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Abstract

Background

Evidence suggests obesity exerts a negative impact on cognition. Major Depressive Disor-
der (MDD) is also linked to problems in cognitive functioning. Obesity is highly prevalent in
individuals with MDD and is linked to a failure to return to a full level of functioning. The
study’s objective was to investigate the effect of obesity on cognitive impairment in partici-
pants with MDD.

Methods

This study compared cognitive performance in obese individuals with MDD and two control
populations (obese individuals without a psychiatric illness and non-obese controls). A stan-
dardized battery of neuropsychological tests specifically designed to assess performance in
declarative memory, executive functioning, processing speed and attention was adminis-
tered. Mood ratings, physical measurements, nutritional and health questionnaires were
also completed.

Results

We observed a consistent pattern across measures of memory, executive functioning,
attention and processing speed. Whereas healthy controls performed better than both bar-
iatric groups across the majority of measures administered, bariatric controls tended to out-
perform bariatric MDD patients.

Limitations

The overall sample size of our study was small and thus largely explorative in nature. How-
ever, it provides compelling results (while controlling for extraneous variables such as
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medication load, nutritional status and common metabolic comordidities) that strongly urges
for further investigation and study replication with larger sample sizes.

Conclusions

We found obesity has a subtle impact on cognition in obese individuals, and when obesity is
present in individuals with MDD, this impact may be significant. It is important to minimize all
modifiable variables that can add to cognitive burden in this population.

Introduction

Obesity is associated etiologically with cardiovascular disease, in part due to its contribution to
risk factors such as dyslipidemia, hypertension and type II diabetes (T2D) [1]. As a conse-
quence, public health interest in obesity prevention and treatment has been significant [2].
This effort has begun to target specific populations, as there is an inherent increased vulnera-
bility towards weight gain associated with mental illness. Individuals with major depressive
disorder (MDD), an illness predicted to be the main cause of disability worldwide by 2020 [3],
have a 21% higher risk of developing obesity than the general population according to the
National Comorbidity Survey-Replication (NCS-R) [4]. The deleterious effects of obesity on
peripheral systems have been well elucidated but its impact on central brain function remains
much less well understood [5]. An emerging area of investigation suggests that adiposity may
negatively impact cognitive functioning [6-8]. For example, studies of obese adults seeking
bariatric surgery have shown significant impairment on measures of executive functioning in
particular prior to surgical intervention [6, 9]. Although executive functioning (higher-order
cognitive processing) is the cognitive domain most often affected, performance on tasks of
memory also point towards a potential negative association with obesity [10].

The impact of obesity among individuals with mental health conditions and, in particular,
MDD, may be particularly problematic. Here, individuals with depression show impairment
relative to matched healthy controls across multiple cognitive domains, including memory,
processing speed, and cognitive flexibility [11-16]. Additional studies point towards alter-
ations in performance on executive functioning tasks involving the selection, timing, monitor-
ing and interpretation of behavior, and on measures of working memory and selective
attention [11, 17, 18].

Despite clear links between obesity, and cognitive functioning and MDD, the extent to
which obesity impacts cognitive functioning in individuals with MDD is absent from the liter-
ature. Even with the greater prevalence of overweight or obese individuals in the MDD popula-
tion [19-21], participant weight is not routinely reported as a demographic characteristic or
potential covariate in reviews on cognition in this population [11, 15, 22-26]. Given that
impaired cognition is often linked with a failure to return to full functioning, despite a remis-
sion in other symptoms [12, 27, 28] and that obesity is a potentially preventable or modifiable
risk factor, there is an urgent need to explore this association.

We aimed to examine the impact of obesity and MDD on cognitive function in an adult
population (age 18-60). Cognitive performance was assessed in obese individuals seeking bar-
iatric surgery, with and without MDD, and compared to healthy control (non-depressed, nor-
mal body mass index [BMI)]) individuals. Here, we hypothesized that healthy controls would
outperform both bariatric (obese) participant groups on measures of cognitive performance.
We also postulated that depression would have an additive effect, wherein bariatric
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participants with MDD would perform more poorly than bariatric controls (free of psychiatric
illness). In addition, we examined how important potential confounding variables not rou-
tinely investigated in previous studies, such as nutritional intake and the presence of medical
illnesses commonly co-morbid with obesity, might impact these associations.

Methods
Participants

This study was conducted at St. Joseph’s Healthcare Hamilton and received full ethics approval
from the Hamilton Integrated Research Ethics Boards (09-3254). Approximately 3100 charts
from the bariatric surgery program were reviewed for potential study eligibility and 683 partic-
ipants were contacted. Healthy controls were recruited from the community. Full recruitment
procedures and a full description of study protocol are outlined in Restivo et al. [29]. Inclusion
Criteria for all groups was as follows: age 18-60 years, ability to provide informed consent, and
native English speaker (or having learned English by age 6). Additionally, healthy controls
were required to have a BMI between 18.5-24.9 (normal range) [30]. Exclusion Criteria
included the presence of a current or pre-existing neurological condition (e.g., epilepsy, severe
head trauma) or unstable and/or severe medical condition (e.g., cancer, severe heart attacks),
having been administered any of the cognitive study measures within the past 12 months, a
history of a confirmed learning disorder or developmental disability diagnosis (e.g., attention
deficit hyperactivity disorder) or a Full Scale Intelligence Quotient (FSIQ) < 70, an inability to
complete the testing (e.g. due to a hearing or vision impediment), and the presence of alcohol
or substance abuse within the last 6 months or lifetime dependency. In addition, presence of a
past or current psychiatric condition was exclusionary for both the healthy BMI and bariatric
(obese) non-psychiatric control groups, while having been administered electro-convulsive
therapy (ECT) within the last 24 months is an exclusion criterion for MDD bariatric patients.

