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Abstract

Background—Cellular and animal studies demonstrated relationships between sphingolipid
metabolism and Alzheimer's disease (AD) pathology. High blood ceramide levels have been
shown to predict cognitive impairment and AD, but these studies had small sample sizes and did
not assess differences in risk by sex or APOE genotype.

Objective—To determine whether plasma ceramides and sphingomyelins were associated with
risk of AD, and whether the association varied by sex and APOE genotype.

Methods—~Participants included 626 men and 366 women, aged 55 years and older, enrolled in
the Baltimore Longitudinal Study of Aging. Plasma ceramides and sphingomyelins were
determined using quantitative analyses performed on a high-performance liquid chromatography
coupled electrospray ionization tandem mass spectrometer. Cox proportional hazards models,
stratified by sex, were used to examine the relationship of plasma ceramides and sphingomyelins
with risk of AD over a mean (SD) follow-up of 15.0 (7.0) years for men and 13.1 (5.9) years for
women.
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Results—Among men, the highest tertile of most ceramides and sphingomyelins were associated
with an increased risk of AD. Among women, there were no associations between any of the
ceramides and risk of AD. In contrast, women in the highest tertile of most sphingomyelins had a
reduced risk of AD, which was most pronounced among APOE &4 carriers.

Conclusion—These results provide further evidence for the role of sphingolipid metabolism in
AD and highlight the importance of considering sex and APOE genotype in assessing this
relationship.
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INTRODUCTION

Sphingolipids are ubiquitous lipids that have important structural roles in cell membranes
and are essential components of lipid rafts. In addition to structural roles, sphingolipid
metabolites function as second messengers for critical intra- and inter-cellular signaling that
controls cellular growth, differentiation, proliferation, and apoptosis. In brain, the proper
balance of sphingolipids is essential for normal neuronal function [1-3], as evidenced by a
number of severe brain disorders that are the result of deficiencies in enzymes that control
sphingolipid metabolism.

Multiple cellular and animal studies have demonstrated relationships between sphingolipid
metabolism and Alzheimer's disease (AD) pathology. For example, both ceramides and
sphingomyelins influence beta-secretase activity and amyloid-beta (Af) production [4-10].
Further, the ceramide transporter (CERT) binds to AR and modulates A plaque formation
[9, 11]. Lastly, ceramides can modulate Protein Phosphatase 2A activity, the major brain
enzyme that regulates tau phosphorylation [12-16].

Few studies have attempted to translate these findings to understand whether sphingolipid
metabolism is associated with risk of AD in humans. A blood-based biomarker or predictor
of AD would have advantage over cerebrospinal fluid (CSF) or neuroimaging markers with
regards to cost, feasibility, and invasiveness. Plasma ceramides have been found to be
increased in AD patients compared to cognitively normal individuals [17]. However, AD has
a long preclinical phase in which the biological changes of the disease are already affecting
the brain. Therefore, identifying predictors of AD in the preclinical and early clinical stages
is important for developing new treatment targets. One recent study reported significantly
altered phospholipids and ceramides in Presenilin 1 mutation carriers compared to non-
carriers [18], but additional research among individuals with late-onset AD is needed.

We previously reported that high blood ceramide levels were associated with risk of
cognitive impairment and AD among cognitively normal women enrolled in the Women's
Health and Aging Study (WHAS) 11 [19, 20]. However, these analyses were limited by a
small sample size (n=100), only examined the relationship among women, and were not able
to assess the effects of APOE genotype on the association.
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The effects of sex differences and interactions with APOE genotype on the association
between the sphingolipids and risk of AD are important to consider. We recently reported
sex-specific trajectories of increasing plasma ceramides and sphingomyelins with aging [21,
22], and sex differences in the risk factors for AD are well known [23]. The APOE gene
encodes the lipid/cholesterol carrier apolipoprotein E and the APOE &4 allele may have a
greater deleterious effect for women versus men with regards to hippocampal pathology,
functional connectivity changes in the default mode network, cortical thickness, memory
performance and risk of dementia in women compared with men [24-28]. In the proposed
study, we examined whether plasma ceramides and sphingolipids were associated with risk
of AD among 992 cognitively normal individuals enrolled in the Baltimore Longitudinal
Study of Aging (BLSA). In addition, we investigated the effects of sex and the presence of
an APOE &4 allele on this association.

