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Abstract

Introduction Amyloid beta (Ap) is partially cleared from the CSF via skull base perivascular and perineural lymphatic
pathways, particularly at the nasal cavity. In vivo differences in A level at the nasal cavity between patients with Alzhei-
mer’s disease (AD), subjects with mild cognitive impairment (MCI) and cognitively normal (CN) individuals have not been
previously assessed.

Methods This is a retrospective evaluation of subject level data from the ADNI-1/GO database. Standardized uptake value
ratio (SUVR) maximum on ''C-Pittsburgh compound-B (PiB)-PET was assessed at the nasal cavity on 223 scans. Explora-
tory ROI analysis was also performed at other skull base sites. SUVR maximum values and their differences between groups
(CN, MCI, AD) were assessed. CSF Ap levels and CSF A 42/40 ratios were correlated with SUVR maximum values.
Results 103 subjects with 223 PiB-PET scans (47 CN, 32 AD and 144 MCI) were included in the study. The SUVR maxima
at the nasal cavity were significantly lower in subjects with AD [1.35 (£0.31)] compared to CN [1.54 (£ 0.30); p=0.024]
and MCI [1.49 (£0.33); p=0.049]. At very low CSF Ap, less than 132 pg/ml, there was significant correlation with nasal
cavity SUVR maximum. The summed averaged SUVR maximum values were significantly lower in subjects with AD [1.35
(+0.16)] compared to CN [1.49 (+0.17); p=0.003] and MCI [1.40 (+0.17); p=0.017].

Conclusion Patients with AD demonstrate reduced nasal cavity PiB-PET radiotracer uptake compared to MCI and CN,
possibly representing reduced AP clearance via perineural/perivascular lymphatic pathway. Further work is necessary to
elucidate the true nature of this finding.
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Background

Alzheimer’s disease (AD) is one of the leading causes of
dementia, only second to mixed dementia in terms of prev-
elance [1, 2]. The overall social and economic burden is well
recognized, with direct healthcare cost and economic impact

Data used in preparation of this article were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(http://adni.loni.usc.edu). As such, the investigators within the
ADNI contributed to the design and implementation of ADNI and/
or provided data but did not participate in analysis or writing of
this report. A complete listing of ADNI investigators can be found
at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/
ADNI_Acknowledgement_List.pdf.
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on caregivers approaching an estimated half a trillion dollars
in the US [3]. The number of individuals diagnosed with
AD is projected to increase, particularly in developed coun-
tries with aging populations. This underlines the increasing
urgency for the development of disease-modifying therapies,
and the 2013 G8 Dementia Summit targeted 2025 for the
development of a cure [4]. Understanding the pathophysiol-
ogy is essential in the development of a successful inter-
vention. Extracellular amyloid beta (Ap) plaque deposition,
intracellular neurofibrillary tangles (NFTs) of phosphoryl-
ated tau and neuronal loss are the histologic hallmarks of
AD [5]. The pathologic process precedes the clinical stage of
disease by many years, with deposition of A and tau serv-
ing as early biomarkers [6]. One of the leading hypotheses
for AD pathophysiology is the amyloid hypothesis which
postulates that the disease develops over time due to an
imbalance in A production and clearance. Current evidence
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suggests that patients with sporadic AD have impaired A
clearance, rather than dysregulated production [7]. The
clearance of AP from the CNS is thought to be multifaceted
with evidence for degradation or microglial phagocytosis
within the CNS, clearance through the blood—brain bar-
rier (BBB) into the systemic circulation, and more recently
clearance via the meningeal lymphatics [8]. CSF clearance
via perineural pathways, specifically via the nasal lymphat-
ics through the cribriform plate has been shown in multiple
animal and human studies [9],[10], and solutes in the CSF
may be cleared via this pathway [11]. There is evidence for
Ap clearance to cervical and axillary lymph nodes in mice,
posited to be via this lymphatic mechanism [12]. Positron
emission tomography (PET) imaging in human subjects has
demonstrated an inverse relationship between dynamic CSF
clearance to the nasal cavity and brain Af levels [13]. Cur-
rently, there are no in vivo studies in humans identifying Ap
at the level of the nasal cavity [13]. Amyloid PET imaging
allows for in vivo assessment of A deposition. !'C-Pitts-
burgh compound-B (PiB)—PET has been extensively stud-
ied and demonstrates strong agreement with histologic Ap
deposition [14].

