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Abstract

Introduction: Glucose hypometabolism and tau formation are key features of
Alzheimer’s disease (AD). Less is known about the relationship between fasting glucose
and regional tau accumulation.

Methods: Cerebrospinal fluid (CSF) glucose was linearly regressed on regional tau
(flortaucipir) among 169 Alzheimer’s Disease Neuroimaging Initiative (ADNI3) partici-
pants. Flortaucipir uptake was examined by Braak stages and regions of interest (ROls).
Interactions were explored between CSF glucose and AD risk factors including regional
amyloid beta (AB), sex, Apolipoprotein E ¢4 (APOEe4) status, AD parental family history
(AD FH), and cognitive impairment (CI).

Results: Interactions found higher CSF glucose tracked less tau in ROls or Braak stages
I/1l (women, APOE ¢4+, regional AB), I11/IV (AD FH+, regional AgB), and V/VI (AD FH+).
Cl drove Braak I11-VI associations.

Discussion: Among women and APOE ¢4 carriers, higher CSF glucose tracked less early-
stage tau. Higher CSF glucose may reflect compensation against tau spreading in Cl,
AB+, or AD FH+.

KEYWORDS
amyloid beta, apolipoprotein E, cerebrospinal fluid markers, cognitive impairment, family history
of Alzheimer’s disease, glucose, positron magnetic imaging, tau
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1 | BACKGROUND

Alzheimer’s disease (AD) pathology is characterized by amyloid beta
(AB) accumulation and neurofibrillary tau tangles, followed by region-
specific atrophy, which finally leads to the presentation of cognitive
symptoms.»?2 In AD, tau becomes hyperphosphorylated, forms paired
helical filaments, and is a consistent marker for neurodegeneration.®-
The regional progression of tau deposition in AD has been outlined
by Braak staging, beginning in the entorhinal cortex and hippocam-
pus, then extending to cortical association areas in later AD stages.®’
Braak staging has been associated with AD-related cognitive decline
in aged adults, suggesting that tau deposition is also a useful proxy for
the degree of cognitive impairment (Cl).8? Recently, the radioligand
AV-1451 (flortaucipir) has been used to quantify tau deposition in vivo
using positron emission tomography (PET).1C Visualizing regional tau
across the AD continuum provides more insight about neurodegener-
ation as the disease progresses. However, it is unclear what factors
predict regional tau deposition and may be potential therapeutic tar-
gets, as well as how genetic and neuropathological risk factors modu-
late these associations.

Dysregulation of glucose production and use may be a marker
of tau cleavage!! and phosphorylation.!? In addition to A8 and tau,
dynamic changes in glucose metabolism occur based on disease sta-
tus, fasting serum glucose levels, and region of interest (ROI).13-1°
Increased tau phosphorylation also occurs during glucose deprivation
in h-tau mice.'® Similarly, db/db mouse models of type Il diabetes show
increased tau phosphorylation in the neocortex and hippocampus.t’
Thus, systemic factors related to glucose regulation may influence tau
formation.

However, among individuals with ClI (ie, mild cognitive impairment
[MCI] due to AD and AD), greater tau deposition does not track
hypometabolism in AD-sensitive ROIs.1® Critically, glucose may be a
compensatory mechanism relative to central tau among at-risk indi-
viduals based on A status, AD parental family history (AD FH),
apolipoprotein E ¢4 (APOE ¢4) status, and biological sex. These fac-
tors moderate tau deposition and links between greater metabolic
dysfunction and higher CSF tau levels.1?2! This may be particularly
important for AB+ status or being a woman, which are related to
more regional tau in medial and inferior temporal?? and superior pari-
etal regions.2® Further, women who are APOE g4+ or AB+, respec-
tively, have greater overall tau?* or more regional tau in entorhi-
nal cortex,23 typically the first area to show neurodegeneration
in AD.

