
ODI-4, events/h 0.6[0.0,1.8] 0.2[0.0, 1.5] 8.0[3.5,13.2] 5.6[1.6,7.7] H=534" AB<CD
Mean SpO,, % 948+ 1.2 952+11 940+11 934+15 F=7.7* A,B>C,D
TST90, % 0.1[0.0,0.5] 0.1[0.0,0.4] 1.9[0.5,4.4] 1.2[0.3,2.7] H =40.9* AB<C,D
TST92,% 0.6[0.0,2.4] 0.4[0.0,2.5] 9.1[3.1,19.3] 7.7[1.5,13.6] H=415" A B<C,D

Notes: Data are presented as mean + standard deviation, median [interquartile range] or number of participants (%). Data were analyzed using one-way

analyses of variance (F), Kruskal-Wallis tests (H), or chi-squared tests (x?).

Abbreviations: AHI, Apnea-Hypopnea Index; BMI, body mass index; CU, cognitively unimpaired; ESS, Epworth Sleepiness Scale; MCI, mild cognitive impair-
ment; ODI-3, oxygen desaturation index >3%; ODI-4, oxygen desaturation index >4%; OSA, obstructive sleep apnea; REM, rapid eye movement; SpO,, oxygen
saturation; TST9O0, percentage of sleep time with oxygen saturation <90%; TST92, percentage of sleep time with oxygen saturation <92%.

*p < 0.05.

presence of cognitive impairment; and (4) absence of dementia. Cog-
nitive status was dichotomized into CU (n = 70) or MCI (n = 56). Most
participants with MCl were considered to have amnestic MCl (n = 46),
as they presented a z-score <1.5 standard deviations on at least two
measures in the memory domain, or a MoCA** score < 26 points and
a z-score <1.5 standard deviations on at least one measure in two
different cognitive domains including the memory domain. The remain-
ing participants with MCI were considered to have non-amnestic
MCI (n = 10). The Rey Auditory Verbal Learning Test (RAVLT)*® was
used to assess episodic verbal memory. The following RAVLT scores
were analyzed*®: sum of the trials 1-5, immediate recall, and delayed
recall. Further details on neurocognitive assessment are presented in
Table S1.

2.4 | MRI acquisition and processing

Participants underwent neuroimaging acquisition at the Neuroimag-
ing Functional Unit of the Montreal Geriatric University Institute, with
either a Siemens Magnetom Trio Tim 3T (n = 85) or an upgraded
Siemens Magnetom Prisma 3T (n = 25), or at the Sherbrooke Uni-
versity Institute of Geriatrics with a Philips Ingenia 3T (n = 16).
For the Siemens Magnetom Trio Tim 3T, the acquisition parame-
ters used were those of the Massachusetts General Hospital (Boston,
Massachusetts, USA). Image acquisition in the upgraded Siemens Mag-
netom Prisma 3T and Philips Ingenia 3T were performed according
to the Canadian Dementia Imaging Protocol (https://www.cdip-pcid.

ca).
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TABLE 2 Principal component analysis.

Components

PCA _sleep
Parameter fragmentation PCA_hypoxemia
Stage N1 0.93* 0.18
Stage N2 (inverted) 0.77* 0.15
Awakening index 0.81* 0.10
Arousal index? 0.77* 0.29
ODI-32 0.22 0.86*
ODI-42 0.18 0.88*
Mean SpO, (inverted) 0.10 0.79*
TST90? 0.22 0.87*
TST922 0.20 0.93*
Variance explained 32.1% 43.5%

Note: *Loading > 0.5.

Abbreviations: ODI-3, oxygen desaturation index >3%; ODI-4, oxygen
desaturation index >4%; PCA, principal component analysis; SpO,, oxygen
saturation; TST90, percentage of sleep time with oxygen saturation <90%;
TST92, percentage of sleep time with oxygen saturation <92%.
2Log-transformed variable.

Diffusion-weighted images were processed using TractoFlow Atlas-
Based Segmentation?” and FreeWater pipeline (https:/github.com/
scilus/freewater_flow). FW modeling was performed using the accel-
erated microstructure imaging via convex optimization to calculate
FW-DTI measures in each voxel.*® The limbic white matter tracts
of interest were the cingulum, fornix, and uncinate fasciculus, which
were extracted in each hemisphere. The cingulum and uncinate fasci-
culus were extracted using RecoBundlesX (https://github.com/scilus/
rbx_flow).#?-52 The fornix was reconstructed using the Bundle Specific
Tractography approach (https://github.com/scilus/bst_flow)>3°# due
to its high curvature, narrow shape, and location adjacent to ventric-
ular space. The FW-DTI measures of interest were computed for each
tract using TractometryFlow (https://github.com/scilus/tractometry_
flow):#95155 FW index (unit = absolute value ranging from O to 1), tis-
sue fractional anisotropy (FAT; unit = absolute value ranging from O
to 1), tissue mean diffusivity (MDr; unit = 10~3 mm?/s), tissue axial
diffusivity (AxDy; unit = 103 mm?2/s), and tissue radial diffusivity
(RDy; unit = 10~3 mm?2/s). We also analyzed data from five rostro-
caudal sections of the tracts, which were extracted using a tractometry
pipeline.”® Voxels located at the head of the tracts (rostral position)
were connected to Section 1 and those located at the tail (caudal posi-
tion) were connected to Section 5.°¢ Further details on MRI acquisition
and processing are available in the Supplementary material.

2.5 | Questionnaires
The Epworth Sleepiness Scale estimated daytime sleepiness.”’ Pres-

ence of cardiovascular risk factors (hypertension, hypotension, dyslipi-

demia, and diabetes) and diseases (history of coronary artery disease,

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

cardiac arrhythmia, carotid stenosis, and transient cerebral ischemia)
was recorded to calculate the Vascular Burden Index (one point
for each condition).”® The Vascular Burden Index was dichotomized
into <2 (no significant vascular burden) or >2 points (significant
vascular burden).”® We considered scores >14 points on the Beck
Depression Inventory-11°? or >5 points on the Geriatric Depression
Scale®® to reflect significant depressive symptoms. For the definition
of significant anxiety symptoms, we used a cutoff of >8 points on the
Beck Anxiety Inventory®! or the Geriatric Anxiety Scale.®?

2.6 | Statistical analyses

Descriptive statistics examined sample characteristics by OSA and
cognitive status (i.e., non-OSA/CU vs. non-OSA/MCI vs. OSA/CU vs.
OSA/MCI). Comparisons between groups were performed using one-
way analyses of variance, Kruskal-Wallis tests, and chi-squared tests.
Differences in FW-DTI measures of each limbic tract were tested by
OSA status (i.e., participants without OSA vs. participants with OSA)
and by cognitive status (i.e., CU participants vs. participants with MCl)
using one-way analyses of covariance (ANCOVA), controlling for age,
sex, and tract volume (divided by total intracranial volume).

In the primary analyses of the study, hierarchical linear regressions
were used to test the hypothesis that cognitive status interacts with
OSA measures (i.e., AHI, PCA_sleep fragmentation, or PCA_hypoxemia)
to predict FW-DTI measures of limbic tracts (outcome variables). Con-
trol variables were age, sex, BMI, Epworth Sleepiness Scale, Vascular
Burden Index, and tract volume (divided by total intracranial volume),
which were entered into the analyses in Step 1. Cognitive status and
OSA measures were entered in Step 2, while the interaction between
cognitive status and OSA measures was entered in Step 3. Associations
between OSA measures and FW-DTI| measures were assessed in the
whole sample (if there was no significant interaction with cognitive sta-
tus) or separately in the CU and MCI groups (if there was a significant
interaction with cognitive status). Of note, adding time between PSG
and MRI as a covariate did not change the results (data not shown),
so this covariate was not included in the regression models to avoid
overfitting.

