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Impaired peri-olfactory cerebrospinal fluid clearance is
associated with ageing, cognitive decline and dyssomnia
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Summary

Background Animal experiments have demonstrated the dependency of cerebrospinal fluid clearance function on age
and sleep, which partially underlay the cognitive decline in the elderly. However, human evidence is lacking, which
could be mainly attributed to the limited methods of cerebrospinal fluid clearance function assessment.

Method Serial T1-weighted and T2-fluid attenuated inversion recovery imaging were performed in 92 patients before
and at multiple time points including 4.5 h, 15 h and 39 h after intrathecal injection of contrast agent to visualize the
putative meningeal lymphatic pathway, peri-olfactory nerve pathway, and peri-optic nerve pathway. We defined the
clearance function as the percentage change in signal unit ratio of critical locations in these pathways from
baseline to 39 h after intrathecal injection, and further analysed their relationships with age, sleep, and cognitive
function.

Findings Cerebrospinal fluid clearance through the putative meningeal lymphatic and perineural pathways were
clearly visualized. The clearance function of putative meningeal lymphatic and perineural pathways were impaired
with ageing (all P < 0.05). The clearance function through peri-olfactory nerve pathway in inferior turbinate was
positively correlated with sleep quality and cognitive function (both P < 0.05), and mediated the association of
sleep quality with cognitive function (percent change in g [bootstrap 95% CI]: 33% [-0.220, —0.007]).

Interpretation The impaired clearance through putative peri-olfactory nerve pathway may explain the cognitive decline
in patients with sleep disturbance. The study shows a promising method to assess cerebrospinal fluid clearance
function of putative peri-neural pathways via dynamic magnetic resonance imaging with intrathecal injection of
contrast agent.

Funding This work was supported by the National Natural Science Foundation of China (81971101, 82171276 and
82101365).
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction including rodent, artiodactyla and non-human primate
Cerebrospinal fluid (CSF) is considered to be produced ~ have shown that tracers injected into the CSF can be
primarily by the choroid plexuses and circulates through found within lymphatic vessels from the cranium and
the subarachnoid space and ventricles to maintain a spine, as well as along exiting cranial and spinal

stable environment for the brain and spinal cord.'  mnerves.* In addition, it is worth noting that several
Traditionally, it was accepted that CSF mainly drain animal studles‘ have found jfhe depende.ncy of CS.F
from the subarachnoid space to the dural venous si- clearance function on age, which may partially underlie

nuses through arachnoid granulations.? However, this the cogpitive decline in the e‘ldeﬂyﬁ'b Add%tiona}lly, CSF
concept has been increasingly challenged in recent c1.rf:ulat10n changes under.dlfferent physiological con-
years. Accumulating evidences from various species  ditions, for example, drainage of CSF to the deep
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Research in context

Evidence before this study

Animal experiments have demonstrated the dependency of
cerebrospinal fluid (CSF) clearance function on age and sleep,
which partially underlay the cognitive decline in the elderly.
However, evidence is lacking in humans mainly due to limited
method to assess CSF clearance function.

Added value of this study

Our findings provide in vivo evidence of CSF clearance
through peri-olfactory nerve pathway in human by dynamic
magnetic resonance imaging (MRI) with intrathecal injection
of contrast agent. The clearance function of meningeal
lymphatic and peri-neural pathways were reduced with aging.

cervical and mandibular lymph nodes from the intra-
cranial space is increased when mice are awake
compared to anesthesia.”®* However, it is still unclear
whether the chronic disorders in sleeping pattern could
affect CSF drainage.

The meningeal lymphatic vessels were first demon-
strated in human using non-invasive high-resolution
clinical MRI by Absinta et al.” After that, our group and
another research group have independently visualized
the efflux of intrathecally-administered gadolinium
contrast agent to the parasagittal dura, potentially link-
ing CSF in the subarachnoid space to lymphatic vessels
in the dura.'*'* However, the evidences of peri-neural
pathways are relatively limited and controversial. A
PET study using radionuclide tracers reported nasal
turbinate as a location of CSF drainage pathway in
healthy human and Alzheimer’s disease patients."
Conversely, an MRI study found that gadolinium
injected into the CSF did not result in significant
contrast enhancement detected in the nasal turbinates
of patients with normal pressure hydrocephalus.”* More
recently, based on findings in five participants, another
MRI study suggested that all peri-neural spaces sur-
rounding cranial nerves were filled with CSF.™* Collec-
tively, since the existence of peri-neural pathways in
humans is still controversial, studies have rarely re-
ported the function of these pathways, or their potential
interactions with sleep quality and cognitive function.

