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Abstract: Neurocognitive deficits are implicated in major depressive disorder (MDD) and suicidal
behavior, and cognitive function may be affected by blood levels of polyunsaturated fatty acids
(PUFAs). Neuroprotective functions have been described for omega-3 (n-3) PUFAs, while omega-6
(n-6) PUFAs exhibit broadly opposing activities. Both classes of PUFAs are linked to MDD and
suicidal behavior. However, few studies have investigated the relationships between PUFAs and
neurocognitive function with respect to MDD or suicidal behavior. Among participants with MDD
(n = 45) and healthy volunteers (HV, n = 30) we assessed performance on tasks of attentional capacity
and executive function and its relationship to plasma phospholipid PUFA levels, expressed as a
percentage of total plasma phospholipids, for eicosapentaenoic acid (EPA%), docosahexaenoic acid
(DHA%), and arachidonic acid (AA%). Regression models tested the correlations between PUFA
levels and task performance in three groups: MDD with a history of suicide attempt (SA, n = 20),
MDD with no attempts (NA, n = 25), and HV. Interaction testing indicated a significant positive
correlation of EPA% with continuous performance test scores in the NA group (F = 4.883, df = 2,72,
p = 0.01), a measure of sustained attention. The AA% correlated negatively with performance on
two executive function tasks, object alternation (beta = −3.97, z-score = −2.67, p = 0.008) and the
Wisconsin card sort (beta = 0.80, t-score = −2.16, df = 69, p = 0.035), after adjustment for group and
age, with no group effects. Our findings suggest a role for PUFA imbalance in attentional functioning
and executive performance; however, no MDD-specific effect was observed.

Keywords: neurocognition; depression; suicide; omega-3 fatty acids; PUFA; executive function;
attention

1. Introduction

Neurocognitive dysfunction is implicated in the pathology of neuropsychiatric dis-
eases, including major depressive disorder (MDD) [1–3] and suicidal behavior [4–7]. Poten-
tial contributors to cognitive status, in addition to symptom severity, include polyunsatu-
rated fatty acids (PUFAs), essential components of the human diet that are vital to brain
development and health [8]. In particular, the long-chain PUFAs (LC-PUFAs) arachidonic
acid (AA, 20: 4 n-6) and docosahexaenoic acid (DHA, 22: 6 n-3) are highly enriched in
the brain [8]. The structural properties of LC-PUFAs are determinants of function, with
the omega-3 (n-3) LC-PUFAs DHA and eicosapentaenoic acid (EPA, 20: 5 n-3) generally
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acting in opposition to the omega-6 (n-6) PUFA, AA. The n-3 LC-PUFAs are broadly neuro-
protective, acting through a variety of biological mechanisms including maintenance of
membrane fluidity [9], regulation of inflammation [10], and facilitation of neurogenesis
and neuronal survival [11,12]. AA, on the other hand, produces eicosanoid metabolic
products that are primarily pro-inflammatory. Thus, the balance of n-3 to n-6 LC-PUFAs
can powerfully affect brain functioning (reviewed in [13]).

Meta-analyses and randomized clinical trials (RCTs) interrogating the relationship
between n-3 LC-PUFAs and neurocognitive function throughout the life cycle and in
different disease contexts have produced mixed results [14–16].

In healthy adults, the effects of LC-PUFA supplementation on cognition are inconclu-
sive. LC-PUFA supplementation did not enhance performance on cognitive assessments in
college students and postmenopausal women [17,18], and a recent meta-analysis reported
only marginal benefits on cognition from LC-PUFA supplementation in healthy individu-
als [14]. However, other randomized controlled trials (RCTs) have reported improvements:
in the reaction time of the color-word Stroop test in young adults [19], in immediate free
recall in elderly postmenopausal women [20], and in working memory in middle-aged and
elderly adults [21]. In addition, lower n-3 LC-PUFAs correlated with worse performance
on attentional tasks in young women [22].

Compared with healthy controls, patients with major depression display deficits
in memory and processing tasks [23–25] and moderate deficits across a range of other
neuropsychological tasks [26]. Memory deficits appear to persist over the long term but
may depend on attentional and learning impairments [25].

