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Purpose: Previous studies have found that obstructive sleep apnea (OSA) can induce cognitive impairment (CI). However, the exact
mechanisms of CI development in patients with OSA remains unclear. We investigated the neuropathological basis of CI development
by examining changes in cerebral blood perfusion.

Patients and Methods: Thirty-five patients with untreated OSA (15 with CI and 20 without CI [NCI]) and 15 good sleepers (GS)
diagnosed using polysomnography were recruited. All participants underwent resting state brain scans in a Siemens 3.0 Tesla magnetic
resonance imaging scanner with a pulsed arterial spin labeling sequence and completed a battery of neuropsychological tests.
Results: Compared to the regional cerebral blood flow (rCBF) values in the GS group, both the CI and NCI groups exhibited lower
rCBF values in the bilateral inferior temporal, left lingual, and right medial and paracingulate gyri, as well as higher rCBF values in
the bilateral middle frontal gyrus (p < 0.05 in all cases). Compared to the rCBF values in the NCI group, the CI group had lower rCBF
values in the bilateral inferior temporal and left lingual gyri, and higher rCBF values in the right rectus and right middle orbital frontal
gyri (p < 0.05 in all cases). In the CI group, rCBF values in the bilateral inferior temporal (right, p = 0.025; left, p = 0.005) and left
lingual gyri (p = 0.018) were positively associated with the delayed memory scores, and rCBF values in the left inferior temporal gyrus
positively correlated with the attention scores (p = 0.011).

Conclusion: Regions with abnormal perfusion in the NCI and CI groups were mostly memory-related. Blood perfusion in the
bilateral inferior temporal and left lingual gyri decreased in the following order: GS > OSA-NCI > OSA-CI. These findings provide
blood perfusion-level insights into the neuropathological basis of OSA-CI development.
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Introduction

Obstructive sleep apnea (OSA) is characterized by recurrent upper airway collapse and obstruction during sleep, leading
to hypopnea and breathing-related arousal.'* OSA can also induce cognitive impairment (OSA-CI).> Patients with OSA-
CI may experience deficits in attention, memory, executive function, emotion regulation, visuospatial ability, fine
coordination, and language skills. However, the neuropathological basis of CI development in patients with OSA
remains unclear. Therefore, investigating the mechanisms associated with cognitive function in OSA using neuroimaging
is crucial for the early clinical prevention and diagnosis of OSA-CI.

In patients with OSA, high levels of sympathetic excitation and delayed vasoconstrictor effects may reduce cerebral
blood flow.”® Moreover, apnea episodes in patients with OSA can cause cerebral hypoxia, resulting in increased carbon
dioxide concentrations and vascular dilation, leading to elevated cerebral blood flow.”* Both these factors disrupt the
self-regulation mechanism of human cerebral blood flow. The dysfunction of cerebral vascular endothelial cells owing to
blood pressure fluctuations in patients with OSA may further contribute to the abnormal cerebral blood flow perfusion in
the affected brain areas, ultimately leading to structural’ and functional'®!" brain damage and cognitive function
decline.” This suggests that cerebral blood perfusion may be used as an important indicator of neuropathological
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mechanisms of OSA-CI. Therefore, in the present study, we employed arterial spin labeling (ASL)® and examined local
cerebral hemodynamic features to investigate neuropathological characteristics of patients with OSA-CI.

Such patients may initially present with decreased memory function. In relevance to this, decreased cerebral blood
perfusion in OSA patients has been observed in brain areas related to memory function (eg, bilateral parahippocampal
and left lingual gyri).'">"'* From the disease comorbidity perspective, OSA contributes to neurological diseases such as
mild cognitive impairment (MCI) and Alzheimer’s disease, accompanied by early memory loss.*'*> Temporal brain
regions, such as the inferior temporal and parahippocampal gyri, are relatively distal from the main blood vessels, so
normal blood oxygen content in these regions is sufficient only for the basic neural activity maintenance.'® Furthermore,
the temporal hippocampal gyrus has lower vascular expansion capacity than other brain regions, making it susceptible to
insufficient blood supply and oxygen deprivation, which may lead to a decline in memory function.'* Thus, once brain
blood perfusion becomes abnormal, it may initially affect blood supply to brain regions distal to large blood vessels, such
as the hippocampal gyrus, consequently affecting memory function.