In the current study, by utilizing dynamic brain 3-
dimensional T1-weighted imaging and high-resolution
2-dimensional T2-fluid attenuated inversion recovery
imaging with intrathecal injection of a gadolinium
contrast agent, we visualized three main CSF draining
pathways including (1) putative meningeal lymphatic
pathway through parasagittal dura; (2) putative peri-
olfactory nerve pathway through subarachnoid space
adjacent to straight gyri and superior, middle, and
inferior turbinates; and (3) putative peri-optic nerve
pathway through middle intraorbital segment of the
optic nerve and corneoscleral part (hereinafter the word

The clearance function through peri-olfactory nerve pathway
mediated the association of sleep quality with cognitive
function.

Implications of all the available evidence

In present study, we shows promise for dynamic MRI with
intrathecal injection of contrast agent as a method to assess
CSF clearance function through putative peri-neural
pathways. We demonstrated the potential connection among
cognitive function, sleep and CSF clearance function of
putative peri-olfactory nerve pathway, which unravel new
paradigms and therapeutic directions for cognitive decline
induced by sleep disturbed.

“putative” is omitted, wherever pathway is mentioned).
We then assessed the CSF clearance function in each
pathway and further investigated their relationships
with age, sleep quality, and cognitive function.

Methods

Ethics

The study, including the administration of intrathecal
gadolinium agents, obtained approval from the Ethics
Committee of Second Affiliated hospital, School of
medicine, Zhejiang University (Approval Number:
YAN-2018-111). All clinical investigations were con-
ducted in compliance with the principles expressed in
the Declaration of Helsinki. Written informed consent
was obtained for all the participants.

Experimental design and participants

In this prospective observational study, we enrolled
consecutive patients with indications for lumbar punc-
ture and voluntary participation. Exclusion criteria were
known adverse reactions to contrast agents, history of
severe allergic reactions in general, renal dysfunction,
and pregnant or breastfeeding females. All patients
underwent MRI before and at multiple time points
including 4.5 h, 15 h, and 39 h after intrathecal injection
of gadodiamide during a study period from April 2018
to September 2022. The Pittsburgh Sleep Quality Index
(PSQI) was used to evaluate the quality and patterns
of sleep consisting of seven domains including subjec-
tive sleep quality, sleep latency, sleep duration, habitual
sleep efficiency, sleep disturbances, use of sleeping
medication, and daytime dysfunction for the past month
before the first MRI examination in hospital. The total
score was 21 with higher scores indicating more severe
dyssomnia.” The Telephone Montreal Cognitive
Assessment (T-MoCA) was used to evaluate the cogni-
tive function consisting of five domains including
attention and calculation, language, abstraction, delayed
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recall, and orientation one month after discharge over
the phone. The total score was 22 points with higher
scores indicating better cognitive function.'®

Intrathecal administration of gadodiamide

The site of intrathecal injection of the contrast agent is
L3-4 or L4-5 lumbar intervertebral space. Intrathecal
injection of 1 ml of 0.5 mmol/ml gadodiamide
(Omniscan; GE Healthcare) was preceded by verifying
the correct position of the syringe tip in subarachnoid
space in terms of CSF backflow from the puncture
needle.” Following needle removal, patients were
instructed to rotate themselves around the long axis of
the body twice, and then remain in the supine position
until 4 h after intrathecal injection.

MRI protocol

A 3.0T MRI scanner (GE 750; GE Healthcare, Chicago,
IL) with equal imaging protocol settings at all time
points was applied to acquire axial head 3-dimensional
T1-weighted, high-resolution coronal head 2-
dimensional T2-fluid attenuated inversion recovery
and axial neck T1 fat-suppression imaging. The main
imaging parameters were, for axial head 3-dimensional
Tl-weighted: repetition time = 7.3 ms, echo
time = 3.0 ms, flip angle = 8, thickness = 1 mm, field of
view = 25 x 25 cm?, matrix = 250 x 250 pixels; for high-
resolution coronal head 2-dimensional T2-fluid attenu-
ated inversion recovery: repetition time = 8400 ms,
inversion time = 2000 ms, echo time = 152 ms, flip
angle = 90°, thickness = 3 mm, no slice gap, field of
view = 18 x 18 cm?, matrix = 320 x 320 pixels; and for
neck T1 fat-suppression imaging: repetition
time = 535 ms, echo time = 9.1 ms, thickness = 4 mm,
slice gap = 0.5 mm, field of view = 22 x 22 cm?, ma-
trix = 130 x 100 pixels.