The current study used data from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI)?> to examine regional tau asso-
ciations with CSF glucose levels, as an indirect index of higher
non-metabolized parenchymal glucose reported in AD.26 CSF glu-
cose levels are approximately two-thirds that of plasma glucose.?”
We hypothesized that higher CSF glucose concentrations would
predict less tau deposition, and explored if various AD risk factors
such as AB status, AD FH, APOE &4 status, and sex modified given
associations.

RESEARCH IN CONTEXT

1. Systematic Review: We searched PubMed for the fol-
lowing key terms: cerebrospinal fluid (CSF) glucose,
regional tau, Braak staging, tau phosphorylation, cogni-
tion, fluorodeoxyglucose-positron emission tomography
(FDG-PET), insulin resistance, and glucose metabolism.
While regional FDG and tau have been correlated, CSF
levels represent both bound and unbound glucose rather
than metabolized levels only.

2. Interpretation: Results suggested that higher fasting CSF
glucose predicted less regional tau, but only among indi-
viduals at greater risk for developing Alzheimer’s disease
(AD). Higher CSF glucose levels could represent a com-
pensatory mechanism against tau deposition or a neu-
rodegeneration biomarker.

3. Future Directions: Longitudinal CSF glucose, insulin
resistance, and regional tau associations would test if
modulation by specific AD risk factors tracks AD-specific
patterns of tau accumulation. AD risk factor modula-
tion should also be considered when examining glucose
metabolism and biomarkers of energy regulation.

2 | METHODS

2.1 | Cohort and participants

Baseline data from 169 late middle-aged to aged adults were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI was launched
in 2003 as a public-private partnership, led by Principal Investiga-
tor Michael W. Weiner, MD. The primary goal of ADNI has been to
test whether serial magnetic resonance imaging, PET, other biological
markers, and clinical and neuropsychological assessment can be com-
bined to measure the progression of MCI due to AD and early AD. For
up-to-date information, see www.adni-info.org. Written informed con-
sent was obtained from all ADNI participants at their respective ADNI
sites. The ADNI protocol was approved by site-specific institutional
review boards.

Participants were clinically classified by cognitive status as cogni-
tively unimpaired (CU), MCI, or AD as described elsewhere.28 Eligibility
criteria for analyses included complete data for: (1) CSF glucose; (2) an
18F-AV-1451 tau PET scan; (3) age; (4) sex; (5) clinical diagnosis; and
(6) AD FH. There were 175 participants with regional tau and CSF glu-
cose data. Several participants (n = 5) lacked AD FH data. Additionally,
we removed one outlier (>3.29 SD from the mean) for CSF glucose. This
resulted in atotal sample of 169 participants. A subsample had regional
PET-AB data for a corresponding visit (n = 142) and APOE genotype
data (n = 166).
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2.2 | Cerebrospinal fluid markers

CSF was obtained from Iumbar puncture at baseline after
at least 6 hours fasting, as described in the ADNI3 protocol
(https://adni.loni.usc.edu/wp-content/uploads/2012/10/ADNI3-
Procedures-Manual_v3.0_20170627.pdf). CSF glucose levels (mg/dL)
were downloaded from the LOCLAB dataset.

2.3 | PET—regional tau

Regional tau deposition was measured by the PET radioligand 18F-AV-
1451 (flortaucipir). As described in the ADNI PET Technical Manual
(http://adni.loni.usc.edu/wp-content/uploads/2012/10/ADNI3_PET-
Tech-Manual_V2.0_20161206.pdf), participants were injected with
a 370 MBq (+ 10%) dose of AV-1451. After an uptake period of 75
minutes, six 5-minute scans were conducted for a total period of 30
minutes. Processed data were downloaded from the University of
California Berkeley AV-1451 dataset, including mean uptake in areas
constituting Braak stages I/11, 11I/IV, and V/VI.” Standardized uptake
value ratios (SUVRs) were normalized, with inferior cerebellar gray
matter used as the reference region. Data were not partial volume
corrected and SUVRs were averaged over both hemispheres to create
bilateral ROls.

