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Summary
Background No study has examined the associations between peripheral saturated long-chain fatty acids (LCFAs) and
conversion from mild cognitive impairment (MCI) to Alzheimer’s disease (AD). This study aimed to examine
whether circulating saturated LCFAs are associated with both risks of incident MCI from cognitively normal (CN)
participants and incident AD progressed from MCI in the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
cohort.

Methods We conducted analysis of data from older adults aged 55–90 years who were recruited at 63 sites across the
USA and Canada. We examined associations between circulating saturated LCFAs (i.e., C14:0, C16:0, C18:0, C20:0)
and risk for incident MCI in CN participants, and incident AD progressed from MCI.

Findings 829 participants who were enrolled in ADNI-1 had data on plasma saturated LCFAs, of which 618 AD-free
participants were included in our analysis (226 with normal cognition and 392 with MCI; 60.2% were men). Cox
proportional-hazards models were used to account for time-to-event/censor with a 48-month follow-up period for
the primary analysis. Other than C20:0, saturated LCFAs were associated with an increased risk for AD among
participants with MCI at baseline (Hazard ratios (HRs) = 1.3 to 2.2, P = 0.0005 to 0.003 in fully-adjusted models).
No association of C20:0 with risk of AD among participants with MCI was observed. No associations were
observed between saturated LCFAs and risk for MCI among participants with normal cognition.

Interpretation Saturated LCFAs are associated with increased risk of progressing from MCI to AD. This finding holds
the potential to facilitate precision prevention of AD among patients with MCI.
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Research in context

Evidence before this study
Saturated long-chain fatty acids have been linked to systemic
inflammation, obesity and insulin resistance which can
increase microglial activation in the brain and constitute
primary risk factors for neuroinflammatory and
neurodegenerative conditions, including AD. We searched
PubMed and Google Scholar for studies in English published
until March 1, 2023. We aimed to identify known associations
between peripheral saturated long-chain fatty acids (LCFAs)
and cognition and AD onset. To date, the epidemiological
evidence of circulating saturated LCFAs on MCI or AD is
sparse, coming mainly from cross-sectional studies. On the
other hand, previous dietary studies investigating the
associations between saturated fat intake and risk for MCI or
AD have generated inconsistent results. Few studies have
specifically examined circulating levels of saturated LCFAs and
none has prospectively examined the association between
circulating levels of saturated LCFAs and risk for incident AD
among individuals with MCI.

Added value of this study
The current study showed that saturated LCFAs predicted the
conversion from MCI to AD but not from normal cognition to
MCI. One possible explanation is the variation in the
relationship between systemic inflammation and the disease
process at different stages of AD.

Implications of all the available evidence
This finding holds the potential to facilitate precision
prevention of AD among patients with MCI. Circulating
saturated LCFAs are promising markers for risk stratification
among MCI patients. Future studies are warranted to examine
the disease-related mechanisms and whether a modified diet
and/or combined use of pharmacological agents that result in
lower circulating levels of saturated LCFAs can be used to
prevent or delay the onset of AD.
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Introduction
Alzheimer’s disease (AD) is the most common form of
dementia, a major cause of disability and mortality
among older adults in the US.1 A 5-year delay in the
onset of AD, corresponding to a 50% reduction in
incidence rates, would reduce the prevalence by 41% in
2050.2,3 Cerebrospinal fluid and blood biomarkers are
being rapidly developed to facilitate early diagnosis of
AD and identify AD-related brain changes at early
stages.4 In addition to biomarkers solely for AD risk
stratification, it is critical to identify modifiable risk
factors that are involved in AD etiology and
neuropathology.

Saturated long-chain fatty acids (LCFAs) are a group
of saturated fats that include myristic acid (C14:0), pal-
mitic acid (C16:0), stearic acid (C18:0), and arachidic
acid (C20:0). In contrast to LCFAs, the other two sub-
groups of saturated fat, i.e., medium-chain fatty acids
(MCFAs) and short-chain fatty acids (SCFAs) can rapidly
cross the blood–brain barrier, directly enter the mito-
chondrial matrix and be directly metabolized by the
brain.5 Previous evidence consistently suggest that
MCFAs and SCFAs have beneficial anti-inflammatory
and immunoregulatory effects on brain health and
gut-brain axis.5–8 However, previous dietary studies of
saturated fat have not studied individual types of satu-
rated LCFAs. Instead, LCFAs together with MCFAs and
SCFAs have been examined as a whole within total
saturated fat, resulting in inconsistent findings.9–11