Evaluation of imaging

A neurologist (R.W.) with 5 years of experience and
blind to clinical and other image data independently
placed regions of interest (ROIs) at all time points, and
performed the image evaluation again six months later
in 20 patients for intra-observer consistency, using
RadiAnt (Medixant, Poznan, Poland), a Digital Imaging
and Communications in Medicine viewer. Another
neurologist (Z.Y.) with 10 years of experience and blind
to clinical and other image data independently placed
ROIs in 20 patients for inter-observer consistency.
Different ROIs were placed on different imaging.
Specifically, 1) middle intraorbital segment of the optic
nerve (hereinafter referred to as the “optic nerve”)
and corneoscleral part were plotted on axial head
3-dimensional T1-weighted imaging, 2) parasagittal
dura, subarachnoid space adjacent to straight gyri
(hereinafter referred to as “adjacent straight gyri”),
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superior turbinate, middle turbinate and inferior turbi-
nate were plotted on high-resolution coronal head
2-dimensional T2-fluid attenuated inversion recovery
imaging, and 3) deep cervical lymph node were plotted
on neck T1 fat-suppression imaging. The placements of
the ROIs were illustrated in Fig. 1.

We measured mean signal unit for each ROI and
normalized them against references. According to pre-
vious studies, we chose vitreous body of the ocular bulb
on axial head 3-dimensional T1-weighted imaging and
high-resolution coronal head 2-dimensional T2-fluid
attenuated inversion recovery imaging as references,
since there was no significant tracer accumulation in
these regions after intrathecal injection of gadodia-
mide.”"” For each time point, we determined the signal
unit ratio between the ROIs and references. Examples
of placements of reference ROIs were shown in
Supplementary Figure S1. We defined the clearance
function of each region as the percentage changes in
signal unit ratio from baseline to 39 h, with lower per-
centage changes indicating better clearance function.

In each patient, we compared the signal unit ratio
at 4.5 h, 15 h, and 39 h at each region, and the time
point of relative high signal unit ratio is defined as the
peak time point of CSF tracer enrichment. We then
compared the peak time point among different regions,
and illustrated them as the tracer appeared at one region
before/at the same time point as/later than another
region.

Statistical analyses
Continuous data were described as mean with standard
deviation or median with interquartile spacing while
categorical data were presented as numbers and per-
centage. Normality was assessed using Shapiro-Wilks
normality test. Differences between continuous or cat-
egorical data in the same individual were determined
using paired-sample ¢ tests or paired-sample Wilcoxon
signed rank test, respectively. Correlations between
continuous or rank data were determined using Pearson
or Spearman correlation analysis, and the Benjamini—
Hochberg method was used to correct for multiple
comparisons. Multivariable analyses were performed
using linear regression analysis. Differences between
continuous data were determined using linear mixed
models with a random intercept. Bootstrapping tech-
nique was used to calculate the empirical power of
linear mixed models (10,000 replicate samples with
replacement). The inter-observer and intra-observer
consistency of the measurements of the percentage
changes in signal unit ratio were analysed by interclass
correlation coefficient (ICC) in two-way random and
absolute agreement model.

Mediation analysis were used to assess whether the
association between sleep (PSQI total scores) and
cognitive function (T-MoCA total scores) could be
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Fig. 1: Representative images of meningeal lymphatic and peri-neural pathways and deep cervical lymph nodes. The clearance of
meningeal lymphatic pathway and peri-olfactory nerve pathway on images of head high-resolution 2-dimensional T2-fluid attenuated inversion
recovery imaging (a, thick arrow refers to parasagittal dura, b, thick arrow refers to adjacent straight gyrus, ¢, triangle, thin and thick arrow refer
to superior, middle and inferior turbinate, respectively), peri-optic neural pathway on head 3-dimensional T1-weighted imaging (d, triangle and
thick arrow refer to corneoscleral part and optic nerve) and deep cervical lymph node on neck T1 fat-suppression imaging (e, thick arrow refers
to deep cervical lymph node) are shown, respectively. Each region of interest is indicated by a circle. In each row, The red box on the leftmost
image were magnified on the right images and the four images on the right were baseline, 4.5 h images, 15 h images, and 39 h images after the

intrathecal administration of gadodiamide, respectively.

mediated by the CSF clearance function. To perform
mediation analysis,' we tested 3 pathways, that is, step
1, the association of sleep with cognitive function; step
2, the association of sleep with the CSF clearance
function; and step 3, the association of the CSF clear-
ance function with cognitive function when controlling
for sleep. Multivariable regression analysis was

performed for each pathway adjusted for the age, sex,
education years and diagnosis of neurodegenerative
disease. If all 3 associations are satisfied, the indirect
effect was established. The extent of indirect effect is
estimated by examining the change in the § of PSQI
total scores for T-MoCA total scores before and after
including the CSF clearance function. We also adopted
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the product of coefficient approach for mediation anal-
ysis. We calculated the 95% confidence interval of the
indirect effect using bootstrapping technique (5000
replicate samples with replacement). Statistical analyses
were performed using the SPSS software version
22.0 (IBM, Armonk, NY). Statistical significance was
considered as P = 0.05 (2-tailed).