Some neuroimaging studies have found that factors such as age, sex, and global mean brain blood perfusion affect
calculation of blood perfusion values in local brain regions.'®'” Therefore, when examining group differences in regional
cerebral blood flow (rCBF), it is essential to control for these factors to ensure comparability between groups. In addition,
given that OSA severity positively correlates with body mass index (BMI) and sleepiness levels that both could affect

cerebral blood perfusion,'®!”

it was difficult to control the effects of BMI and sleepiness levels on cerebral blood
perfusion between the GS and OSA groups. However, differences in BMI and sleepiness levels between the OSA-NCI
and OSA-CI groups were counterbalanced. Therefore, directly comparing differences in rCBF between the OSA-NCI and
OSA-CI groups may help mitigate the influence of BMI and drowsiness levels.

We hypothesized that during the progression from no CI to mild CI, memory function in severe OSA deteriorates more
significantly than other cognitive functions, and most abnormally perfused brain regions would be associated with memory
function. Based on the speculation that the aggravation of cerebral blood perfusion abnormalities triggers CI, we further

hypothesized that rCBF in memory-related brain regions would decrease in the following order: GS > OSA-NCI > OSA-CI.

Materials and Methods

Participants

This study was approved by the Ethics Committee of the Affiliated Zhongshan Hospital of Dalian University and
included 50 participants who provided written informed consent prior to the study. Considering that patients with OSA
need to undergo prolonged abnormal perfusion of cerebral blood to develop cognitive impairment, and previous studies
found only abnormal brain perfusion in severe OSA patients,'* we divided the participants into three groups: good
sleepers (GS), patients with severe OSA without cognitive impairment (OSA-NCI), and patients with severe OSA with
cognitive impairment (OSA-CI). This helped us analyze cerebral blood perfusion dynamics during OSA development
from a healthy state to confirmed OSA with mild CI.

Based on the diagnosis of MCI and polysomnography (PSG), the participants were allocated to the GS, OSA-CI, and
OSA-NCI groups. The three groups were matched by age, sex, and educational level. The OSA-CI, OSA-NCI, and GS
groups comprised 14 untreated OSA patients, 21 untreated OSA patients, and 15 GSs, respectively.

For the OSA group, the study inclusion criteria were as follows: 1) suspected of having OSA and was not treated; 2)
between 25 and 60 years of age, right-handed, completed more than 9 years of schooling; 3) the apnea-hypopnea index
(AHI) > 15 times/h on overnight PSG. The MCI was diagnosed based on the revised consensus criteria of the

International Working Group on MCL*°

For the patients with MCI, the inclusion criteria were as follows: 1) the person
was neither normal nor demented; 2) Montreal Cognitive Assessment (MoCA) score below 26, met the criteria for MCI,
and subjectively reported significant memory decline; and 3) activities of daily living were preserved, and complex
instrumental functions were intact.

The inclusion criteria for the GS group were as follows: 1) hospital and social volunteers whose handedness, age, and
education level were matched with those of the OSA group; 2) AHI < 5 times/h on overnight PSG; and 3) no CI. The

inclusion criteria for the OSA-NCI group were as follows: 1) the inclusion criteria for OSA were met, 2) the person had

1870 "= Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yan et al @

no CI, and 3) the MoCA scores of all patients in this group were greater than 26 and not significantly different from those
of the GS group. The inclusion criteria for the OSA-CI group were as follows: 1) the inclusion criteria for OSA were
met, 2) the inclusion criteria for MCI were met, and 3) the MoCA scores in this group were less than 26 and significantly
lower than those in the GS group.

The study exclusion criteria were as follows: 1) respiratory diseases other than OSA; 2) severe hypertension,
Alzheimer’s disease, diabetes, and cardiovascular disease; 3) neurological diseases (epilepsy, schizophrenia, and neuro-
degenerative diseases); 4) intracranial structural lesions (severe white matter lesions, cerebrovascular disease, brain
atrophy, brain trauma, cerebral infarction, cerebral hemorrhage, and tumor); 5) a history of alcoholism, use of psycho-
tropic substances within 1 week of study initiation; 6) metal implants, claustrophobia, and other factors that would limit
MRI data acquisition.