We performed secondary analyses focusing only on the limbic
tracts that showed significant results in the primary analyses. First,
in cases where PCA_sleep fragmentation or PCA_hypoxemia com-
ponents showed significant associations with FW-DTI measures, we
repeated the analyses using their individual PSG variables to under-
stand which specific variables primarily drove the results. Second,
associations between OSA measures and FW-DTI measures were
tested along rostro-caudal sections of limbic tracts to understand
whether they were present throughout the tract or only in specific
sections. Third, we assessed associations of FW-DTI measures with
RAVLT scores (outcome variables) using hierarchical linear regressions.
Control variables were age, sex, education, Epworth Sleepiness Scale,
depressive symptoms, anxiety symptoms, and tract volume (divided
by total intracranial volume). Similar to the primary analyses, con-

trol variables were entered in Step 1, whereas cognitive status and
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(A) Polysomnography

OSA measures: /ﬁ
* Apnea-hypopnea index
* PCA_sleep fragmentation
* PCA_hypoxemia

(B) Neurocognitive assessment

» Cognitive status: CU vs. MCI
+ Episodic verbal memory: RAVLT

(C) Brain MRI

Cingulum ¢ N

Fornix

Uncinate /
fasciculus

FW-DTI measures:

* FW index

« Tissue fractional anisotropy (FA)
+ Tissue mean diffusivity (MDy)

+ Tissue axial diffusivity (AxDy)

+ Tissue radial diffusivity (RDy)

FW-DTI measure

(D) To test for associations between OSA measures and FW-DTI measures, accounting for the
potential moderating role of cognitive status

OSA measure

MCI

FIGURE 1 Overview of the methods. (A) Polysomnographic variables related to obstructive sleep apnea (OSA) were included in a principal
component analysis (PCA) to extract the composite variables PCA_sleep fragmentation and PCA_hypoxemia, while the apnea-hypopnea index was
analyzed as a single variable. (B) The neurocognitive assessment allowed us to dichotomize the sample into cognitively unimpaired (CU) or mild
cognitive impairment (MCI), and episodic verbal memory was tested with the Rey Auditory Verbal Learning Test (RAVLT). (C) We performed whole
brain tractography, extracted the limbic white matter tracts of interest in each hemisphere, and calculated averaged free water (FW)-corrected
diffusion tensor imaging (DTI) measures for each tract. (D) The primary analyses tested for associations between OSA measures and FW-DTI
measures in the whole sample (if there was no significant interaction with cognitive status) or in the CU group and the MClI group separately (if
there was a significant interaction with cognitive status). The images in (A) and (B) were adapted from BioRender.com.

FW-DTI measures were entered in Step 2. The interaction between
cognitive status and FW-DTI measures was entered in Step 3. Associa-
tions between FW-DTI and RAVLT scores were examined in the whole
sample (if there was no significant interaction with cognitive status; in
this case, because RAVLT scores were causally related to MCl [i.e., they
were used to determine the diagnosis of MCI], cognitive status was not
included as a covariate to avoid overfitting) or within the CU and MCI
groups (if there was a significant interaction with cognitive status).
Before being used in the PCA and hierarchical linear regressions,
a natural log transformation (In[variable + 1]) was performed for the
PSG variables with a right-skewed distribution and occasional values
equal to O (arousal index, AHI, ODI-3, ODI-4, TST90, and TST92). We
tested the assumptions of ANCOVA and hierarchical linear regressions
(no violations were observed). Results of hierarchical linear regres-
sions were expressed as standardized beta coefficients (8) and 95%
confidence interval (Cl). For the descriptive statistics, ANCOVAs, and
secondary analyses, we considered tests with p-values <0.05 as signif-
icant. For the primary analyses, we lowered the significance threshold
to tests with p-values <0.01. A description of how missing data were
handled is provided in the Supplementary material. Analyses were per-
formed using IBM SPSS Statistics version 26.0 (Armonk, NY, USA). An

overview of the methods is presented in Figure 1.

3 | RESULTS
3.1 | Characteristics of the sample

The sample consisted of 126 participants aged 68.2 + 7.8 years
(range: 55-86 years) of whom 49 (38.9%) were women. Sample char-
acteristics by OSA and cognitive status are summarized in Table 1.
Compared to the non-OSA/CU and OSA/CU groups, the non-OSA/MCI
and OSA/MCI groups had fewer years of education. The OSA/CU group
had a higher BMI compared to the non-OSA groups. Compared to
the non-OSA groups, the OSA groups had higher sleep fragmentation
(higher stage N1, awakening index, and arousal index as well as lower
stage N2) and higher hypoxemia (higher ODI-3, ODI-4, TST90, and

TST92 as well as lower mean SpO,).

3.2 | Microstructure of the limbic white matter
tracts by OSA status and by cognitive status

There were no differences in FW-DTI measures between participants
without OSA and those with OSA (Table S2). Compared with CU par-
ticipants, those with MCI had lower FAT and higher diffusivities (MDr,
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AxDt, and RDy) in the left and right fornix, while no differences
were observed for the FW index. The CU and MCI groups showed
no microstructural differences in the cingulum and uncinate fasciculus
(Table S3).

3.3 | Principal component analysis

The sleep fragmentation and hypoxemia variables that showed differ-
ences between the non-OSA groups and the OSA groups were included
in the PCA. This analysis resulted in two components, PCA_sleep frag-
mentation and PCA_hypoxemia, which explained 75.6% of the total
variance. The loadings of the variables on each component are shown
in Table 2.

3.4 | OSA measures, microstructure of the limbic
white matter tracts, and moderating role of cognitive
status

There were three significant interactions indicating that cognitive
status moderated the associations between PCA_hypoxemia and left
fornix diffusivities (MD+: 8= 0.45,p =0.007; AxDt: 3= 0.46, p = 0.008;
RDt: B = 0.42, p = 0.009). These moderating effects explained from
4.1% to 4.8% of the variance (Table 3). A decomposition of sig-
nificant interactions showed that in participants with MCI, higher
levels of PCA_hypoxemia were associated with higher left fornix dif-
fusivities (MDt: B = 0.43, p = 0.005; AxDy: B = 0.41, p = 0.004;
RDt: B = 041, p = 0.008). These positive associations between
PCA_hypoxemia and left fornix diffusivities were not observed among
CU individuals (Figure 2A-E). Figure 2F illustrates the changes in the
diffusion ellipsoid shape of the tissue and extracellular/FW compart-
ments that, according to our results, are associated with higher levels of
PCA_hypoxemia in participants with MCI. No significant findings were
found for the other OSA measures or the other white matter tracts
(Tables S4 and S5).

3.5 | Secondary analyses

Secondary analyses focused on FW-DTI measures of the left fornix.
First, we sought to assess which specific PSG variable of hypoxemia
contributed to the significant results in the MCI group. All variables
of hypoxemia were associated with higher left fornix diffusivities in
individuals with MCI, except ODI-3, which showed trends toward
significant associations. TST90 and TST92 showed the strongest asso-
ciations, followed by ODI-4, and then by mean SpO, (Table S6). Of note,
the results were similar when examining only participants with amnes-
tic MCl (i.e., after exclusion of 10 participants with non-amnestic MClI;
Table S7).