METHODS

Participants

Initiated in 1958, the Baltimore Longitudinal Study Aging (BLSA) is a longitudinal cohort
study of community-dwelling individuals aimed at examining the physiological and
psychological aspects of aging [29]. At each study visit, participants underwent an extensive
medical examination, neuropsychological battery, blood draw, medical history and
medication review. Historically, BLSA visits occurred every two years. In 2003, the
sampling times were modified because historical data indicated non-linear changes at the
oldest ages. To improve sampling of the epoch with accelerated physical and cognitive
change, individuals aged 80 and older have been evaluated annually since 2003. The
protocol was approved by the local Institutional Review Board and written informed consent
was obtained at each study visit.

Over 3,100 BLSA participants have contributed data on the aging process. The present
analyses included 992 individuals aged 55 years and older. The individuals included in the
current analyses are representative of the larger BLSA cohort with regards to demographics
and health characteristics.

Collection of plasma

Blood samples were drawn from the antecubital vein between 7-8 AM after an overnight
fast [29]. Participants were not allowed to smoke, engage in physical activity, or take
medications before the sample was collected. Plasma samples were immediately processed,
catalogued, and stored at —80°C.

Diagnosis of Alzheimer's disease

All participants included in this analysis were cognitively normal at the time of the baseline
blood draw. The diagnoses of dementia and Alzheimer's disease were determined by
consensus case conference and were based on the Diagnostic and Statistical Manual (DSM)-
I11-R [30] and the National Institute of Neurological and Communication Disorders and
Stroke — Alzheimer's Disease and Related Disorders Association criteria [31], respectively.
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Age at symptom onset was also determined through review of clinical and
neuropsychological data at consensus conferences.

Lipid extraction and LC/ESI/MS/MS analysis

Covariates

The lipid extractions and methods for measuring plasma ceramide and sphingomyelin levels
in the BLSA have previously been described in detail, including the mass spectroscopy inter-
and intra-day coefficients of variation [21, 22]. Briefly, a crude lipid extraction of plasma
was conducted using a modified Bligh and Dyer procedure with ceramide or sphingomyelin
C12:0 included as an internal standard (Avanti Polar Lipids, Alabaster, Alabama) [32, 33].
Plasma extracts were dried in a nitrogen evaporator (Organomation Associates Inc., Berlin,
MA, USA), and re-suspended in pure methanol just prior to analysis. An autosampler
(LEAP technologies Inc., Carrboro, NC) injected extracts into an HPLC (PerkinElmer, MA,
USA) equipped with a reverse phase C18 column (Phenomenex, Torrance, CA). The eluted
sample was then injected into an electrospray ion source coupled to a triple quadrupole mass
spectrometer (AP13000, AB Sciex Inc. Thornhill, Ontario, Canada) [32, 34, 35]. Analyses
were conducted by multiple reaction monitoring (MRM). Eight point calibration curves (0.1
to 1,000 ng/ml) were constructed by plotting area under the curve (AUC), separately for
ceramides and sphingomyelins, for each calibration standard d18:1/C16:0, d18:1/C18:0,
d18:1/C20:0, d18:1/C22:0, d18:1/C24:0 (Avanti polar lipids, Alabaster, AL, USA)
normalized to the internal standard. Correlation coefficients (R?) obtained were >0.999.
Ceramide concentrations were determined by fitting the identified ceramide species to these
standard curves based on acyl-chain length. Internal standards were run daily, and AUCs
plotted weekly, to track instrument efficiency. Plasma extracts were reanalyzed if the internal
standard deviated more than 25% of the median value. Instrument control and quantitation
of spectral data was performed using Analyst 1.4.2 and MultiQuant software (AB Sciex Inc.
Thornhill, Ontario, Canada). All sphingolipids are expressed in pg/ml. As previously
reported, storage time was not associated with ceramide or sphingomyelin concentrations in
the BLSA, indicating that that these classes of lipids were stable in long-term —80°C storage
up to 30 years [21, 22].

