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Abstract

Background: Disrupted gait has been associated with an increased risk of frailty, disability, and death, but the causal molecular pathways
are not well understood. Sphingolipids, including ceramides, are associated with multiple age-related diseases. Ceramides promote atrophy,
necrosis, and proteolysis in cellular and animal models, and ceramide C16:0 levels are negatively correlated with muscle mass in men. However,
there is a paucity of evidence examining sphingolipids and physical function.

Methods: We examined the cross-sectional association between plasma ceramides, sphingosine-1-phosphate (S1P), and ceramide/S1P ratios
and gait, a robust measure of physical function, in 340 clinically normal participants aged 70 years and older enrolled in the Mayo Clinic Study
of Aging. GAITRite® instrumentation was used to measure gait speed, cadence, step width, double support time, and intra-individual stride
time variability. Based on previous studies, we hypothesized that higher plasma levels of ceramide C16:0 would be associated with worse gait.
Results: Multivariable adjusted linear regression models revealed that higher levels of ceramide C16:0 were associated with slower gait speed,
decreased cadence, and increased double support time.

Conclusions: These results suggest an association between plasma ceramide C16:0 and physical function. Longitudinal studies are needed to
determine whether elevated ceramide C16:0 can be utilized as a prognostic marker for functional decline.
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Slow gait speed is a robust marker of functional decline and serves
as a useful prognostic assessment for risk of disability and death
(1). While the relationships between gait and adverse health out-
comes are consistent across studies, the causal molecular pathways
are not well understood. Functional decline and disability in the
elderly have been associated with hormonal dysregulation, immune
system dysfunction, increased coagulation, and inflammation (2).
Understanding other biological processes involved will be impor-
tant for identifying ways to prevent or delay subsequent functional
decline and to identify which individuals are at greatest risk of sar-
copenia, frailty, disability, and death.

Ceramides, the central molecular species of the sphingolipid
pathway, function both as structural lipids and as second messengers

for intra- and inter-cellular signaling. These bioactive lipids are
important for multiple age-related cellular processes including senes-
cence, apoptosis, inflammation, immune cell trafficking, and the gen-
eration of reactive oxygen species (3). Ceramides can be metabolized
to sphingosine and then sphingosine-1-phosphate (S1P). In contrast
to ceramide, S1P promotes cell migration, proliferation, survival,
and angiogenesis (4). Therefore, the balance of ceramide to S1P,
also termed the “rheostat”, regulates cellular growth and survival
in response to cellular and environmental stressors or cues; a higher
ratio is linked with apoptosis (5). Perturbations in sphingolipid
metabolism are associated with the development and progression of
multiple age-related conditions, including dementia, sarcopenia, and
cardiovascular disease (6-9).
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Both ceramides and S1P have been associated with skeletal mus-
cle mass and performance. In skeletal muscle cells and animal mod-
els, ceramide accumulation decreases lean mass and muscle strength
(10,11). In contrast, S1P enhances muscle contractility, fiber growth,
regeneration, and adaptation (12). Moreover, very long chain length
ceramides may increase white matter decline (13), thus leading to
disrupted gait (14). However, the relationship between sphingolipids
and gait has not been extensively examined.

We examined the cross-sectional association between plasma cera-
mides and S1P with gait among clinically normal (CN) individuals
enrolled in the Mayo Clinic Study of Aging (MCSA). Based on previ-
ous research identifying specificity of circulating carbon chain length
(C) 16:0-ceramide with lower muscle mass in younger and older men
(11), we initially focused on ceramide C16:0, S1P, and the ceramide
C16:0/S1P ratio. However, we also explored the association between
other ceramide chain lengths and gait. Inflammatory markers have
also been previously associated with poorer physical function and dis-
ability in older adults (15), thus we additionally examined the asso-
ciation between plasma levels of tumor necrosis factor alpha (TNFa)
and gait parameters. Lastly, because TNFa can activate sphingomyeli-
nase to increase ceramide levels (16-18), we also examined TNFa as
a mediator or modifier in the relationship between ceramide and gait.

Methods

Study Design and Setting

The MCSA is a prospective population-based cohort study designed
to assess the incidence and prevalence of mild cognitive impairment
(MCI) in Olmsted County, MN. The study began in 2004, when
Olmsted County residents between the ages of 70 and 89 were iden-
tified for recruitment using an age- and sex-stratified random sam-
pling design to ensure that men and women were equally represented
in each 10-year age strata (19).