The primary objective of this study was to assess PiB
radiotracer uptake along the posited nasal (and skull base)
lymphatic CSF clearance pathway, and determine whether
there is an association between radiotracer uptake and diag-
nosis of AD dementia [15], Mild Cognitive Impairment [16]
and normal aging. We hypothesised that PiB radiotracer
uptake would be identified within the nasal cavity in all sub-
jects, and reduced uptake would be seen in patients with AD.

METHODS
Subjects

Data used in the preparation of this article were obtained
from the Alzheimer’s disease Neuroimaging Initiative
(ADNI) database (http://adni.loni.usc.edu). The ADNI was
launched in 2003 as a public—private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary
goal of ADNI has been to test whether serial magnetic reso-
nance imaging (MRI), positron emission tomography (PET),
other biological markers, and clinical and neuropsychologi-
cal assessment can be combined to measure the progression
of mild cognitive impairment (MCI) and early Alzheimer’s
disease (AD) [17]. Institutional Review Board approval was
obtained at each site. Written informed consent was obtained
from all subjects, or their authorized representatives.
Subject level data from the ADNI phases 1/GO (ADNI-1/
GO) from patients who underwent PIB PET with post-pro-
cessing for quantification were obtained. The post-processed
PIB PET images were assessed for quality control with the

intent of excluding those with significant artifact or lack of
coverage of the areas of concern. Data for CSF biomarkers,
namely amyloid-f (Af1-42), total tau (t-tau) and phospho-
rylated tau (p-taul81), corresponding to those with post-
processed PIB PET scans were downloaded December 21,
2019. Subjects were stratified using the current clinical
diagnosis as defined by ADNI: (1) clinically normal (CN)
(2) mild cognitive impairment (MCI) and (3) dementia due
to AD.

PiB-PET acquisition, post-processing and analysis

PiB PET scan acquisition and post-processing for ADNI
have been previously summarized in detail [18],[19].
Briefly, PiB-PET acquisition was completed on multiple
PET scanners and with multiple acquisition sequences. In
general, the acquisition protocol was injection of approxi-
mately 10-15 mCi of [!!C]PiB with an uptake period of
approximately 50 min. Acquisition was performed at a rate
of 4-5 min frames. Quality control (QC) was performed on
all scans. The raw data underwent post-processing to allow
quantification, which involved (1) aligning the frame and
averaging to create a single image, (2) standardization of
orientation and voxel size, (3) intensity normalization using
the cerebellar grey matter, and (4) smoothing to a common
resolution. The post-processed images, “PIB Coreg, Avg,
Std Img and Vox Size, Uniform Resolution”, available from
the LONI ADNI site (http://adni.loni.ucla.edu/) were down-
loaded for this study. The accompanying data on SUVR
analysis of various brain areas were also downloaded [20].

Post-processed images were evaluated on a DICOM
viewer with multi-planar reformat capabilities. Images were
analyzed by a board-certified radiologist (AK). Region of
interest (ROI) analysis was performed to quantify the maxi-
mal SUVR at the nasal cavity (Fig. 1), clivus, bilateral jugu-
lar foramen, bilateral masticator space and calvarial vault.
Individual scans underwent further QC for signal noise and
artifact; the inferior most slices of each scan were excluded
due to signal noise. The jugular foramen and masticator
space ROIs were most commonly excluded due to lack of
coverage or noise, resulting from the more caudal anatomic
position. It should be noted that these sites were not the
primary focus of the analysis. In addition, brain amyloid
plaque load (BAPL) score was assigned for each scan with
scores of 1, 2 and 3 indicating no AP load, minor AP load
and significant Af load [21].

CSF biologic marker
Data for CSF biomarkers amyloid-f (Ap1-42) were
extracted from the “UPENNBIOMK_MASTER.csv” which

was downloaded from the LONI ADNI site on December
21, 2019 (http://adni.loni.ucla.edu/). Biomarker values for
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Fig. 1 PIB-PET images with
multi-planar reformats (a—
coronal, b—axial, c—sagit-

tal) demonstrating radiotracer
uptake in the anterior nasal cav-
ity, in the region of the olfactory
recess (arrow). ROI analysis
was performed on axial images
as demonstrated in b (red oval)
with maximum SUVR noted

sample draw dates corresponding to the PiB PET scan were
included, within 3 months of the scan date, as previously
validated [22-24].