Covariates were chosen based on the literature and our previous studies in the BLSA
describing variables associated with plasma ceramide and sphingomyelin levels and with
factors associated with incident AD [21, 22]. Demographic variables included age, sex, race,
and years of education. Height (in meters) and weight (in kilograms) were measured to
calculate body mass index (BMI). Medical history information was self-reported and
included hypertension, myocardial infarction, atrial fibrillation, angina, and chronic heart
failure. The diagnoses of diabetes and pre-diabetes at each visit were established by
combining information on medications, fasting glucose and glucose levels at 2-hours of a
standard glucose tolerance test. In particular, participants who were taking anti-diabetes
medication or had a fasting glucose >126 mg/dL and/or a 2-hour glucose >200 mg/dL were
defined as diabetics. Among those who had no diabetes, participants with fasting glucose
>100 mg/dL and/or a 2-hour glucose >140 mg/dL were defined as having pre-diabetes.
Plasma total cholesterol and triglycerides were determined by an enzymatic method (Abbott
Laboratories ABA-200 ATC Biochromatic Analyzer, Irving, Texas). Women who had used
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postmenopausal oral or transdermal estrogens were considered hormone therapy users.
APOE &4 genotype was determined using polymerase chain reaction amplification of
leukocyte deoxyribonucleic acid followed by Hhal digestion and product characterization
[36], or TagMan relying on several single nucleotide polymorphisms around the APOE gene
[37].

Statistical analyses

RESULTS

Differences in demographic and health-related characteristics at the visit with available
sphingolipids, by sex and incident AD, were examined using Fisher's exact test for
categorical variables and t-tests for continuous variables. All analyses were a priori
determined to be examined separately for men and women because we have shown
significant sex differences in both plasma ceramides and sphingomyelins in this cohort [21,
22].

We used time to event (or survival) analyses to evaluate whether plasma ceramides and
sphingomyelins at the time of the first blood draw were associated with time to onset of AD.
We used Cox proportional hazards regression models [38] to estimate the hazards ratio
(HR), which is analogous to relative risk, and its 95% confidence interval (CI). Time at risk
for these analyses was calculated to the symptom onset of AD, last follow-up visit, or death.
We initially examined the lipids as continuous variables. However, because the relationship
with risk of AD was not linear, all lipids were expressed and analyzed as tertiles.
Multivariate models adjusted for for baseline age, race, education, APOE genotype, body
mass index, diabetes, hypertension, triglycerides, cholesterol, and postmenopausal hormone
therapy (women only). In additional analyses, we assessed an interaction between the
ceramides or sphingomyelins and presence of an APOE &4 allele in predicting risk of AD.
All analyses were completed using Stata version 12.0 (Stata Corp, College Station, TX).

Participant characteristics by sex and incident AD

The 992 participants, all cognitively normal at baseline, were followed a maximum of 39
years (mean [SD]: 15.0 [7.0] for men and 13.1 [5.9] for women) and had 17,072.02 person-
years at risk. Of the 626 men, 119 (19.0%) developed AD. Of the 366 women, 73 (19.9%)
developed AD.

Participant characteristics, stratified by incident AD and sex, at the time of the baseline
blood draw to measure sphingolipids, are shown in Table 1. Compared to men, women were
older (64.6 vs. 62.7 years, p=0.001), had slightly less education (15.7 vs. 16.8 years, p<
0.001), were more frequently African American (18.3% vs. 9.3%, p < 0.001), were less
likely to smoke (47.0% vs. 72.2%, p < 0.001), and less frequently had a history of a
myocardial infarction (0.3% vs. 3.8%, p= 0.001) or pre-diabetes/diabetes (20.9% vs. 59.2%,
p<0.001). However, women did have higher total cholesterol levels at baseline compared to
men (229.8 vs. 221.7, p= 0.003). Within each sex, plasma levels of ceramides and
sphingomyelins did not differ for individuals with or without an APOE &4 allele (data not
shown).
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Plasma ceramides and risk of AD

The associations between tertiles of ceramides and sphingomyelins at the first visit and risk
of AD, by sex, are shown in Table 2 and Figure 1. Among men, the highest tertiles of most
ceramides were associated with an increased risk of AD in both univariate and multivariate
analyses. The strongest association was with ceramide C16:0, which was associated with a
greater than 2-fold increased risk (HR: 2.26, 95% CI: 1.20, 4.23) of developing AD for the
top tertile compared to the lowest tertile. Among women, there were no associations
between any of the ceramides and risk of AD. We found no significant interactions between
ceramides and presence of an APOE &4 allele in predicting risk of AD in either men or
women.