Participants

The present study included 340 CN participants with complete
plasma sphingolipid measures and gait parameters. Participants with
a history of stroke, alcoholism, Parkinson’s disease, subdural hema-
toma, traumatic brain injury, or normal pressure hydrocephalus
were excluded from analyses. The study protocols were approved by
the Mayo Clinic and Olmsted Medical Center Institutional Review
Boards. All participants provided written informed consent.

Gait Measures

GAITRite® instrumentation (CIR systems Inc. Havertown, PA) was
used to assess gait parameters (20). GAITRite® is an electronic walk-
way 5.6 m in length and 0.9 m wide. Each subject completed two
walks and was instructed to walk at their normal pace without gait
aids on the walkway, initiating and terminating their walk 1 m before
and after the walkway. Details on GAITRite® analysis are reported
elsewhere (20). Hollman and colleagues (20) identified five domains
of gait—pace, rhythm, phase, variability, and base of support. In this
study, we examined the association between sphingolipid levels and
gait parameters in each of those domains. We assessed participant’s
gait speed (m/s) (pace); cadence (rhythm), which is the rate of walk-
ing (steps per minute); step width (base of support), which is the
distance (cm) between the midpoint of the current footprint to the
midpoint of the previous footprint of the opposite foot; double sup-
port time (phase), which is the amount of time (seconds) both feet
are on the walking surface between steps, expressed as a percentage
of gait cycle; and intraindividual stride time variability, expressed as

the standard deviation (SD) across multiple stride times, which is
represented as the time (seconds) between the first contacts of two
successive footfalls of the same foot. We created z-scores for each of
the gait parameters to make them more directly comparable with
each other.

Ceramide and Inflammatory Cytokine Analyses

During the in-clinic exam, participants’ blood (serum and EDTA
plasma) was collected. The blood was centrifuged, aliquoted, and
stored at —80°C. LC/ESI/MS/MS analysis of ceramides and sphin-
golipids was performed using a AB Sciex quadrupole mass spec-
trometer 6500 (Sciex, Framingham, MA) equipped with an ESI
probe and interfaced with the Agilent 1290 infinity LC system
(Agilent, Palo Alto, CA). The UPLC system consisted of an Agilent
1290 binary pump, thermostat, TCC, and sampler. The injection
volume was 10 pL for extracted sample. Sphingolipids were sepa-
rated with a Poroshell 120 EC- C8 column, 2.1 x 50 mm, 2.7 pm
(Agilent, Palo Alto, CA). Mobile phase A was water:methanol:formic
acid:ammonium formate (45/55/0.5%/5 mM by v/v). Mobile phase
B was acetonitrile:methanol:formic  acid:ammonium formate
(50/50/0.5%/5 mM by v/v). The valve, sample loop, and needle were
washed with acetonitrile:zmethanol (50/50 by v/v) for 20 seconds.
Mass spectrometric analyses were performed online using electro-
spray ionization tandem mass spectrometry in the positive mode.

Samples were prepared using Biomek FX (Beckman Coulter,
Brea, CA). Small amount of plasma sample was added to a 2-mL
96-well plate. Internal standard mixture was added to the samples.
Sphingolipids were extracted using 1 phase extraction with meth-
anol-dichloromethane. Lipid levels were quantified by the ratio of
analyte and internal standard and calibration curves obtained by
serial dilution of a mixture of lipid standards. Pure synthetic stand-
ards of sphingolipids were purchased from Avanti Lipids. Isotope
labeling synthetic standards were synthesized internally at Eli Lilly
and Company. In our analyses, we examined levels of saturated
C14:0-, 16:0-, 18:0-, 20:0-, 22:0-, 23:0-, and 24:0-ceramide, unsatu-
rated C24:1-ceramide, and total ceramide; S1P; and the sphingolipid
rheostat (ie, ceramide/S1P ratios).

TNFa high sensitivity is measured by a quantitative two-site
enzyme immunoassay from R & D Systems (Minneapolis, MN).
As determined by R&D Systems, intra-assay CVs are 8.8, 5.9, and
5.3% at 2.6, 7.2, and 14.0 pg/mL, respectively. Inter-assay CVs are
16.7,12.6,and 10.8% at 2.4, 6.7, and 13.5 pg/mL, respectively.