2.4 | PET—global and regional amyloid deposition
We downloaded data for two PET tracers that were used to measure
fibrillar AB deposition in the brain via PET: florbetaben (FBB; n = 69)
and florbetapir (AV-45; n = 73). Methods for collection and processing
have been described previously for ADNI.2>:29

First, we classified participants by global amyloid deposition status
(ie, AB- vs AB+) based on an SUVR > = 1.08%C for florbetaben and
SUVR > = 1.11 for florbetapir.?! These cutoffs are specific to the ADNI
sample and derived from the National Institute on Aging-Alzheimer’s
Association (NIA-AA) criteria for AB- versus A/3+.4 Global SUVR scores
were determined by calculating mean uptake in the frontal, anterior
and posterior cingulate, lateral parietal, and lateral temporal regions,
using the whole cerebellum as the reference region.

Mean SUVR per bilateral ROl was also used in interactions analyses.
While differences by acquisition method for the relative SUVRs in each
ROI were not significant (Ps >.05), recent work by Klunk et al.?2 has
provided a method for scaling SUVRs across acquisition types and pro-
cessing methods. Relative AS deposition is expressed in Centiloid units
anchored at 0 and 100, with higher numbers indicating more amyloid.3?
Therefore, we converted all regional SUVRs to Centiloid units as out-
lined in an ADNI white paper.33

2.5 | Neuropsychological testing

ADNI uses an extensive battery of tests to examine cognitive func-
tioning with a particular emphasis on domains relevant to AD. A
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full description is available at http://adni.loni.usc.edu. All subjects
underwent clinical and neuropsychological assessment at the time of
scan acquisition. Neuropsychological assessments included the Clinical
Dementia Rating sum of boxes (CDR-SB), mini-Mental State Examina-
tion (MMSE), Rey Auditory Verbal Learning Test, and AD Assessment
Scheduled Cognition-11 (ADAS-Cog11).

2.6 | Dichotomization of clinical impairment

Due to the small sample sizes of MCI and AD participants, a
dichotomized categorical variable was created by comparing partici-
pants with Cl (n=47)to CU (n=122).

2.7 | AD parental family history

Participants were classified as having or not having a family history of
AD. Family history was defined by self-report as one or both parents
having had AD.

2.8 | APOE ¢4 genotype
APOE haplotype was determined using blood samples and has been
previously described.>* APOE status was dichotomized as ¢4 non-

carriers (no €4 alleles) versus €4 carriers (one or two 4 alleles).

2.9 | Statistical analyses

To test sample characteristic differences between diagnostic groups,
analysis of variance and Fisher’s exact tests were performed. Pearson
correlations tested the association between each predictor variable
and tau deposition for each ROI. In the case in which a specific ROl was
not normally distributed, Spearman correlations were used.

Multiple linear regression was then done to examine the relation-
ship between CSF glucose levels and regional tau deposition. We ini-
tially examined mean signal for Braak ROls comprising stage I/Il, stage
111/1V, or stage V/VI. Subsequently, we examined a priori selected ROIs
from stage I/11 or stage I11/1V, due to the sample largely being composed
of CU individuals who would typically not have the presence of tau in
stage V/VI ROls (see Table S1 in supporting information for details).
Age (in years) and sex (male vs female) were used as covariates in the
statistical model. Exploratory analyses using the version 3.1 PROCESS
macro for SAS®” also tested modulation interactions between CSF glu-
cose and sex (male vs female), APOE ¢4 status (APOE ¢4+ vs £4-), global
AB status (AB- vs AB+), Centiloid-based amyloid in the same ROI as
regional tau SUVR, AD FH (AD FH+ vs AD FH-), and cognitive impair-
ment status (CU vs Cl). To contain type 1 error, these follow-up interac-
tions were considered significant at P < .10.36:37