Experimental studies found that C16:0 and C18:0 were
related to β-amyloid (Aβ) accumulation and tau
hyperphosphorylation through the triggering of
astrocyte-mediated pro-inflammatory cascades.12,13

Elevated C16:0 and C18:0 have also been linked to
altered vascular functions in the insulin resistant state,
one risk factor for late-onset AD.14 However, epidemio-
logic evidence from human studies investigating blood
concentrations of saturated LCFAs and risk for mild
cognitive impairment (MCI) or AD are sparse and come
mainly from cross-sectional studies. One prospective
study conducted within the Ginkgo Evaluation of
Memory Study with 3069 community-dwelling older
adults found that plasma levels of total saturated LCFAs
were not significantly associated with risk for AD, but
were inversely linked to cognitive function measured by
the Modified Mini-Mental State score.15

No prospective study has examined the association
between circulating levels of saturated LCFAs and risk
for incident AD specifically among individuals with
MCI at baseline. The current study aimed to examine
whether circulating saturated LCFAs are associated with
both risks of incident MCI from normal cognition, and
incident AD progressed from MCI among initially AD-
free older adults in the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI) cohort.
Methods
Study cohort
Data used in this study were obtained from the ADNI
database (adni.loni.usc.edu). The ADNI was launched as
a public-private partnership, led by Principal Investigator
www.thelancet.com Vol 97 November, 2023
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Michael W. Weiner, MD. The primary goal of ADNI is to
test whether serial magnetic resonance imaging (MRI),
positron emission tomography (PET), other biomarkers,
and clinical and neuropsychological assessment can be
combined to measure the risk for and progression to
MCI and early AD. The initial phase (ADNI-1) of ADNI
was launched in 2003 and subsequent phases (ADNI-GO,
ADNI-2, and ADNI-3) were conducted for follow-up of
existing participants and additional new enrollments. The
detailed design of ADNI has been described elsewhere.16

Volunteer participants between ages 55 and 90 are
recruited at 63 sites across the USA and Canada. For this
analysis, 829 participants who were enrolled in ADNI-1
and followed in ADNI-1, ADNI-GO, ADNI-2, or ADNI-
3 between September 30th 2005 and March 4th 2019
had data on plasma saturated LCFAs (C14:0, C16:0,
C18:0, C20:0). We excluded 20 duplicate records, 1
participant with a missing diagnosis, and 190 participants
with preexisting AD at baseline, leaving 618 participants
for analysis. Among these, 226 were cognitively normal
(CN) and 392 had MCI at baseline. Consent forms were
approved by each participating site’s Institutional Review
Board (IRB) and all participants provided written
informed consent at the time of enrollment.

Assay of metabolomics
The metabolomics database for plasma biospecimens
was obtained from the Alzheimer Disease Metabolomics
Consortium (ADMC) funded by the National Institute
on Aging. Details of sample preparation, data genera-
tion, quality control (QC), data filtering and normaliza-
tion have been described elsewhere.17 In brief, the
NIH-West Coast Metabolomics Center used an ultra-
high-performance liquid chromatography quadruple/
time-of-flight mass spectrometry (UHPLC-QTOF MS)
instrument to measure the lipid metabolite profile of
blood specimens of subjects from ADNI at baseline.
Metabolomics lab staff were blinded to diagnostic data.
After unblinding and data release, metabolite profiles
went through QC checks and data preprocessing
including batch-effect adjustment, missing value impu-
tation, and log-transformation. All serum LCFAs data
are unitless normalized intensities.

Outcome ascertainment
The ADNI diagnostic criteria for determining CN, MCI
and AD were previously reported.18 In brief, ADNI in-
vestigators used conventional Petersen/Winblad criteria
to categorize participants into CN, MCI or AD. End-
points were measured using categorical response vari-
ables: any incident MCI among participants with
normal cognition at baseline, or any incident AD among
participants with MCI at baseline. There were no inci-
dent dementias resulting from causes other than AD
during the follow-up after enrollment, and only AD-
related dementia was included in the outcome
assessment.
www.thelancet.com Vol 97 November, 2023
Measurement of covariates
Covariates were determined based on a causal directed
acyclic graph (DAG, Fig. 1). Demographic characteris-
tics were obtained from the ADNI data repository.
During baseline interviews, self-identified demographic
characteristics including age (date of birth), sex (male/
female, self-reported by study participants), race
(American Indian or Alaskan Native/Asian/Native Ha-
waiian or Other Pacific Islander/Black or African
American/White/More than one race, self-reported by
study participants), ethnicity (Hispanic or Latino/Not
Hispanic or Latino), and years of education (years) were
collected in the case report form. A self-reported
physician-diagnosed history of medical conditions
including type 2 diabetes, hypertension, stroke, cardio-
vascular disease, and endocrine-metabolic diseases were
also collected in the case report form (yes/no). If yes,
additional questions captured information about
whether the condition was current and the age at diag-
nosis as well as details of medication use. APOE ε4
genotyping was performed at the time of participant
enrollment. The two SNPs (rs429358, rs7412) that
define the epsilon 2, 3, and 4 alleles were genotyped and
the copy numbers of APOE ε4 alleles for each individual
were calculated based on genotyping data.