Depression impairs some subtypes of effortful processing that require high cognitive
capacities, regardless of the depression severity [26,27]. While moderately depressed
patients tend to display memory deficits in tasks that require the creation of structure or
organization, no impairment was seen in tasks that provided a structure [24]. Moreover,
individuals experiencing a depressive episode displayed deficiencies in recalling words
that were semantically encoded in comparison with those acoustically encoded, suggesting
that depression may impair more effortful encoding [23]. Depressive symptoms have been
associated with cognitive decline in older adults after controlling for demographic and
clinical characteristics, including social network and other health conditions [28].

Deficits in cognitive control have a positive relationship with suicide attempts [4–7]
and suicidal ideation [29] across the age spectrum [30–32]. Additionally, suicidal ideation
is associated with greater cognitive rigidity [33], while variability in suicidal ideation is
associated with poorer attention control [5]. Impaired decision-making on gambling tasks
has been positively associated with ideation and attempts [34–37].

In depressed populations, the research surrounding LC-PUFAs and cognition is limited
and sometimes inconclusive. Two RCTs concluded that supplementation of LC-PUFAs
had negligible effects on cognitive functions and small effects on aspects of emotional
cognition [38,39], whereas others reported that high EPA levels in red blood cells were
associated with steeper learning curves on verbal tests [40]. A meta-analysis of n-3 LC-
PUFA domain-specific effects on cognitive test performance in youths found no main effect
of supplementation but did find a beneficial effect of EPA-rich supplements on long-term
memory, working memory, and problem solving [41]. Literature regarding LC-PUFAs and
cognition in suicidal populations is sparse. We located only one such study, relating n-3
LC-PUFA levels to cognitive reactivity [42], which found that low n-3 LC-PUFA levels were
associated with high hopelessness and suicidality.

The current study assessed the relationship of plasma phospholipid LC-PUFA levels
with performance on a battery of neuropsychiatric assessments in individuals with MDD
and in healthy individuals. We conducted two assessments of attentional capacity, the
continuous performance test (CPT) and the color-word Stroop test, and two assessments
of executive function, the object alternation task (OAT) and the Wisconsin Card Sorting
Task (WCST). Both pairs of tests have been investigated in our previous studies in relation
to depression and suicidal behavior [4,6]. Given that the balance between n-3 and n-6
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LC-PUFAs plays a critical physiological role in brain health and function, we hypothesized
that EPA and DHA levels would correlate positively, and AA would correlate negatively,
with performance on attentional and executive functioning in all participants but with the
greatest impact on participants with MDD who had the highest suicide risk.

2. Materials and Methods
2.1. Sample

The present cross-sectional study was conducted at the New York State Psychiatric
Institute (NYSPI, New York, NY, USA) and approved by the NYSPI Institutional Review
Board. All participants provided written informed consent to participate in the study. We
recruited individuals aged 18–60 years diagnosed with Diagnostic and Statistical Manual
of Mental Disorders-5 (DSM-5) MDD in a current major depressive episode (MDE; n = 45)
and a comparison group of healthy volunteers (HV; n = 30), primarily through online
advertisement. In the MDD group, patients were subcategorized as suicide attempters
(SA; n = 20) or lifetime non-attempters (NA; n = 25), with prior suicide attempt defined as
intentional self-harm with at least some intent to die.

2.2. Clinical Assessments

The MDD diagnoses were determined using the Structured Clinical Interview for
DSM-5 (SCID-5) [43]. We excluded participants diagnosed with another major psychiatric
illness, including lifetime schizophrenia, schizoaffective disorder, psychotic depression,
mild substance/alcohol use disorder within the past 2 months, and moderate or severe
substance/alcohol use disorder within the past 6 months. Individuals with a history of
head injury were excluded if performance on the Trail Making Test indicated an existing
cognitive abnormality. We did not exclude participants in the MDD group with comorbid
personality disorders or participants who were taking psychotropic medications. History
of suicide attempt was determined using the Columbia–Suicide Severity Rating Scale
(C-SSRS) [44].

