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aSunnybrook Research Institute, Toronto, ON, Canada
bDepartment of Pharmacology and Toxicology, University of Toronto, Toronto, ON, Canada
cDepartment of Psychiatry, University of Toronto, Toronto, ON, Canada
dDepartments of Neurology and Health Sciences Research, Mayo Clinic, Rochester, MN, USA
eDepartments of Neurology and Psychiatry, John Hopkins University School of Medicine, Baltimore, MD, USA
f University Health Network at Toronto Rehabilitation Institute, Toronto, ON, Canada
gInstitute for Clinical Evaluative Sciences, Sunnybrook Health Sciences Centre, Toronto, Canada

Accepted 31 May 2018

Abstract.
Background: Biomarkers in cognitively vulnerable populations, like those with coronary artery disease (CAD), may inform
earlier intervention in vascular neurodegeneration. Circulating ceramide C18:0 (CerC18:0) is associated with changes in
verbal memory in early neurodegeneration and CAD progression.
Objective: To investigate whether plasma CerC18:0 accumulation is associated with longitudinal declines in verbal memory
performance in CAD.
Methods: In addition to total CerC18:0, we assessed its relative abundance to its precursors as ratios: CerC18:0 to monohexo-
sylceramide C18:0 (MHxCer18:0), CerC18:0 to sphingomyelin C18:0 (SM18:0), and CerC18:0 to sphingosine-1-phosphate
(S1P). Verbal memory was assessed using the California Verbal Learning Test 2nd Ed. Using mixed models in 60 CAD partic-
ipants, we evaluated associations between baseline CerC18:0 ratios and changes in verbal memory performance, adjusting for
age, body mass index, and education. Given that cognitive decline is more rapid following onset of deficits, these associations
were compared between those with possible mild vascular neurocognitive disorder (MVND).
Results: Increased baseline CerC18:0 concentrations correlated with worse verbal memory performance over
time (b[SE] = –0.91[0.30], p = 0.003). Increased baseline CerC18:0/SM18:0 (b[SE] = –1.11[0.36], p = 0.004) and
CerC18:0/MHxCer18:0 (b[SE] = –0.90[0.40], p = 0.03) were associated with worse verbal memory performance over time.
These associations were not mediated by whether or not patients had possible MVND at baseline.
Conclusion: These findings support aberrant CerC18:0 metabolism as an early neurobiological change in vascular neurode-
generation. Future studies should measure enzymes responsible for conversion of sphingolipid precursors into CerC18:0 to
assess enzymatic activity.
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INTRODUCTION

It is estimated that half of the patients with vascu-
lar cognitive impairment progress to dementia within
5 years [1], which results in high institutionaliza-
tion rates and poor quality of life. Because there are
no recommended drugs to prevent this progressive
vascular neurodegeneration, early identification and
active control of cardiovascular risk factors is cur-
rently considered the only way to modify the course
of this disease [2, 3]. As such, there is significant
interest in the development of biological markers
to detect disease signatures in cognitively vulnera-
ble populations. One such population is those with
coronary artery disease (CAD); CAD patients expe-
rience increased brain atrophy [4, 5], increased white
matter lesions [6], and an increased risk of memory
impairment [7]. Consequently, this clinical popu-
lation is approximately two times more likely to
develop incipient neurodegenerative disorders such
as mild vascular neurocognitive disorder (MVND)
[8], which may progress to dementia [9]. Therefore,
those with CAD are an ideal prodromal population
to identify markers of early cognitive changes and
identify potential therapeutic targets.

Compelling evidence suggests that changes in ver-
bal memory may be one of the earliest events in
cognitive decline caused by vascular pathology. A
previous study elucidated the neuropsychological
profiles of patient populations along the spectrum
of cognitive decline due to vascular risks: healthy
elders, those at-risk of cerebrovascular disease, those
with MVND, and those with vascular dementia.
Those with MVND had significantly worse verbal
memory compared to the healthy participants, while
performing within normative ranges in other cogni-
tive domains [10]. Cognitive deterioration from the
time of CAD diagnosis to clinically significant cogni-
tive impairment generally occurs over several years,
making proper assessment a challenge. As such, lon-
gitudinal data with a sensitive biological marker, in
association with the cognitive performance of CAD
patients would improve our etiologic and prognostic
understanding of neurodegeneration.

Perturbed sphingolipid metabolism has been
associated with both cardiovascular and neurodegen-
erative diseases. This is consistently and specifically
reported in the ceramide species with an acyl chain
length of 18 carbons (CerC18:0). Plasma levels of
CerC18:0 are elevated in coronary plaques, a hall-
mark of CAD pathophysiology [11]. Evidence from
numerous studies also implicates CerC18:0 in the

biochemical profile of various neurodegenerative dis-
eases. In adults at-risk of Alzheimer’s disease (AD),
cerebrospinal fluid (CSF) CerC18:0 was associated
with higher CSF amyloid-� and higher CSF tau lev-
els [12]. Notably, these associations were stronger
among individuals aged 54 years and older, an age
range during which the prevalence of CAD increases.
Among subjects infected with the human immunod-
eficiency virus (HIV), CSF CerC18:0 was a strong
predictor of poorer performance in multiple cogni-
tive domains [13]. In a cognitively asymptomatic
population, higher levels of serum CerC18:0 were
associated with an increased risk of incident memory
impairment over 9 years of follow-up [14]. Moreover,
we previously found that greater plasma CerC18:0
levels were associated with less improvement in
verbal memory performance among CAD patients
over 6 months [15]. Collectively, this evidence cou-
pled with the abundance of CerC18:0 in brain tissue
[16], demonstrates the potential and feasibility of
CerC18:0 as a biomarker of the pre-symptomatic
phases of cognitive impairment.