Statistical analysis

The group-wise differences in the PiB PET SUVR at the
nasal cavity, clivus, bilateral jugular foramina and bilateral
masticator space were assessed using ANOVA. Associa-
tion between SUVR data and CSF AB1-42 assessment was
performed using linear regression. Additional group-wise
analysis for association was also performed using linear
regression. Mixed-effect analysis was performed to fur-
ther analyze the association between SUVR data and CSF
AP1-42. Thresholding of CSF AP1-42 was performed at
192 pg/ml, a sensitive marker for differentiating AD from
CN individuals [25], and of very low values below 132 pg/
ml, a median value in AD patients [26]. Statistical signifi-
cance was set at a p value of <0.05. Analysis was performed
using R (R 64X 3.4.4).

Data availability

Data used for the present study will be made available to
other investigators upon reasonable request. The raw data for
this study are also available on the ADNI database (http://
adni.loni.ucla.edu/).

Fig.2 Plot of mean SUVR
with standard error by subject
subgroup for nasal cavity SUVR

y

Nasal Cavity Maximum

Results

103 subjects (33% female) with 223 PiB-PET scans (47
CN, 32 AD and 144 MCI) were included in the study. The
average age at scan was 73.7 (+9.0), 78.9 (+5.3) and 75.9
(£=7.9) for AD, CN and MCI, respectively. Distributions of
BAPL scores for the sample for grade 1, grade 2 and grade 3
were 21.5%, 15.7% and 62.8%, respectively. The proportion
of BAPL grade 3 scans was significantly higher in the AD
group (p=0.006). CSF analysis was available for a subgroup
of 82 scans within 3 months of the PiB-PET scan, with 12
AD, 16 CN and 53 MCI scans. The SUVR maximum val-
ues at the nasal cavity were 1.35 (£0.31), 1.54 (+0.30) and
1.49 (£0.33) for AD, CN and MCI subjects, respectively.
The nasal cavity SUVR maximum was significantly lower
in subjects with AD compared to CN individuals (p=0.024)
and those with MCI (p=0.049) on pairwise analysis (Fig. 2).
There were no differences in nasal cavity SUVR based on
BAPL score (p=0.80). The CSF Ap levels were 122.65
(+18.23), 172.88 (+49.39) and 158.67 (+50.62) for AD,
CN and MCI subjects, respectively (Fig. 3). The CSF AP
was significantly lower in subjects with AD compared to CN
individuals (p=0.016) and those with MCI (p=0.046) on
pairwise analysis. CSF AP was significantly lower in sub-
jects with AD compared to CN individuals (p << 0.001) and
those with MCI (p << 0.001) on pairwise analysis. The ratios
of CSF AP 42/40 were 0.078 (+0.023), 0.114 (+0.042) and
0.095 (+0.031) for AD, CN and MCI subjects (respectively).

Averaged Skull Base Maximum

% % % X

maximum and averaged skull
base SUVR maximum. ***Sig-
nificant difference with p <0.05
on pairwise ANOVA analysis.
AD Alzheimer’s disease, MCI
mild cognitive impairment, CN
cognitively normal
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N
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Fig.3 Plot of mean CSF Ap concentration by subgroup. ***Signifi-
cant difference with p<0.05 on pairwise ANOVA analysis. AD Alz-
heimer’s disease, MCI mild cognitive impairment, CN cognitively
normal

The ratio of CSF AP 42/40 was significantly lower in AD
compared to CN individuals (p=0.033). No significant cor-
relation was seen between nasal cavity SUVR maximum,
and CSF AP or the ratio of CSF Ap 42/40 for the sample. In
addition, at CSF AP less than 192 pg/ml or less, there was
no correlation with SUVR maximum. However, at very low
CSF A levels, less than 132 pg/ml, there was a positive cor-
relation with SUVR maximum (R-squared 0.14, p=0.028).
No significant correlation was seen between nasal cavity
SUVR maximum and CSF A within groups for diagnosis
or BAPL grade.