Healthy volunteers were free of psychotropic medications and without a lifetime
mental health disorder diagnosis (specific phobia allowed), including a past or present
history of substance/alcohol use disorder, as determined using the SCID-5. We also ex-
cluded participants who had a first-degree relative with a history of MDD, schizophrenia,
schizoaffective disorder, or suicide attempt, or who had two or more first-degree relatives
with a history of moderate to severe substance use disorder. Participants received compre-
hensive psychiatric and medical assessments, including a medical history and standard
laboratory tests.

Clinical ratings were performed by Masters-level psychometricians. At the time of
study entry, the 17-item Hamilton Depression Rating Scale (HDRS-17) was used to assess
clinician-rated depression severity [45]. The self-reported Beck Depression Inventory (BDI)
was included as an additional subjective measure of depression severity [46]. Suicidal
ideation severity was evaluated using the Scale for Suicidal Ideation (SSI) [47].

2.3. Neurocognitive Assessments

Neuropsychological testing was performed at approximately noon for each participant,
and blood sampling was performed on the same day at approximately 3 PM, after at least
3 h of fasting.

2.3.1. Continuous Performance Test

To assess sustained attentional capacity, the Continuous Performance Test—Identical
Pairs Version (CPT-IP) 4-digits fast condition [48] was programmed in PsyScope [49] on
a Macintosh laptop computer as described previously [50]. In the CPT-IP, participants
are presented with consecutive four-digit strings for 50 ms followed by 950 ms of dark
time. The participant is instructed to respond if the four-digit string perfectly matches the
string that directly preceded it. The main outcome measure for CPT-IP performance is
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the sensitivity index (d’ or d-prime) [51], which is calculated by taking the standardized
difference between the hit and false alarm rates. Thus, a higher sensitivity index constitutes
greater sustained attention.

2.3.2. Computerized Stroop Test

To assess selective attentional capacity, we administered a computerized version of the
standard Stroop test [52] in PsyScope [49] on a Macintosh computer [53]. Participants were
presented with three blocks of trials with differing conditions: Word, Color, and Interference.
In the Word condition, the instruction was to identify correct color names out of three
different color names printed in black. In the Color condition, the instruction was to identify
the color of a string of five X’s (from one of three colors). In the Interference condition, the
instruction was to identify the font color while ignoring the color names when color names
were presented in discordant font colors. In all conditions, the participant was instructed
to respond as quickly as possible. Stimuli were presented with an interstimulus interval
of 50 ms which produced a very rapid trial-to-trial pace. The main outcome measure was
the interference score, calculated by computing the percentage change in median reaction
time between the Color and Interference conditions. Higher Interference scores indicate
reduced selective attention and attentional control.

2.3.3. Object Alternation Task

The object alternation task (OAT) is a human adaptation [54] of a primate task that
assesses the ability to learn and maintain a higher-order stimulus discrimination [55]. The
OAT was administered via computer as described previously [56]. Briefly, the participant
was simultaneously presented with a red triangle and a blue circle, with left-right posi-
tioning on the screen randomly determined. They were informed that one of the symbols
was correct on any given trial, and that there was a pattern across trials to determine the
correct symbol. The symbol chosen by the participant in the first trial was automatically
deemed correct. Subsequently, the opposite symbol was the correct response until selected.
Thereafter, the correct choice continued to alternate in this manner (without regard to the
side of the display) with an intertrial interval of 500 ms. Correct responses elicited a beep;
incorrect responses received a buzz. The OAT was discontinued following 12 consecutive
correct identifications of alternating targets or after 180 trials if the participant was unable
to achieve the test to criterion. Performance measures included the participant’s ability
to achieve 12 consecutive correct responses (criterion performance) and the total number
of errors.