PSG Assessment

Overnight PSG examinations were conducted in the sleep monitoring room of the Otolaryngology Department at the
Zhongshan Hospital of Dalian University. A Philips Alice 6 system was used to record the electroencephalogram (10-20
EEG electrode positions), bilateral electrooculogram, electrocardiogram, mandibular electromyography, chest and
abdominal exercises, oronasal airflow, finger pulse oxygen saturation, bilateral leg movements, and body position
measurements over an 8-hour period at night. Subsequently, sleep-related parameters, such as AHI (events/h), minimum
oxygen saturation (minimum SaO,, %), mean oxygen saturation (mean SaO,, %), oxygen desaturation index (events/h),
sleep efficiency (SE, %), total sleep time (TST, min), awake index (events/h), and microarousal index (events/h) were
obtained.

Using thermocouple readings, apnea was defined as an airflow reduction of > 90% from baseline for > 10s. Hypopnea
was defined as a reduction in the nasal pressure airflow signal by > 30% from baseline for > 10s. In this study, the clinical
signs and symptoms in all patients with OSA included excessive daytime sleepiness, insufficient rest despite adequate
sleep duration, loud or irregular snoring, and choking or difficulty in breathing while sleeping. OSA severity was
classified as light, moderate, or severe according to the 2012 American Academy of Sleep Medicine (AASM) guidelines:
mild (5 < AHI < 15 events/hour), moderate (15 < AHI < 30 events/hour), and severe (AHI > 30 events/hour).

Neuropsychological Scale Assessments

All neuropsychological scale assessments were administered prior to the MRI scan. Each participant completed the
following scale assessments sequentially: MoCA, the Epworth Sleepiness Scale (ESS), Self-Rating Anxiety Scale (SAS),
and Self-Rating Depression Scale (SDS).

MoCA is a widely used scale for screening for cognitive dysfunction that encompasses tests of executive function,
immediate recall, word fluency, orientation, calculation, abstraction, delayed recall, visual perception, and nomenclature.
Scores range from 0 to 30, with a score of 26 or higher considered normal, and less than 26 indicating cognitive
impairment.”'

ESS comprises eight self-rated questions with a maximum total score value of 24. A score of 6 indicates sleepiness,
11 indicates excessive sleepiness, and 16 indicates severe sleepiness.

SAS consists of 20 self-rating questions graded on a scale of 1-4, with a total score ranging from 20 to 80. The
anxiety index was calculated as total score x 1.25. A score of < 50 indicates no anxiety, 50-59 — mild anxiety, 60—69 —
moderate anxiety, and > 70 — severe anxiety.>

SDS also comprises 20 self-rating questions, with a total score ranging from 20 to 80. The depression index was
calculated as follows: total score/80. A depression index of < 0.5 indicates no depression, 0.5-0.59 — mild depression,
0.6-0.69 — moderate depression, and > 0.7 — major depression.”*

MRI Data Acquisition
ASL utilizes hydrogen protons in the arterial blood as an endogenous tracer. By labeling blood with an inversion pulse
and imaging it after a delay, ASL generates a labeled image containing both labeled blood signals and static tissue
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signals. Subsequently, an unlabeled image containing only static tissue signals is generated without applying an inversion
pulse. Finally, blood perfusion images are obtained by subtracting the unlabeled images from the labeled images.

All participants underwent imaging using a Siemens 3.0T Magnetom Verio system equipped with a 12-channel head coil.
The scan sequences included 3D-T1-weighted imaging (3D-T1WI) and pulsed arterial spin labeling (PASL). Participants
were positioned supine on the examination bed and wore noise-canceling headphones. Sponge foam was used to secure the
sides of the head. Participants were instructed to maintain body stability and keep awake during the scan.

A 3D-T1WI sequence was employed, with parameters including repetition time (TR) of 1900 ms, echo time (TE) of
2.79 ms, 176 slices with a slice thickness of 1 mm, voxel size of 0.7 mm x 0.7 mm X 1.0 mm, matrix size of 384 x 384,
field-of-view (FOV) of 259 mm x 259 mm, and flip angle (FA) of 9°. The scan durations were 6 min 27s. Additionally,
PASL imaging was utilized, with the following parameters: TR of 2500 ms, TE of 11 ms, FA of 90°, bandwidth of
2790 hz/pixel, label-delay of 1800 ms, FOV of 230 mm x 230 mm, and slice thickness of 6 mm. These sequences were
used to gather brain structural information for further analyses.