In addition, exploratory assessment was performed at
the jugular foramina, upper masticator spaces and clivus
(Supplemental Table and Figs. 1-3). The summed average
of the SUVR maximum at all skull base site was assessed.
The summed averaged SUVR maximum values across the
skullbase were 1.35 (+0.16), 1.49 (+0.17) and 1.40 (+0.17)

for AD, CN and MCI subjects, respectively. Values were
significantly lower in subjects with AD compared to CN
individuals (p=0.003) and those with MCI (p=0.017). Cal-
varial vault ROI analysis revealed SUVR maximum of 0.74
(£0.18), 0.82 (£0.22) and 0.76 (+0.17) for AD, CN and
MCI subjects, respectively. No significant differences were
seen between the groups (Table 1).

The available data on brain SUVR values were used to
assess group-wise differences. No significant association
was observed between nasal SUVR maximum and regional
brain SUVR values. Significant group-wise differences in
SUVR were seen at pertinent areas including the parietal
cortex and precuneus with higher values seen in AD in these
areas (Supplemental Fig. 1). Regression analysis of these
areas demonstrates strong and very significant association
with CSF A (Supplemental Table 2).

Discussion

We demonstrate that PiB radiotracer uptake can be observed
within the nasal cavity and, more generally, can be seen at
the skull base. Individuals with AD demonstrate signifi-
cantly less radiotracer activity at the nasal cavity and skull
base compared to those with MCI and CN, a trend which is
paralleled by the CSF Ap level. A correlation between the
radiotracer activity and CSF A or CSF Ap 42/40 ratio could
not be established for the whole sample. However, signifi-
cant positive correlation between CSF Af and radiotracer
activity was seen at CSF AP levels below 132 pg/ml (Fig. 4).

The underpinning physiology for PiB radiotracer uptake
at these skull base sites remains unclear, and there are sev-
eral considerations. First, PiB may be actively cleared from

Table1l Summary of results of ROI SUVR analysis at the nasal cavity, and summary of CSF A levels by subgroup

Total CN MCI AD p value

N 223 47 144 32 N/A

Gender (% female) 332 42.6 29.9 34.4 N/A

Age (years) 76.2 (£7.7) 78.9 (£5.3) 75.9 (£7.9) 73.7 (£9.0) 0.012* (ANOVA)

BAPL score (1, 2 21.5%, 15.7% and 25.5%, 23.4% and 24.6%, 15.4% and 3.1%, 6.2% and 90.7% 0.006* (Chi-squared)
and 3) 62.8% 51.1% 61.2%

Nasal cavity SUVR 1.48(x0.32) 1.53 (£0.30) 1.49 (£0.33) 1.35 (£0.31) 0.025*% (ANOVA)
Maximum

Nasal cavity SUVR 1.08(x0.25) 1.17 (£0.23) 1.07 (+0.25) 1.00 (+0.23) 0.011* (ANOVA)
Average

Calvarial vault SUVR  0.78 (+0.19) 0.82 (£0.22) 0.76 (£0.17) 0.74 (£0.18) NS (ANOVA)
Maximum

N 82 16 53 12 N/A

CSF Ap level (pg/ml)  1.57.47(x£50.32) 172.88 (49.39) 158.67 (+50.62) 122.65 (+18.23) 0.019* (ANOVA)

CSF AB42/40ratio  0.096 (£0.034) 0.114 (+0.042) 0.095 (+0.031) 0.078 (£0.023) 0.042* (ANOVA)

AD Alzheimer’s disease, MCI mild cognitive impairment, CN cognitively normal

“Significant difference with p <0.05 on pairwise ANOVA analysis
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Fig.4 Scatter plot of CSF Af concentration and maximum nasal cav-
ity SUVR with least square line for subjects with very low CSF Af
concentration equal to or less than 132 pg/mL

the CSF via the skull base lymphatics, either bound to Ap or
independently. The possibility of these findings represent-
ing dynamic clearance of CSF A is particularly intriguing;
if correct, this would allow for the development of a novel
imaging biomarker of CSF Af clearance to the lymphatic
system. There is prior evidence of an inverse relationship
between CSF AP levels and rate of dynamic CSF clearance
[13]. As such, nasal cavity PiB uptake would be expected to
relate to the CSF AP level; however, this is not observed. A
saturation phenomenon may aid to explain this discrepancy;
suggested by a correlation between nasal cavity PiB uptake
and very low CSF levels, below 132 pg/ml. Alternatively,
PiB may be crossing the nasal cavity radiotracer activity may
be unrelated to dynamic clearance of CSF A altogether,
possibly related to chronic deposition, reflecting a long-term
average [27], or secondary to vascular contamination [28].
Alternatively, reduced nasal cavity activity seen in AD may
be related to reduced overall availability of the radiotracer
due to more robust uptake intra-cranially. Finally, the radi-
otracer activity may reflect a complex interaction between
several different processes.