2.3.4. Wisconsin Card Sorting Task

The Wisconsin Card Sorting Task [57,58] was administered either through the standard
manual version or through a computerized version on a PC laptop computer. Designed to
assess prefrontal cortical dysfunction [59], the task requires the participant to sort a deck of
cards containing a pseudorandom combination of four different symbols, printed in four
different colors, with one to four of these symbols on each card. The participant is told
that cards may be correctly sorted into one of four piles that match a model card placed
above each pile. The participant is given no further instruction except that they will be
given feedback for each card placement (correct or incorrect) and should use that feedback
to discover any underlying rules based on features of the cards that determine correct card
placement. Once the participant has made 10 sequential correct card placements, however,
the rule is changed to another feature of the cards. The rule may change up to 5 times
during task performance, up to the administration of 128 trials. Scores used in the analysis
included criterion attainment and the number of errors made during the task. Errors
can secondarily be divided into two different types: perseverative errors (continuing to
respond to an older response rule that has changed) and non-perseverative errors (random
inaccurate responses that are not clearly related to a prior response rule) to determine if
either type is contributing more to the impaired performance.
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2.4. Blood Sampling and Plasma Phospholipid PUFA Analysis

Blood sampling was performed at approximately the same time of day, 3 PM, for
all participants, after at least 3 h of fasting. The blood samples were drawn into tubes
containing ethylenediaminetetraacetic acid (EDTA), placed in an ice-water slurry, and
centrifuged at low speed for 10 min under refrigerated conditions. The supernatant was
allocated to cryotubes and stored at −80 ◦C.

Plasma glycerophospholipid fatty acids were extracted and methylated based on the
methods used by Glaser, et al. [60]. Briefly, 600 µL of 5 ◦C methanol was added to 100 µL of
each plasma sample, and the samples were vortexed. The extracted glycerophospholipids
were separated with centrifugation at 2500 revolutions per minute (RPM) for 5 min at room
temperature and transferred to a different tube. Then, 600 µL of 5 ◦C methanol was added
to the plasma sample again, and the remaining extraction steps were repeated until the
extracted glycerophospholipids were separated and transferred to a different tube, to yield
two tubes of extracted glycerophospholipids per sample. Added to each tube was 2.917 µg
of internal standard di 15:0 PC (Avanti Lipids, Alabaster, AL, USA) dissolved in 100 µL
of methanol. The fatty acids (FAs) of the glycerophospholipids were transesterified into
fatty acid methyl esters (FAMEs) when 25 µL of 0.5 M potassium methoxide was added to
each tube. After 3 min, the reaction in each tube was neutralized with 75 µL of 9:1 (v/v)
methanol:acetyl chloride. To extract the FAMEs from the rest of the sample, 600 µL of
hexane was added to both tubes, and after vortexing and centrifugation using the same
conditions previously mentioned, the upper hexane separations were extracted and pooled
into a single tube for each sample. The combined hexane separations were dried under
nitrogen, and the FAME residue was dissolved in 100 µL of isooctane (0.2% (w/v) butylated
hydroxytoluene) and stored at −20 ◦C until gas chromatography/mass spectrometry
(GC/MS) analysis. All reagents used were high-performance liquid chromatography
(HPLC)-grade or higher and were purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise indicated.

FA quantification was performed using a Clarus 600/680 gas chromatograph/mass
spectrometer (Perkin-Elmer, Waltham, MA, USA) that contained a DB-23 column (30 m
length, 0.25 mm internal diameter) (Agilent, Santa Clara, CA, USA). Helium was used as
the carrier gas. The gas–liquid chromatography (GC) temperature run method used was
as follows: 80 ◦C for 5 min, ramp 4 ◦C/min to 240 ◦C, hold for 11 min. The method used
selected ion monitoring to improve the sensitivity of FA detection. An external standard
curve was created using GLC-248 FAME mix (Nu-Chek Prep, Elysian, MN, USA). Peak
integration from the resulting chromatograms was performed using TargetLynx version
4.0.1 (Waters Corporation, Milford, MA, USA) to generate fatty acid concentrations and
proportions. FAs were calculated as a percentage of total plasma glycerophospholipids,
expressed as FA%. The primary species of interest for purposes of this study were DHA%,
EPA%, and AA%.

2.5. Statistical Methods
2.5.1. Statistical Software

Analysis of demographic and clinical characteristics was performed using IBM SPSS
Statistics (Armonk, NY, USA; version 29.0.1.0 for Macintosh). All other statistical analyses
were performed using R (version 4.3.3 for Macintosh, the R Foundation for Statistical
Computing, Vienna, Austria) [61].