Plasma sphingomyelins and risk of AD

Among men, the middle tertile of sphingomyelin C18:0 (HR: 1.84, 95% ClI: 1.15, 2.93) and
the highest tertile of sphingomyelins C18:1 (HR: 1.86, 95% CI: 1.14, 3.03), C20:1 (HR:
1.58, 95% ClI: 1.00, 2.52), and C22:1 (HR: 1.69, 95% CI: 1.04, 2.76) were associated with
an increased risk of AD compared to the lowest tertile (Table 2 and Figure 1). We did not
find an interaction between sphingomyelin and the presence of an APOE &4 allele on AD
risk among men.

In contrast, women in the highest tertile of all sphingomyelins (with the exception of C24:1)
had a reduced risk of AD. While the confidence intervals of most sphingomyelins did cross
1, the highest, versus lowest, tertiles of sphingomyelins C16:0 (HR 0.50, 95% CI: 0.26,
0.97) and C22:1 (HR: 0.52, 95% ClI: 0.27, 0.99) were associated with a significantly reduced
risk of AD among women. Most other sphingomyelins trended in the same direction (Table
2 and Figure 1).

Among women, there were also significant interactions between most sphingomyelins and
APOE genotype. Across all sphingomyelins except C20:1, women who were APOE 4
carriers and had sphingomyelin levels in either the middle or highest tertile, compared to the
lowest, had reduced risks of AD (Table 3). For example, women who were APOE &4 carriers
and had levels of sphingomyelin C24:0 in the middle (HR: 0.24, 95% CI: 0.07, 0.90) or
highest (HR: 0.26, 95% CI: 0.07, 0.93) tertile, compared to the lowest tertile, had an
approximate 75% reduced risk of AD.

In additional analyses, we examined the ratio of sphingomyelins to ceramides, but did not
find an association with risk of AD in any of the models. We also examined the interaction
between the sphingomyelin to ceramide ratio and APOE e4 carrier status and did not find an
association. Lastly, adjusting for other potential confounders, including statins, myocardial
infarction, and depressive symptoms, did not change the results.

DISCUSSION

The aim of this study was to determine whether plasma ceramide and sphingomyelin levels
were associated with risk of AD, and whether this association differed by sex and APOE
genotype. We found that higher ceramide levels were associated with an increased risk of
AD among men, but not women. Further, higher sphingomyelin levels were associated with
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an increased risk of AD among men but a reduced risk of AD among women. Notably, the
association between sphingomyelins and the lower risk of AD in women was strongest
among APOE &4 carriers. These results provide further evidence for the role of sphingolipid
metabolism in AD and highlight the importance of considering sex and APOE genotype in
assessing this relationship.

Studies examining CSF sphingolipids have reported higher levels of ceramides or
sphingomyelins among AD patients compared to cognitively normal individuals [39, 40],
and cross-sectional associations between either CSF ceramides or sphingomyelins and CSF
levels of amyloid or tau [41-43]. However, few studies have examined plasma ceramides
and sphingomyelins in relation to risk of AD. One cross-sectional study (mean age of 75
years) reported higher levels of plasma ceramides and lower levels of plasma
sphingomyelins in 26 AD patients compared to 26 cognitively normal individuals [17].
Although sex was not considered in the analyses, differences by APOE e4 genotype were
examined. Overall, plasma lipids were similar across APOE genotypes, similar to our
findings. However, individuals with an APOE ¢4 allele and AD, but not among those who
were cognitively normal, had significantly higher levels of sphingomyelin, but not
ceramides, compared to subjects without an &4 allele. Interestingly, an autopsy study also
reported disturbed sphingolipid metabolism among AD patients who were APOE 4 carriers
[44]. These demonstrated effects of APOE on the sphingolipid-AD association in humans
led us to further explore the modifying effects of APOE in the present study.

Longitudinal studies are needed to determine whether plasma sphingolipids are associated
with an increased risk of AD. The first two longitudinal studies examined serum ceramides
and sphingomyelins and risk of cognitive impairment and dementia among 100 women
(aged 70-79 years, mean age of 74, at baseline) enrolled in the Women's Health and Aging
Study (WHAS) Il in Baltimore, Maryland [19, 20]. While ceramides were associated with
greater risk for AD, there were no associations with sphingomyelins. Limitations of this
study included the small sample size, examination of the sphingolipid-dementia relationship
only among women, and the lack of information on APOE genotype.