The present study builds upon our previous work
[15] by evaluating the relationship between circu-
lating ceramides and verbal memory performance
among CAD subjects over a longer period of time, in
which cognitive deterioration may be more apparent.
Although cognitive trajectories have been investi-
gated in those with mild cognitive impairment [17],
it has not been studied in those with vascular risk
factors. Sphingolipid abnormalities in neurodegen-
erative processes are likely the result of enzymatic
imbalance as the majority of sphingolipids are syn-
thesized within the body [18, 19]. We postulate that
the balance of sphingolipid metabolism is skewed
toward the accumulation of CerC18:0 in various
biosynthesis pathways, resulting in apoptosis [20]
and eventual neurodegeneration. We explored the rel-
ative abundance of CerC18:0 to its precursors as
ratios; changes in these ratios may indicate perturba-
tions in CerC18:0 biosynthesis pathways. In addition,
sphingolipid ratios have been reported to be stronger
predictors of cognitive decline than individual sph-
ingolipids [21], but this has not been investigated in
vascular cognitive impairment. Briefly, ceramides are
generated through four biosynthesis pathways [22]
(Fig. 1). In the catabolic pathway, sphingomyelinase
breaks sphingomyelin (SM) down into ceramides
and a by-product, phosphocholine. While the salvage
and recycling pathways are distinct, they coordi-
nate in ceramide biosynthesis. The salvage pathway
uses glucocerebrosidase or galactocerebrosidase to
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Fig. 1. Ceramide with an acyl chain length of 18 carbons (CerC18:0) is synthesized through four main pathways: the catabolic, salvage,
recycling, and de novo pathways.

catabolize glucosylceramides such as monohexosyl-
ceramides (MHxCer) into sphingosine for ceramide
biosynthesis. The recycling pathway then phosphory-
lates sphingosine to make sphingosine-1-phosphate
(S1P), which is then converted into ceramides. Lastly,
the de novo pathway synthesizes ceramides from
palmitoyl coenzyme A and serine via action of serine
palmitoyltransferase. Given that the salvage path-
way accounts for 50–90% of sphingolipid generation
[22], our primary hypothesis is that higher base-
line ratios of CerC18:0 to MHxCerC18:0 would
be associated with greater decline in verbal mem-
ory performance as dysregulation in this pathway
would presumably have the greatest clinical impact.
Our secondary hypotheses were that higher base-
line ratios of CerC18:0/SM18:0 and CerC18:0/S1P
would also predict greater verbal memory decline.
We did not conduct analysis in the de novo path-
way as we did not measure a precursor metabolite
specific to that pathway. In an exploratory analysis,
we hypothesized that the associations between base-
line CerC18:0 ratios and change in verbal memory
performance will be significantly different between
those with possible MVND and those without pos-
sible MVND. Our exploratory hypothesis focused
on study participants with possible MVND rather
than MVND, because the neuropathology may be
too advanced by the time the stricter neurocog-
nitive criteria of MVND is met [23]. Therapeutic
intervention or cardiac rehabilitation may be more
beneficial in early prodromal states as a more pre-
ventative approach [24]. Moreover, evidence shows

that cognitive decline is more rapid following onset of
deficits [25].

MATERIALS AND METHODS

Study participants

This study was approved by the research ethics
boards at both Sunnybrook Health Sciences Cen-
tre and the University Health Network. All study
participants were recruited from a cardiac rehabili-
tation program at the Rumsey Centre of University
Health Network Toronto Rehabilitation Institute and
provided written, informed consent to participate
before study enrolment and assessment for inclu-
sion/exclusion criteria.

All study participants had evidence of CAD
based on previous hospitalization for myocardial
infarction, prior revascularization procedure, and/or
angiographic evidence of at least 50% stenosis in
a major coronary artery. All participants had dys-
lipidemia, were taking statins, were between the
ages of 50–75, and spoke and understood English.
Participants were excluded if they had any of the
following comorbidities that could affect the interpre-
tation of outcomes: a history of a neurodegenerative
disease, active cancer, schizophrenia, bipolar disor-
der, surgery planned within 12 months, or dementia.
The Standardized Mini Mental Status Examination
(sMMSE) was used to screen for dementia and con-
sequently, those with a sMMSE score <24 were
excluded [26]. Participants with possible MVND
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were defined as those with composite verbal memory
or executive function Z-scores of ≤1, as previously
described [27].