2.5.2. Demographic and Clinical Characteristics

Clinical characteristics and demographic data were compared between the MDD and
HV groups and, within the MDD group, between patients with and without a history of
suicide attempt (attempters and non-attempters), using univariate analysis of variance
(ANOVA) and chi-square analysis as appropriate.



Nutrients 2023, 15, 4542 6 of 15

2.5.3. LC-PUFAs

Frequency distributions were examined for the LC-PUFAs of interest. Distributional
skew was observed in EPA% and DHA%. For consistency, we performed ln-transformation
on all PUFAs (EPA%, DHA%, and AA%). Following transformation, outliers (ranging from
three (DHA) to five (EPA) participants) were winsorized to the nearest non-outlier value
using the total sample distribution to set winsorization thresholds.

2.5.4. Neurocognitive Testing

The outcome measures from the CPT-IP, Stroop, OAT, and WCST were converted to
z-scores normalized by age, sex, and/or education using internal (see [50]) or published
normative data (for WCST: [62]). Outliers (ranging from five (Stroop) to eight (WCST)
participants) were identified in the total participant distribution and winsorized to the
nearest non-outlier value using the total sample distribution to set winsorization thresholds.

2.5.5. Statistical Analyses

Partial correlations between age-residualized LC-PUFA levels and the CPT-IP sensi-
tivity index (d-prime), the Stroop interference measure, and the WCST error score were
computed using Pearson’s coefficient. Criterion attainment was not examined in relation to
the WCST because over 90% of each participant group completed the task to criterion (six
categories attained) and there was an insufficient number of individuals who did not com-
plete the task. For the OAT error score, partial correlations with age-residualized LC-PUFA
levels were computed using Spearman’s coefficient. To test for differential association by
group, linear regression models were generated with centered LC-PUFA as the predictor
variable, group as main effect and as an interaction with the predictor, age as a covariate,
and neurocognitive outcome measure as the response variable. Other pertinent covari-
ates and cofactors were tested in all models, including sex, depression severity, suicidal
ideation severity, and medication treatment status (yes/no). Non-significant covariates
were removed from the final models. Because the OAT error scores demonstrated a bimodal
distribution across all participant groups, reflecting two distinct sets of participants that
were mostly able or mostly unable to achieve the test to criterion, a logistic regression was
fit with centered LC-PUFA as the predictor variable, participant group as a main effect and
through interaction, age as a covariate, and OAT attainment as the response variable. For
significant group interactions, a post hoc Tukey’s test for contrasts was performed to assess
the statistical significance of pair-wise group comparisons of associations and adjusted
for multiple comparisons. When the interaction was not significant, it was dropped from
the model.

3. Results
3.1. Demographic and Clinical Characteristics

We did not observe any significant group differences with respect to sex, race, age,
or body mass index (BMI). The samples were predominantly young adult females with a
BMI at the high end of the healthy range (see detailed information in Table 1, including
racial breakdown of the sample). No significant differences were seen in the proportions of
medication use between participants with MDD in the SA group (n = 12) and participants
with MDD in the NA group (n = 10) (c2 = 1.78, df = 1, p-value = 0.182).
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Table 1. Demographic and clinical characteristics of participants.

Chi-Square Analysis
Two-Group Comparison 1 Three-Group Comparison 2Characteristic

Total MDD
(N%)

N = 45

MDD SA
(N%)

N = 20

MDD NA
(N%)

N = 25

HV
(N%)

N = 30 c2 df p-Value c2 df p-Value
N N N N

Sex: Male 45 24.4 (11) 20 15.0 (3) 25 32.0 (8) 30 30.0 (9) 0.903 2 0.933 4.121 4 0.390
Race: White 45 44.4 (20) 20 35.0 (7) 25 52.0 (13) 30 43.3 (13)

0.836 4 0.637 6.297 8 0.614
Asian 45 28.9 (13) 20 30.0 (6) 25 28.0 (7) 30 30.0 (9)
Black 45 13.3 (6) 20 25.0 (5) 25 4.0 (1) 30 16.7 (5)