Image Preprocessing

First, two senior imaging diagnosticians reviewed the T2-FLAIR and T1WI images of each subject to identify and
exclude those with poor image quality (owing to false artifacts and/or incomplete images) and parenchymal
lesions. The cerebral blood flow perfusion images were preprocessed using the ASLtbx toolkit (available at
https://www.cfn.upenn.edu/ASLtbx.php) on the MATLAB 2013b platform. The specific steps were as follows. 1)
Format conversion: original DICOM images were converted into NIFTI-format images. 2) Spatial standardization:

the registered structural images were spatially standardized using the MNI template. The deformation field
generated by this process was used for spatial standardization of the cerebral blood flow perfusion map. 3)
Registration: the linear transformation of the T1-weighted anatomical structure image was registered to the
cerebral blood flow perfusion image. 4) Generation of the rCBF map: ASLtbx was used to process the spatially
standardized images and obtain the whole-brain average rCBF map. 5) Normalization: the average rCBF map was
normalized by dividing the rCBF value of each voxel by the whole-brain mean. 6) Smoothing: a 6-mm Gaussian
smoothing kernel was used to smooth the normalized images and prepare them for subsequent statistical analysis.

Statistical Analysis
Differences between the three groups were analyzed using the IBM SPSS Statistics software (version 20.0; IBM,
Armonk, NY, USA). The demographic statistical parameters, neuropsychological scale scores, and PSG parameters of
the OSA-CI, OSA-NCI, and GS groups were normally distributed. Therefore, one-way analysis of variance (ANOVA)
was used to compare differences between the three groups. The chi-squared test was used to compare the distribution of
sexes in the three groups. Differences and effects were considered significant when p < 0.05.

One-way ANOVA of voxel-level rCBF values was performed in the three groups using SPM (http://www.fil.ion.ucl.

ac.uk/spm) based on MATLAB, with sex, age, years of education, BMI values, and global brain gray matter mean CBF
values being included as covariates. We used brain regions with statistically significant differences in rCBF values
between the three groups as regions of interest and extracted rCBF values of each region of all participants using DPABI
software. The independent sample #-test was performed to pairwise compare analysis of rCBF values among the three
groups (FDR correction; cluster clumps > 50 voxels).

In addition, by using SPSS 20.0, Pearson’s correlation analysis was performed to determine the relationships between
rCBF values in different brain regions of patients in the CI and NCI groups and MoCA scores describing visuospatial/
executive memory, attention, language, abstraction, delayed memory, orientation, and naming skills.

Results

Demographic and Clinical Data
The results of participants in the CI, NCI, and GS groups regarding demographic data and results of sleep monitoring and
neuropsychological scale assessments of all participants are presented in Table 1. Variables including age, sex, years of
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Table | Results of the Three Groups in Demographic Data, Sleep Monitoring and Neuropsychological Scale Tests

Project GS NCI cl Fi2 | p (ANOVA) | p (NCI Vs GS) | p (Clvs GS) | p (Cl vs NCI)
Age (years) 41.87+6.81 41.50£7.98 43.93+557 | 0569 0570 0.879 0.422 0313
Gender (maleffemale) 11/4 18/2 11/4 2.083 0353 - - -
Education (years) 14.473.70 15.50+1.36 14.67+2.32 0.837 0.440 0239 0.830 0341
BMI (kg/m?) 2333232 27.42+2.25 26.233.94 8.861 0.001* 0.000* 0.008* 0231
SAS 37.3345.09 39.065.65 42.58+8.40 2598 0.085 0.437 0.031% 0.117
SDS 0.40+0.77 0.410.11 0.44:0.13 0.783 0.463 0.673 0228 0.383
ESS 4.53£1.25 9.30+5.86 9.13£6.12 4,547 0.016* 0.008* 0.016* 0923
MoCA 27.53+1.46 27.50+1.50 23074205 | 370.73 0.001* 0.954 <0.001* <0.001*
Visuospatiall executive |  4.07+0.96 4.60£0.60 4.13£0.74 2.60 0.085 0.047 0812 0.080
Attention 6.00+0.00 5.900.31 4.60£1.12 23.04 <0.001* 0.651 <0.001* <0.001*
Language 2.47+0.52 2.50+0.69 1.800.68 6.08 0.004* 0.879 0.006* 0.002*
Abstraction 2.00+0.00 2.00+0.00 1.27+0.80 14.85 <0.001* 1.000 <0.001* <0.001%*
Delayed memory 4.13£1.19 3.80+1.06 2.07+1.79 10.38 <0.001* 0.474 <0.001* <0.001*
Orientation 6.00+0.00 5.90+0.31 6.00£0.00 1.57 0219 0.141 1.000 0.141
Naming 3.000.00 3.00£0.00 3.00+0.00 - - - - -
AHI (events/h) 1.89+1.62 345042125 | 39.11#3155 | 13.28 <0.001* <0.001%* <0.001%* 0.540
Mini SpO, (%) 92.60+2.69 79.109.16 80.13:1037 | 13.20 <0.001* 0.001* <0.001* 0716
Mean SpO, (%) 97.12¢1.25 95.23+3.12 94.37+2.63 12.30 <0.001* <0.001* <0.001* 0.625
ODI (events/h) 1.09+1.70 36.80+26.12 | 38023243 | 1170 <0.001* <0.001* <0.001* 0.883
SE (%) 66.89+13.95 | 64.67+12.83 | 65.67+13.85 .48 0.224 0.104 0.468 0.250
TST (min) 3455410235 | 337.72+99.47 | 340.22+10628 | 136 0301 0221 0.621 0321
Al (events/h) 4.95£2.12 523201 5.03+2.33 1.58 0.201 0.125 0.756 0.124
MI (events/h) 19.85£10.48 | 26711201 | 22.20+14.22 1.42 0.252 0.109 0.603 0.289