Other Covariates

Demographics (eg, age, sex, and education) were recorded at the
in-clinic interview. Participants’ height (cm) and weight (kg) were
measured during the in-clinic exam; these measures were used to
calculate body mass index (BMI). Participants also completed the
Beck Depression Inventory (BDI); participants were considered
depressed if they had a score of 213 (21). A medication inventory
was taken at each examination and cross-checked with the medical
record. Medical comorbidities (eg, diabetes and hypertension) and
the Charlson comorbidity index (22) were ascertained by medical
record abstraction using the medical records-linkage system of the
Rochester Epidemiology Project (19,23).

Cognition Diagnosis

Cognitive status was based on consensus agreement between the
study coordinator, examining physician, and neuropsychologist who
evaluated the participant. The diagnosis considered education, prior
occupation, visual or hearing deficits, informant interview, and all
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other participant clinical information (19). Cognitive test perfor-
mance in four domains (memory, executive function, language, and
visual-spatial) and a global average of the four was compared with
the age-adjusted scores of CN individuals previously obtained using
Mayo’s Older American Normative Studies (24). This approach relies
on prior normative work and extensive experience with the measure-
ment of cognitive abilities in an independent sample of subjects from
the same population. Individuals who performed in the normal range
and did not meet criteria for MCI or dementia, which was diagnosed
using Diagnostic and Statistical Manual of Mental Disorders, Fourth
Addition (DSM-1V) criteria (25), were deemed CN.

Statistical Analysis

We natural log-transformed sphingolipid and TNFa levels to create
more normally distributed data. We used linear regression models to
determine the cross-sectional association between log-transformed
sphingolipid levels and z-scored continuous gait parameters. Model
1 was unadjusted. Model 2 adjusted for age and sex. Model 3 was
adjusted for age, sex, years of education, depression, medical comor-
bidities, BMI, and number of medications. All analyses were completed
using Stata versions 12.0 and 13.0 (Stata Corp, College Station, TX).

Results

Participant Characteristics

The study population consisted of 340 CN MCSA participants,
aged 70-95, of whom 210 (61.8%) were men. Table 1 summarizes
the main characteristics of the study participants. The number of
comorbidities among participants was typical of this age group with
a median (interquartile range, IQR) of 7 (5,9) and with a median
number of medications of 8 (5,10). Seventy-five (22%) had a diag-
nosis of diabetes and 264 (78%) had a diagnosis of hypertension.

Table 1. Characteristics of the 340 Participants, Expressed as
Median (Interquartile Range) or N (%)

Age 80.3 (77.2,83.7)
Men 210 (61.8%)
Years of education 4 (12,16)
Depression 4 (7.1%)
Diabetes 5(22.1%)
Hypertension 264 (77.7%)
BMI (kg/m?) 26.9 (24.3, 30.0)
Number of comorbidities 7(5,9)
Number of medications 8 (5,10)
TNFa (pg/mL) 3(2.6,4.4)
Gait speed (m/s) 1(0.94,1.2)
Cadence (steps/min) 106 0 (100.6, 112.6)
Step width (cm) 61.3 (55.0, 68.3)
Double support time (%) 30.0 (27.1, 32.8)
Stride time SD 0.04 (0.03, 0.05)

Ceramides (nmol/mL)

C14:0 5(5.7,9.7)
C16:0 88 4 (76.1,107.1)
C18:0 83.3 (66.4,104.3)
C20:0 191.5 (147.5,233.7)
C22:0 618.6 (482.3,749.7)
C23:0 574.4 (473.4,722.6)
C24:0 940.9 (779.8, 1144.6)
C24:1 260.0 (214.6,323.1)
Sphingosine-1-phosphate (nmol/mL) 152.7 (133.6,174.2)

Note: Depression defined as a score of 213 on the Beck Depression Inventory.