Role of funders

Funding sources of this study had no role in study
design, data collection, data analyses, data interpreta-
tion, or writing of the manuscript. The corresponding
author had full access to all data in this study and had
final responsibility for the decision to submit for
publication.

Results

Participant characteristics

A total of 92 patients (45 males, mean age = 56 years,
age range = 21-85 years; 47 females, mean age = 58
years, age range = 18-79 years) were enrolled. The
diagnosis of patients included peripheral neuropathy
(n = 49), encephalitis (n = 16), normal pressure hydro-
cephalus (n = 4), suspected CSF leakage (n = 4), hepatic
encephalopathy (n = 1), possible cerebral amyloid angi-
opathy (n = 4), motor neuron disease (n = 5), Parkin-
son’s disease (n = 5), multiple system atrophy (n = 1),
multiple sclerosis (n = 1), Alzheimer’s disease (n = 1),
and Lewy body dementia (n = 1). T-MoCA scores aver-
aged 14.2 + 4.3 and PSQI scores averaged 6.7 + 4.2.
Supplementary Table S1 showed the basic clinical data.

Tracer enrichment in all predefined pathways

The ICC of intra-observer and inter-observer consis-
tency for the measurements of the percentage changes
in signal unit ratio were 0.831~0.965 and 0.817~0.938,
respectively (Supplemental Table S2). In all patients,
percentage change in signal unit ratio of parasagittal
dura, adjacent straight gyrus, superior turbinate, middle
turbinate, inferior turbinate, optic nerve and corneoscl-
eral part significantly altered after the gadolinium in-
jection (Figs. 1 and 2). Our sample size provided enough
empirical power to detect significant differences
(Supplementary Table S3). We presented the peak time
point at each region among all patients (Supplementary
Table S4). In summary, the CSF tracer appeared at
adjacent straight gyrus before at least one turbinate in
44.2% (23/52) of patients, before at least two turbinates
in 32.78% (17/52) of patients and before all turbinates in
23.1% (12/52) of patients. In addition, the tracer
appeared at the optic nerve before corneoscleral part in
18.8% (16/85) of patients, at the same time point as
corneoscleral part in 70.6% (60/85) of patients, whereas
later than corneoscleral part in 10.6% (9/85) of patients.
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Additionally, the tracer appeared at the deep cervical
lymph node later than parasagittal dura, turbinate, or
corneoscleral part in 60.0% (9/15) of patients.
Supplementary Table S5 shows the proportion of
different peak time points at each region among all
patients. The peak time point in the superior, middle
and inferior turbinate were significantly later than
adjacent straight gyrus (all P < 0.05; Paired Samples
Wilcoxon Signed Rank Test), but there was no signifi-
cant difference of peak time point between optic nerve
and corneoscleral part (P = 0.318; Paired Samples Wil-
coxon Signed Rank Test).

Impairment CSF clearance function with ageing
The worse clearance function of parasagittal dura,
adjacent straight gyrus, superior turbinate and middle
turbinate were significantly related to ageing (all
P < 0.05; Pearson Correlation Test; Fig. 3). However, no
significant correlations were found between the clear-
ance function of inferior turbinate, optic nerve and
corneoscleral part with aging (all P > 0.05; Pearson
Correlation Test; Fig. 3). In addition, when age, sex and
diagnosis of neurodegenerative disease were entered as
independent variables in linear regression, ageing was
still significantly associated with the worse clearance
function of the parasagittal dura, adjacent straight gyrus,
superior turbinate and middle turbinate (f = 0.046,
P =0.001; g = 0.145, P = 0.002; g = 0.006, P = 0.004;
B = 0.004, P = 0.041; Linear Regression Analysis). The
representative images in Fig. 4 showed the relationship
between the clearance function of parasagittal dura,
superior turbinate, middle turbinate and inferior turbi-
nate with ageing.