Note: The *represents p < 0.05.

Abbreviations: BMI|, body mass index; SAS, self-rating for anxiety; SDS, self-rating for depression; ESS, Epworth Sleepiness Scale; MoCA, Montreal Cognitive Function
Scale; AHI, apnea hypopnea index; ODI, oxygen desaturation index; SE, sleep efficiency; TST, total sleep time; Al, arousal index; MI, micro-arousal index.

education, SAS, SDS, visual space, executive function, orientation, naming, and microarousal index did not statistically
differ across the three groups (p > 0.05 for all comparisons). However, participants in the CI and NCI groups exhibited
higher BMI, ESS, AHI, and oxygen reduction index values compared to those in the GS group (p < 0.05 for all
comparisons). Additionally, the minimum SpO, was significantly lower in the CI and NCI groups than in the GS group
(p < 0.05). Moreover, the OSA-CI participants had lower MoCA scores for attention (—23%), language (—27%), abstract
memory (—37%), and delayed memory (—50%) compared to those in the GS group (p < 0.05 in all cases).

Comparison of the rCBF Values Among the Three Groups

One-way ANOVA, conducted at the voxel level, revealed significant group differences in rCBF values, primarily
localized in the bilateral inferior temporal, left rectus, right orbital inferior frontal, bilateral middle frontal, right angular,
right medial, and paracingulate gyri, as well as the right paracentral lobule (p < 0.05, FDR-corrected in all cases;
Figure 1). Subsequent post hoc pairwise independent-sample #-tests indicated lower rCBF values in the bilateral inferior
temporal, left rectus, left lingual, and right middle orbital frontal gyri in the CI group compared with those in the NCI
group (p < 0.05, FDR-corrected in all cases; Table 2; Figure 1). Furthermore, compared with those in the GS group,
patients from the NCI group exhibited higher rCBF values in the bilateral middle frontal gyrus, right angular gyrus, and
right paracentral lobule, along with decreased rCBF values in the right fusiform, bilateral inferior temporal, left lingual,
right middle temporal, right medial, and paracingulate gyri (p < 0.05, FDR-corrected in all cases; Table 3; Figure 1).
Similarly, patients with CI displayed higher rCBF values in the bilateral middle frontal gyrus and decreased rCBF values
in the bilateral inferior temporal, right lingual, left lingual, right orbital inferior frontal, right medial, and paracingulate
gyri compared with those in the GS group (p < 0.05, FDR-corrected in all cases; Table 4; Figure 1).
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Figure | Brain regions with divergent rCBF values among the NCI, Cl, and GS groups. In this visualization, yellow denotes brain regions exhibiting discrepancies in rCBF
values across the three groups as per the one-way ANOVA. Additionally, red indicates brain regions with increased rCBF values, while blue represents brain regions with
decreased rCBF values.

Abbreviations: rCBF, regional cerebral blood flow; GS, good sleeper; NCI, no cognitive impairment; Cl, cognitive impairment.