More than one race 45 11.1 (5) 20 10.0 (2) 25 12.0 (3) 30 10.0 (3)
Unknown/not

reported 45 2.2 (1) 20 0.0 (0) 25 4.0 (1) 30 0.0 (0)

One-way ANOVA
Two-Group Comparison 1 Three-Group Comparison 2Characteristic

Total MDD
mean (SD)

N = 45

MDD SA
mean (SD)

N = 20

MDD NA
mean (SD)

N = 25

HV
mean (SD)

N = 30 F-Test df p-Value F-Test df p-Value Contrast
N N N N

Age (yrs.) 45 28.8 (7.5) 20 28.2 (7.5) 25 29.3 (7.6) 30 26.5 (6.2) 1.898 1,73 0.172 1.083 2,72 0.344
BMI (kg/m2) 44 25.9 (6.2) 20 27.0 (7.2) 24 24.9(5.1) 30 23.7 (4.0) 2.949 1,72 0.090 2.269 2,71 0.111

HDRS (17-item) 45 18.8 (6.2) 20 19.4 (7.1) 25 18.4 (5.5) 30 0.5 (0.8) 260.305 1,73 <0.001 129.431 2,72 <0.001 SA > HV; NA >
HV

BDI 45 24.8 (8.9) 20 27.8 (9.5) 25 22.5 (7.8) 30 0.9 (0.4) 208.879 1,73 <0.001 116.002 2,72 <0.001 HV < NA < SA
DHA (g/mL) 45 45.4 (15.6) 20 45.2 (17.5) 25 42.6 (14.3) 30 42.9 (18.8) 0.397 1,73 0.531 0.198 2,72 0.821
EPA (g/mL) 45 9.9 (5.5) 20 9.8 (6.2) 25 10.0 (4.9) 30 12.7 (14.9) 1.284 1,73 0.261 0.636 2,72 0.532
AA (g/mL) 45 125.2 (33.8) 20 120.3 (32.9) 25 129.1 (34.9) 30 114.2 (40.0) 1.632 1,73 0.206 1.632 1,73 0.206

Analysis
Two-Group Comparison 1 Three-Group Comparison 2Neurocognitive Assessment Scores

3 Attention Total MDD MDD SA MDD NA HV
F or c2 df p-Value F or c2 df p-Value

N N N N

CPT: d-prime
(mean (SD)) 44 −0.3 (1.0) 19 −0.4 (0.9) 25 −0.2 (1.0) 29 −0.3 (1.0) 0.003 1,72 0.956 0.377 2,70 0.687

Stroop:
Interference (%) 44 −0.5 (1.2) 20 −0.7 (1.4) 24 −0.4 (1.1) 30 −0.4 (1.2) 0.235 1,72 0.629 0.480 2,71 0.621

Executive Function
OAT: Criterion

Attainment (N%) 45 75.6 (24) 20 75.0 (15) 25 76.0 (19) 30 60.0 (18) 2.048 1 0.152 2.054 2 0.358

OAT: Errors
(mean (SD)) 45 −0.1 (1.1) 20 0.2 (1.2) 25 −0.4 (1.1) 30 0.1 (1.3) 0.648 1,73 0.423 1.506 2,72 0.229

WCST Criterion
Attainment (N%) 44 88.6 (39) 20 85.0 (17) 24 91.7 (22) 30 93.3 (28) 0.495 1 0.498 1.026 2 0.599

WCST: Errors
(mean (SD)) 44 −0.0 (0.8) 20 0.1 (0.8) 24 −0.1 (0.8) 30 0.1 (0.7) 0.515 1,72 0.475 0.682 2,71 0.509

1 MDD vs. HV; 2 SA, NA, HV; 3 Neurocognitive scores are reported as age, sex, and/or education-corrected z-scores, except for criterion attainment scores, which are reported as
percentages of the sample. Bold means significant difference. Abbreviations: BDI, Beck Depression Inventory; BMI, Body-Mass Index; CPT, Continuous Performance Task; HDRS,
Hamilton Depression Rating Scale; MDD, major depressive disorder; NA, suicide non-attempter; OAT, Object Alternation Task; SA, suicide attempter; SD, standard deviation; WCST,
Wisconsin Card Sorting Test.
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3.2. Neurocognitive Assessments

We did not observe any significant group differences with respect to performance on
the CPT-IP, Stroop, OAT, or WSCT (see Table 1).