Second, we examined associations between PCA_hypoxemia and
FW-DTI measures along the five rostro-caudal sections of the left

fornix in participants with MCI. Associations between PCA_hypoxemia,

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

MD+r and RDy were relatively homogeneous along the entire tract,
as they were observed in all sections except Section 4, which
showed trends toward significant associations. Associations between
PCA_hypoxemia and AxDt were limited to Section 2, but we observed
trends toward significant associations in the other sections (Figure 3).
Third, we tested associations between left fornix microstructure
and RAVLT scores. Hierarchical linear regressions revealed a significant
moderating effect of cognitive status on the association between left
fornix FAT and RAVLT immediate recall (Table S8). However, decom-
position of this interaction showed no significant association between
left fornix FAr and RAVLT immediate recall in the CU group or the MCI
group. Other potential associations were assessed in the whole sample.
Lower FAt and higher diffusivities in the left fornix were significantly

associated with poorer RAVLT scores (Table 4).

4 | DISCUSSION

This study examined associations between OSA features and
microstructure of the limbic white matter tracts in CU individu-
als and individuals with MCI aged 55 and over. Higher levels of
OSA-related hypoxemia were associated with higher FW-corrected
diffusivities (MD1, AxDt, and RD7) in the left fornix only among
individuals with MCI. Notably, higher left fornix diffusivities correlated
with poorer episodic verbal memory. Although causality cannot be
inferred from cross-sectional analyses, these results suggest that OSA,
through hypoxemic mechanisms, may contribute to fornix damage
and memory dysfunction in MCI. The opposite scenario, that is, that
fornix alterations would increase OSA-related hypoxemia seems
unlikely because, to our knowledge, the fornix is not involved in the
pathophysiology of OSA and/or the mechanisms leading to hypoxemia.

The fornix represents a central element of limbic circuits and is
one of the most important structures related to memory function.®®
Consistent with our findings, the degree of fornix damage has been cor-
related with memory impairment in normal aging?®2> and MC|.2122
Histopathological studies have reported degeneration of the fornix
in mouse models of AD®* and human patients with AD.%> Congruent
with the histopathological findings, DTI studies have reported fornix
microstructural abnormalities in MCI and AD.20-22.26.66 | 3 study by
Zhuang et al., individuals with “early” amnestic MCl, defined by a con-
version from normal cognition to amnestic MCl within the past 2 years,
showed white matter alterations that were confined to the fornix, even
in the absence of hippocampal atrophy.®” These findings suggest that
fornix microstructural alterations may be a sensitive marker for incip-
ient amnestic MC1.7 The fact that the fornix appears to be one of the
earliest white matter tracts to degenerate in MCI may explain the sig-
nificant associations with OSA observed in the present study and the
lack of associations related to the cingulum and the uncinate fasciculus.

Higher levels of OSA-related hypoxemia were associated with
higher fornix diffusivities, but not with FAr or FW index. It is interest-
ing to note that an increase in diffusivities may be more sensitive than
a decrease in fractional anisotropy to characterize microstructural dif-

ferences in limbic tracts between AD patients and elderly controls.®®
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FIGURE 2 Associations between OSA-related hypoxemia and left fornix microstructure. (A-E) Scatter plots showing the associations
between PCA_hypoxemia and FW-DTI measures of the left fornix. The y-axis shows the predicted values from the regression analyses adjusted for
age (continuous), sex (men vs. women), body mass index (continuous), Epworth Sleepiness Scale (continuous), Vascular Burden Index (<2 vs. >2
points), left fornix volume (divided by total intracranial volume; continuous), and cognitive status (CU vs. MCI). The solid line is the regression line
and the gray area represents the 95% confidence interval. (F) Changes in the diffusion ellipsoid shape of the tissue compartment (gray ellipsoid)
and the extracellular/FW compartment (blue sphere) associated with higher levels of hypoxemia in participants with MCI. Our results indicate that
hypoxemia is associated with an increase in the three diffusivities (MD+, AxDt, and RD7), a constant FAT (which is consistent with a proportional
increase in 11,12, and A3), and a constant FW index (which is consistent with a proportional increase in the tissue compartment and the
FW/extracellular comportment). Note that the changes in the shape of the diffusion ellipsoid are shown here for illustrative and conceptual
purposes (i.e., these changes are conceptually consistent with our results, but the magnitudes of the changes are not scaled or calculated based on
our data). *p < 0.01. AxDr, tissue axial diffusivity; CU, cognitively unimpaired; DTI, diffusion tensor imaging; FW, free water; MCI, mild cognitive
impairment; MDr, tissue mean diffusivity; OSA, obstructive sleep apnea; PCA, principal component analysis; RDr, tissue radial diffusivity; 4,

eigenvalue.

Importantly, a relatively proportional increase in the three diffusivi-
ties is known to result in a constant fractional anisotropy,®® which may
explain why we did not observe an association of hypoxemia with FAT.
Furthermore, an increase in the extracellular/FW compartment that
is relatively proportional to that observed in the tissue compartment
will result in a constant FW index and may explain the lack of associa-
tion between OSA-related hypoxemia and FW index in our study. The
fornix microstructural alterations observed here in association with
hypoxemia appear to reflect complex tissue changes that may involve
both axonal swelling and extracellular edema. These microstructural
changes may precede the more severe stages of neurodegenera-
tion, which would show axonal atrophy, resulting in decreased FAf

decreased AxDr, and increased FW index.

In a previous study by our group on the same sample, OSA-related
hypoxemia was not associated with hippocampal atrophy, but with
higher hippocampal volume in individuals with MCI, probably due to
extracellular edema, as this association disappeared after volume cor-
rection for FW contamination.!” Therefore, in the present study, the
link between OSA-related hypoxemia and microstructural alterations
in the fornix appears to be detectable “early,” even before significant
associations with hippocampal atrophy. In addition, the microstructural
alterations associated with OSA-related hypoxemia appeared to be rel-
atively homogeneous along the fornix, opening up the possibility of a
direct detrimental effect of hypoxemia on the fornix rather than sec-
ondary alterations dependent on hippocampal degeneration. However,

this remains a hypothesis that has not been tested in the present study.
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FIGURE 3 Associations between OSA-related hypoxemia and left fornix microstructure along its rostro-caudal sections in participants with
MCI. (A) Sagittal view of the left fornix showing the five rostro-caudal sections. (B-F) Associations between PCA_hypoxemia and FW-DTI
measures of the left fornix along the rostro-caudal sections in participants with MCl, adjusted for age (continuous), sex (men vs. women), body
mass index (continuous), Epworth Sleepiness Scale (continuous), Vascular Burden Index (<2 vs. >2 points), and left fornix volume (divided by total
intracranial volume; continuous). The central line represents the standardized beta coefficient (8), while the upper and lower lines represent the
95% confidence interval (CI). *p < 0.05. AxDr, tissue axial diffusivity; DTI, diffusion tensor imaging; FAr, tissue fractional anisotropy; FW, free
water; MCI, mild cognitive impairment; MDr, tissue mean diffusivity; OSA, obstructive sleep apnea; PCA, principal component analysis; RDr,

tissue radial diffusivity.

Cognitive status modified the relationship between OSA and fornix
microstructure, as significant associations were observed only in indi-
viduals with MCl and not in CU participants. The lower fornix integrity
in our participants with MCI (which was probably not yet advanced
enough in CU participants) may have made the association with hypox-
emia visible. It is intriguing why only the left fornix was associated
with hypoxemia. We can speculate that this is because most of our
participants with MCI meet the criteria for amnestic MCI. Indeed,
the diagnosis of amnestic MCl was primarily based on lower perfor-
mance in episodic verbal memory, mainly dependent on the integrity
of the left hippocampus-fornix pathway part of the Papez circuit.®3
Therefore, our participants with amnestic MCI could have had a
marked loss of integrity of the left Papez circuit, which might have
favored the observation of unilateral significant results. To test this
hypothesis, we compared the integrity of the left and right fornix
in our participants with MCI. The left fornix showed lower FAt
than the right fornix, consistent with lower microstructural integrity
(Table S9).