The Johnson-Neyman technique3® was then used via the PROCESS

macro to interpret interactions for continuous moderator variables (ie,


https://adni.loni.usc.edu/wp-content/uploads/2012/10/ADNI3-Procedures-Manual_v3.0_20170627.pdf
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TABLE 1 Characteristics of participants by cognitive status
Cognitively Mild cognitive
unimpaired impairment Alzheimer’s
Characteristic (n=122) (n=238) disease (n=9)
Age, mean (SD),y 71.17 (6.04) 72.41(8.04) 74.36(11.43)
Female, % 68.03 42.11 88838
Education, mean (SD), y 16.92 (2.26) 15.68 (2.56) 16.22(2.77)
MMSE Score, mean (SD) 29.22(0.99) " 28.13(2.11)F 21.56(3.21)
AB+,% 33.01 48.39 87.50
AD Parental Family History, % 36.07 31.58 66.67
APOE ¢4 Carrier, % 32.50 36.84 50.00
CSF Glucose, mean (SD), mg/dL 58.55(6.51) 57.95(6.94) 61.56(10.20)

Abbreviations: A3, amyloid beta; APOE, apolipoprotein E; AV-45; florbetapir; CSF, cerebrospinal fluid; FBB, florbetaben; MCI, mild cognitive impairment;
MMSE, Mini-Mental State Examination; PET, positron emission tomography; SD, standard deviation.

Notes: Values from AV-45 and FBB PET scans were used to categorized AB+ vs AB- participants; these data were only available for a subset of individuals
(n = 142) who were cognitively unimpaired (n = 103), MCI (n = 31), or AD (n = 8). Likewise, APOE genotype was only for a subset of participants (n = 166) who

were cognitively unimpaired (n = 120), MCI (n = 38), or AD (n =8).

P < .05 compared to the MCl group; P < .001 compared to the MCl group; TP <.001 compared to the AD group

regional AB deposition). Briefly, this technique provides a significant
point estimate for the moderator and percentage of the sample above
and below this estimate, rather than testing effects at a predetermined
value such as +1 standard deviation of the mean.®>

Analyses were completed using SAS software version 9.4 (Cary,
North Carolina). Alpha was set at .05 with stringent correction for type
1 error using several methods. For main effects analyses with multiple
outcomes, a multivariate analysis of covariance (MANCOVA) omnibus
test was conducted. A significant omnibus difference allowed follow-up
ROI-specific models at a family-wise error rate of .05.37 If the omnibus
MANCOVA was not significant, family-wise error was contained using

Holm-Bonferroni methods as described.'3

3 | RESULTS

3.1 | Participant characteristics

Participant characteristics by diagnostic status are displayed in Table 1.
The overall sample was approximately 71.6 years old, had over 16 years
of education, and the majority were female (60.4%). The mean CSF glu-
cose level was 58.6 mg/dL, which is within the normal range of 45-
80 mg/dL.*° Approximately one third of the sample (36.7%) had AD FH,
with similar prevalence observed for AR+ (39.4%) or APOE ¢4+ (34.3%)
status.

Age and CSF glucose levels were similar between diagnostic groups.
Participants with MCl had fewer years of education as compared to CU
participants (P < .05); no other differences were present. Poorer per-
formance across the AD spectrum was found for MMSE scores. Addi-
tionally, the distribution of females and A+ individuals by cognitive
status differed (Ps < .05), but were similar for AD FH+ or APOE ¢4+
status.

3.2 | Correlations

Bivariate correlations between demographics, CSF glucose, and Braak
staging classifications are reported in Table S2 in supporting informa-
tion. In general, greater regional tau deposition was associated with
being Cl or AB+. Across all participants, higher CSF glucose was related
to less regional tau deposition only in the caudal anterior cingulate
gyrus.

3.3 | Multiple linear regression—main effects

Across all participants, CSF glucose was not associated with tau
deposition when examining the collective Braak I/Il, lI/IV, or V/VI
staging regions (Ps > .05). However, as with correlations, CSF glu-
cose levels were inversely related to tau deposition in the cau-
dal anterior cingulate gyrus (F(3,165) = 3.11, P = .028, R2 = .054,
unstandardized beta [] = -0029, standard error [SE] = 0.001,
P = .024). This result was no longer significant after type 1 error

correction.