Statistical analysis
Our analysis included 392 participants with MCI at
baseline and 226 CN participants at baseline. Cox
proportional-hazards models were used to estimate haz-
ard ratios (HRs) and 95% confidence intervals (CIs) with
incident MCI and AD as dependent variables, respec-
tively. Test of proportional-hazards assumption was con-
ducted by creating and including time dependent
covariates, and no violation was observed. We tested
nonlinearity for continuous predictors (age, education
years) and the linearity assumptions for Cox regression
were satisfied. In the primary analyses, time-to-event/
censoring assessments were conducted over 48-month
intervals of follow-up. In secondary analyses, time-to-
event/censoring evaluations were performed over
follow-up intervals of 24 and 120 months, respectively.
For each participant, the number of months of follow-up
was calculated from the date of enrollment (i.e., the date
of the first clinical visit at baseline) until the date of
conversion to MCI or AD, the date of loss to follow-up or
stopping providing information on outcomes (i.e., the last
clinical visit before the end of follow-up), or the end of
follow-up period (24 or 48 or 120 months), whichever
comes first. For cognitively normal participants, date of
conversion to MCI was calculated as the midpoint be-
tween their last visit without MCI and their first visit with
MCI.20 For MCI patients, date of conversion to AD was
calculated as the midpoint between their last visit without
AD and their first visit with AD.20

Log2-transformed circulating levels of saturated
LCFAs served as independent variables. Associations
3
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Fig. 1: Directed acyclic graph. A directed acyclic graph represents associations between circulating long-chain fatty acids, covariates and
incident MCI/AD. Green circle represents exposure and blue circle represents outcome. Hollow black circles represent adjusted confounders and
grey circles represent unobserved (ie, latent) variables which may not associate with exposure. Green lines represent causal paths, and black lines
represent biasing paths. The minimally sufficient adjustment set represents covariates such that the adjustment for this set of variables will
minimize confounding bias when estimating the association between the exposure and the outcome. The minimally sufficient adjustment set
was determined using the DAGitty software.19 The final minimally sufficient adjustment set comprised age, sex, race, ethnicity, years of ed-
ucation, APOE ε4 alleles and cardiometabolic diseases (type 2 diabetes, hypertension, stroke).
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between log2-transformed circulating levels of saturated
LCFAs and risk of incident MCI among CN participants,
and risk of incident AD among MCI participants were
examined in 3 models. In Model 1, we present the crude
ORs (95% CIs) without adjustment. In Model 2, we
adjusted for age, sex, race, ethnicity, years of education,
and APOE ε4 alleles. In multivariable-adjusted model 3,
we additionally adjusted for type 2 diabetes, hypertension,
stroke, cardiovascular disease, and metabolic diseases.
Because we were interested in differential associations by
sex, age, presence of cardiometabolic diseases and APOE
ε4 alleles, we conducted stratified analyses for these
variables. The significance of multiplicative interactions
was evaluated by adding corresponding interaction terms
in the models. Relative excess risk due to interaction
(RERI) and 95% CIs were calculated and reported for
additive interactions.21 Restricted cubic spline analyses
with 3 knots (10th, 50th, and 90th percentiles) were used
to examine possible nonlinear relationships between
circulating levels of saturated LCFAs and risk of incident
MCI and AD within the values between the 5th and 95th
percentile to minimize the influence of potential outliers.
Statistical significance of nonlinearity was tested using
Wald Chi-Square by inclusion of saturated LCFA as a
quadratic term in the model together with LCFA as a
continuous variable, and P values of < 0.05 were regarded
as statistically significant nonlinear relationship between
the exposure and the outcome. Statistical significance of
linearity was tested by comparing the linear model to the
model including only the covariates, both using likeli-
hood ratio tests. We also conducted sensitivity analyses
after excluding the MCI/AD cases that occurred within
the first year of follow-up. All analyses were conducted
using Statistical Analysis Software, version 9.4 (SAS
Institute Inc., Cary, North Carolina) and restricted cubic
splines were plotted using R 4.2.0 (https://cran.r-project.
org/). All hypothesis testing was 2-sided with P < 0.05
indicating a statistically significant finding.