Relationship between CSF clearance and cognitive
function

The clearance function of superior turbinate, middle,
and inferior turbinates were all positively related to
T-MoCA total scores (all FDR P < 0.05; Pearson Corre-
lation Test; Table 1). After adjusting for age, sex, edu-
cation years and diagnosis of neurodegenerative
diseases, the clearance function of superior, middle
turbinate and inferior turbinates were independent
protective factors of T-MoCA total scores (f = -5.027,
P =0.039; p=-7.625, P=0.003; p =—6.552, P = 0.002;
Linear Regression Analysis). In the subgroup of pe-
ripheral neuropathy (n = 35), the clearance function
of middle turbinate was positively related to T-MoCA
total scores (P = 0.009; Pearson Correlation Test;
Supplementary Table S6). For the sub-item of T-MoCA,
the clearance function of middle turbinate was positively
correlated with orientation (FDR P = 0.042; Pearson
Correlation Test; Table 1). However, no significant re-
lationships were found between T-MoCA scores and the
clearance function of parasagittal dura, adjacent straight
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Fig. 2: Tracer enrichment in different locations. The fold-change of signal unit ratio from baseline to 4.5, 15, and 39 h after CSF tracer
administration through adjacent straight gyrus (a), superior turbinate (b), middle turbinate (c), inferior turbinate (d), optic nerve (e), cor-
neoscleral part (f), and parasagittal dura (g). Error bars refer to 95% confidence interval. The stars indicated the significant differences compared

to 4.5 h by linear mixed model analysis; **P < 0.01, ***P < 0.001.

gyrus, optic nerve, and corneoscleral part (all P > 0.05;
Pearson Correlation Test; Table 1).

Relationship between CSF clearance and dyssomnia
The clearance function of superior, middle, and inferior
turbinate was all negatively correlated with the PSQI
total, while the clearance function of inferior turbinate
additionally correlated with sleep quality, and the clear-
ance function of middle turbinate further correlated
with sleep quality and sleep latency (all FDR P < 0.05;
Spearman Correlation Test; Table 2). No significant
relationship was found between PSQI scores and the
clearance function of parasagittal dura, adjacent straight
gyrus, corneoscleral part and optic nerve (all P > 0.05;
Spearman Correlation Test; Table 2). After adjusting for

age, sex and diagnosis of neurodegenerative diseases,
the PSQI total scores was independently associated with
the clearance function of middle turbinate and inferior
turbinate (# = 0.012, P = 0.032; § = 0.016, P = 0.014;
Linear Regression Analysis). In the subgroup of pe-
ripheral neuropathy (n = 35), the clearance function of
middle and inferior turbinate were negatively correlated
to PSQI total scores (P = 0.013; P = 0.006; Spearman
Correlation Test; Supplementary Table S6).

Mediation of CSF clearance in the association of
dyssomnia with cognitive decline

In 75 patients who completed 2-dimensional T2-fluid
attenuated inversion recovery at 39 h, 19 subjects did
not perform the PSQI tests and 2 subjects did not
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Fig. 3: Correlations between age and the clearance function on the seven predefined locations. There was a positive correlation between
age and the clearance function through adjacent straight gyrus (a), superior turbinate (b), middle turbinate (c), or parasagittal dura (g),
respectively. No significant correlation was observed in the clearance of inferior turbinate (d), optic nerve (e), and corneoscleral part (f) with age.
Each plot shows the sample size, fit line, and the Pearson correlation coefficient (r) with P-value.

complete T-MoCA test, leaving 54 patients for final
analysis. Supplementary Table S7 showed their basic
clinical data. In the adjusted model, the PSQI total
scores was negatively associated with the T-MoCA total
scores (f = —-0.252, P = 0.014; Linear Regression Anal-
ysis; Table 3). When age, sex, education years and
diagnosis of neurodegenerative diseases were entered
as covariates, the effect size of PSQI total scores on T-
MoCA total scores was significantly reduced after con-
trolling for the clearance function of inferior turbinate
(change in f [bootstrap 95% confidence interval]: —0.082
[-0.220, —0.007]; Table 3). The clearance function of
inferior turbinate, which was mediators, explained 33%
of the association between PSQI total scores and T-
MoCA total scores. The clearance function of superior
and middle turbinate did not significantly mediate the
effect of PSQI total scores on T-MoCA total scores
(change in g [bootstrap 95% confidence interval]: —0.039
[-0.150, 0.020]; change in f [bootstrap 95% confidence
interval]: —0.066 [-0.168, 0.001]).
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Discussion

In the current study, we provided a method to simul-
taneously visualize the CSF clearance through three
pathways: meningeal lymphatic pathway, peri-olfactory
and peri-optic nerve pathways. The deep cervical
lymph nodes were their potential CSF drainage way as
the tracer appearance at the deep cervical lymph nodes
was later than anyone of above three pathways in 9 of 15
patients. Similar to meningeal lymphatic pathway, the
clearance function of peri-olfactory nerve pathway was
also impaired with aging. Importantly, CSF clearance
function through the peri-olfactory inferior turbinate
pathway explained 33% of the association between PSQI
total scores and T-MoCA total scores, indicating its po-
tential intervening mechanism involving dyssomnia and
cognitive decline.