3.3. LC-PUFAs

We did not observe any significant group differences with respect to LC-PUFA concen-
trations (see Table 1).

3.4. LC-PUFAs and Neurocognitive Assessments

We did not detect any significant associations between DHA% and any neurocognitive
outcome measures. Associations with EPA% and AA% are described below.

3.4.1. Continuous Performance Test (CPT-IP)

A significant group interaction was detected in the regression model with EPA% as
a predictor, age as a covariate, and CPT-IP d’ performance as the outcome (F = 4.883,
df = 2,72, p = 0.01). A post hoc Tukey’s test for contrasts demonstrated a statistically
significant difference in EPA% correlation with CPT-IP d’ between the HV and NA groups
(t = −3.07, df = 67, p = 0.009) and a trend-level difference between the NA and SA groups
(t = 2.24, df = 67, p = 0.072) (see Figure 1). The direct correlation of NA with d’ indicates
a positive association between EPA% levels and sustained attention in this group. There
were no significant main effects of sex, age, presence of medications, depression severity, or
suicidal ideation.
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Figure 1. Partial correlations between eicosapentaenoic acid as a percentage of total phospholipids
(EPA%) and continuous performance task performance sensitivity index (CPT-IP d’). Shown are
partial correlations between age-residualized, ln-transformed EPA% and CPT-IP d’ scores in the HV,
NA, and SA groups. Correlations were estimated using Pearson’s correlation coefficient, r.

3.4.2. Computerized Stroop Test

No statistically significant relationships were seen between any LC-PUFAs and Stroop
performance or reaction time (see Supplementary Tables S1–S12).
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3.4.3. Object Alternation Task (OAT)

There was a significant main effect in a model for AA% as a negative predictor of OAT
performance (b = −3.97, z-score = −2.67, p = 0.008) after adjustment for participant group
and age. However, the interaction with the group was not significant.

As described in the Methods section, the primary objective of the OAT is to identify
and consistently respond to an alternating pattern across different trials to a criterion of
12 consecutive correct responses. Figure 2 illustrates the differences between mean AA% in
participants who were able vs. unable to achieve the test to criterion across the different
participant groups.
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Figure 2. Object alternation performance and AA% levels. Group-wise levels of AA as a percentage
of total plasma phospholipids (AA%) between participants who attained and failed to attain the
object alternation test to criterion. AA% data are ln-transformed; apparent outliers (•) for subgroup
boxplots were not considered outliers within the total sample distribution. In logistic regression
models, AA% was a negative predictor of OAT performance (p = 0.008), covarying for group and age;
however, there were no significant group interactions.

3.4.4. Wisconsin Card Sort

There were no significant group interactions for any linear regression models generated
with PUFA% as the predictor variable and the WCST error score as the response variable.
However, there was a significant main effect of AA% as a negative predictor of WCST
performance across the entire sample (b = 0.80, t-score = −2.16, df = 69, p = 0.035) after
adjustment for participant group and age.

4. Discussion

In this study investigating the relationship between blood levels of LC-PUFAs and
a selected panel of neuropsychiatric assessments, findings were partially consistent with
our hypothesis that higher AA and lower n-3 LC-PUFA levels are associated with poorer
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neurocognitive performance. The two findings resulting from this study, a positive associa-
tion between EPA% levels and CPT performance in MDD NA and a negative association of
AA% levels with OAT and WCST performance irrespective of diagnostic group, suggest
that low n-3 LC-PUFA and high n-6 LC-PUFA status may be most relevant for deficits
in sustained attention and executive functioning, respectively, with no signal relating to
selective attention, as assessed with the Stroop test.

The finding that EPA% levels were positively related to sustained attention in NA
is consistent in directionality with our hypothesis but is unexpected in that we expected
SA to be more severely affected because lower EPA levels have been linked with suicide
attempts [63].