Role of the funder/sponsor
The funder had no role in the design and conduct of the
study; collection, management, analysis, and interpre-
tation of the data; preparation, review, or approval of the
manuscript; and decision to submit the manuscript for
publication. The content is solely the responsibility of
the authors and does not necessarily represent the
official views of the National Institutes of Health.
Results
During the 24-month follow-up (a total of 12,067
person-month of observation), 133 (33.9%) of MCI
participants developed incident AD while 6 (2.6%) of
CN participants converted from CN to MCI. During the
www.thelancet.com Vol 97 November, 2023
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48-month follow-up (a total of 19,273 person-month of
observation), 183 (46.7%) of MCI participants developed
incident AD while 23 (10.2%) of CN participants con-
verted from CN to MCI. During the 120-month follow-
up (a total of 28,382 person-month of observation),
210 (53.6%) of MCI participants developed incident AD
while 59 (26.1%) of CN participants converted from CN
to MCI. Seventeen out of 226 (7.5%) baseline partici-
pants with CN who developed MCI and later converted
to incident AD during the follow-up interval were not
included in the analysis for the risk of MCI to AD.
Additionally, three out of 226 (1.3%) CN participants
who directly converted from CN to incident AD without
observing an MCI phase were excluded from the ana-
lyses for both the risk of CN to MCI and the risk of MCI
to AD (Supplemental Fig. S1).

Baseline characteristics of CN and MCI participants
were presented separately (Table 1). Age, race, ethnicity,
years of education, plasma levels of saturated LCFAs
Variables Cognitively N

n = 226

Age, years 76.0 (5.0)

Sex, n, %

Male 118 (52.2

Female 108 (47.8

Race, n, %

White 207 (91.6

Black 16 (7.1)

Other 3 (1.3)

Ethnicity, n, %

Hispanic or Latino 2 (0.9)

Not Hispanic or Latino 223 (98.7

Unknown 1 (0.4)

Education, years 16.1 (2.9)

APOE ε4 alleles, n, %

0 166 (73.4

1 55 (24.3

2 5 (2.2)

Circulating LCFAs levels

Myristic acid (C14:0) 1346 (533)

Palmitic acid (C16:0) 22,752 (623

Stearic acid (C18:0) 137,370 (28,9

Arachidic acid (C20:0) 1232 (405

Comorbidity of cardiometabolic diseases

Any one or more cardiometabolic diseases, n, % 185 (81.9

Type 2 diabetes, n, % 29 (12.8

Hypertension, n, % 104 (46.0

Stroke, n, % 12 (5.3)

Any cardiovascular diseases, n, % 153 (67.7

Any endocrine-metabolic diseases, n, % 89 (39.4

Data are presented as mean (SD) for continuous variables and % for categorical variable
using Chi-square test for categorical variables and Wilcoxon rank sum tests for continu

Table 1: Baseline characteristics of ADNI participants.

www.thelancet.com Vol 97 November, 2023
(C14:0, C16:0, C18:0, C20:0), and comorbidity of car-
diometabolic diseases did not differ significantly between
CN and MCI participants, whereas participants with MCI
were more likely to be male (118 [52.2%] vs 254 [64.8%])
and APOE ε4 carriers (60 [26.5%] vs 209 [53.3%]).

Associations between circulating levels of saturated
LCFAs and risk for incident MCI among CN partici-
pants are presented in Table 2. No associations were
observed between log2-transformed circulating levels of
saturated LCFAs (C14:0, C16:0, C18:0, C20:0) and risk
for incident MCI among CN participants in any of the
three models with 24-, 48- or 120-month follow-up
(Table 2, Supplemental Table S1).