Demographics and clinical characteristics

A comprehensive medical history, including demo-
graphic information, co-morbidities, and vascular
risk factors (hypertension, smoking, hypercholes-
terolemia, obesity, and diabetes) were collected from
participant interviews. Anthropometric data such as
height, weight, body mass index (BMI) were obtained
from patient charts at the Rumsey Centre or obtained
by trained researchers. Lipid profile including total
cholesterol and triglycerides were measured using
standard clinical assays.

The Structured Clinical Interview for Depression
(SCID) was used to diagnose depression at baseline.
It was administered by a trained researcher under the
supervision of the study psychiatrist, to determine if
participants met the Diagnostic and Statistical Man-
ual, Version 4 (DSM-IV) criteria for minor or major
depressive disorder (MDD).

Cognitive and behavioral assessments

Study participants were assessed at the begin-
ning of cardiac rehabilitation (baseline), 3-months,
6-months, and after 12 months. The interval between
baseline and the post 12-month visit was variable.
A 30-min standardized battery of tests was used
to assess cognitive performance due to vascular
causes as recommended by the National Institute of
Neurological Disorders and Stroke-Canadian Stroke
Network (NINDS-CSN) at baseline, 3, 6, and post-
12 months [28]. A trained researcher administered
the battery at a standardized time (0930 h ± 30 min)
and participants refrained from eating or drinking any
caffeine-containing beverages for at least 4 h before
testing. As the primary outcome, verbal memory was
assessed using the California Verbal Learning Test
2nd Ed. (CVLT-II). The CVLT-II yields multiple mea-
sures of verbal memory function, including verbal
learning (recall of a word list over 5 learning trials),
short-delay free recall (recall of a word list after an
interfering list), and long-delay free recall (recall of
a word list after 20 min) [28]. It has been shown to
be able to distinguish elderly adults with mild cog-
nitive impairment from cognitively normal elderly
individuals, because it assesses learning across
multiple trials [29].

MVND patients also have deficits in other cogni-
tive domains along a continuum of severity. Measures
of executive function included the Trail-Making Test
Part B [30] and Stroop Color-Word Interference Test.
Performance in visuospatial memory was assessed
using the Brief Visuospatial Test-Revised (BVMT-
R), which presents a measure of visual learning and
delayed recall [31]. The domain of processing speed
was assessed using the Trail-Making Test Part A
[30] and the Digit Symbol-Coding task, a measure of
complex attention and psychomotor speed from the
Wechsler Adult Intelligence Scale 3rd Edition [32].

Z-scores were determined from age, gender and
education-matched norms [33]. Z-scores from tests
that involve the same cognitive domain were summed
into a composite Z-score to provide a more stable rep-
resentation of performance in that particular domain
and to avoid multiple comparisons [34, 35]. For ver-
bal memory, the three Z-scores from the CVLT-II:
learning, short-delay free recall, and long-delay free
recall were summed into a composite score. For exec-
utive function, the Z-scores from the Trails-Making
Test Part B and Stroop Color-Word Interference Test
were summed into a composite score.

Measurement of plasma sphingolipids

At baseline, blood was drawn from participants
who were fasting at 0900 h ± 30 min on the same day
as the cognitive testing and then centrifuged at 1000 g
for 10 min at 4◦C. The resulting plasma was imme-
diately isolated and stored at –80◦C until analysis.
High performance liquid chromatography coupled
electrospray ionization tandem mass spectrometry
(LC/MS/MS) using multiple reaction monitoring was
used to quantify individual sphingolipid species and
processed by the Analyst 1.4.2 software package, as
previously described [36].

A crude lipid extraction from plasma was per-
formed using a modified Bligh and Dyer procedure
(Avanti Polar Lipids, Alabaster, AL, USA). Plasma
extracts were dried and then re-suspended in
methanol before analysis. High performance liquid
chromatography (PerkinElmer, MA, USA) with a
reverse phase C18 column (Phenomenex, Torrance,
CA, USA) was used for temporal resolution of
compounds. The eluted samples were then injected
into an electrospray ion source coupled to a triple-
quadrupole mass spectrometer (API3000, AB Sciex
Inc, Thornhill, Ontario, Canada) and analyses were
conducted by multiple reaction monitoring. Eight-
point calibration curves (0.1–1000 ng/mL) were
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constructed by plotting area under the curve for dif-
ferent sphingolipids for each calibration standard
normalized to the internal standard. The final sph-
ingolipid concentrations (ng/mL) were determined
by fitting the identified species to standard curves
based on acyl chain length. Instrument control and
quantification of spectral data were performed using
Analyst 1.4.2 and MultiQuant software (AB Sciex
Inc, Thornhill, Ontario, Canada).

Statistical analyses

Ratios of CerC18:0 relative to its precursors
were used to explore accumulation of CerC18:0
(Fig. 1). Ratios of CerC18:0/SM18:0, CerC18:0/
MHxCerC18:0, and CerC18:0/S1P were calculated
using raw sphingolipid concentrations. The resulting
CerC18:0 ratios and CerC18:0 were log-transformed
to obtain a normal distribution prior to analyses.
Only sphingolipid ratios with identical acyl chain
lengths were included, because bi-directional conver-
sions between ceramides and its precursors primarily
modify the head group and not the acyl chain length
[13].