Rodent studies have proved that the nasal region
across the cribriform plate was the main CSF outflow
site.”” Recently, a series of MRI images in mice with
contrast agent infused into the lateral ventricle achieved
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Fig. 4: Representative images show the delayed clearance of the meningeal lymphatic pathway and peri-olfactory nerve pathway in
aging patients. From the images of coronal head 2-dimensional T2-fluid attenuated inversion recovery at baseline (0 h), 4.5 h, 15 h, and 39 h
after the intrathecal administration of gadodiamide, the signals of parasagittal dura (a and b; arrow) and turbinates (c and d; triangle, thin and
thick arrow refer to superior, middle and inferior turbinate, respectively) changed significantly, indicating the CSF clearance through meningeal
lymphatic pathway and peri-olfactory nerve pathway. The peak time point of signal unit ratio of parasagittal dura in the 65-year-old patient
(at 39 h; a) is later than that in the 31-year-old patient (at 15 h; b), and the peak time point of signal unit ratio of turbinate in the 79-year-old
patient (at 39 h; c) is later than that in the 54-year-old patient (at 15 h; d).

a 3D dynamic visualization of the CSF drainage,
revealing a continuous anatomic route from the region
of the olfactory bulbs to the nasopharynx and the deep
cervical lymph nodes.”” Human post-mortem were also
observed that Microfil dye injected into the CSF
compartment located primarily in the subarachnoid
space around the olfactory bulbs and cribriform plate.”!
Our findings indicated possible drainage of CSF to the
turbinates via the cribriform plate along olfactory nerve

in human. This finding is in line with previous results
from PET studies.”? In another MRI study with intra-
thecal injection of tracer, although the significant
change of signal intensity over time in the nasal turbi-
nates was not observed, contrast agent was observable
in almost half of the patients below the cribriform
plate along the olfactory nerves.”* The relatively large
sample size in our study have increased the statistical
power. Further studies with larger sample size and
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T-MoCA total scores Attention and calculation Language Abstraction Delayed recall Orientation
Parasagittal dura (n = 57)
R -0.125 -0.048 -0.140 -0.092 -0.080 -0.093
FDR P 0.621 0.846 0.382 0.579 0.646 0.690
Adjacent straight gyrus (n = 54)
R -0.062 0.023 -0.149 -0.102 0.019 -0.096
FDR P 0.765 0.869 0.382 0.579 0.893 0.690
Superior turbinate (n = 54)
R -0.379 -0.287 -0.136 -0.129 -0.345 -0.275
FDR P 0.012 0.082 0.382 0.579 0.077 0.110
Middle turbinate (n = 54)
R -0.449 -0.359 -0.321 -0.304 -0.213 -0.368
FDR P 0.007 0.056 0.063 0.175 0.273 0.042
Inferior turbinate (n = 54)
R -0.397 -0.313 -0.328 -0.258 -0.205 -0.272
FDR P 0.011 0.074 0.063 0.210 0.273 0.110
Optic nerve (n = 59)
R -0.089 0.069 -0.174 0.070 -0.187 -0.025
FDR P 0.707 0.846 0.382 0.598 0.273 0.850
Corneoscleral part (n = 59)
R 0.020 -0.063 -0.021 0.093 0.128 -0.067
FDR P 0.882 0.846 0.876 0.579 0.469 0.719
T-MoCA: Telephone Montreal Cognitive Assessment; R: Spearman correlation coefficient; All P value were corrected false discovery rate by the Benjamini-Hochberg method
in T-MoCA total scores and each cognitive domain respectively.
Table 1: Correlations between cognitive function and percentage change of signal unit ratios from baseline to 39 h in predefined seven locations.

homogeneous participants are needed to get a better
understanding towards this discrepancy. Interestingly,
we only found a very slight enhancement of the nasal
turbinates after intrathecal injection, which is similar to
a previous rodent study.® The contrast agent was
infused into the lateral ventricle in mice and the MRI
images showed that only a minimal increase of signal
could be detected within the turbinates, whereas much
larger signal increases were detected at the nasopharynx.
Histological sections after ovalbumin infusion show that
the tracer spread throughout a wide volume of nasal
tissue after crossing cribriform plate, which may
partially account for the very slight enhancement of
nasal turbinates in humans with MRI.