Associations between circulating levels of saturated
LCFAs and risk for incident AD among MCI partici-
pants with 48-month follow-up are presented in Table 3.
For the primary analyses with 48-month follow-up, per
2-fold increases in circulating C14:0, C16:0 and C18:0
levels were associated with a 1.3-, 2.1- and 2.2-fold
ormal Mild Cognitive Impairment P-values

n = 392

75.0 (7.5) 0.34

) 254 (64.8) 0.0021

) 138 (35.2)

0.13

) 367 (93.6)

15 (3.8)

10 (2.5)

0.16

13 (3.3)

) 377 (96.2)

2 (0.5)

15.6 (3.0) 0.08

<0.0001

) 183 (46.7)

) 163 (41.6)

46 (11.7)

1527 (2080) 0.23

5) 22,952 (6160) 0.66

28) 141,037 (32,298) 0.14

) 1261 (403) 0.55

) 333 (84.9) 0.36

) 48 (12.2) 0.83

) 135 (34.4) 0.0044

21 (5.4) 0.98

) 283 (72.2) 0.24

) 145 (37.0) 0.55

s. All serum LCFAs data are unitless normalized intensities. P values are calculated
ous variables. ADNI, the Alzheimer’s Disease Neuroimaging Initiative.
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LCFAsa Cases/Person-month HR (95%CI) P value

Myristic acid (C14:0) 23/8778

Model 1 1.0 (0.7–1.4) 0.8393

Model 2 1.0 (0.7–1.4) 0.9321

Model 3 1.0 (0.7–1.5) 0.9529

Palmitic acid (C16:0) 23/8778

Model 1 1.1 (0.4–3.1) 0.9042

Model 2 1.0 (0.3–3.2) 0.9361

Model 3 1.2 (0.4–3.8) 0.7054

Stearic acid (C18:0) 23/8778

Model 1 1.3 (0.3–5.1) 0.6639

Model 2 1.3 (0.3–4.9) 0.702

Model 3 1.5 (0.4–5.7) 0.5291

Arachidic acid (C20:0) 23/8778

Model 1 1.3 (0.6–2.9) 0.5188

Model 2 1.3 (0.6–3.1) 0.5111

Model 3 1.2 (0.5–2.9) 0.6232

All CN individuals at baseline excluded three participants with diagnoses
converting directly from CN to AD without observing MCI phase. Model 1
presented crude values; model 2 was adjusted for age, sex, race, ethnicity,
education years, and APOE ε4 alleles; model 3 was model 2 additionally adjusted
for type 2 diabetes, hypertension, stroke, cardiovascular disease, and metabolic
diseases. LCFAs, long-chain saturated fatty acids; MCI, mild cognitive
impairment. aCirculating saturated LCFAs levels were log2 transformed.

Table 2: Multivariable-adjusted HR (95%CIs) for per 2-fold increase in
circulating saturated LCFAs and risk of incident MCI among
individuals with normal cognition at baseline with 48-month follow-
up interval (n = 223).

LCFAsa Cases/Person-month HR (95%CI) P value

Myristic acid (C14:0) 183/10,495

Model 1 1.4 (1.1–1.7) 0.0015

Model 2 1.3 (1.1–1.6) 0.0037

Model 3 1.3 (1.1–1.6) 0.0029

Palmitic acid (C16:0) 183/10,495

Model 1 2.2 (1.5–3.3) 0.0001

Model 2 2.0 (1.3–3.1) 0.0008

Model 3 2.1 (1.4–3.1) 0.0005

Stearic acid (C18:0) 183/10,495

Model 1 2.4 (1.5–3.9) 0.0003

Model 2 2.1 (1.3–3.4) 0.0017

Model 3 2.2 (1.3–3.5) 0.0013

Arachidic acid (C20:0) 183/10,495

Model 1 1.2 (0.9–1.6) 0.2506

Model 2 1.2 (0.8–1.6) 0.3289

Model 3 1.2 (0.9–1.6) 0.2653

Model 1 presented crude values; model 2 was adjusted for age, sex, race,
ethnicity, education years, and APOE ε4 alleles; model 3 was model 2
additionally adjusted for type 2 diabetes, hypertension, stroke, cardiovascular
disease, and metabolic diseases. LCFAs, long-chain saturated fatty acids; MCI,
mild cognitive impairment; AD, Alzheimer’s disease. aCirculating saturated
LCFAs levels were log2 transformed.

Table 3: Multivariable-adjusted HR (95%CIs) for per 2-fold increase in
circulating saturated LCFAs and risk of incident AD among individuals
with MCI at baseline with 48-month follow-up interval (n = 392).
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increased risk of incident AD after adjusting for all
covariates with HRs (95% CIs) of 1.3 (1.1–1.6)
(P = 0.0029), 2.1 (1.4–3.1) (P = 0.0005) and 2.2 (1.3–3.5)
(P = 0.0013), respectively. In contrast, circulating levels
of C20:0 was not significantly linked to risk for AD with
48-month follow-up.