Few DTI studies have reported voxel-wise microstructural alter-
ations in the fornix of patients with OSA.3%¢%70 However, these
studies have not used a tract-specific approach to extract fornix-
specific microstructural properties and did not perform correction
for FW contamination.346%70 |n the present study, only the mark-

ers of OSA-related hypoxemia, but not AHI or sleep fragmentation,

were associated with fornix alterations. These results are consistent
with experimental animal studies, which have shown that intermit-

tent hypoxemia’? and hypoxia-ischemia’2~7>

promote fornix damage.
The negative impact of OSA-related hypoxemia on brain health is
not surprising. Previous neuroimaging studies have found a correla-
tion between the degree of nocturnal hypoxemia and morphometric
changes in the brain, including in the medial temporal lobe.1~1”
Furthermore, hypoxemia, rather than sleep fragmentation, has been
shown to predict greater cognitive decline in older adults with OSA in
population-based cohort studies.”¢-78

This study has strengths, including the diagnosis of OSA based on
the gold standard PSG, the analysis of the moderating role of MCI, and
the use of a FW-DTI approach. However, our study also presents lim-
itations. The cross-sectional design did not allow us to make causal
inferences about the observed associations. However, in the light of
current knowledge of neuroanatomy and OSA pathophysiology, our
findings open up the possibility of a detrimental effect of OSA-related
hypoxemia on fornix microstructure. The sample was selected by
excluding participants with significant psychiatric, neurologic, or res-
piratory comorbidities, thus the results may not be generalizable to the
entire population of patients with OSA and MCI. The use of multiple
scanners for neuroimaging acquisition could potentially have animpact
on the analyses; however, we followed a protocol designed to limit this

problem. Current FW imaging relies on a bitensor model, which allows

85U8017 SUOWIWOD BA 11810 3ol ddke 8y} Aq pauenob ae ssppile VO ‘8sN JO Sa|nJ 10} AfeiqTauljUO A3 UO (SUONIPUOD-pUe-SWBIALI0O" A | 1M Alelq 1 jeulUo//Sdiy) SUORIPUOD pue swie | 8y} 89S [202/50/80] Uo AriqiTauljuo AS|IM "B aiwepex Y ayosLBZIeMUdS AQ EE8ET Z[e/Z00T 0T/I0p/wod A3 |1m Areiqijpul|uo'sfeuInol-z fe//sdny wouj papeojumod ‘0 ‘6.2525ST



MARCHI ET AL.
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RAVLT trials 1to 5 RAVLT immediate recall RAVLT delayed recall

Left fornix B(95% Cl) p-Value B(95% Cl) p-Value B(95% Cl) p-Value
FW index —0.04 (—0.20,0.13) 0.674 —0.14(-0.30,0.03) 0.101 —0.05(-0.22,0.11) 0.530
FAr 0.23(0.07,0.39) 0.004* = = 0.21(0.04,0.38) 0.015*

CuU - - —0.03(-0.20,0.14) 0.702 - -

MCI - - 0.17 (—0.06,0.39) 0.145 - -
MD+ —0.20(-0.35,-0.05) 0.011* —-0.26(-0.41,-0.11) <0.001* —0.18(-0.34,-0.02) 0.027*
AxDr —0.13(-0.28,0.02) 0.082 —0.22(-0.38,-0.07) 0.004* —0.12 (—0.28,0.04) 0.135
RDy —0.22(-0.38,-0.07) 0.004* —0.27(-0.43,-0.11) <0.001* —0.20(-0.36,-0.04) 0.013*

Notes: Data were analyzed by hierarchical linear regression models using RAVLT scores as outcome variables. Step 1: age (continuous), sex (men vs. women),
education (continuous), Epworth Sleepiness Scale (continuous), depressive symptoms (yes vs. no), anxiety symptoms (yes vs. no), and left fornix volume
(divided by the total intracranial volume; continuous). Step 2: Step 1 + left fornix FW-DTI measures (FW index, FA7, MD+, AxD+, or RDr; continuous). Only
the standardized beta coefficients (8) and 95% confidence intervals (Cl) of the associations between left fornix FW-DTI measures and RAVLT scores (step 2)

are presented.

Abbreviations: AxDr, tissue axial diffusivity; CU, cognitively unimpaired; DTI, diffusion tensor imaging; FAT, tissue fractional anisotropy; FW, free water; MCI,
mild cognitive impairment; MD+, tissue mean diffusivity; RAVLT, Rey Auditory Verbal Learning Test; RD, tissue radial diffusivity.

*p < 0.05.

estimation of FW compartment in voxels with a single fiber population
but not in those with containing two or more fiber populations. Future
advances could allow more robust estimation of the FW fraction by
using a multishell diffusion MRI sequence. Finally, our results should be
interpreted with the caveat that multiple testing increases the risk of
type 1 error. However, the use of more stringent thresholds may have
the effect of increasing the likelihood of type 2 error. Thus, by lower-
ing the threshold for statistical significance to p-values <0.01 in our
primary analyses, we attempted to strike a balance between managing
the chances of making type 1 or type 2 errors. We invite researchers
to consider that our results need to be confirmed by experimental
replication.

In conclusion, this study revealed an association between OSA-
related hypoxemia and microstructural alterations in the fornix among
individuals with MCI. The results suggest that OSA may play a role
in the fornix damage and memory dysfunction observed in MCI. Fur-
ther cross-sectional studies are needed to confirm this observation.
Longitudinal studies should examine whether OSA accelerates fornix
deterioration and memory decline across the AD continuum.

ACKNOWLEDGMENTS

The authors thank Sonia Frenette, Caroline d’Aragon, Joelle Robert,
Sarah-Hélene Julien, Anne-Sophie Deshaies-Rugama, Tyna Paque-
tte, Pauline Brayet, Maxime Fortin, Marc-André D. Gareau, and Dr.
Maria Tuineag for their help with data acquisition as well as Francois
Rheault for his advice on the bundle-specific fornix reconstruction.
This research was supported by the Canadian Institutes of Health
Research (FDN154291, MOP123294, MOP102631, PJT153259), the
Fonds de Recherche du Québec - Nature et Technologies (postdoc-
toral Merit scholarship program for foreign students to C.A.), the Fonds
de Recherche du Québec - Santé (postdoctoral fellowship to C.A,;
doctoral training scholarship to M.E.M.D.), the Québec Bio-Imaging

Network (postdoctoral fellowship to C.A.), the Banting Fellowship
Program (to A.A.B.), and the Swiss National Science Foundation (Post-
doc.Mobility fellowship to N.A.M.; no. 203196). M.D. is supported by a
NSERC Discovery Grant and institutional research chair in Neuroinfor-
matics. N.G. holds the Canada Research Chair in Sleep Disorders and
Brain Health.

CONFLICT OF INTEREST STATEMENT

Maxime Descoteaux is a co-founder and shareholder of Imeka Solu-
tions Inc. (www.imeka.ca). Nadia Gosselin has received sponsorships
and/or honoraria from Jazz Pharmaceuticals, Eisai, and Paladin, but
they were not related to the present study. The other authors have no
financial or nonfinancial disclosure to declare. Author disclosures are

available in the Supporting information.

CONSENT STATEMENT
The research protocols were all approved by institutional ethics
committees (#2012-697, #12-13-008, #2010-468, and #MP-32-2018-

1537), and participants gave their written informed consent.