The three-layer sheath of the optic nerve continues
with the meninges, with the dura mater and the
arachnoid membrane fusing with the sclera at the distal
end of the optic nerve.”” Liidemann et al. observed that
the arachnoid barrier layer was not continuous at the
termination of the optic nerve and an outflow of tracer
occurred in cat* Tracer was also found in the
conjunctival lymphatics. Rodent study observed a dense
plexus of tracer-filled lymphatic in the connective tissue
beside the eyeball, and these lymphatics merged into a
collecting vessel, tracking alongside the anterior facial
vein to the mandibular lymph nodes.’ In the current
study, we directly observed that the signal intensities
both in middle intraorbital segment of the optic nerve
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and corneoscleral part changed over time, providing
further evidence for the clearance of CSF through peri-
optic nerve pathway. In addition, we found that in 89.4%
patients, the tracer appeared at optic nerve before or at
the same time point as corneoscleral part, but there was
no significant difference in the peak time point of the
tracer in these two regions. We speculated that CSF
might drain to the corneoscleral part via peri-optic
space. However, it was not confirmed in our images
possibly due to relatively long scan interval. Further
study with more observation time points and higher
resolution MRI imaging is strongly needed to clarify this
specific pathway.

In most patients (9/15), the tracer appeared at deep
cervical lymph nodes after meningeal lymphatic
pathway, peri-olfactory or peri-optic nerve pathways,
supporting the potential drainage of CSF to deep cervi-
cal lymph node from cranium.”** The individual dif-
ferences in the clearance might explain the unexpected
results in the remaining 3 patients, as a certain pathway
in some patients might contribute little to the overall
CSF draining, which could not alter the peak time of
deep cervical lymph node.

Multiple animal studies have demonstrated that CSF
clearance function decrease with ageing.*'*** Our pre-
vious study also found that the meningeal lymphatic
pathway was impaired in ageing human." In the current
study, we once again confirmed this conclusion with a
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PSQI total Sleep Sleep Sleep Habitual sleep Sleep Use of sleeping Daytime
scores quality latency duration efficiency disturbances medication dysfunction
Parasagittal dura (n = 60)
p 0.091 0.037 0.176 0.003 0.025 -0.062 0.094 -0.019
FDR P 0.571 0.908 0.312 0.982 0.853 0.849 0.828 0.893
Adjacent straight gyrus (n = 56)
p -0.028 0.004 -0.109 -0.122 -0.116 -0.031 0.125 0.034
FDR P 0.836 0.977 0.492 0.482 0.459 0.849 0.828 0.893
Superior turbinate (n = 56)
p 0.330 0.252 0.216 0.289 0.253 0.057 -0.007 0.225
FDR P 0.030 0.107 0.254 0.217 0.140 0.849 0.958 0.224
Middle turbinate (n = 56)
p 0.433 0333 0.439 0.215 0.191 0.044 -0.025 0.300
FDR P 0.007 0.042 0.007 0.235 0.272 0.849 0.958 0.158
Inferior turbinate (n = 56)
p 0.401 0.390 0.321 0.203 0.176 -0.092 0.129 0.269
FDR P 0.007 0.021 0.056 0.235 0.272 0.849 0.828 0.158
Optic nerve (n = 62)
p 0.133 0.199 0.116 0.200 0.246 0.025 -0.152 -0.042
FDR P 0.426 0.171 0.492 0.235 0.140 0.849 0.828 0.893
Corneoscleral part (n = 62)
p 0.216 0.270 0.028 0.106 0.307 0.099 -0.021 0.157
FDR P 0.161 0.079 0.826 0.482 0.105 0.849 0.958 0.439
PSQI: Pittsburgh Sleep Quality Index. p: Pearson correlation coefficient; All P value were corrected false discovery rate by the Benjamini-Hochberg method in PSQI total
scores and each domain respectively.
Table 2: Correlations between sleep quality and percentage change of signal unit ratios from baseline to 39 h in predefined seven locations.

larger sample size. Meanwhile, the similar relationship
was also found in the peri-olfactory nerve pathway,
which was accordant with the animal finding that less
CSF drain to the nasal turbinates in aged mice."”*
Especially in an MRI study,” they found slower dy-
namics of CSF clearance and transport at nasal turbi-
nates and nasopharyngeal lymphatics in older mice,
which is consistent with our finding. In our study,
reduced clearance of the peri-optic nerve pathway with
ageing was not found. This indicates that the changes in
the CSF clearance with ageing may be inconsistent in
different pathways. Excitingly, we demonstrated that the

dysfunction of CSF clearance from peri-olfactory nerve
pathway was related to cognitive impairment. This
finding is of great importance, as olfactory dysfunction
is an important early manifestation in several neurode-
generative diseases such as Alzheimer’s disease.” The
pathological changes of Alzheimer’s disease widely
emerge in the regions involved in olfactory information
processing from the peripheral olfactory epithelium to
the central entorhinal cortex prior to the symptomatic
onset of cognitive impairment.”*” Additionally, the
odour identification performance is highly correlated
with hippocampal volume in Alzheimer’s disease