For secondary analyses with 24-month follow-up, per
2-fold increases in circulating C14:0 level were associ-
ated with a 1.3-fold increased risk of incident AD after
adjusting for all covariates with an HR (95% CI) of 1.3
(1.0–1.6) (P = 0.0134). The associations between per 2-
fold increases in circulating levels of C16:0 and C18:0
with risk of incident AD were of borderline significance
with HRs (95% CIs) of 1.6 (1.0–2.6) (P = 0.0622) and 1.6
(0.9–2.7) (P = 0.0926), respectively. In contrast, circu-
lating C20:0 was not significantly linked to risk for AD
with 24-month follow-up (Supplemental Table S2).

For 120-month follow-up, per 2-fold increases in
circulating C14:0, C16:0 and C18:0 levels were associ-
ated with a 1.2-, 2.0- and 2.2-fold increased risk of
incident AD after adjusting for all covariates with HRs
(95% CIs) of 1.2 (1.0–1.4) (P = 0.0153), 2.0 (1.3–2.9)
(P = 0.0005) and 2.2 (1.4–3.4) (P = 0.0007), respectively.
The association between circulating C20:0 and risk of
AD with 120-month follow-up was of borderline signif-
icance with HRs (95% CIs) of 1.3 (1.0–1.8) (P = 0.0811)
(Supplemental Table S2). Kaplan–Meier estimates of
cumulative hazard rates of MCI or AD by quartiles of
log2-transformed LCFAs were presented in Fig. 2 and
Supplemental Figs. S2–S4.

Restricted cubic spline analyses suggested no evi-
dence of nonlinear associations between circulating
LCFAs (C14:0, C16:0, C18:0, C20:0) and risk of AD
while test for linearity showed positive linear associa-
tions between C16:0 and C18:0 and risk for AD among
participants with MCI at baseline (Fig. 3 A,B,C,D).

We conducted sensitivity analyses by excluding the
66 participants who converted to AD within the first year
of follow-up after enrollment. The results from sensi-
tivity analyses are consistent with the main results
(Supplemental Table S3).

In stratified analyses, the associations between
plasma levels of C14:0, C16:0 and C18:0 and risk of
incident AD were not significantly modified by preex-
isting cardiometabolic diseases, sex, age and APOE ε4
genotype (Supplemental Tables S4–S7). A significant
positive additive interaction between C14:0 and age were
observed with RERI (95%CI) of 0.05 (0.02, 0.07), sug-
gesting that age and C14:0 are acting synergistically to
increase the risk of AD among MCI participants. None
of the tests for multiplicative interactions were statisti-
cally significant (Supplemental Table S4).
Discussion
This study examined the relationships between circu-
lating levels of saturated LCFAs and risk for incident
www.thelancet.com Vol 97 November, 2023
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Fig. 2: Kaplan–Meier estimates of cumulative hazard rates of AD by quartiles of LCFAs among MCI participants (n = 392). Quartiles of
LCFAs levels were used for plotting Kaplan–Meier estimates of cumulative hazard ratios of AD.
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MCI and AD among 618 AD-free older adults in the
ADNI dataset. We found that higher circulating levels of
saturated LCFAs (i.e., C14:0, C16:0, C18:0), not
including C20:0, were associated with a 1.3- to 2.2-fold
increased risk for incident AD among participants
with MCI at baseline. However, no associations were
observed between circulating levels of saturated LCFAs
(i.e., C14:0, C16:0, C18:0, C20:0) and risk for incident
MCI among participants who were cognitively normal at
baseline.

Lipids constitute a great proportion of dry mass of
human brain and lipids dysregulation plays an integral
role in AD pathology.22 Yet, the epidemiologic evidence
of saturated LCFAs on MCI or AD is sparse, and come
mainly from cross-sectional studies.23 No previous
study has prospectively examined the association be-
tween circulating levels of saturated LCFAs and risk of
incident AD specifically among individuals with MCI
at baseline. On the other hand, previous dietary studies
investigating the associations between saturated fat
intake and risk of MCI or AD have generated incon-
sistent results. For example, a prospective cohort meta-
analysis found that dietary intakes of saturated fatty
acids were not associated with incident MCI,11 while
another meta-analysis concluded that higher dietary
www.thelancet.com Vol 97 November, 2023
saturated fat intake was associated with an increased
risk for dementia including AD.9,24 However, the Rot-
terdam Study conducted among 5395 cognitively
normal older adults with a mean follow-up interval of 6
years found the rate ratios (95% CI) per standard de-
viation increase in intakes of saturated fatty acids were
0.9 (0.8–1.0) for total dementia and 0.8 (0.7–1.0) for
AD.25 A possible explanation for the inconsistency is
that these previous studies of dietary intakes did not
separately evaluate individual saturated LCFAs.
Furthermore, none of previous studies has specifically
examined conversions from normal to MCI and from
MCI to AD.