3.4 | Multiple linear
regression—interaction/moderation analyses

Significant CSF glucose by moderator interactions for Braak stages
or a priori determined ROIs is summarized in Table 2, where Figure 1
A-C depicts coverage in neocortical regions. Briefly, there were pat-
terns of association that reflected early to later Braak stages, which
were respectively seen with separate interactions for sex, APOE ¢4+,
regional AB+, and AD FH+ specific to the ROI being tested. Figure 2
illustrates a matrix of cells summarizing significant interactions for
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TABLE 2 Interactions with CSF glucose for regional tau deposition
Region of interest F-value R2 p-value Interaction 8 SE p-value 95% ClI
Sex
Hippocampus 244 .056 .049 —.006 .003 .072 —.013,.001
Apolipoprotein E ¢4 status
Hippocampus 3.30 .094 .007 —.008 .004 091 —-.016,.001
Amygdala 5.82 154 <.001 -.014 .006 013 —.025,-.003
Global Ag
Parahippocampal 7.35 213 <.001 -.005 .003 .095 -.012,.001
Regional Ag
Entorhinal 6.21 .186 <.001 —.0003 .0001 016 —.0005, -.0001
Hippocampus 7.41 214 <.001 —.0002 .0001 .080 —.0004,.0000
Parahippocampal 11.15 .288 <.001 —.0001 .0001 018 —.0003, —.0000
Lingual 9.90 267 <.001 —.0001 .0000 .054 —.0002, —.0000
Fusiform 18.60 406 <.001 —.0002 .0001 .005 —.0003, —.0000
Inferior temporal 16.43 .377 <.001 —.0001 .0001 014 —.0002, —.0000
Amygdala 9.44 .258 <.001 —-.0002 .0001 .039 —.0004, —.0000
Parental family history of Alzheimer’s disease
Braak IlI/IV 2.60 074 .027 —-.009 .004 017 —-.017,-.002
Braak V/VI 2.54 .072 .030 —.005 .003 .048 —.011,-.000
Parahippocampal 247 .070 .035 —.006 .003 .066 —.013,.000
Lingual 3.87 .106 .002 -.012 .003 <.001 —-.019,-.006
Fusiform 3.68 101 .004 -.016 .005 .002 —-.026,-.006
Isthmus of cingulate 2.58 .073 .028 —-.010 .004 011 —.018,-.002
Cognitive status
Caudal anterior cingulate &85 .093 .007 —.006 .003 .025 -.011,-.001
Posterior cingulate 3.47 .096 .005 —-.006 .003 .080 -.012,.001

Abbreviations: A, amyloid beta; Cl, confidence interval; CSF, cerebrospinal fluid; SE, standard error.
Note: All ROIs listed are P < .10 for interactions, and were significant by group at follow-up (P < .05).

Braak stages or ROls across all participants (“gray”). A description of

the results by each moderator follows.

3.5 | Moderation by sex
A significant CSF glucose by sex interaction was found for the hip-
pocampus (Table 2), such that higher CSF glucose was linked to less

regional tau in women but not men (see Table 3).

3.6 | Moderation by APOE ¢4 status

APOE ¢4 status by CSF glucose interactions were observed for the hip-
pocampus and the amygdala (Table 2). Higher CSF glucose levels were
associated with less regional tau deposition for APOE ¢4+ but not APOE
¢4- (see Table 3).

3.7 | Moderation by global Ag and ROI regional Ag
For global AB status, higher CSF glucose was related to less tau depo-
sition among AB+ but not A3- for the parahippocampal gyrus (Tables 2
and 3).

Interactions were then tested between CSF glucose and regional A
(as a continuous measure) derived from the same given ROl as regional
tau. For ROIs in Braak Stage I/Il and IlI/1V (Table 2), higher CSF glu-
cose significantly corresponded to less tau deposition only when AS
in the same region reached a data-driven cut-point using the Johnson-
Neyman technique. These ROIs included medial and inferior temporal
regions.

For the entorhinal cortex, amygdala, and lingual gyrus, higher Ag
moderated the higher CSF glucose and less regional tau relationship in
a small portion of the total sample (<20%), which may be due to most
participants being CU. Given this sample size imbalance, and a lack of
robustness for regression estimates with n <30, follow-up analyses are
not further reported.