Plasma Ceramide C16:0, S1P, and the Ceramide
C16:0/S1P Ratio and Gait

Higher levels of ceramide C16:0 were associated with slower gait
speed, decreased cadence, and increased double support time in mul-
tivariable models (Table 2; Figure 1). For instance, in Model 3 a one
log unit increase in C16:0 ceramide is associated with 1.07 reduction
in z-scored gait speed (Table 2) or a one log unit increase in C16:0
ceramide is associated with 0.25 m/s decrease in gait speed (Figure 1).
Higher levels of S1P were associated with better performance on most
gait measures (gait speed, cadence, double support time, and stride
time SD) adjusting for age and sex. However, the results were no longer
significant after adjustment for variables in Model 3. The results for
the ceramide C16:0/S1P ratio were similar to ceramide C16:0 with
higher levels of the ratio associated with slower gait speed, decreased
cadence, and increased double support time across the models.

TNFo and Gait

The relationship between log TNFa and gait was also examined
with linear regression models. Higher levels of TNFa were asso-
ciated with reduced strep width, greater double support time in
Model 3, and reduced gait speed in univariate regression (Table 2;
Supplementary Figure 1). Notably, the association between TNFa
and double support time (Model 3: B = 0.45, 95% CI 0.10, 0.81)
was approximately half the magnitude of the association between
C16:0 ceramide and double support time (Model 3: B = 0.93, 95%
C10.16, 1.71) (Table 2).

Relationship Between Other Plasma Ceramides

and Gait

Because our previous results showed that ceramide C16:0 was as
robustly associated with gait as the ceramide C16:0/S1P ratio, we
focused only on the ceramide level in subsequent analyses. The rela-
tionship between ceramides of other carbon chain lengths and gait
are shown in Table 3. Overall, there were few associations. Higher
levels of ceramides C14:0, C18:0, C20:0, and C24:1 were associated
with longer double support time in multivariable regression models.
Interestingly, higher levels of ceramide C24:0 were associated with
faster gait speed and reduced intraindividual stride time variability
in multivariable regression models.

Further Examination of Possible Mediators and
Modifiers

Because evidence has suggested that TNFa and ceramide may inter-
act to promote cell death leading to atrophy (26), we examined
TNFa as an effect modifier of the association between plasma cera-
mides and gait. Plasma TNFa was not found to be a modifier or a
confounder. We similarly investigated whether either sex or diabetes
modified the association between sphingolipids and gait, but again
found no evidence of effect modification. In sensitivity analyses, we
investigated whether additionally adjusting for APOE genotype, cog-
nitive test performance (global z-score), statin use, diabetes, and dys-
lipidemia impacted the association between sphingolipids and gait
parameters, but found that they did not (results not shown). Finally,
because gait speed is correlated with cadence (Spearman r = 0.58,
p < .001), double support time (r = -0.69, p < .001), stride time SD
(r =-0.47, p < .001), and step width (r = 0.88, p < .001), in models
specifying these parameters as dependent variables we additionally
adjusted for gait speed. In these analyses, the association between
plasma ceramides and gait attenuated to non-significance.
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Table 2. Linear Regression: Association Between Ceramide C16:0, Sphingosine-1-Phosphate (S1P), Their Ratio, and TNFa and z-Scored Gait