Linear regressions were used to assess cross-
sectional relationships between clinical character-
istics of the study population and verbal memory
performance. To characterize our participant pop-
ulation, regression models were used to evaluate
bivariate relationships between sociodemographic
features at baseline and change in verbal memory.
These analyses were conducted in two populations:
the overall study population and those with possible
MVND.

For our primary outcome, mixed models were used
to evaluate longitudinal relationships between base-
line C18:0 concentrations, baseline ratios of C18:0
to its precursors or metabolites, and changes in ver-
bal memory over time. For our exploratory outcome,
we used mixed models from the main analyses and
included a possible MVND and CerC18:0 biomarker
interaction term as a covariate. This evaluated
whether associations between baseline sphingolipid
concentrations and change in verbal memory were
significantly different between those with possible
MVND and those without.

Mixed model analyses were conducted using the
MIXED procedure in SAS University Edition sta-
tistical software (SAS Institute Inc., North Carolina,
USA) with a two-tailed significance level of p ≤ 0.05.
The magnitude of association is presented in terms
of change in standard deviation per unit change in

the independent variable. A spatial power covari-
ance structure was used to adjust for the varying time
intervals between study visits. Age, BMI, and years
of education were included as potential confounders
a priori based on previous reports in the literature
[14, 36], while the number of days since baseline
was added as a random effect.

RESULTS

Bivariate associations between baseline
characteristics and cognitive performance

In the present study, 60 study participants met
inclusion criteria and were recruited at the beginning
of their cardiac rehabilitation program. The majority
of these study participants were male (n = 49, 83.1%)
and Caucasian (n = 47, 79.7%), with an average age
of 65 ± 6 years and 14 (23.3%) of these individuals
had possible MVND at baseline. There were no sig-
nificant cross-sectional associations between plasma
CerC18:0 and any of the four cognitive domains at
baseline.

Study participants were followed for a median
of 3.5 years from their baseline visit (inter-quartile
range: 1.1 years). In bivariate longitudinal associa-
tions (Table 1), greater years of education (b[SE] =
0.05[0.02], p = 0.04) and greater VO2peak (b[SE] =
0.03[0.01], p = 0.01) at baseline were associated
with a greater improvement in verbal memory.
Conversely, having depression (b[SE] = –0.54[0.24],
p = 0.03) was associated with worse verbal memory
performance over time (Table 1). In those with possi-
ble MVND, diabetes at baseline (b[SE] = 0.68[0.24],
p = 0.01) was associated with less improvement
in verbal memory. Across all participants, verbal
memory performance did not change over time
(b = –0.0001, p = 0.32).

Raw and log-transformed concentrations of sphin-
golipids are presented in Table 2. CerC18:0, SM18:0,
MHxCerC18:0, and S1P plasma concentrations were
log-transformed to obtain a normal distribution for
mixed model analyses, so that their concentrations
were standardized to a notionally common scale.
CerC18:0 ratios were calculated using the log-
transformed sphingolipid ratios.

Association between baseline CerC18:0
and change in verbal memory

Longitudinally, baseline plasma CerC18:0 was sig-
nificantly associated with decline in verbal memory
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Table 1
Baseline clinical and demographic characteristics in association with verbal memory z-score over a median of 3.5 years

Overall study participants (n = 60) Participants with possible MVND at baseline (n = 14)
Characteristic Mean (±SD) or n (%) b [SE] p Mean (±SD) or n (%) b [SE] p

Sociodemographics
Age (y) 64.6 (6.0) 0.004 [0.01] 0.74 62.5 (5.6) 0.02 [0.02] 0.44
Female 10 (16.7) –0.24 [0.21] 0.26 3 (21.4) 0.23 [0.32] 0.49
BMI (kg/m2) 29.4 (5.6) 0.01 [0.01] 0.49 29.0 (3.5) 0.0008 [0.0009] 0.38
Education (y) 16.6 (3.2) 0.05 [0.02] 0.04∗ 16.1 (3.6) –0.02 [0.04] 0.59
Married 49 (81.7) –0.04 [0.20] 0.83 13 (92.9) –0.58 [0.48] 0.25
Has a smoking history 32 (53.3) 0.05 [0.15] 0.76 7 (50.0) –0.12 [0.26] 0.64
Has an APOE4 allele 11 (18.3) –0.05 [0.20] 0.81 2 (14.2) –0.39 [0.35] 0.29

CAD Severity
Cumulative stenosis (%) 152.3 (71.4) 0.002 [0.001] 0.05 117.8 (65.4) –0.003 [0.002] 0.29