60f 10 Translational Research

PAPPAS ET AL.

Clinical Interventions

Regional A3

Parental AD FH

Cognitive Status

Lateral

Medial

FIGURE 1 Differences in regional tau staging associations based on cerebrospinal fluid (CSF) glucose and moderators. Regions of interest are
shown for interactions between CSF glucose and (A) regional amyloid-beta (AB) deposition, (B) parental Alzheimer’s disease family history (AD FH),
and (C) cognitive status groups (unimpaired vs impaired, ie, mild cognitive impairment [MCI] + AD). For regional AB deposition, significant regions
of interest (ROIls) included parahippocampal gyrus (green), entorhinal cortex (red), hippocampus (not pictured), amygdala (not pictured), lingual
(pink), fusiform (mint), and inferior temporal gyri (magenta). For AD FH, significant ROls included the parahippocampal gyrus (green), lingual (pink)
and fusiform (mint) gyri, and the isthmus of the cingulate (dark purple). For cognitive status, significant ROls included caudal anterior (lilac) and
posterior cingulate (purple). Allocortical or subcortical ROls are not shown for sex (hippocampus) and apolipoprotein E (hippocampus, amygdala)

For the hippocampus, a Centiloid value of 29.27 or higher was the
critical point where regional A3 moderated the glucose-tau relation-
ship, which was observed in 32% of the sample. Similar results were
observed for the parahippocampus at a Centiloid value of 13.34 or
higher (25% of sample), the fusiform gyrus at a Centiloid value of 32.75
or higher (28% of sample), and the inferior temporal gyrus at a Centiloid
value of 41.45 or higher (25% of sample; Figure 3 and Figure S1 in sup-

porting information).

3.8 | Moderation by AD FH

Higher CSF glucose levels were associated with less regional tau
among AD FH+ but not FH- for Braak I1l/IV and Braak V/VI stages,
as well as specific ROIls including the parahippocampal gyrus, lin-
gual gyrus, fusiform gyrus, and isthmus of the posterior cingulate
(Tables 2 and 3).

3.9 | Moderation by cognitive status
Among Cl but not CU participants, higher CSF glucose levels were asso-
ciated with less tau deposition in the caudal anterior cingulate and pos-

terior cingulate gyri (Tables 2 and 3).

3.10 | Exploratory CSF glucose analyses by
cognitive status group

On an exploratory basis, we stratified participants by cognitive status
(CU vs Cl) and re-ran all moderation analyses. We acknowledge that
these interaction analyses are underpowered for the Cl participants.
Results are reported in Tables S3-S5 in supporting information and dis-
played as a matrix of cells in Figure 2, showing where only CU (“black”)
or CI (“red”) groups evinced an association between CSF glucose and

tau.
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Sex APOE ¢4 status Regional AB AD FH
Region All CU CI All CU CI All CU CI All
Braak I/IT
Braak ITI/IV
Braak V/VI

Entorhinal

Hippocampus -

Parahippocampal

CU CI
Fusiform
Lingual

Amygdala

Middle temporal

Caudal anterior cingulate

Rostral anterior cingulate

Posterior cingulate -

Isthmus of the cingulate

Insula
Inferior temporal
Temporal pole
FIGURE 2 Regional tau associations based on cerebrospinal fluid (CSF) glucose, moderators, and cognitive status. Region of interest (ROI)

associations with CSF glucose for the entire sample (gray), only cognitively unimpaired participants (CU; black), or only cognitively impaired (Cl;
red) participants. Only significant ROls are included (P < .10 for interactions; P < .05 for follow-up analyses)

TABLE 3 Estimates by group for CSF glucose-moderator interactions

Region of Interest B SE B SE
Sex

Men (n = 67) Women (n = 102)

Hippocampus —.000 .002 —-.006 003
Apolipoprotein E ¢4 status

e4—(n=109) e4+(n=57)
Hippocampus —-.002 .002 —-.009 004"
Amygdala .002 .002 -.012 .005"

Global Ag status

AB—(n=86) AB+(n=56)