Findings from the current study indicate that circu-
lating levels of saturated LCFAs predict the risk of
incident AD among individuals with MCI. In previous
studies conducted in other cohorts, the participants at
baseline included both cognitively normal and MCI
participants. Thus, the strength of the associations be-
tween levels of saturated LCFAs and incident AD could
be dependent on the proportion of MCI patients in the
cohorts at baseline. Also in previous studies, saturated
LCFAs were classified into total saturated fatty acids
together with SCFAs and MCFAs. However, in our
recent report, circulating levels of MCFA C8:0 were
7
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Fig. 3:Multivariable-adjusted Hazard Ratios and 95% CIs of Incident AD Associated with Circulating Saturated LCFAs among participants
with MCI at Baseline (n = 392). Restricted cubic spline analyses used 3 knots (10th, 50th, 90th percentile) and all models were adjusted for
age, sex, race, ethnicity, education years, APOE ε4 alleles, type 2 diabetes, hypertension, stroke, cardiovascular disease, and metabolic diseases.
MCI, mild cognitive impairment; AD, Alzheimer’s disease; LCFAs: long-chain fatty acids.
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associated with a reduced risk of incident MCI but not
related to risk of converting from incident MCI to AD.26

The observed positive associations in this analysis
with C14:0, C16:0 and C18:0, not including C20:0, are
supported by studies that examined the lipid profiles of
serum, cerebrospinal fluid (CSF) and brain tissues.
Kotlega et al. examined the relationship between serum
free fatty acids and post-stroke (seven days and six
months after stroke) cognitive function among 72
ischemic stroke patients. They found that C14:0 was
inversely associated with cognitive performance,
whereas C20:0 had a beneficial influence on cognitive
outcome and played a positive role in promoting neu-
roplasticity.27 Analysis of brain tissue from postmortem
specimens found that C14:0, C16:0, and C18:0 were
substantially higher in AD patients.28 Another human
study assaying brain-derived, membrane-rich nano-
particles in CSF from 139 older adults also reported
significantly higher levels of C14:0, C16:0, and C18:0 in
AD patients compared with CN and MCI participants,
suggesting that elevated saturated LCFAs (C14:0, C16:0,
and C18:0) are involved in AD neuropathology.29

The main finding of this study is the absence of an
association with conversion to MCI among cognitively
normal participants and presence of an association with
conversion to AD among those with MCI at baseline.
This difference may be explained by a differential rela-
tionship between systemic inflammation and the dis-
ease process at different stages of AD. Pascoal et al. have
demonstrated a strong correlation between Braak stage
and microglial activation.30 Earlier stages of the disease,
like MCI, are associated with less microglial activation;
while more advanced stages of the disease are associated
with heightened activation and increase spread of tau.
Studies have shown that systemic inflammation can
increase microglial activation in the brain.31 Saturated
LCFAs have been linked to the development of obesity,
insulin resistance and type 2 diabetes, all of which are
www.thelancet.com Vol 97 November, 2023
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primary risk factors for neuroinflammatory and neuro-
degenerative conditions, including AD.32 Increases in
microglial activation present in later vs earlier stages of
the disease could facilitate the spread of pathological
tau, leading to cognitive deficits that cause conversion
from MCI to dementia. While MCI is considered a
transitional stage from normal cognitive aging to de-
mentia, our findings showed longitudinal associations
between circulating saturated LCFAs and AD risk
among MCI individuals.