Lipid profile and Hb1AC
LDL (mmol/L) 1.6 (0.6) 0.07 [0.12] 0.59 1.7 (0.9) –0.07 [0.21] 0.74
HDL (mmol/L) 1.3 (0.3) –0.16 [0.23] 0.48 1.3 (0.3) –0.05 [0.30] 0.86
Cholesterol (mmol/L) 3.5 (0.8) –0.13 [0.09] 0.17 3.6 (1.1) 0.08 [0.14] 0.60
Triglycerides (mmol/L) 1.2 (0.6) –0.23 [0.12] 0.07 1.4 (0.7) 0.06 [0.17] 0.71
Hemoglobin A1C 0.06 (0.01) –17.13 [11.77] 0.15 0.06 (0.01) –20 [27.26] 0.46

Fitness parameters
VO2peak (mL/kg/min) 20.7 (5.8) –0.03 [0.01] 0.01∗ 18.2 (5.1) –0.03 [0.02] 0.32

Comorbidities
Depressed 8 (13.3) –0.54 [0.24] 0.03∗ 3 (21.4) –0.45 [0.32] 0.18
Diabetes mellitus 10 (16.7) –0.05 [0.21] 0.81 5 (35.7) 0.68 [0.24] 0.01∗

BMI, body mass index; APOE4, apolipoprotein E4; LDL, low density lipoprotein; HDL, high density lipoprotein; S.D, standard
deviation; SE, standard error; CAD, coronary artery disease. ∗indicates statistically significant associations (p < 0.05).

Table 2
Distribution of plasma sphingolipid concentrations and ratios at

baseline and their log-transformed values

Species (ng/mL) Mean (SD) Range

CerC18:0 7.60 (5.14) 1.45 to 30.89
SM18:0 123505 (27762) 65300 to 205000
MHxCerC18:0 8.33 (4.66) 1.84 to 28.86
S1P 197.70 (178.16) 16.32 to 878.95
Log CerC18:0 0.80 (0.27) 0.16 to 1.49
Log SM18:0 5.08 (0.10) 4.81 to 5.31
Log MHxCerC18:0 0.87 (0.22) 0.27 to 1.46
Log S1P 2.13 (0.39) 1.21 to 2.94
Log
CerC18:0/MHxCerC18:0

–0.07 (0.19) –0.62 to –0.43

Log CerC18:0/SM18:0 –4.28 (0.22) –4.84 to –3.82
Log CerC18:0/S1P –1.34 (0.42) –2.39 to –0.11

C18, acyl chain of 18 carbons; Cer, ceramide; MHxCer, mono-
hexosylceramide; S1P, sphingosine-1-phosphate; SD, standard
deviation; SM, sphingomyelin; MVND, mild vascular neurocog-
nitive disorder.

performance, after adjustment for age, BMI, years
of education, and days since baseline (Table 3).
Each log-unit increase in baseline plasma CerC18:0
concentrations correlated with a 0.91 standard devi-
ation (SD) decline in verbal memory performance (b
[SE] = –0.91 [0.30], p = 0.003).

Associations between baseline CerC18:0 ratios
and change in verbal memory

Baseline plasma MHxCerC18:0 concentrations
were not associated with change in verbal memory

over time (b [SE] = –0.46 [0.38], p = 0.22), after
adjusting for age, BMI, years of education and
days since baseline visit. In contrast, baseline
CerC18:0/MHxCerC18:0 ratios were associated with
change in verbal memory performance, after adjust-
ing for age, BMI, years of education, and days since
baseline (Table 4). Each log unit increase in this ratio
correlated with a 0.90 SD decrease in verbal memory
performance (b [SE] = –0.90 [0.40], p = 0.03).

Plasma concentrations of SM18:0 were not asso-
ciated with change in verbal memory over time after
adjusting for age, BMI, years of education, and
days since baseline (b [SE] = –0.90 [0.84], p = 0.29).
However, baseline ratios of CerC18:0/SM18:0 were
significantly associated with decline in verbal mem-
ory performance, after adjusting for age, BMI, years
of education, and days since baseline (Table 5). For
instance, each log-unit increase in CerC18:0/SM18:0
ratio correlated with a 1.11 SD decline in ver-
bal memory performance (b [SE] = –1.11 [0.36],
p = 0.004).

Concentrations of S1P (b [SE] = –0.41 [0.20],
p = 0.05) were not associated with change in ver-
bal memory over time in multivariable models.
Likewise, CerC18:0/S1P was not associated with
change in verbal memory over time, after adjust-
ment for age, BMI, years of education, and
days since baseline (b [SE] = 0.01 [0.21], p = 0.97;
Table 6).
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Table 3
Association between plasma CerC18:0 at baseline and change in verbal memory performance over the course of the study

in participants with CAD (n = 60), adjusted for age, BMI, years of education, and days since baseline

Variable Estimate (b) [95% CI] SE df t-value Significance (p)

Intercept –0.95 [–3.09, 1.19] 1.07 55 –0.89 0.38
Days since baseline –0.0002 [–0.0004, 0.00008] 0.0001 177 –1.29 0.20
Age 0.02 [–0.01, 0.05] 0.01 55 1.45 0.15
BMI –0.01 [–0.03, 0.02] 0.01 55 –0.36 0.72
Years of education 0.04 [–0.00555, 0.09] 0.02 55 1.77 0.08
CerC18:0 –0.91 [–1.51, 0.32] 0.30 55 –3.08 0.003∗

BMI, body-mass index; C18:0, acyl chain length of 18 carbons; CAD, coronary artery disease; Cer, ceramide; CI, confidence interval;
df, degrees of freedom; SE, standard error.