In the proposed study, we sought to further extend this work by examining whether plasma
ceramides and sphingolipids were associated with risk of AD among a larger sample of 992
cognitively normal individuals enrolled in the Baltimore Longitudinal Study Aging (BLSA),
and to determine the effect of sex and the presence of an APOE &4 allele on this association.
Interestingly, among men we did find that elevated ceramides were associated with a higher
risk of AD and that APOE was not an effect modifier. However, among women, we did not
find an association with ceramide, but instead with sphingomyelins. Further, the relationship
between low sphingomyelins and greater risk of AD was strongest among APOE &4 carriers

The present findings are not fully consistent with the previous WHAS I1 results.
Interestingly, the findings among men in the present study do replicate the WHAS 11 results,
which was a women only sample. However, the results for women in the BLSA do not
replicate the results observed in WHAS I1. Reasons for the discrepant ceramide results for
women in WHAS Il versus the current BLSA study are not readily apparent. One hypothesis
for the difference is that there are some important sample characteristics that differentiate
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women in WHAS Il and BLSA. Women enrolled in the BLSA were, on average, a decade
younger at the time of the sphingolipid measurement and had fewer medical comorbidities
than women in WHAS 1. Indeed, most BLSA participants have good access to medical care
and have remained relatively healthy over the follow-up interval. There are few BLSA
participants with uncontrolled hypertension, hypercholesterolemia, or diabetes. It has been
increasingly recognized, from the cellular to human level, that perturbations in ceramide
metabolism are associated with longevity [45-48] and the development and progression of
many age-related diseases including cancer [49], atherosclerosis [50], insulin resistance and
diabetes [51-53], and chronic kidney disease [54]. Thus, ceramides have been both directly
associated with AD pathology and indirectly through increased risk of the above ageing-
related diseases that also increase the risk of AD [3]. The healthier BLSA sample could have
therefore impeded our ability to observe an association among women. While the men
enrolled in the BLSA are also relatively healthy compared to the population, they were more
frequently smokers, obese, and more likely to have a history of myocardial infarction and
diabetes compared to women. Additional epidemiological studies examining the sex
differences between plasma ceramides and risk of AD are needed in order to better
understand these results.

In the present study, we also found large sex differences in the associations between plasma
sphingomyelins and risk of AD. High sphingomyelin levels among men were associated
with an increased risk of AD. In contrast, high levels among women were associated with a
decreased risk, especially among those with an APOE 4 allele. Multiple studies, including
the BLSA, have reported that women have higher sphingomyelin levels than men (e.g., [22,
55, 56]). A study of longevity markers did find that elevated sphingomyelins were associated
with longevity among women, but not men, which does support our results [46]. However,
the majority of studies examining sphingomyelins and disease onset and progression have
simply adjusted for sex. Additional studies examining the effects of sphingomyelins
separately in men and women are needed to better understand the sex differences.

Limitations of the study warrant consideration. The BLSA is a community-dwelling
volunteer cohort that is predominantly white, of upper-middle socioeconomic status, and
with an above average educational level. Thus, the results may not be generalizable to
populations with other characteristics. Further, ceramides are hydrophobic so they are
carried on lipoproteins in the blood, with the greatest concentrations in VLDL and LDL [57]
and the ceramide transporter (CERT) [58]. Sphingomyelins are carried by all major
lipoproteins but the percent carried differs among the lipoprotein subclasses and by APOE
genotype [59]. The composition and quantification of the specific acyl chain lengths of
ceramides and sphingomyelins on lipoproteins may differ by age and with disease onset.
However, we were unable to quantitate all of the lipids by specific lipoproteins and CERT.

In conclusion, our results support previous animal and human studies suggesting that
alterations in sphingolipid metabolism are associated with risk of AD or AD-related
pathology. However, our results indicate that the relationship between sphingolipids and AD
in humans are influenced by multiple factors, including sex and APOE genotype. Thus,
future research examining sphingolipids and risk of AD in large cohorts should consider
these factors — not just by simply adjusting for them, but by examining them as effect
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modifiers. Additional research also is needed to determine whether the timing of the
sphingolipid measure (mid-life versus late-life) poses a different risk for AD and whether
plasma sphingolipids will be useful prognostic biomarkers.
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Forest plot for baseline tertiles of ceramides and sphingomyelins and risk of AD by sex.
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Table 2

Baseline tertiles of ceramides and sphingomyelins and risk of AD by sex

Page 15

Lipid

univariate HR (95% CI)

Men

multivariate HR (95% CI)

univariate HR (95% CI)

Women

multivariate HR (95% CI)

Ceramide
C16:0 2vs.
3vs.
C18:0 2vs.
3vs.
C20:0 2vs.
3vs.
C22:0 2vs.