The OAT is an executive function task that requires cognitive flexibility and set main-
tenance and has been shown in functional imaging studies to be sensitive to dysfunction
of the ventral prefrontal cortex (vPFC) [64,65], a brain region subserving cognitive con-
trol, response inhibition, and social and emotional decision-making where damage or
dysfunction may result in excessive risk-taking behavior [66,67]. The WCST similarly
assesses cognitive flexibility as well as working memory, which have been implicated more
strongly with dorsolateral prefrontal cortex (dlPFC) function [59]. While we are aware
of no published paper to date that has directly assessed the relationship between plasma
phospholipid AA levels and WCST performance, one study distinguished two groups of
patients with schizophrenia by high and low levels of sphingomyelin in the red blood cell
(RBC) membrane composition [68]. Participants with low levels of RBC sphingomyelin
had widespread perturbations in LC-PUFA species, including alterations in arachidonic
acid levels, and exhibited significantly higher error rates on the WCST compared with the
high-level sphingomyelin group and healthy controls.

Thus, the current study suggests that AA levels may play a role in cognitive deficits
by affecting PFC function. Several previously outlined biological activities of arachidonic
acid could contribute to disturbances in executive functions in the PFC, such as effects on
white matter integrity [69], modulation of the endocannabinoid system [70], facilitation of
long-term potentiation [71], and regulation of neurotransmission [72,73].

However, although plasma PUFAs are known to be the primary source of brain
PUFAs [8], and the neurocognitive outcome measures in this study suggest a relationship
between plasma phospholipid LC-PUFAs and brain functioning, relationships between
peripheral and brain LC-PUFAs are complex (reviewed in [8]) and inferences regarding
brain PUFA levels and cognition cannot be drawn from this study.

We did not detect any significant associations between LC-PUFAs and neurocognitive
performance in the SA group. Studies investigating the relationship between suicide
attempt and WCST performance have been inconsistent [4,7,74,75], and we previously
reported intact object alternation in a sample of suicide attempters with a high degree of
planning and non-violent methods [56]. In contrast with those findings, here we did not
find a difference in the OAT error scores between the groups, which may reflect different
sample characteristics or may be a consequence of smaller sample size. We note that in
the current study, although performance in the patient groups was comparable to that
in previous studies, healthy volunteers performed less well (see Keilp et al. [4]). Sample
characteristics could have critical effects on cognition; e.g., the recency of a suicide attempt
affects response inhibition and memory recognition [76]. These findings indicate that larger,
better-powered studies are required to understand the relationships between LC-PUFAs
and neurocognition in patients with suicidal behavior.

While the efficacy of n-3 LC-PUFA supplementation in MDD has been controver-
sial [77], several studies have demonstrated improvement in depression severity following
n-3 LC-PUFA supplementation as monotherapy or adjunctive therapy in patients with
MDD [78–80], with EPA posited as the most crucial component for LC-PUFA supplemen-
tation [81–85]. Our results suggest that n-6 PUFA intake reduction or EPA-rich n-3 PUFA
supplementation, which are very low-risk interventions, could improve neurocognitive
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deficits. However, we note that no cognitive benefits of LC-PUFA plasma levels were found
specifically for MDD.

Limitations

Our current study was limited by a small sample size. Additionally, due to the
exploratory nature of the study, no correction was made for multiple comparisons. The
cross-sectional study design also precludes any conclusions about causality.

5. Conclusions

The current study documents associations between plasma phospholipid LC-PUFA
levels and executive function/sustained attention in adult patients with and without MDD.
These findings may inform a therapeutic role for reduced n-6 PUFA intake and/or n-3 PUFA
supplementation in neurocognitive dysfunction. However, larger prospective studies are
required to test this hypothesis before recommending any dietary interventions. Ideally, fu-
ture investigations would utilize fMRI and positron emission tomography with radiotracers
such as [11C]arachidonic acid [86] or [11C]docosahexaenoic acid [87] to study the dynamics
between peripheral and brain LC-PUFA status in relation to neurocognitive function.
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