Correlation Between rCBF Values and Cognitive Scores in Patients with Cl

We nominated brain regions with statistically different rCBF values between the CI and NCI groups as regions of interest
and calculated coefficients of Pearson correlation of rCBF values of these regions and cognitive scores in patients with
OSA-CI. Specifically, rCBF values in the right inferior temporal gyrus showed a significant positive correlation with
delayed recall scores (r = 0.574, p = 0.025). In addition, rCBF values in the left inferior temporal gyrus significantly and
positively correlated with delayed recall (» = 0.685, p = 0.005) and attention scores (r = 0.634, p = 0.011). Furthermore,
rCBF values in the left lingual gyrus positively correlated with delayed recall scores (» = 0.601, p = 0.018; Figure 2).

Discussion

In this study, the ASL technique was employed for the quantitative rCBF assessment in patients with OSA differentiated
by the presence of CI. Patients in both the CI and NCI groups exhibited higher rCBF values in the bilateral middle frontal
gyrus compared with those in the GS group, whereas lower rCBF values were observed in the bilateral inferior temporal,

Table 2 Difference in rCBF Values Between the Cl and NCI Groups (p < 0.05, FDR
Correction)

Brain Regions Side MNI Coordinate Voxel t P
Farewell Number
X Y z

Decreased rCBF values

Inferior temporal gyrus R 46 -30 | —lé6 1189 —426 | 0014
Inferior temporal gyrus L —48 | -6 —42 | 265 -3.70 | 0.03I
Inferior temporal gyrus L —46 | -34 | —18 138 -3.72 | 0.037
Gyrus rectus L -2 30 -6 | 736 -3.95 | 0.023
Lingual gyrus L -2 -86 | -6 136 —2.86 | 0.044
Middle orbital frontal gyrus | R 38 44 —10 | 415 —4.33 | 0.012
Lingual gyrus L -14 | =72 | -6 100 —4.87 | 0.002
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Table 3 Difference in rCBF Values Between NCI and GS Groups (p < 0.05, FDR
Correction)

Brain Regions Side MNI Coordinate | Voxel t p

Farewell Number

X Y z

Decreased rCBF values
Fusiform R 34 -6 | —36 | 373 —4.04 | 0.020
Inferior temporal gyrus L -34 | 6 —48 | 160 —4.27 | 0.012
Lingual gyrus L -8 86 -22 | 85 —3.20 | 0.045
Inferior temporal gyrus R 54 -30 | —20 | 55 —3.14 | 0.046
Middle temporal gyrus R 64 —42 | 4 109 —3.87 | 0.024
Medial and paracingulate gyrus | R -2 —4 26 134 —4.29 | 0.012
Increased rCBF values
Middle frontal gyrus R 28 46 30 115 424 | 0012
Middle frontal gyrus L -30 | 48 22 105 451 0.007
Angular gyrus R 50 —52 | 26 94 6.09 <0.001
Paracentral lobule R 2 —42 | 74 54 3.92 0.023

Table 4 Difference in rCBF Values Between Cl and GS Groups (p < 0.05, FDR

Correction)
Brain Regions Side MNI Coordinate | Voxel t P
Farewell Number
X Y z
Decreased rCBF values
Inferior temporal gyrus R 62 -36 | —14 | 1596 —5.42 | <0.001
Inferior temporal gyrus L —42 | —10 | —42 | 449 —4.62 | 0.005
Gyrus rectus R 2 24 —l6 | 407 —3.22 | 0.043
Orbital inferior frontal gyrus R 44 32 -12 | 377 —4.78 | 0.003
Lingual gyrus L —18 | =74 | -4 91 —4.38 | 0.009
Lingual gyrus L 4 =78 | —12 | 212 —5.40 | <0.001
Medial and paracingulate gyrus | R -10 | =30 | 30 182 —3.80 | 0.030
Increased rCBF values
Middle frontal gyrus R 38 44 18 79 4.6l 0.005
Middle frontal gyrus L —34 | 44 24 82 3.62 0.039

left lingual, right medial, and paracingulate gyri in patients with OSA. These findings are consistent with previous studies
of rCBF in regions such as the temporal gyrus and frontal lobes.'> However, we identified additional regions with
abnormal rCBF values, namely the lingual and cingulate gyri. This previously unreported observation may be attributed
to the previously overlooked confounding factors, such as sex, age, education, and total gray matter mean CBF values.
These factors may have masked altered rCBF values associated with OSA in previous studies, which highlights the
importance of comprehensive control of confounding variables in neuroimaging research.