ORCID

Nicola Andrea Marchi® https://orcid.org/0000-0002-7809-4399
Véronique Daneault " https://orcid.org/0000-0002-8950-9043
Claire André "= https://orcid.org/0000-0001-7077-1108
Marie-Eve Martineau-Dussault (2 https://orcid.org/0000-0002-0597-
8046

Andrée-Ann Baril = https://orcid.org/0000-0002-9710-5348
Cynthia Thompson " https://orcid.org/0000-0003-0016-4753
Arnaud Boré "' https://orcid.org/0000-0002-4822-1211
Maxime Descoteaux " https://orcid.org/0000-0002-8191-2129
Julie Carrier "= https://orcid.org/0000-0001-5311-2370
Nadia Gosselin "= https://orcid.org/0000-0002-3370-1634

85U8017 SUOWIWOD BA 11810 3ol ddke 8y} Aq pauenob ae ssppile VO ‘8sN JO Sa|nJ 10} AfeiqTauljUO A3 UO (SUONIPUOD-pUe-SWBIALI0O" A | 1M Alelq 1 jeulUo//Sdiy) SUORIPUOD pue swie | 8y} 89S [202/50/80] Uo AriqiTauljuo AS|IM "B aiwepex Y ayosLBZIeMUdS AQ EE8ET Z[e/Z00T 0T/I0p/wod A3 |1m Areiqijpul|uo'sfeuInol-z fe//sdny wouj papeojumod ‘0 ‘6.2525ST


http://www.imeka.ca
https://orcid.org/0000-0002-7809-4399
https://orcid.org/0000-0002-7809-4399
https://orcid.org/0000-0002-8950-9043
https://orcid.org/0000-0002-8950-9043
https://orcid.org/0000-0001-7077-1108
https://orcid.org/0000-0001-7077-1108
https://orcid.org/0000-0002-0597-8046
https://orcid.org/0000-0002-0597-8046
https://orcid.org/0000-0002-0597-8046
https://orcid.org/0000-0002-9710-5348
https://orcid.org/0000-0002-9710-5348
https://orcid.org/0000-0003-0016-4753
https://orcid.org/0000-0003-0016-4753
https://orcid.org/0000-0002-4822-1211
https://orcid.org/0000-0002-4822-1211
https://orcid.org/0000-0002-8191-2129
https://orcid.org/0000-0002-8191-2129
https://orcid.org/0000-0001-5311-2370
https://orcid.org/0000-0001-5311-2370
https://orcid.org/0000-0002-3370-1634
https://orcid.org/0000-0002-3370-1634

2 | Alzheimer’s &Dementiar

MARCHI ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Heinzer R, Vat S, Marques-Vidal P, et al. Prevalence of sleep-
disordered breathing in the general population: the HypnoLaus study.
Lancet Respir Med. 2015;3(4):310-318. doi:10.1016/52213-2600(15)
00043-0

. Yaffe K, Nettiksimmons J, Yesavage J, Byers A. Sleep quality and risk of

dementia among older male veterans. The American Journal of Geriatric
Psychiatry. 2015;23(6):651-654. doi:10.1016/j.jagp.2015.02.008

. Osorio RS, Gumb T, Pirraglia E, et al. Sleep-disordered breath-

ing advances cognitive decline in the elderly. Neurology.
2015;84(19):1964-1971.d0i:10.1212/WNL.0000000000001566

. Kummer BR, Diaz I, Wu X, et al. Associations between cere-

brovascular risk factors and parkinson disease. Annals of Neurology.
2019;86(4):572-581.d0i:10.1002/ana.25564

. Lee JE, Yang SW, Ju YJ, Ki SK, Chun KH. Sleep-disordered breath-

ing and Alzheimer’s disease: a nationwide cohort study. Psychiatry
Research. 2019;273:624-630. doi:10.1016/j.psychres.2019.01.086

. Tsai MS, Li HY, Huang CG, et al. Risk of Alzheimer’s disease in

obstructive sleep apnea patients with or without treatment: real-
world evidence. Laryngoscope. 2020;130(9):2292-2298. doi:10.1002/
lary.28558

. JUYES, Finn MB, Sutphen CL, et al. Obstructive sleep apnea decreases

central nervous system - derived proteins in the cerebrospinal fluid.
Annals of Neurology. 2016;80(1):154-159. doi:10.1002/ana.24672

. Liguori C, Mercuri NB, lzzi F, et al. Obstructive sleep apnea is

associated with early but possibly modifiable Alzheimer’s disease
biomarkers changes. Sleep. 2017;40(5). doi:10.1093/sleep/zsx011

. André C,Rehel S,Kuhn E, et al. Association of sleep-disordered breath-

ing with Alzheimer disease biomarkers in community-dwelling older
adults: a secondary analysis of a randomized clinical trial. JAMA Neurol.
2020. Published online March 23. doi:10.1001/jamaneurol.2020.0311
Bubu OM, Pirraglia E, Andrade AG, et al. Obstructive sleep apnea
and longitudinal Alzheimer’s disease biomarker changes. Sleep.
2019;42(6):zs2048. doi:10.1093/sleep/zsz048

Fernandes M, Mari L, Chiaravalloti A, et al. 18F-FDG PET, cognitive
functioning, and CSF biomarkers in patients with obstructive sleep
apnoea before and after continuous positive airway pressure treat-
ment. J Neurol. 2022;269(10):5356-5367. doi:10.1007/s00415-022-
11182-z

Sharma RA, Varga AW, Bubu OM, et al. Obstructive sleep apnea sever-
ity affects amyloid burden in cognitively normal elderly. A longitudinal
study. Am J Resp Crit Care Med. 2018;197(7):933-943. doi:10.1164/
rccm.201704-07040C

Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,
intervention, and care: 2020 report of the Lancet Commission. Lancet.
2020;396(10248):413-446.d0oi:10.1016/50140-6736(20)30367-6
Zuurbier LA, Vernooij MW, Luik Al, et al. Apnea-hypopnea index,
nocturnal arousals, oxygen desaturation and structural brain
changes: a population-based study. Neurobiol Sleep Circadian Rhythms.
2016;1(1):1-7.doi:10.1016/j.nbscr.2016.04.001

Cross NE, Memarian N, Duffy SL, et al. Structural brain correlates of
obstructive sleep apnoea in older adults at risk for dementia. Eur Respir
J.2018;52(1):1800740. doi:10.1183/13993003.00740-2018

Marchi NA, Ramponi C, Hirotsu C, et al. Mean oxygen saturation
during sleep is related to specific brain atrophy pattern. Ann Neurol.
2020;87(6):921-930. doi:10.1002/ana.25728

Martineau-Dussault ME, André C, Daneault V, et al. Medial temporal
lobe and obstructive sleep apnea: effect of sex, age, cognitive status
and free-water. Neuroimage Clin. 2022;36:103235. doi:10.1016/j.nicl.
2022.103235

Pascalau R, Popa Stanila R, Sfrangeu S, Szabo B. Anatomy of the limbic
white matter tracts as revealed by fiber dissection and tractography.
World Neurosurg. 2018;113:e672-e689. doi:10.1016/j.wneu.2018.02.
121

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Nowrangi MA, Rosenberg PB. The Fornix in mild cognitive impairment
and Alzheimer’s disease. Front Aging Neurosci. 2015;7:1. doi:10.3389/
fnagi.2015.00001

Bozoki AC, Korolev 10, Davis NC, Hoisington LA, Berger KL. Fornix
integrity and hippocampal volume predict memory decline and pro-
gression to Alzheimer’s disease. Hum Brain Mapp. 2012;33(8):1792-
1802. doi:10.1002/hbm.21320

Mielke MM, Okonkwo OC, Oishi K, et al. Fornix integrity and
hippocampal volume predict memory decline and progression to
Alzheimer’s disease. Alzheimers Dement. 2012;8(2):105-113. doi:10.
1016/j.jalz.2011.05.2416