Pathway Unadjusted Adjusted

B 95% I P B 95% Cl P
a 0.016 0.004 0.028 0.012 0.015 0.002 0.028 0.025
b -6.400 -12.018 -0.782 0.026 -5.422 -9.542 -1.303 0.011
C -0.391 -0.648 -0.133 0.004 -0.252 -0.450 -0.055 0.014
¢ -0.288 -0.552 -0.024 0.033 -0.170 -0.367 0.026 0.088

a, The regression coefficient of the association of Sleep Quality Index (PSQI) total scores with the clearance function of inferior turbinate; b, the regression coefficient of
association of the clearance function of inferior turbinate with Telephone Montreal Cognitive Assessment (T-MoCA) total scores, controlling for PSQI total scores; ¢, the
regression coefficient of association of PSQI total scores with T-MoCA total scores; and ¢, the regression coefficient of association of PSQI total scores with T-MoCA total
scores, controlling for the clearance function of inferior turbinate. Multivariable regression analysis for each pathway adjusted for the age, sex, education years and diagnosis
of neurodegenerative disease.

Table 3: Association of sleep quality with cognitive function mediated by the percentage change of signal unit ratios from baseline to 39 h in inferior
turbinate.
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patients.” Impaired peri-olfactory nerve pathway, asso-
ciated with early olfactory dysfunction, may lead to the
continuous deposition of abnormal protein and subse-
quent cognitive dysfunction. The predictive value of
peri-olfactory nerve pathway on cognitive function may
be worthwhile to test in different diseases.

The evidence for the relationship between CSF
draining pathway and sleep in human is still limited.
Interestingly, we found the impaired drainage of peri-
olfactory nerve pathway, but unchanged drainage of
parasagittal dura in patients with chronic sleep disor-
ders. Previously, unchanged tracer enrichment in para-
sagittal dura after total sleep deprivation of one night
was also found,” suggesting that molecular egress to
parasagittal dura might be independent of acute or
chronic sleep deprivation. Importantly, our further
mediation analysis explained that impaired drainage of
peri-olfactory nerve pathway might play an important
role in the cognitive decline in patients with chronic
sleep disorders, which also lends support to the
connection between dyssomnia and cognitive impair-
ment.*” Poor sleep quality increased amyloid p burden
and promoted neuroinflammation, especially in hippo-
campal areas, resulting in cognitive impairment.”*** Our
findings thus provide evidence that peri-olfactory CSF
clearance may be the important pathway for the
drainage of abnormal proteins and inflammatory mol-
ecules in patient with poor sleep. This finding would
have great clinical implication, as improving CSF
clearance of peri-olfactory nerve via nasal drug delivery
system, which bypasses the blood-brain barrier and has
good patient compliance, may have potential for the
intervention of dementia.* Although mediation analysis
were performed in cross-sectional studies and the cau-
sality cannot be ascertained, these findings can still
provide the groundwork for alternative designs, such as
interventional experiments and longitudinal designs for
further verification.

Our research has several limitations. First, the
identification of meningeal lymphatic and peri-neural
pathways were based on MRI and lacking correspond-
ing pathological evidence. Second, both cognitive
decline and sleep quality were assessed by surveys
rather than measured with a more robust manner, thus
more professional tests and cohort design are needed to
confirm the phenomenon. In addition, the ROIs in
current study were manually placed, which might bring
some measurement errors, although the consistency of
the image evaluation between different observers is
relatively high. Third, our study included a wide range
of patients with different diseases, such as chronic dis-
ease including hypertension and diabetes, which could
affect the clearance function of these pathways.
Although we entered the diagnosis of neurodegenera-
tive disease as covariates in the relative analysis and
performed subgroup analyses in peripheral neuropathy
group, the results on age, cognitive function and sleep
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variation should also be interpreted with caution.
Moreover, we enrolled patients needing CSF examina-
tion who might not be representative of the general
population with dyssomnia. Therefore, studies in the
specific population are needed. Fourth, we only obtained
images at 3 time points after the intrathecal injection of
the contrast agent with relatively long interval, which
might not be sufficient for timing relationship among
different locations. The clearance function of the CSF
tracer, which was actually a dynamic process, was sim-
ply regarded as the retention of tracer at 39 h in the
prespecified regions. Further studies with additional
time points would help understand the dynamic process
of tracer clearance in more details.

In conclusion, this study provides in-vivo evidence of
CSF clearance through meningeal lymphatic pathway,
peri-olfactory and peri-optic nerve pathway in human
and shows promise for dynamic MRI with intrathecal
injection of contrast agent as a method to assess CSF
clearance function through these pathways. This study
also interprets the impaired peri-olfactory nerve clear-
ance underlying the cognitive decline in patients with
dyssomnia and indicates that it may be an important
pathway for the drainage of abnormal proteins and
inflammatory molecules in patients with poor sleep

quality.
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