In addition, within the CI group, patients exhibited even lower rCBF values in the bilateral inferior temporal gyrus
and left lingual gyrus, along with decreased values in the right rectus gyrus and right middle orbital frontal gyrus,
compared with those in the NCI group. Notably, in the CI group, rCBF values in the bilateral inferior temporal gyrus and
left lingual gyrus positively correlated with delayed recall scores, whereas those in the left inferior temporal gyrus
showed a positive correlation with attentional scores. The observation of these relationships may be attributed to
comprehensive considerations of potential influencing factors, including sex, age, years of education, BMI, drowsiness,
anxiety, depression, AHI, minimum SpO,, oxygen minus index, and total gray matter mean CBF value, when comparing
the CI and NCI groups. This meticulous approach enhanced the stability and reliability of our findings.
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Figure 2 Correlation between rCBF values in abnormal brain regions and delayed memory and attention scores in the Cl group. (A) a scatter plot of the correlation
between delayed memory scores and rCBF values in right inferior temporal gyrus. (B) a scatter plot of the correlation between delayed memory scores and rCBF values in
left inferior temporal gyrus. (C) a scatter plot of the correlation between delayed memory and rCBF values in left lingual gyrus. (D) a scatter plot of the correlation between
attention scores and rCBF values in left inferior temporal gyrus.

Abbreviation: rCBF, regional cerebral blood flow.

Notably, we observed that rCBF values in the bilateral inferior temporal gyrus and left lingual gyrus in all groups
changed in the following group order: GS > OSA-NCI > OSA-CI. These findings suggest that with the ongoing
accumulation of brain damage owing to OSA, cerebral blood perfusion abnormalities intensify, culminating in CI

detectable by neuropsychological assessments and ultimately leading to a clinical diagnosis of MCI.

Regions of Abnormal Blood Perfusion and Their Significance
Within the temporal lobe, the inferior temporal gyrus (with the hippocampal gyrus situated in its medial aspect) is crucial
for semantic memory processing.”> We revealed significantly lower bilateral rCBF values in both the CI and NCI groups
compared with those in the GS group. Importantly, we also observed a further reduction of rCBF values in the bilateral
inferior temporal gyrus in the CI group compared with those in the NCI group. This is consistent with previous findings
of structural®® and functional®’ abnormalities in the inferior temporal gyrus of patients with OSA. This underscores the
likelihood that lower rCBF values in the bilateral inferior temporal gyrus may be as a crucial factor of CI onset in patients
with OSA.

The lingual gyrus lies posterior to the occipital pole and is close to the parahippocampal gyrus. Previous studies
linked the lingual gyrus to memory function,”® suggesting a potential association between the lingual gyrus and
hippocampal region.?® In our study, we observed lower rCBF values in the left lingual gyrus in the CI group than in
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the NCI group. Therefore, as in the case with the bilateral inferior temporal gyrus, low rCBF values in the left lingual
gyrus may indicate onset of memory impairment in patients with OSA.

The frontal lobe is pivotal for executive function and integration of long-term memory in the brain. Previous
longitudinal MRI studies showed improved functional connectivity in the right middle frontal gyrus and cognitive
function following 3 months of continuous positive airway pressure therapy in patients with OSA,*® suggesting
a potential link between the middle frontal gyrus and cognitive function. In our study, we observed elevated rCBF
values in the bilateral middle frontal gyrus in patients with OSA in both the CI and NCI groups compared with those in
the GS group, possibly indicating a compensatory increase in cerebral blood flow. Nonetheless, rCBF values in the right
middle orbital frontal gyrus were significantly lower in the CI group than in the NCI group. This shows that low rCBF
values in the right middle orbitofrontal gyrus may also be indicative of the developing CI in patients with OSA.

The cingulate gyrus encircles the frontal lobe and extends toward the temporal lobe directly above the corpus
callosum. Activity in this area is associated with emotional processing, learning, and memory formation.*’ Previous

3233 white matter integrity impairment,>*** decreased functional connectivity,*® and

studies documented cortical atrophy,
reduced node properties in the structural networks'* within the cingulate gyrus of patients with OSA. Those reports are
consistent with our findings of abnormal blood perfusion in this region. Collectively, these data suggest that abnormal-
ities in cingulate gyrus cerebral blood flow perfusion among patients with OSA may disrupt information transmission
within the limbic system and thereby contribute to CI development.