Table 4
Association between plasma CerC18:0/MHxCerC18:0 at baseline and change in verbal memory performance over the course

of the study in participants with CAD (n = 60), adjusted for age, BMI, years of education, and days since baseline

Variable Estimate (b) [95% CI] SE df t-value Significance (p)

Intercept –1.29 [–3.53, 0.94] 1.12 55 –1.16 0.25
Days since baseline –0.0002 [–0.0004, 0.0001] 0.0001 177 –1.27 0.20
Age 0.01 [–0.02, 0.04] 0.01 55 0.78 0.44
BMI –0.004 [–0.03, 0.02] 0.01 55 –0.30 0.76
Years of education 0.05 [0.002, 0.10] 0.02 55 2.10 0.04∗
CerC18:0/MHxCerC18:0 –0.90 [–1.70, –0.09] 0.40 55 –2.23 0.03∗

BMI, body-mass index; C18:0, acyl chain length of 18 carbons; CAD, coronary artery disease; Cer, ceramide; CI, confidence interval;
df, degrees of freedom; MHxCer, monohexosylceramide; SE, standard error.

Table 5
Association between plasma CerC18:0/SM18:0 at baseline and change in verbal memory performance over the course

of the study in participants with CAD, adjusted for age, BMI, years of education, and days since baseline

Variable Estimate (b) [95% CI] SE df t-value Significance (p)

Intercept –6.30 [–10.54, –2.06] 2.11 55 –2.98 0.004
Days since baseline –0.00016 [–0.0004, 0.0009] 0.0001 177 –1.27 0.20
Age 0.02 [–0.01, 0.05] 0.01 55 1.41 0.16
BMI –0.01 [–0.04, 0.02] 0.01 55 –0.62 0.54
Years of education 0.04 [–0.01, 0.09] 0.02 55 1.75 0.09
CerC18:0/SM18:0 –1.11 [–1.84, –0.38] 0.36 55 –3.05 0.004∗

BMI, body-mass index; C18:0, acyl chain length of 18 carbons; CAD, coronary artery disease; Cer, ceramide; CI, confidence interval;
df, degrees of freedom; SE, standard error; SM, sphingomyelin.

Table 6
Association between plasma CerC18:0/S1P at baseline and change in verbal memory performance over the course

of the study in participants with CAD, adjusted for age, BMI, years of education, and days since baseline

Variable Estimate (b) [95% CI] SE df t-value Significance (p)

Intercept –1.04 [–3.41, 1.32] 1.18 52 –0.88 0.38
Days since baseline –0.0002 [–0.0004, 0.0001] 0.0001 168 –1.13 0.26
Age 0.01 [–0.02, 0.03] 0.01 52 0.52 0.60
BMI –0.001 [–0.03, 0.03] 0.01 52 –0.10 0.92
Years of education 0.05 [–0.001, 0.10] 0.02 52 1.98 0.05
CerC18:0/S1P 0.01 [–0.41, 0.42] 0.21 52 0.04 0.97

BMI, body-mass index; C18:0, acyl chain length of 18 carbons; CAD, coronary artery disease; Cer, ceramide; CI, confidence interval;
df, degrees of freedom; S1P, sphingosine-1-phosphate; SE, standard error.

Differences in associations between those with
possible MVND and those with no possible
MVND

Although the presence of possible MVND was sig-
nificantly associated with decline in verbal memory

as a main effect, it did not significantly affect the
association between baseline CerC18:0 and change
in verbal memory performance (b [SE] = 0.10 [0.56],
p = 0.86), after adjusting for age, years of education,
days since baseline, possible MVND, and baseline
CerC18:0. Likewise, the presence of possible MVND
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Table 7
Associations between baseline CerC18:0 biomarkers and change in verbal memory

in the overall CAD population (n = 60), adjusted for age, BMI, and years of education

b [SE], p Without interaction term With interaction term∗
(b [SE], p) (b [SE], p)

CerC18:0 –0.91 [0.30], 0.003∗ 0.10 [0.56], 0.86
CerC18:0/MHxCerC18:0 –0.90 [0.40], 0.03∗ 1.08 [0.74], 0.15
CerC18:0/SM18:0 –1.11 [0.36], 0.004∗ –0.28 [0.67], 0.68
CerC18:0/S1P 0.01 [0.21], 0.97 0.68 [0.44], 0.13
∗An interaction term of baseline CerC18:0 biomarker and possible MVND. C18:0, acyl
chain length of 18 carbons; CAD, coronary artery disease; Cer, ceramide; MHxCer, mono-
hexosylceramide; S1P, sphingosine-1-phosphate; SM, sphingomyelin; SE, standard error;
MVND, mild vascular neurocognitive disorder.