Parahippocampal —.0003 .002 —.0056 002"
Parental family history of AD

FH—(n = 107) FH+(n = 62)
Braak IlI/IV .002 .002 —-.008 003"
Braak V/VI .000 .002 —.005 002"
Parahippocampal .000 .002 —.006 003"
Lingual .003 .002 —-.010 003"
Fusiform .003 .003 -.013 .004"
Isthmus of cingulate .002 .002 —.009 003

Cognitive status

CU(n=122) Cl(n=47)
Caudal anterior cingulate -.001 .002 -.007 .002'
Posterior cingulate —.000 .002 —.006 .003"

Abbreviations: A+, global amyloid positive; Af—, global amyloid negative; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; Cl, cognitively impaired; CU, cog-
nitively unimpaired; FH, family history.
'P<.05;"P<.001.
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0.01

0.00 -

-0.01

-0.02

Conditional Effect of CSF Glucose

-0.03 -

Upper Confidence Interval

Point Estimate

Lower Confidence Interval

0 50

100 150

Regional Abeta in the Inferior Temporal Gyrus (moderator)

FIGURE 3 Cerebrospinal fluid (CSF) glucose by regional amyloid beta (Af) interaction for the inferior temporal gyrus using the
Johnson-Neyman technique. Regional Ag in the inferior temporal gyrus and moderation of the relationship between more CSF glucose and less
hippocampal tau deposition. Using the Johnson-Neyman technique, higher CSF glucose levels were associated with less tau deposition for
participants with inferior temporal gyrus AB centiloid values at or above 41.45 (indicated by the vertical gray dotted line). This encompassed
approximately 25% of the sample. The black line represents the overall estimate and the red dotted lines represent the 95% confidence interval

For sex moderation, higher CSF glucose and less tau were found
among CU participants in the hippocampus and among Cl participants
in the posterior cingulate (Table S3). For regional A moderation, asso-
ciations of higher glucose, and less tau were seen among CU partic-
ipants for ROIs comprising Braak stage I/1l and IlI/1V and among Cl
participants for ROIs comprising Braak stages I11/1V (Table S4). For AD
FH, CI but not CU participants showed significant higher glucose and
less tau relationships in Braak stage I11/1V and V/VI ROls (Table S5). No
APOE ¢4 status or global Ag interactions were observed.

4 | DISCUSSION

The current study examined the relationship between CSF glucose lev-
els and regional PET tau deposition across the AD spectrum. Over-
all, higher CSF glucose was related to less regional tau deposition
almost exclusively among individuals with Cl or at greater AD risk
due to sex, APOE ¢4 status, AB load, and AD FH. Specifically, higher
CSF glucose tracked less tau in ROls or Braak stages I/1l (female sex,
APOE ¢4+, AB+), I11/IV (AD FH+, AB+), and V/VI (AD FH+). Exploratory
analyses further suggested that Cl appeared to drive Braak IlI-VI
associations, although caution is warranted due to small sample
size.

While higher glucose levels have been associated with poorer cog-
nitive abilities*? and less brain volume,*? we did not find a detrimen-
tal effect between elevated CSF glucose and tau. Higher glucose levels
may instead be an initial compensatory mechanism to protect against
disease pathophysiology. AD is marked by brain hypometabolism, but
hypermetabolism can occur in MC1.#3 Insulin resistance, which often
reflects increased glucose production, also predicted hypermetabolism
in the medial temporal lobe among MCI individuals that converted to

AD.13 Our results similarly suggest that higher CSF glucose levels in

aged adults with AD risk factors may be a marker of or mechanism
for less tau pathology. Further, tau is innately involved with brain and
peripheral insulin signaling, potentially through a positive feedback
loop.** Glucose metabolism is also upregulated in microglia, particu-
larly in relation to amyloid clearance.*> Alternatively, higher CSF glu-
cose levels may simply be part of the initial neurodegenerative pro-
cesses related to early stage tau phosphorylation. Since higher CSF
glucose was linked to less tau in this study, lower glucose might lead
to greater tau deposition and disease progression. However, recent
work shows that AD versus CU participants have higher brain glucose
levels,2¢ suggesting that higher CSF glucose in AD may be a compen-
satory mechanism for tau-related neurodegeneration.