Parameters
Gait Speed Cadence Step Width Double Support Time %  Stride Time SD
Log Lipid, Lipid ratio,
or TNFa B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI)
Ceramide C16:0
Model 1 -0.70 (-1.57,0.18) -0.38 (-1.17, 0.40) -0.70 (-1.63,0.23) 0.56 (-0.36, 1.48) -0.25 (-1.18,0.69)
Model 2 -0.74 (-1.54,0.05) -0.70 (-1.47,0.07) -0.35 (-1.15, 0.44) 0.54 (-0.36, 1.43) -0.24 (-1.17,0.69)
Model 3 -1.07 (-1.84,-0.30)** -0.95 (-1.72,-0.18)*  -0.71 (-1.43,0.03) 0.93 (0.16, 1.71)* —-0.05 (-0.98, 0.88)
S1P
Model 1 1.18 (-0.01, 2.38) 1.70 (0.65,2.76)** 0.48 (-0.79, 1.74) -1.79 (-3.04,-0.53)**  -1.47 (-2.74,-0.20)*
Model 2 1.38 (0.29, 2.47)* 1.31 (0.28,2.35)* 0.82 (-0.26, 1.90) -1.63 (-2.86,-0.40)**  -1.34 (-2.62, -0.06)*
Model 3 0.58 (-0.52,1.67) 0.95 (-0.13,2.02) -0.18 (-1.22,0.85) -0.44 (-1.54, 0.66) -0.77 (-2.09, 0.54)
Ceramide 16:0/S1P Ratio
Model 1 -0.44 (-0.77,-0.11)** -0.43 (-0.72,-0.13)** -0.31 (-0.66, 0.04) 0.50 (0.15, 0.84)** 0.18 (-0.18,0.53)
Model 2 -0.47 (-0.76,-0.17)** -0.45 (-0.73,-0.16)** -0.26 (-0.55, 0.04) 0.45 (0.12, 0.79)** 0.15 (-0.20, 0.50)
Model 3 -0.43 (-0.71, -0.15)** -0.46 (-0.74,-0.17)** -0.20 (-0.47, 0.08) 0.38 (0.09, 0.67)* 0.11 (=0.24, 0.46)
TNFa
Model 1 -0.47 (-0.88,-0.07)*  —0.13 (-0.49, 0.24) -0.53 (-0.96, -0.10)* 0.37 (-0.06, 0.80 -0.12 (-0.56, 0.32)
Model 2 -0.15 (-0.51,0.21) -0.19 (-0.53, 0.16) -0.52 (-0.88,-0.15)**  0.38 (-0.04, 0.80 -0.11 (-0.55, 0.32)
Model 3 —0.14 (-0.49, 0.20) —0.20 (-0.54, 0.14) -0.52 (-0.85,-0.18)* 0.45 (0.10, 0.81)* —0.13 (-0.56, 0.30)

Note: Model 1 unadjusted. Model 2 adjusted for age and sex. Model 3 adjusted for age, sex, years of education, depression, medical comorbidities, BMI, and

number of medications. Bold values are statistically significant.
*p<.05,**p < .01, ***p < .001.
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Figure 1. Fitted linear regression estimates and 95% confidence intervals
between the log-transformed levels of ceramide C16:0 and gait parameters.
Regression models were adjusted for age, sex, years of education,
depression, medical comorbidities, BMI, and number of medications.

Discussion

In this cross-sectional study, we examined the association between
sphingolipids and gait among CN participants aged 70 and older in the
MCSA. Higher levels of plasma ceramide C16:0 and ceramide C16:0/
S1P, as compared to other carbon chain lengths, were most strongly
associated with poorer performance across multiple gait parameters.
The associations were even stronger after adjustment for multiple fac-
tors including comorbidities, suggesting an independent association
between higher plasma ceramide C16:0 levels and disrupted gait.

Our observed relationship between the C16:0 chain length and
gait parameters is consistent with findings from a small sample of
men (N = 19) which showed that intramuscular C16:0 ceramide
levels were negatively correlated with lean leg mass, and positively
correlated with fat mass and increased phosphorylation and con-
centration of NFxB, a pro-inflammatory transcription factor (11).
Together, these findings suggest that C16:0 ceramide levels may be
associated with functional decline.

Our findings are supported by evidence from cellular and ani-
mal model studies, which suggest that ceramides are associated with

muscle atrophy and decreased physical function. In cellular mod-
els, ceramides induce atrophy, proteolysis, and necrosis (27,28),
and mimic the atrophic effects of TNFa. Conversely, S1P protected
against these atrophic effects in myotubes and in a murine model
of cachexia (27). Moreover, evidence suggests that increases in long
chain length ceramides (eg, C16:0, C18:0, C20:0) are anti-prolif-
erative, compared to very long chain length ceramides (eg, C24:0,
C24:1) (29,30). This may explain both our primary findings driven
by C16:0 chain lengths, and our finding that higher levels of very
long ceramide chain lengths appear to be associated with faster gait
speed. Of note, very long chain length ceramides have also been
associated with white matter microstructure decline (13), which in
turn has been associated with poorer gait performance (14). This
may be another potential mechanism linking sphingolipids and
gait, and future research should investigate the association between
sphingolipids, atrophy, cerebrovascular pathology, and gait.