Zhuang L, Wen W, Trollor JN, et al. Abnormalities of the Fornix in mild
cognitive impairment are related to episodic memory loss. J Alzheimer
Dis. 2012;29(3):629-639. doi:10.3233/JAD-2012- 111766
Christiansen K, Aggleton JP, Parker GD, O’Sullivan MJ, Vann SD,
Metzler-Baddeley C. The status of the precommissural and postcom-
missural fornix in normal ageing and mild cognitive impairment: an
MRI tractography study. Neurolmage. 2016;130:35-47. doi:10.1016/j.
neuroimage.2015.12.055

Zhuang L, Sachdev PS, Trollor JN, et al. Microstructural white matter
changes in cognitively normal individuals at risk of amnestic MCI. Neu-
rology. 2012;79(8):748-754. doi:10.1212/WNL.0b013e3182661f4d
Fletcher E, Raman M, Huebner P, et al. Loss of Fornix white matter
volume as a predictor of cognitive impairment in cognitively normal
elderly individuals. JAMA neurology. 2013;70(11):1389. doi:10.1001/
jamaneurol.2013.3263

Oishi K, Mielke MM, Albert M, Lyketsos CG, Mori S. The fornix sign: a
potential sign for Alzheimer’s disease based on diffusion tensor imag-
ing. J Neuroimaging. 2012;22(4):365-374. doi:10.1111/j.1552-6569.
2011.00633.x

Figley CR, Uddin MN, Wong K, Kornelsen J, Puig J, Figley TD. Potential
pitfalls of using fractional anisotropy, axial diffusivity, and radial dif-
fusivity as biomarkers of cerebral white matter microstructure. Front
Neurosci. 2021;15:799576.d0i:10.3389/fnins.2021.799576
Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. Free water
elimination and mapping from diffusion MRI. Magn Reson Med.
2009;62(3):717-730. doi:10.1002/mrm.22055

Maier-Hein KH, Westin CF, Shenton ME, et al. Widespread white mat-
ter degeneration preceding the onset of dementia. Alzheimers Dement.
2015;11(5):485-493.e2.doi:10.1016/j.jalz.2014.04.518

Bergamino M, Walsh RR, Stokes AM. Free-water diffusion tensor imag-
ing improves the accuracy and sensitivity of white matter analysis in
Alzheimer's disease. Sci Rep. 2021;11(1):6990. doi:10.1038/s41598-
021-86505-7

Chen HL, Lu CH, Lin HC, et al. White matter damage and systemic
inflammation in obstructive sleep apnea. Sleep. 2015;38(3):361-370.
doi:10.5665/sleep.4490

Koo DL, Kim HR, Kim H, Seong JK, Joo EY. White matter tract-specific
alterations in male patients with untreated obstructive sleep apnea are
associated with worse cognitive function. Sleep. 2020;43(3):zs2247.
doi:10.1093/SLEEP/ZSZ247

Zhang B, Zhu DM, Zhao W, et al. Selective microstructural integrity
impairments of the anterior corpus callosum are associated
with cognitive deficits in obstructive sleep apnea. Brain Behav.
2019;9(12):e01482. doi:10.1002/brb3.1482

Baril AA, Gagnon K, Descoteaux M, et al. Cerebral white matter diffu-
sion properties and free-water with obstructive sleep apnea severity
in older adults. Hum Brain Mapp. 2020. Published online March 13.
doi:10.1002/hbm.24971

Castronovo V, Scifo P, Castellano A, et al. White matter integrity
in obstructive sleep apnea before and after treatment. Sleep.
2014;37(9):1465-1475.doi:10.5665/sleep.3994

Kumar R, Pham TT, Macey PM, Woo MA, Yan-Go FL, Harper RM.
Abnormal myelin and axonal integrity in recently diagnosed patients

85U8017 SUOWIWOD BA 11810 3ol ddke 8y} Aq pauenob ae ssppile VO ‘8sN JO Sa|nJ 10} AfeiqTauljUO A3 UO (SUONIPUOD-pUe-SWBIALI0O" A | 1M Alelq 1 jeulUo//Sdiy) SUORIPUOD pue swie | 8y} 89S [202/50/80] Uo AriqiTauljuo AS|IM "B aiwepex Y ayosLBZIeMUdS AQ EE8ET Z[e/Z00T 0T/I0p/wod A3 |1m Areiqijpul|uo'sfeuInol-z fe//sdny wouj papeojumod ‘0 ‘6.2525ST


https://doi.org/10.1016/S2213-2600(15)00043-0
https://doi.org/10.1016/S2213-2600(15)00043-0
https://doi.org/10.1016/j.jagp.2015.02.008
https://doi.org/10.1212/WNL.0000000000001566
https://doi.org/10.1002/ana.25564
https://doi.org/10.1016/j.psychres.2019.01.086
https://doi.org/10.1002/lary.28558
https://doi.org/10.1002/lary.28558
https://doi.org/10.1002/ana.24672
https://doi.org/10.1093/sleep/zsx011
https://doi.org/10.1001/jamaneurol.2020.0311
https://doi.org/10.1093/sleep/zsz048
https://doi.org/10.1007/s00415-022-11182-z
https://doi.org/10.1007/s00415-022-11182-z
https://doi.org/10.1164/rccm.201704-0704OC
https://doi.org/10.1164/rccm.201704-0704OC
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/j.nbscr.2016.04.001
https://doi.org/10.1183/13993003.00740-2018
https://doi.org/10.1002/ana.25728
https://doi.org/10.1016/j.nicl.2022.103235
https://doi.org/10.1016/j.nicl.2022.103235
https://doi.org/10.1016/j.wneu.2018.02.121
https://doi.org/10.1016/j.wneu.2018.02.121
https://doi.org/10.3389/fnagi.2015.00001
https://doi.org/10.3389/fnagi.2015.00001
https://doi.org/10.1002/hbm.21320
https://doi.org/10.1016/j.jalz.2011.05.2416
https://doi.org/10.1016/j.jalz.2011.05.2416
https://doi.org/10.3233/JAD-2012-111766
https://doi.org/10.1016/j.neuroimage.2015.12.055
https://doi.org/10.1016/j.neuroimage.2015.12.055
https://doi.org/10.1212/WNL.0b013e3182661f4d
https://doi.org/10.1001/jamaneurol.2013.3263
https://doi.org/10.1001/jamaneurol.2013.3263
https://doi.org/10.1111/j.1552-6569.2011.00633.x
https://doi.org/10.1111/j.1552-6569.2011.00633.x
https://doi.org/10.3389/fnins.2021.799576
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1016/j.jalz.2014.04.518
https://doi.org/10.1038/s41598-021-86505-7
https://doi.org/10.1038/s41598-021-86505-7
https://doi.org/10.5665/sleep.4490
https://doi.org/10.1093/SLEEP/ZSZ247
https://doi.org/10.1002/brb3.1482
https://doi.org/10.1002/hbm.24971
https://doi.org/10.5665/sleep.3994

MARCHI ET AL.