Although the precise function of the rectus gyrus remains elusive, prior neuroimaging investigations have documen-
ted gray matter volume atrophy and cortical thickness reduction in in this region in patients with OSA.?>°>® We observed
lower rCBF values in the right rectus gyrus of patients with OSA-CI compared with those in patients with OSA-NCI,
suggesting that there may be abnormal alterations in both the structure and function of the right rectus gyrus in the former
group.

In summary, brain areas in which abnormal perfusion was noted in patients with OSA and CI were mostly related to
memory function, except for the rectus gyrus.

Relationship Between rCBF Values and Cognitive Scores
Our study identified a positive correlation between delayed memory scores and rCBF values in the bilateral inferior
temporal gyrus and left lingual gyrus within the CI group. Given the association of both the inferior temporal and lingual

gyri with memory function, >

we speculate that lower rCBF values in these brain regions may be related to reduced
delayed memory scores.

During word memorization, individuals allocate attentional resources to facilitate word perception, recognition, and
subsequent encoding into short-term memory.>’ >* The left temporal lobe is implicated in speech perception, recognition,
and memory processes.*™*! In our study, we revealed a positive correlation between rCBF values in the left inferior
temporal gyrus and attention scores in patients with OSA-CI, suggesting that lower rCBF values in this region are
associated with diminished attentional capacity. Impaired attentional function in patients with OSA-CI may adversely
affect memory quality, resulting in reduced delayed recall. Therefore, the positive correlation between rCBF values in the

left inferior temporal gyrus and attention scores may be related to a decrease in delayed memory scores.

Clinical Significance

Previous studies showed that cerebral hemodynamic abnormalities manifest prior to structural brain changes in patients
with OSA,”** which means that abnormal blood perfusion may predict the occurrence of structural brain damage. In our
study, we observed lower rCBF values in the bilateral inferior temporal, left lingual, and right medial and paracingulate
gyri in patients with OSA (both the CI and NCI groups) compared with the respective values in the GS group. These
findings imply that upon abnormal blood perfusion, these brain regions may be predisposed to structural damage. This
insight has practical significance for clinicians, as timely imaging may predict the potential occurrence of organic lesions
in these brain regions, and appropriate therapeutic measures may be taken to mitigate the progression of structural brain
damage.
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Limitations and Future Studies

From a study design perspective, the disproportionately higher representation of male participants reflects the signifi-
cantly higher incidence of OSA in men, along with the inherent challenges associated with the recruitment of female
participants. Nonetheless, future studies should strive to achieve more balanced sex representation.

In this study, we adopted a cross-sectional design. Future longitudinal investigations could track the progression of
OSA-CI longitudinally, allowing for within-patient comparisons before and after treatment.

Finally, most brain regions with abnormal blood perfusion identified in this study were associated with memory
function, as evidenced by significantly lower memory scores. However, the generalizability of this result may be limited
by the sample size because individual differences between the participants cannot be excluded. Moreover, the insufficient
sample size precludes a strong conclusion about the relationship between decreased rCBF in the above-mentioned
regions and CI. Therefore, future studies should employ larger cohorts of participants to address these issues.

Our results showed that patients with OSA-NCI had abnormal cerebral blood perfusion but normal MoCA scores.
This neuropsychological scale was likely insufficiently sensitive to detect functional brain deficits caused by OSA. More
sensitive psychological tests (eg, behavioral testing based on reaction time and accuracy as indicators) may allow better
detection of early signs of impaired brain function in patients with OSA, facilitating timely identification and intervention
by healthcare professionals.

Conclusion

Abnormal perfusion in the groups of patients with OSA (with or without CI) was noted mostly in memory-related brain
regions, such as the bilateral inferior temporal, left lingual, and cingulate gyri, as well as the frontal lobe. Furthermore,
the extent of the delayed memory deficit in patients with OSA-CI was greater than that in patients with OSA but without
CI and individuals with good sleep. In particular, rCBF values in the bilateral inferior temporal gyrus and left lingual
gyrus positively correlated with delayed memory scores and changed in the following order in these three groups: GS >
OSA-NCI > OSA-CI. These findings support the notion that progressive aggravation of hemodynamic abnormalities in
these brain regions in patients with OSA is associated with a gradual decline in memory function.
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