Regardless, higher CSF glucose and less tau followed an interest-
ing moderation pattern for Braak stages /11 (female, APOE ¢4+, higher
regional Ap), stages I11/IV (higher regional AB, Cl), and stages I11/VI (AD
FH-+). As central glucose metabolism reflects AS deposition,’? region-
specific tau accumulation may first be driven by risk factors modify-
ing regional Ag and later glycolytic impairments due to AD FH+. For
sex and APOE &4, CSF glucose interactions were observed in the hip-
pocampus or hippocampus and amygdala, respectively. Both women
and APOE &4 carriers showed a stronger relationship between more
medial temporal tau and A8 levels.234¢ Higher CSF total tau and p-tau
are also seen only in APOE &4 carriers with MCI,*” corresponding to
what those changes would be in the temporal lobe.

In concert, regional A8 modified CSF glucose associations through
these initial Braak stage I/l areas and stages I11/1V. Using the Johnson-
Neyman technique to establish A3 cutoffs where CSF glucose-tau asso-
ciations became significant, we found that regional A8 was progres-
sively higher for later versus earlier Braak stages. Among CU partici-
pants with global A+, hypometabolism is associated with more tau in
the medial temporal lobe.? Tau also accumulates over time*® in Braak

stages I-IV ROlIs similar to those regions observed in the current study
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(eg, entorhinal cortex, fusiform gyrus, inferior temporal gyrus). As A+
drives hypometabolism in medial temporal lobe-specific regions with
more tau,’” CSF glucose may reflect the relative degree to which
parenchymal tissue uses glucose and maintains physiological cellular
processes.

Finally, AD FH+ only modified CSF glucose-tau relationships in later
Braak stages. There is a paucity of data regarding the relationship
between AD FH and regional tau, although elevated CSF tau/Ag lev-
els have been previously reported.?! Maternal FH has also been asso-
ciated with glucose hypometabolism in temporal and cingulate areas,
akin to where we found CSF glucose and tau relationships.*? Therefore,
AD FH may come into play later in tau progression.

Strengths and limitations of the study should be noted. While many
reports have examined the association between fluorodeoxyglucose
(FDG)-PET and regional tau, we are the first to evaluate a CSF marker
of available glucose. Our work adds to a growing body of research
implicating glucose regulation in AD pathogenesis. We accounted for
moderating effects of AD-related risk factors, and if participants were
CU or Cl. However, the sample consisted mostly of individuals classi-
fied as CU, which may impact the interpretation of our results for those
already displaying cognitive symptoms. Given the cross-sectional data,
we could not test the directionality of the observed glucose-tau rela-
tionship. Careful interpretation is also needed for the hippocampus, as
there is the potential for non-specific binding.”° Further, at the time of
this study, ADNI3 did not include data on biological assays beyond a
complete blood count. Serum glucose measures were not available for
comparison. However, an upregulation of CSF metabolic markers (eg,
lactate dehydrogenase B-chain, pyruvate kinase) has been implicated
with AD,*> which lends credence to our CSF glucose results. We also
could not test underlying biological mechanisms linking CSF glucose to
regional tau. Future studies should examine CSF or serum-based mark-
ersthat are related to mitochondrial function and metabolism by use of
proteomics in relation to tau progression.

In conclusion, CSF glucose levels were only related to regional tau
deposition in at-risk groups in the present study. APOE ¢4 status and
sex impacted associations for earlier stage Braak stages and ROls,
while regional Ag, cognitive status, and AD FH influenced mid- to late-
stage Braak ROls. The risk factors studied herein may be synergis-
tically acting with glucose levels in response to tau development, or
may be a proxy of neurodegeneration. While we cannot confirm these
hypotheses with cross-sectional data, results add to a growing body of
research highlighting the impact of metabolic factors and also suggest
that markers of circulating brain glucose may modify relationships with

AD tau pathology.
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