In the current study, the association strength of
saturated LCFAs and risk of conversion from MCI to
AD intensified as the carbon chain length increased
from 14 to 18, while the linear association disappeared
with 20 carbons or more (C22:0 data in Supplemental
Table S8), suggesting differential associations as tran-
sition from saturated LCFAs to very long chain saturated
fatty acids (VLSFAs) with a chain-length of ≥22 carbons.
Saturated LCFAs including palmitic and stearic acids
(C16:0 and C18:0) were related to β-amyloid (Aβ) accu-
mulation and tau hyperphosphorylation, mainly
through triggering the astrocytes-mediated pro-inflam-
matory cascades.12,13 Also, C14:0, C16:0, and C18:0 are
endogenously converted into monounsaturated fatty
acids myristoleic acid (C14:1), palmitoleic acid
(C16:1n7) and oleic acid (C18:1n9cis), respectively. This
conversion is catalyzed by the Delta-9 desaturase, the
key enzyme that has been associated with insulin
resistance.33 Elevated C16:0 and C18:0 and impaired
desaturase activity have been linked to insulin resis-
tance,34 whereas C20:0 along with VLSFAs such as
behenic acid (C22:0) and lignoceric acid (C24:0) have
been shown to have a protective effect against insulin
resistance, diabetes, and heart failure.35,36 Furthermore,
a cohort study conducted among the Atherosclerosis
Risk in Communities (ARIC) participants (n = 3229)
found that higher plasma total VLSFAs and each indi-
vidual VLSFA were associated with less 20-year cogni-
tive decline in the Word Fluency Test.37 This may
explain our findings that no associations were observed
for C20:0 and C22:0 in relation to AD risk among par-
ticipants with MCI (Fig. 3D and Supplemental
Table S8). Furthermore, in vitro studies in cultured
aortic smooth muscle cells showed that C16:0 and C18:0
stimulated de novo diacylglycerol (DAG) synthesis and
subsequently activated protein kinase C (PKC) and
mitogen-activated protein kinase (MAP), resulting in
altered vascular functions in the insulin resistant state.14

Of note, as the carbon-chain number increases, the
effects of C16:0 and C18:0 increased by five- and eight-
fold, respectively, in stimulating de novo DAG synthesis
whereas this effect was not observed for C20:0, which is
again consistent with our findings.

This study has a few strengths. First, ADNI is a rich
dataset incorporating clinical, imaging, genetic, and
biochemical biomarkers for the early detection and
tracking of AD progression. Based on this unique
www.thelancet.com Vol 97 November, 2023
resource, we examined the association between circu-
lating levels of saturated LCFAs and risk for incident
MCI and AD over 24-month, 48-month, and 120-month
follow-up intervals, respectively. Second, prevalent AD
patients at baseline were excluded prior to study entry
and multiple clinic visits per person were performed to
confirm and track the diagnoses during the follow-up,
which minimized the possibility of outcome
misclassification.

There are also some limitations for the current study.
First, the sample size is limited in stratified analyses by
comorbidity of cardiometabolic diseases, sex and APOE
genotype. Thus, the non-significant interactions by
APOE genotype, sex, and comorbidity of car-
diometabolic diseases may be due to Type II error.
Further, the current study only had 20 incident AD
developed from normal cognition which may not have
sufficient statistical power to study whether levels of
saturated LCFAs in CN participants are associated with
risk of incident AD. Although we separately examined
the associations between circulating levels of saturated
LCFAs and risks for incident MCI among CN partici-
pants and incident AD among MCI participants, dif-
ferences between these two groups by age and sex could
have led to the differential findings regarding the asso-
ciations of saturated LCFAs. Given that the CN and MCI
groups are not entirely comparable, prudence is advised
when comparing results from these two analyses. While
the current study is a prospective cohort study with clear
temporal sequence, we acknowledge the risk of
endowing a HR with a causal interpretation and cannot
fully rule out the possibility of built-in selection bias.
Further, a single measure of circulating LCFAs may not
be able to reflect the variations in a long-term follow-up
period. Despite our efforts to adjust for multiple cova-
riates and conduct sensitivity analysis, it is important to
acknowledge that we cannot eliminate the potential in-
fluence of residual confounding. In addition, there is a
lack of racial and ethnic diversity in the current study.
The risk and burden of AD are greater among African
Americans and Hispanics compared to non-Hispanic
Whites, yet these racial/ethnic minority groups are un-
derrepresented in most AD observational/clinical
studies including ADNI. ADNI recruited predominantly
Caucasians and >90% have a four-year college educa-
tion, which may impact the generalizability of conclu-
sions from the current study.

Conclusion
In summary, higher circulating levels of saturated
LCFAs (i.e., C14:0, C16:0, C18:0), but not C20:0, were
associated with an increased risk for incident AD among
participants with MCI at baseline. We did not find an
increased risk for MCI related to saturated LCFAs
among those with normal cognition. If confirmed, these
findings may help to stave off the conversion from MCI
to AD. Further studies are necessary to confirm whether
9
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peripheral saturated LCFAs can be used as biomarkers
to screen patients with MCI for incident AD risk. Future
studies are also required to understand the mechanisms
and investigate whether the changes in plasma saturated
LCFAs are due to endogenous sources, diet or both and
whether saturated LCFAs serve as potential targets for
intervention.
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