This study has a number of strengths, including the large pop-
ulation-based sample and the multiple sphingolipid and gait meas-
ures. However, limitations of the study also warrant consideration.
First, because this study is cross-sectional, directionality cannot
be inferred. Future studies will need to examine the longitudinal
relationship between ceramides and gait to determine whether cera-
mides either predict change in gait, or whether changes in ceramides
coincide with changes in gait. Second, some individuals without a
diagnosis of diabetes likely have insulin resistance, which we were
not able to consider. Previous studies have shown that muscle cera-
mides enhance insulin resistance (31), and that plasma ceramides
are associated with insulin resistance (32). Future research should
determine whether the association between plasma ceramides
and gait vary by severity of insulin resistance and diabetes. Third,
Olmsted County, MN residents are largely of northern European
ancestry, thus our findings may not be directly generalizable to
other populations. Indeed, we previously reported higher ceramide
levels in African Americans compared to Caucasians (6). However,
this difference does not indicate that the relationship between cera-
mides and gait will differ by race. In this same study we showed
that women had higher levels of ceramides than men; however,
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Table 3. Linear Regression: Association Between Other Ceramide Chain Lengths and z-Scored Gait Parameters

Gait Speed Cadence Step Width Double Support Time %  Stride Time SD
Log Ceramide B (95% CI) B (95% CI) B (95% CI) B (95% ClI) B (95% CI)
C14:0
Model 1 -0.35 (-0.86,0.17) 0.24 (-0.22,0.70) -0.64 (-1.18,-0.10)* 0.45 (-0.08, 0.99) -0.04 (-0.58,-0.51)
Model 2 ~0.06 (<0.54, 0.43) ~0.03 (<0.49, 0.43) ~0.00006 (~0.48,0.48)  0.33 (~0.21,0.87 ~0.08 (~0.64, 0.48)
Model 3 -0.23 (-0.70, 0.25) -0.16 (-0.63, 0.31) -0.23 (-0.68,0.22) 0.52 (0.05, 0.99)* 0.06 (-0.51, 0.63)
C16:0
Model 1 -0.70 (-1.57,0.18) -0.38 (-1.17, 0.40) -0.70 (-1.63,0.23) 0.56 (-0.36, 1.48) -0.25 (-1.18, 0.69)
Model 2 -0.74 (-1.54,0.05) -0.70 (-1.47,0.07) -0.35 (-1.15, 0.44) 0.54 (-0.36, 1.43) -0.24 (-1.17,0.69)
Model 3 ~1.07 (-1.84,-0.30)**  -0.95 (-1.72,-0.18)*  —0.71 (~1.43, 0.03) 0.93 (0.16, 1.71)* ~0.05 (~0.98, 0.88)
C18:0
Model 1 -0.33 (-0.91, 0.25) 0.40 (-0.12, 0.91) -0.77 (-1.38,-0.16)* 0.70 (0.10, 1.31)* 0.21 (-0.41, 0.83)
Model 2 0.02 (~0.52, 0.56) 0.03 (~0.49, 0.54) ~0.25 (<0.79, 0.28) 0.69 (0.09, 1.29)* 0.24 (<0.39, 0.87)
Model 3 0.33 (-0.20, 0.85) 0.16 (-0.36, 0.67) 0.12 (-0.38, 0.61) 0.23 (-0.29, 0.76) 0.09 (-0.54, 0.72)
C20:0
Model 1 ~0.51 (~1.18, 0.16) 0.33 (-0.27, 0.92) 092 (-1.62,-0.22)**  0.87 (0.17, 1.57)* ~0.14 (~0.85, 0.57)
Model 2 —-0.06 (-0.68,0.56) -0.17 (-0.76, 0.43) -0.44 (-1.05,-0.18) 0.94 (0.25, 1.63)** -0.09 (-0.81, 0.64)
Model 3 -0.10 (-0.69, 0.49) -0.19 (-0.77, 0.40) -0.47 (-1.04, 0.09) 0.94 (0.35, 1.53)** -0.07 (-0.78, 0.65)
C22:0
Model 1 -0.10 (-0.80, 0.60) 0.46 (-0.16, 1.08) -0.57 (-1.31,0.17) 0.49 (-0.24, 1.22) -0.71 (-1.45,0.02)
Model 2 0.50 (-0.13,1.13) 0.09 (-0.53, 0.70) -0.14 (-0.78, 0.50) 0.52 (-0.20, 1.25) -0.69 (-1.43, 0.06)
Model 3 0.56 (~0.06, 1.18) 0.07 (-0.56, 0.69) ~0.02 (~0.62, 0.58) 0.18 (~0.46, 0.81) ~0.62 (~1.38, 0.14)
C23:0
Model 1 -0.08 (-0.77,0.61) 0.78 (0.17,1.39) -0.78 (-1.51,-0.05)* 0.43 (-0.30, 1.16) -0.68 (-1.41, 0.05)
Model 2 0.45 (~0.20, 1.09) 0.33 (=0.29, 0.95) 0.01 (~0.63, 0.66) 0.39 (~0.35, 1.12) ~0.71 (-1.47,0.05)
Model 3 0.49 (-0.14,1.13) 0.33 (-0.30, 0.96) 0.11 (-0.50, 0.72) 0.04 (-0.61,0.68) -0.59 (-1.36, 0.18)
C24:0
Model 1 0.51 (-0.24, 1.24) 0.88 (0.23, 1.54)** -0.08 (-0.87, 0.70) 0.02 (-0.76, 0.80) -1.14 (-1.92, -0.36)**
Model 2 0.83 (0.15,1.51)* 0.60 (-0.05, 1.26) 0.16 (-0.51, 0.84) 0.09 (-0.68, 0.86) -1.10 (-1.88,-0.31)**
Model 3 0.69 (0.03, 1.36)* 0.51 (-0.15, 1.18) 0.03 (-0.60, 0.66) 0.06 (-0.61,0.73) -0.89 (-1.69, -0.09)*
C24:1
Model 1 -0.64 (-1.42,0.15) 0.10 (-0.60, 0.80) -0.88 (-1.70, -0.05)* 0.87 (0.05, 1.70)* 0.08 (-0.76, 0.92)
Model 2 -0.23 (-0.94, 0.48) -0.17 (-0.85, 0.52) -0.34 (-1.05, 0.37) 0.76 (=0.05, 1.56) 0.05 (-=0.79, 0.89)
Model 3 -0.27 (-0.95, 0.41) —-0.22 (-0.90, 0.45) -0.44 (-1.10, 0.21) 0.85 (0.16, 1.54)* 0.11 (-0.73, 0.94)