3vs.

1

1

1

1

1

1

1

1

C24:0 2vs.1
3vs. 1

C26:0 2vs.1
3vs. 1

C22:1 2vs.1
3vs. 1

C24:1 2vs.1
3vs. 1
Sphingomyelins
C16:0 2vs.
3vs.

C18:0 2vs.
3vs.

C20:0 2vs.
3vs.

C22:0 2vs.
3vs.

C24:0 2vs.
3vs.

C16:1  2vs.
3vs.

C18:1 2vs.
3vs.

C20:1  2vs.
3vs.

C22:1  2vs.
3vs.

C24:1  2ws.

N e e e e T T e e e e e S e e S S

3vs.

2.03(1.08, 3.84)
2.30 (1.25, 4.21)
1.44 (0.85, 2.46)
1.93 (1.15, 3.24)
1.22 (0.78, 1.92)
1.32 (0.83, 2.09)
1.25 (0.78, 2.01)
1.42 (0.91, 2.23)
1.33 (0.82, 2.16)
1.49 (0.94, 2.35)
1.21(0.76, 1.93)
1.35 (0.86, 2.13)
0.88 (0.56, 1.39)
1.04 (0.68, 1.59)
1.31 (0.84, 2.06)
156 (1.01, 2.42)

1.01 (0.64, 1.59)
1.24 (0.79, 1.93)
1.95 (1.25, 3.05)
1.54 (0.97, 2.44)
0.81 (0.51, 1.28)
1.46 (0.96, 2.23)
0.99 (0.62, 1.57)
1.38 (0.89, 2.12)
1.06 (0.66, 1.71)
1.61 (1.05, 2.46)
1.10 (0.72, 1.69)
1.28 (0.81, 2.01)
1.55 (0.99, 2.43)
2.00 (1.25, 3.18)
1.17 (0.76, 1.81)
1.88(1.21, 2.93)
1.34 (0.86, 2.10)
1.88 (1.19, 2.97)
1.22 (0.78, 1.89)
152 (0.98, 2.37)

1.68 (0.88, 3.19)
2.26 (1.20, 4.23)
1.27 (0.74, 2.18)
1.83(1.07, 3.11)
1.29 (0.81, 2.04)
1.50 (0.93, 2.42)
1.11 (0.68, 1.81)
1.66 (1.04, 2.66)
1.20 (0.73, 1.96)
1.67 (1.04, 2.69)
1.14 (0.70, 1.84)
1.27 (0.80, 2.02)
0.72 (0.44, 1.15)
1.02 (0.66, 1.57)
1.31 (0.82, 2.09)
151 (0.97, 2.36)

0.92 (057, 1.47)
0.96 (0.59, 1.57)
1.84 (1.15, 2.93)
1.60 (0.97, 2.63)
0.74 (0.46, 1.20)
1.20 (0.76, 1.90)
0.87 (0.54, 1.39)
1.03 (0.64, 1.65)
0.69 (0.42, 1.13)
1.37 (0.87, 2.15)
0.85 (0.55, 1.31)
0.91 (0.57, 1.48)
1.51 (0.95, 2.40)
1.86 (1.14, 3.03)
1.03 (0.66, 1.62)
1.58 (1.00, 2.52)
1.17 (0.73, 1.86)
1.69 (1.04, 2.76)
0.89 (057, 1.41)
1.18 (0.73, 1.89)

1.23 (0.67, 2.25)
1.27 (0.70, 2.31)
1.41 (0.78, 2.55)
159 (0.92, 2.77)
1.08 (0.62, 1.89)
1.17 (0.66, 2.06)
0.95 (0.52, 1.73)
1.36 (0.78, 2.37)
1.01 (0.57, 1.80)
1.14 (0.65, 2.02)
1.02 (0.55, 1.88)
1.20 (0.67, 2.14)
1.20 (0.65, 2.21)
1.21 (0.67, 2.17)
1.30 (0.74, 2.27)
1.01 (0.55, 1.87)