Alzheimer’s &Dementia® | 1

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

with obstructive sleep apnea. Sleep. 2014;37(4):723-732. doi:10.
5665/sleep.3578

Lee MH, Yun CH, Min A, et al. Altered structural brain network result-
ing from white matter injury in obstructive sleep apnea. Sleep. 2019.
Published online July 1. doi:10.1093/sleep/zsz120

Lee MH, Lee SK, Kim S, et al. Association of obstructive sleep
apnea with white matter integrity and cognitive performance over
a 4-year period in middle to late adulthood. JAMA Network Open.
2022;5(7):2222999. doi:10.1001/jamanetworkopen.2022.22999
Xiong Y, Zhou XJ, Nisi RA, et al. Brain white matter changes in CPAP-
treated obstructive sleep apnea patients with residual sleepiness. J
Magn Reson Imaging. 2017;45(5):1371-1378. doi:10.1002/jmri.25463
André C, Martineau-Dussault ME, Daneault V, et al. REM sleep is
associated with the volume of the cholinergic basal forebrain in aMCI
individuals. Alzheimer’s Research & Therapy. 2023;15(1):151. doi:10.
1186/s13195-023-01265-y

Berry RB, Budhiraja R, Gottlieb DJ, et al. Rules for scoring respi-
ratory events in sleep: update of the 2007 AASM manual for the
scoring of sleep and associated events. Deliberations of the sleep
apnea definitions task force of the American Academy of Sleep
Medicine. J Clin Sleep Med. 2012;8(5):597-619. doi:10.5664/jcsm.
2172

American Academy of Sleep Medicine. International Classification of
Sleep Disorders, 3rd ed. American Academy of Sleep Medicine; 2014.
Baril AA, Gagnon K, Brayet P, et al. Gray matter hypertrophy and thick-
ening with obstructive sleep apneain middle-aged and older adults. Am
J Respir Crit Care Med. 2017;195(11):1509-1518. doi:10.1164/rccm.
201606-12710C

Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive
Assessment, MoCA: a brief screening tool for mild cognitive impair-
ment. J Am Geriatr Soc. 2005;53(4):695-699. doi:10.1111/j.1532-
5415.2005.53221.x

Galasko D, Bennett D, Sano M, et al. An inventory to assess activities
of daily living for clinical trials in Alzheimer’s disease. The Alzheimer’s
Disease Cooperative Study. Alzheimer Dis Assoc Disord. 1997;11:533-
S39. Suppl 2.

Schmidt M. Rey Auditory Verbal Learning Test: RAVLT: A Handbook.
Western Psychological Services; 1996.

Theaud G, Houde JC, Boré A, Rheault F, Morency F, Descoteaux M.
TractoFlow: a robust, efficient and reproducible diffusion MRI pipeline
leveraging Nextflow & Singularity. Neuroimage. 2020;218:116889.
doi:10.1016/j.neuroimage.2020.116889

Daducci A, Canales-Rodriguez EJ, Zhang H, Dyrby TB, Alexander DC,
Thiran JP. Accelerated Microstructure Imaging via Convex Optimiza-
tion (AMICO) from diffusion MRI data. Neurolmage. 2015;105:32-44.
doi:10.1016/j.neuroimage.2014.10.026

Di Tommaso P, Chatzou M, Floden EW, Barja PP, Palumbo E,
Notredame C. Nextflow enables reproducible computational work-
flows. Nat Biotechnol. 2017;35(4):316-319. doi:10.1038/nbt.3820
Garyfallidis E, Cété MA, Rheault F, et al. Recognition of white
matter bundles using local and global streamline-based registra-
tion and clustering. Neurolmage. 2018;170:283-295. doi:10.1016/].
neuroimage.2017.07.015

Kurtzer GM, Sochat V, Bauer MW. Singularity: scientific containers for
mobility of compute. PLOS One. 2017;12(5):e0177459. doi:10.1371/
journal.pone.0177459

Rheault F. Analyse et reconstruction de faisceaux de la matiére
blanche. Published online 2020. https://savoirs.usherbrooke.ca/
handle/11143/17255

Rheault F, Roy M, Cunnane S, Descoteaux M. Bundle-specific fornix
reconstruction for dual-tracer PET-tractometry. Published online
September 21,2018:423459.doi:10.1101/423459

Rheault F, St-Onge E, Sidhu J, et al. Bundle-specific tractography
with incorporated anatomical and orientational priors. Neuroimage.
2019;186:382-398.d0i:10.1016/j.neuroimage.2018.11.018

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Cousineau M, Jodoin PM, Garyfallidis E, et al. A test-retest study on
Parkinson’s PPMI dataset yields statistically significant white matter
fascicles. Neurolmage Clin. 2017;16:222-233. d0i:10.1016/j.nicl.2017.
07.020

Roy M, Rheault F, Croteau E, et al. Fascicle- and glucose-specific
deterioration in white matter energy supply in Alzheimer’s disease. J
Alzheimers Dis. 2020;76(3):863-881. doi:10.3233/JAD-200213

Johns MW. A new method for measuring daytime sleepiness: the
Epworth sleepiness scale. Sleep. 1991;14(6):540-545. doi:10.1093/
sleep/14.6.540

Villeneuve S, Belleville S, Massoud F, Bocti C, Gauthier S. Impact of vas-
cular risk factors and diseases on cognition in persons with mild cog-
nitive impairment. Dement Geriatr Cogn Disord. 2009;27(4):375-381.
doi:10.1159/000209965

Beck A, Steer R, Brown G. Beck depression inventory-Il. Published
online 1996.

Yesavage JA, Brink TL, Rose TL, et al. Development and validation of
a geriatric depression screening scale: a preliminary report. J Psychiatr
Res. 1982;17(1):37-49.doi:10.1016/0022-3956(82)90033-4

Beck AT, Epstein N, Brown G, Steer RA. An inventory for measur-
ing clinical anxiety: psychometric properties. J Consult Clin Psychol.
1988;56(6):893-897.d0i:10.1037//0022-006x.56.6.893

Johnco C, Knight A, Tadic D, Wuthrich VM. Psychometric properties
of the Geriatric Anxiety Inventory (GAI) and its short-form (GAI-SF)
in a clinical and non-clinical sample of older adults. Int Psychogeriatr.
2015;27(7):1089-1097.d0i:10.1017/51041610214001586

Benear SL, Ngo CT, Olson IR. Dissecting the Fornix in basic memory
processes and neuropsychiatric disease: a review. Brain Connectivity.
2020;10(7):331-354. doi: 10.1089/brain.2020.0749

Badea A, Kane L, Anderson RJ, et al. The Fornix provides multiple
biomarkers to characterize circuit disruption in a mouse model of
Alzheimer’s disease. Neuroimage. 2016;142:498-511. doi:10.1016/j.
neuroimage.2016.08.014

Thierry M, Boluda S, Delatour B, et al. Human subiculo-fornico-
mamillary system in Alzheimer’s disease: tau seeding by the pillar
of the fornix. Acta Neuropathol. 2020;139(3):443-461. doi:10.1007/
s00401-019-02108-7

Tang SX, Feng QL, Wang GH, Duan S, Shan BC, Dai JP. Diffusion char-
acteristics of the fornix in patients with Alzheimer’s disease. Psychiatry
Res Neuroimaging. 2017;265:72-76. doi:10.1016/j.pscychresns.2016.
09.012

Zhuang L, Sachdev PS, Trollor JN, et al. Microstructural white matter
changes, not hippocampal atrophy, detect early amnestic mild cog-
nitive impairment. PLOS One. 2013;8(3):e58887. doi:10.1371/journal.
pone.0058887

Acosta-Cabronero J, Williams GB, Pengas G, Nestor PJ. Absolute
diffusivities define the landscape of white matter degeneration in
Alzheimer’s disease. Brain. 2010;133(2):529-539. doi:10.1093/brain/
awp257

Macey PM, Kumar R, Woo MA, Valladares EM, Yan-Go FL, Harper
RM. Brain structural changes in obstructive sleep apnea. Sleep.
2008;31(7):967-977.