Note: Model 1 unadjusted. Model 2 adjusted for age and sex. Model 3 adjusted for age, sex, years of education, depression, medical comorbidities, BMI, and

number of medications.
*p<.05, " *p <.01.

this difference has not been shown consistently (33). In the current
study, we did not find an interaction between sex and ceramides in
relation to gait performance. Thus, higher ceramide levels in either
sex may be equitably associated with disrupted gait, regardless of
differences in absolute values. Fourth, because the sample used was
relatively healthy, most participants had gait speeds greater than
1.0 m/s. Therefore we were unable to robustly estimate the associa-
tion between ceramide, S1P, and inflammatory cytokines levels and
risk of sarcopenia as defined by the International Working Group
on Sarcopenia (34). Additionally, muscle performance data are not
available in the MCSA, so we were unable to examine the associa-
tion between plasma ceramide levels and muscle atrophy via a meas-
ure of muscle strength. Similarly, neuroimaging measures of white
matter decline were not available, so we were unable to investigate
whether white matter microstructure decline mediates the associa-
tion between plasma sphingolipid levels and gait. Lastly, the associ-
ation between cell-tissue-organ aging has been hypothesized to alter
the plasma composition (35,36), but plasma ceramides may not be
a direct indicator of intramuscular ceramides. Additional studies are
needed to understand the mechanistic connection between plasma
ceramides and tissues, and how plasma ceramides are associated
with functional decline.

In conclusion, higher levels of plasma ceramide C16:0 are asso-
ciated with poorer performance across multiple gait parameters.
These results are not attenuated after adjusting for TNFa or comor-
bidities. Gait parameters are a strong proxy measure for functional
decline and predicting disability, sarcopenia, frailty, and mortality.
Therefore, the present results suggest that high levels of plasma cera-
mide C16:0 may be an indicator of functional decline. Longitudinal
studies are needed to determine the directionality of the association
between plasma ceramides and gait, and other measures of physical
function, as well as how fluctuations in ceramide levels may impact
gait over time.
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