0.90 (0.51, 1.60)
0.96 (0.55, 1.69)
1.44 (0.77, 2.69)
1.39 (0.75, 2.58)
0.94 (0.53, 1.65)
0.91 (0.51, 1.63)
1.13 (0.65, 1.95)
0.93 (0.50, 1.70)
1.21 (0.69, 2.14)
1.03 (0.57, 1.85)
1.33 (0.74, 2.40)
0.97 (0.54, 1.75)
152 (0.84, 2.78)
0.98 (0.53 1.81)
1.93 (1.05, 3.53)
1.08 (0.56, 2.07)
1.13 (0.63, 2.04)
0.79 (0.4, 1.43)
1.30 (0.71, 2.38)
1.35 (0.74, 2.46)

1.29 (0.66, 2.51)
0.74 (0.37, 1.50)
1.04 (0.53, 2.04)
0.90 (0.48, 1.68)
1.06 (0.56, 2.00)
0.67 (0.35, 1.27)
1.02 (0.50, 2.08)
1.16 (0.59, 2.27)
1.28 (0.66, 2.47)
1.13 (0.57, 2.25)
0.88 (0.4, 1.75)
0.95 (0.48, 1.89)
0.87 (0.43, 1.74)
0.81 (0.42, 1.55)
1.13(0.61, 2.12)
0.70 (0.36, 1.34)

0.65 (0.34, 1.21)
0.50 (0.26, 0.97)
1.27 (0.63, 2.56)
0.89 (0.44, 1.83)
1.01 (0.54, 1.89)
0.74 (0.39, 1.41)
1.21 (0.66, 2.23)
0.64 (0.33, 1.23)
1.15 (0.61, 2.19)
0.86 (0.44, 1.67)
1.11 (0.59, 2.10)
0.73 (0.39, 1.39)
112 (0.58, 2.17)
0.66 (0.32, 1.38)
153 (0.7, 3.02)
0.71 (0.35, 1.45)
1.04 (0.54, 1.98)
0,52 (0.27, 0.99)
1.03 (0.52, 2.06)
1.00 (0.52, 1.91)
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Multivariate models adjust for baseline age, race, education, APOE genotype, body mass index, diabetes hypertension, triglycerides, cholesterol,
and postmenopausal hormone therapy (women only).
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Interaction between baseline ceramide tertiles in APOE E4 genotype for predicting AD among women

Lipid

Lipid*APOE E4

Sphingomyelin

HR (95% ClI)

HR (95% ClI)

C16:0 2vs.1
3vs. 1
C18:0 2vs.1

0.89 (0.39, 2.01)
0.84 (0.37, 1.91)
2.28 (0.82, 6.32)

0.42 (0.12, 1.53)
0.25 (0.07, 0.86)
0.28 (0.07, 1.17)

3vs.
C20:0 2vs.

3vs.

[ = SN

C22:0 2vs.

1.70 (0.60, 4.81)
1.20 (0.51, 2.82)
0.95 (0.41, 2.24)
2.20 (0.94, 5.12)

0.25 (0.06, 1.00)
0.69 (0.20, 2.37)
0.56 (0.15, 2.01)
0.24(0.07, 0.88)

3vs.
C24:0 2vs.

3vs.

e

C16:1 2vs.

1.20 (0.48, 2.98)
2.09 (0.87, 5.00)
1.57 (0.63, 3.92)
1.28 (0.55, 3.01)

0.23 (0.06, 0.87)
0.24(0.07, 0.90)
0.26 (0.07, 0.93)
0.72 (0.20, 2.58)

3vs.
C18:1 2wvs.

3vs.

[ = SN

C20:1  2vs.

0.83 (0.36, 1.95)
2.22 (0.86, 5.74)
1.00 (0.37, 2.73)
1.37 (0.56, 3.36)

0.75 (0.21, 2.64)
0.20 (0.05, 0.81)
0.41 (0.10, 1.65)
1.25 (0.34, 4.62)

3vs.
C22:1  2vs.

3vs.

e

C24:1  2vs.

0.63 (0.24, 1.63)
1.60 (0.67, 3.87)
0.81 (0.34, 1.96)
2.34(0.91, 5.99)

1.29 (0.32,5.17)
0.34 (0.09, 1.30)
0.32 (0.09, 1.15)
0.14 (0.04, 0.55)

3vs. 1

1.75 (0.71, 4.32)

0.26 (0.07, 0.94)

Table 3
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Models adjust for baseline age, race, education, body mass index, diabetes, hypertension, triglycerides, cholesterol, and postmenopausal hormone

therapy
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