did not significantly affect the association between
baseline CerC18:0/MHxCerC18:0 and change in
verbal memory performance (b [SE] = 1.08 [0.74],
p = 0.15), after adjusting for age, years of education,
days since baseline, possible MVND, and baseline
CerC18:0/MHxCerC18:0. Similarly, the association
between baseline CerC18:0/SM18:0 and change in
verbal memory performance was not significantly
different between those with possible MVND and
those with no possible MVND (b [SE] = –0.28 [0.67],
p = 0.68), after adjusting for age, years of edu-
cation, days since baseline, possible MVND, and
baseline CerC18:0/SM18:0. Lastly, the presence of
possible MVND did not significantly affect the asso-
ciation between baseline CerC18:0/S1P and change
in verbal memory performance (b [SE] = 0.65 [0.55],
p = 0.25), after adjusting for age, years of education,
days since baseline, possible MVND, and baseline
CerC18:0/S1P. Overall, none of the above associ-
ations were mediated by the presence of possible
MVND. A summary of these results is presented in
Table 7.

DISCUSSION

This study found a relationship between markers
of aberrant sphingolipid metabolism and cogni-
tive decline, corroborating our previous finding
that baseline plasma CerC18:0 is a robust marker
of verbal memory performance in a cohort of
CAD patients [15]. We investigated the longitudi-
nal relationships between the equilibrium of baseline
CerC18:0 biosynthesis and verbal memory perfor-
mance over time. In both the catabolic and salvage
pathways, an increased baseline ratio of CerC18:0 to
its respective precursor was significantly correlated
with worse verbal memory performance over time.
In post-hoc analyses of the catabolic pathway, this
relationship was significant among participants with

possible MVND at baseline, but not in those without.
Collectively, our results show that ratios of CerC18:0
to its precursors are a sensitive marker of cogni-
tive change in the early stages of vascular cognitive
impairment.

Consistent with previous reports in the litera-
ture, we did not find a significant cross-sectional
association between CerC18:0 and any of the four
cognitive domains [21, 36]. A possible explanation
for the lack of cross-sectional findings is that our
CAD participants are generally cognitively intact.
Conversely, baseline CerC18:0 was associated with
change in verbal memory in longitudinal analyses.
As such, we postulate that differences in ceramide
concentrations are associated with the rate of cog-
nitive change over time, rather than inter-individual
differences in cognition at a certain timepoint. More-
over, given that sphingolipids ratios may be more
predictive of cognitive decline than individual sph-
ingolipids [21], we used similar CerC18:0 ratios as
an exploratory marker of shifts in these metabolic
pathways.

The emphasis on rate of cognitive change indi-
cates aberrations in enzymatic activity. An increased
ratio of CerC18:0/SM18:0 suggests increased activ-
ity of sphingomyelinase in the catabolic pathway,
which catabolizes SM18:0 into CerC18:0. In support
of this, plasma levels of secretory acid sphin-
gomyelinase and ceramides have been found to be
elevated in CAD patients [37]. This increase in
ceramides causes aggregation of low-density lipopro-
teins, which leads to formation of atherosclerotic
plaque [38]. However, the role of sphingomyelinase
in cognition remains less clear. A study investigating
gene expression in sphingolipid metabolism found
that sphingomyelinase gene expression did not dif-
fer between cohorts along the cognitive impairment
spectrum [39]. In contrast, a recent paper reported that
an induced deficiency of neutral sphingomyelinase-2
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improved cognition in an animal model of AD [40].
As such, the influence of sphingomyelinase activity
on cognitive performance in CAD patients remains
unclear and warrants further investigation.

We also report a novel association between
higher baseline CerC18:0/MHxCer18:0 ratio and
decline in verbal memory performance over time.
In the salvage pathway, galactocerebrosidase and
glucosylcerebrosidase catalyze the conversion from
monohexosylceramides into ceramides. Given that
the salvage pathway accounts for 50–90% of sph-
ingolipid generation [22], its dysregulation may have
significant clinical impact. This is no more evident
than in individuals with Krabbe disease; a disease
characterized by infantile-onset neurologic deterio-
ration due to deficient galactocerebrosidase activity,
ranging from 5–10% of normal levels [41]. Inter-
estingly, in adults diagnosed with late-onset Krabbe
disease, a case series demonstrated a clinical profile
similar to that of cerebrovascular disease, reporting
progressive cognitive impairment and white matter
hyperintensities not unlike those associated with
vascular cognitive impairment [42]. Furthermore,
galactocerebrosidase gene expression is increased
with increasing severity of cognitive impairment in
temporal regions, which are functional brain regions
that are involved in verbal memory [39]. As evident
in Krabbe disease, severe dysregulation of the
salvage pathway has significant clinical conse-
quences, but the extent of perturbation in this
pathology likely exceeds that observed in our study
population. Despite this, our findings suggest that
chronic, mild dysregulation may have a cumulative,
clinical impact.