PiB, a derivative of AP binding dye Thioflavin-T, binds
AP with high affinity. There is strong evidence from patho-
logic and imaging/pathologic correlative studies supporting
specificity of PiB localization, both in animal models and
humans [29]-[32]. As such PiB is thought to be a reliable
surrogate marker for AP [14]. Pathologic studies in multiple
animal species and human cadaveric specimens have dem-
onstrated CSF clearance through the nasal lymphatics [14].
There is also evidence of clearance of CNS solutes via this
lymphatic pathway, with evidence for Af clearance to cervical
and axillary lymph nodes seen in mice [11, 12]. AP has been
shown to reach the nasal cavity in rats via a non-hematogenous
route [33]. In transgenic mice model of Alzheimer’s disease,
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AP deposition was seen in the nasal cavity, positively cor-
related with AP deposition in the brain [34]. Ap42 and tau
have been detected in the nasal cavity of humans using in vitro
assays using swab samples. However, no differences in the
AP42 were found between individuals with AD and controls
[35]. A more recent study using microelectrode micro-sensor
technique has found that nasal cavity Ap may be elevated in
AD [36]. Dynamic PET imaging has demonstrated an inverse
relationship between nasal cavity CSF clearance and brain A,
as detected by PiB-PET [13]. The authors did identify PiB
radiotracer uptake at the nasal cavity; however, no attempts
were made to delineate pathologic changes [13]. This is the
first in vivo study demonstrating reduced nasal A levels, as
reflected by PiB uptake, compared to CN individuals.

The bulk flow of CSF though the brain parenchyma is
thought to help clear solutes from the interstitial fluid via a
perivascular route [37, 38]. This is felt to be the main mecha-
nism of clearance of ISF Ap to the CSF [38]. The CSF and
solutes can flow out of the CNS via the BBB into the blood
stream or along a perineural or perivascular lymphatic route
through the skull base. The lymphatic route, via the cervical
lymphatics, drains downstream into the blood. In the present
study, brain deposition of Af is strongly and negatively cor-
related with CSF A and CSF Af 42/40 ratio, known robust
marker for amyloid-PET status [39]. The reduced levels of
radiotracer uptake at the nasal cavity seen in patients with
AD may reflect reduced CSF A clearance, or intrinsically
low CSF Ap levels in this group. We favour the later, given
clear prior evidence of reduced CSF Ap levels and CSF Ap
42/40 ratio in the AD population [39, 40]. With these current
findings in the context of prior literature, we postulate that
the failure of clearance of AP from the ISF results in inter-
stitial and parenchymal accumulation, and reduced CSF Af
levels and downstream lymphatic Ap levels in patients with
Alzheimer’s disease.

We provide cautious interpretation of the study data,
which is limited to retrospective evaluation of available data.
There was limited coverage of the skull base on certain indi-
vidual PiB-PET scans, although the nasal cavity was con-
sistently covered. CSF A levels which were available were
often days to months prior to or following the scan, limit-
ing interpretation of its correspondence with the PiB-PET
scan analysis in the short term; however, there is previous
validation for stability in CSF A [24]. The results of this
study are primarily associations and further work is needed
to demonstrate causality.

Conclusion
This is the first study to demonstrate in vivo differences in

nasal cavity PiB uptake, with reduced levels seen in AD
patients. The nasal cavity and skull base PiB uptake may
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reflect the clearance of AP via the purported skull base
lymphatics. Future work is needed to demonstrate precise
pathophysiologic mechanism which underpin these findings,
with the potential of developing a novel imaging biomarker.
A number of questions arise as a result of this study with
regard to the mechanism by which Ap clearance in impeded
in Alzheimer’s disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12149-021-01614-7.
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