Kumar R, Macey PM, Cross RL, Woo MA, Yan-Go FL, Harper RM. Neu-
ral alterations associated with anxiety symptoms in obstructive sleep
apnea syndrome. Depress Anxiety. 2009;26(5):480-491. doi:10.1002/
da.20531

Cai J, Tuong CM, Zhang Y, et al. Mouse intermittent hypoxia mim-
icking apnea of prematurity: effects on myelinogenesis and axonal
maturation. J Pathol. 2012;226(3):495-508. doi: 10.1002/path.2980
Delcour M, Russier M, Amin M, et al. Impact of prenatal ischemia on
behavior, cognitive abilities and neuroanatomy in adult rats with white
matter damage. Behav Brain Res. 2012;232(1):233-244. doi:10.1016/j.
bbr.2012.03.029

Masumura M, Hata R, Nagai Y, Sawada T. Oligodendroglial cell
death with DNA fragmentation in the white matter under chronic

85U8017 SUOWIWOD BA 11810 3ol ddke 8y} Aq pauenob ae ssppile VO ‘8sN JO Sa|nJ 10} AfeiqTauljUO A3 UO (SUONIPUOD-pUe-SWBIALI0O" A | 1M Alelq 1 jeulUo//Sdiy) SUORIPUOD pue swie | 8y} 89S [202/50/80] Uo AriqiTauljuo AS|IM "B aiwepex Y ayosLBZIeMUdS AQ EE8ET Z[e/Z00T 0T/I0p/wod A3 |1m Areiqijpul|uo'sfeuInol-z fe//sdny wouj papeojumod ‘0 ‘6.2525ST


https://doi.org/10.5665/sleep.3578
https://doi.org/10.5665/sleep.3578
https://doi.org/10.1093/sleep/zsz120
https://doi.org/10.1001/jamanetworkopen.2022.22999
https://doi.org/10.1002/jmri.25463
https://doi.org/10.1186/s13195-023-01265-y
https://doi.org/10.1186/s13195-023-01265-y
https://doi.org/10.5664/jcsm.2172
https://doi.org/10.5664/jcsm.2172
https://doi.org/10.1164/rccm.201606-1271OC
https://doi.org/10.1164/rccm.201606-1271OC
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.neuroimage.2020.116889
https://doi.org/10.1016/j.neuroimage.2014.10.026
https://doi.org/10.1038/nbt.3820
https://doi.org/10.1016/j.neuroimage.2017.07.015
https://doi.org/10.1016/j.neuroimage.2017.07.015
https://doi.org/10.1371/journal.pone.0177459
https://doi.org/10.1371/journal.pone.0177459
https://savoirs.usherbrooke.ca/handle/11143/17255
https://savoirs.usherbrooke.ca/handle/11143/17255
https://doi.org/10.1101/423459
https://doi.org/10.1016/j.neuroimage.2018.11.018
https://doi.org/10.1016/j.nicl.2017.07.020
https://doi.org/10.1016/j.nicl.2017.07.020
https://doi.org/10.3233/JAD-200213
https://doi.org/10.1093/sleep/14.6.540
https://doi.org/10.1093/sleep/14.6.540
https://doi.org/10.1159/000209965
https://doi.org/10.1016/0022-3956(82)90033-4
https://doi.org/10.1037//0022-006x.56.6.893
https://doi.org/10.1017/S1041610214001586
https://doi.org/10.1089/brain.2020.0749
https://doi.org/10.1016/j.neuroimage.2016.08.014
https://doi.org/10.1016/j.neuroimage.2016.08.014
https://doi.org/10.1007/s00401-019-02108-7
https://doi.org/10.1007/s00401-019-02108-7
https://doi.org/10.1016/j.pscychresns.2016.09.012
https://doi.org/10.1016/j.pscychresns.2016.09.012
https://doi.org/10.1371/journal.pone.0058887
https://doi.org/10.1371/journal.pone.0058887
https://doi.org/10.1093/brain/awp257
https://doi.org/10.1093/brain/awp257
https://doi.org/10.1002/da.20531
https://doi.org/10.1002/da.20531
https://doi.org/10.1002/path.2980
https://doi.org/10.1016/j.bbr.2012.03.029
https://doi.org/10.1016/j.bbr.2012.03.029

w | Alzheimer’s &Dementiar

74.

75.

76.

77.

MARCHI ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

cerebral hypoperfusion: comparison between normotensive and spon-
taneously hypertensive rats. Neurosci Res. 2001;39(4):401-412. doi: 10.
1016/s0168-0102(01)00195-x

Skoff RP, Bessert DA, Barks JD, Song D, Cerghet M, Silverstein FS.
Hypoxic-ischemic injury results in acute disruption of myelin gene
expression and death of oligodendroglial precursors in neonatal mice.
Int J Dev Neurosci. 2001;19(2):197-208. doi:10.1016/s0736-5748(00)
00075-7

Stone BS, Zhang J, Mack DW, Mori S, Martin LJ, Northington
FJ. Delayed neural network degeneration after neonatal hypoxia-
ischemia. Ann Neurol. 2008;64(5):535-546. doi:10.1002/ana.21517
Blackwell T, Yaffe K, Laffan A, et al. Associations between sleep-
disordered breathing, nocturnal hypoxemia, and subsequent cognitive
decline in older community-dwelling men: the Osteoporotic Fractures
in Men Sleep Study. J Am Geriatr Soc. 2015;63(3):453-461. doi:10.
1111/jgs.13321

Martin MS, Sforza E, Roche F, Barthélémy JC. Thomas-Anterion C,
PROOF study group. Sleep breathing disorders and cognitive function
in the elderly: an 8-year follow-up study. the proof-synapse cohort.
Sleep. 2015;38(2):179-187.doi:10.5665/sleep.4392

78. Marchi NA, Solelhac G, Berger M, et al. Obstructive sleep apnoea and
5-year cognitive decline in the elderly. Eur Respir J. 2023:2201621.
Published online February 16. doi:10.1183/13993003.01621-
2022

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Marchi NA, Daneault V, André C, et al.
Altered fornix integrity is associated with sleep apnea-related
hypoxemia in mild cognitive impairment. Alzheimer’s Dement.
2024;1-14. https://doi.org/10.1002/alz.13833

85U8017 SUOWIWOD BA 11810 3ol ddke 8y} Aq pauenob ae ssppile VO ‘8sN JO Sa|nJ 10} AfeiqTauljUO A3 UO (SUONIPUOD-pUe-SWBIALI0O" A | 1M Alelq 1 jeulUo//Sdiy) SUORIPUOD pue swie | 8y} 89S [202/50/80] Uo AriqiTauljuo AS|IM "B aiwepex Y ayosLBZIeMUdS AQ EE8ET Z[e/Z00T 0T/I0p/wod A3 |1m Areiqijpul|uo'sfeuInol-z fe//sdny wouj papeojumod ‘0 ‘6.2525ST


https://doi.org/10.1016/s0168-0102(01)00195-x
https://doi.org/10.1016/s0168-0102(01)00195-x
https://doi.org/10.1016/s0736-5748(00)00075-7
https://doi.org/10.1016/s0736-5748(00)00075-7
https://doi.org/10.1002/ana.21517
https://doi.org/10.1111/jgs.13321
https://doi.org/10.1111/jgs.13321
https://doi.org/10.5665/sleep.4392
https://doi.org/10.1183/13993003.01621-2022
https://doi.org/10.1183/13993003.01621-2022
https://doi.org/10.1002/alz.13833

	Altered fornix integrity is associated with sleep apnea-related hypoxemia in mild cognitive impairment
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Participants
	2.2 | Sleep assessment
	2.3 | Neurocognitive assessment
	2.4 | MRI acquisition and processing
	2.5 | Questionnaires
	2.6 | Statistical analyses

	3 | RESULTS
	3.1 | Characteristics of the sample
	3.2 | Microstructure of the limbic white matter tracts by OSA status and by cognitive status
	3.3 | Principal component analysis
	3.4 | OSA measures, microstructure of the limbic white matter tracts, and moderating role of cognitive status
	3.5 | Secondary analyses

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