In our CAD participants, elevated plasma S1P
was associated with worse verbal memory per-
formance over time. This was surprising, because
numerous studies report S1P to be neuroprotective,
particularly in AD pathology [43, 44]. However,
S1P signaling induces adhesion molecule expres-
sion and subsequent atherogenesis [45], implicating
its involvement in CAD pathogenesis. Furthermore,
peripheral levels of S1P are elevated in CAD patients
and predict occurrence and severity of coronary
stenosis [46, 47]. Given this evidence, peripheral
S1P levels in our participants may be more repre-
sentative of CAD pathology due to its proximity
to the anatomical location of CAD. As such, we
propose that greater CAD severity due to elevated
peripheral S1P levels is associated with more severe
cognitive impairment. In light of the contrasting
relationships of S1P with neurodegeneration and

CAD, this highlights the importance of anatomical
location and S1P balance as recently suggested by
Karunakaran [48].

Although the de novo pathway may only be
responsible for a small portion of sphingolipids
due to its slow rate of synthesis, dysregulation of
enzymes within this pathway may potentially dis-
rupt sphingolipid balance. For instance, inhibition of
dihydroceramide synthase using fumonisins results
in sphinganine accumulation [49], which may have
implications for lipotoxic disease [50]. However,
study of the de novo pathway in terms of its clini-
cal impact has not been thoroughly elucidated and
warrant further investigation.

Since previous evidence suggests that cognition
in patients with MVND may decline at a rate greater
than those without MVND [25], we investigated
whether these associations between ceramide ratios
and cognition would be stronger in participants with
MVND at baseline. This was not as apparent likely
due to the small number of patients with possible
MVND in our exploratory analysis, which possibly
limited the power of our analysis. This warrants
further investigation in a larger sample of patients
with possible MVND.

Premature death of neurons and oligodendrocytes
is a hallmark of progressive and irreversible cognitive
deterioration as these terminally differentiated cells
are not easily replaced. Several hypotheses have been
proposed to explain how ceramides contribute to neu-
ronal death [51]. Given a plethora of evidence and the
role of ceramides in multiple biochemical pathways,
there are likely multiple mechanisms by which this
occurs. Ceramides are consistently associated with
excessive apoptosis; increased level of ceramides
induces release of tumor necrosis factor alpha, which
triggers cell death [52], while its depletion hin-
ders apoptotic progression [53]. Alternatively, it may
amplify signals in the programmed cell death path-
way through spatial reorganization of the plasma
membrane [51].

Our present study has numerous strengths. We
adjusted for the varying time period between study
visits by using a spatial covariance structure in our
mixed models. In addition, we also investigated the
possible perturbations of three CerC18:0 biosynthe-
sis pathways to ensure a comprehensive analysis of
CerC18:0 metabolism. Although metabolites specific
for the de novo pathway were not assessed, ceramide
synthesis through this pathway accounts for only
a minority of brain sphingolipids. Furthermore, we
adjusted for pertinent covariates, particularly age.
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Our findings remained significant after adjustment for
age, contributing to evidence that altered sphingolipid
metabolism is independent of the aging process [41].

There are some limitations in our analysis. First,
our limited sample size cannot accommodate the
addition of other covariates such as baseline car-
diopulmonary fitness or APOE4 genotype that have
been shown to be associated with plasma ceramide
levels or verbal memory performance [54, 55]. Future
studies should strive to adjust for these covariates if
there is an adequate sample size. Secondly, we were
not able to elucidate the independent influence of
CAD on plasma ceramides levels as we did not have
a healthy control group. However, this population of
CAD patients with their perturbed lipid metabolism
and no clinical cognitive impairment is the ideal
population to investigate our hypotheses as they are
representative of the pre-symptomatic stage. That
said, our analyses should be investigated in a larger,
independent population in validation studies. Further-
more, given that perturbed CerC18:0 ratios suggest
change in enzymatic activity, future investigations
should directly measure levels of enzymatic activity
using biochemical assays and compare levels of activ-
ity. Relevant transporters should also be taken into
consideration as well. Lastly, the mass spectroscopy
method used was not able to isolate glucosylce-
ramides from galactosylceramides, because of the
technical difficulties in separation of these lipids [56].
As such, more extensive techniques should be used to
separate them in future studies to see if there are clini-
cally impactful differences between these two related
isomers.

In summary, higher baseline ratios of plasma
CerC18:0/SM18:0 and CerC18:0/MHxCer18:0 were
correlated with declining verbal memory perfor-
mance in CAD participants. These ratios may indicate
perturbations within the catabolic pathway and
salvage pathway of ceramides biosynthesis, respec-
tively. In the catabolic pathway, post-hoc analyses
replicated this association in participants with pos-
sible MVND, but not in those with no possible
MVND. Our present findings suggest that altered
sphingolipid metabolism may be among the earli-
est neurobiological changes associated with vascular
neurodegeneration and invite further research to
determine whether its metabolic pathways may be
a clinically relevant target for drug discovery. Future
studies should measure the enzymes responsible for
conversion of sphingolipid precursors into CerC18:0
to directly assess enzymatic activity and correlate
change in ceramide levels with cognitive change.
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