Of those who met criteria and chose to participate, 82 provided informed written consent
and were enrolled, and 78 completed the study. Distance from testing site (many bariatric
clinic patients lived out of town), schedule conflicts/inflexibility, and unwillingness to undergo
an MRI testing session were the most commonly cited reasons for participation decline. Two
participants (of the 78 enrolled) chose to no longer pursue surgery and did not complete their
scheduled neuropsychological testing study visits as a result and an additional two participants
withdrew consent due to scheduling conflicts. Of the 78 who completed neuropsychological
testing, two participants were excluded from analysis, one for disclosure of exclusionary medi-
cal comorbities during a study visit and a FSIQ <70 and the second for a diagnosis of previous
substance use dependency. Here, we report on the three groups for which enrollment and data
collection has been completed (healthy controls, bariatric controls and bariatric MDDs); a
total of 66 participants are included in this sample. An additional 10 participant representing
bariatric patients with Bipolar Disorder are not reported in this study (recruitment for bariat-
ric patients with Bipolar Disorder is currently ongoing). In order to investigate the representa-
tiveness of the bariatric study participants in relation to the wider bariatric surgery patient
population, descriptive summary information was obtained from the Ontario Bariatric Regis-
try (ORB), a province-wide (multi-site) database that collects medical and demographic data
on patients seeking bariatric surgery in Ontario as of 2010 [31]. A comparison of demographic
and clinical characteristics of the study sample with data available from the provincial registry
is available in Table 1.
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Table 1. Comparison demographic characteristics of study sample, St. Joseph’s Healthcare Hamilton bariatric surgery program candidates and

provincial bariatric surgery candidates (as reported by Anvari, M., Sharma, A., Yusuf, S., et al., 2015).

Study Sample SJHH All Ontario Centres
Age (Mean) 43.7 (10.7) 46* 45%
Male:Female (%) 9.1:90.9 20.0:80.0 19.5:81.5
Type Il Diabetes (%) 29.5 33.3 32.7
Hypertension (%) 39.5 46.0 47.4
Hyperlipidemia (%) 30.2 36.5 33.7
BMI (Mean) 44.2(3.8) 49.4 48.6

*Standard Deviation information was not available from the Bariatric Registry

https://doi.org/10.1371/journal.pone.0176898.t001

Independent variables

BMI groups were defined based on the criteria established by the National Heart Lung, and
Blood Institute, Obesity Education Initiative: normal weight (18.5-25.0 kg/m?) and obese
(>30 kg/m?) [32]. BMI for the bariatric participants ranged from 37.0 (class II obesity) to 55.7
(class III or morbid obesity), with 83.0% of bariatric participants falling in the class III range.
Psychiatric status (current and lifetime) was evaluated via the Structured Clinician Interview
for DSM-IV-Axis I (SCID-I) [33].

Covariates

An extensive list of corollary information was also obtained. Data from administered standard-
ized questionnaires, clinical interviews, and participant charts and medication profiles were
collected in order to identify and control for potential confounders.

Medical

Anthropomorphic and medical comorbidity data are shown in Table 2. The weight, height,
BMI, waist and hip circumferences, heart rate, average systolic and diastolic blood pressures
(averaged from a left and right arm independent reading), and a random glucose ‘finger prick
test’ value (taken a minimum 2 hours after having last eaten) was obtained for all 3 groups. In
addition, lipid profile values and hemoglobin (Hb) Alc values were obtained for bariatric
patient groups. Presence or absence of dyslipidemia was self-reported by healthy controls
(individual bloodwork was not made available for this group); no healthy controls reported
current presence of dyslipidemia. The Berlin Sleep Questionnaire [34], which assesses the risk
level for current Obstructive Sleep Apnea (OSA) or sleep disordered breathing, was also com-
pleted by each participant. Participants were then coded as high-risk or low-risk as per Berlin
Sleep Questionnaire staging, with participants previously diagnosed with OSA that was cur-
rently treated and controlled by a Continuous Positive Airway Pressure (CPAP) ventilator
coded as low-risk. Nutritional intake was assessed via a non-consecutive 3-day dietary record
(Food Frequency Questionnaire [FFQ]), with one day being a weekend day [35]. In addition
to obtaining information on overall average daily caloric intake, diet component analysis was
also completed by examining total daily caloric intake, cholesterol, fibre, sugar, sodium and
percent and total intake of proteins, carbohydrates, and fat. Smoking was coded as a dichoto-
mous variable (current versus non-smoker). Participants were asked to provide a complete list-
ing of current medications, vitamins, and herbal supplements (including dosage and
indication) during their first study visit; medication history was also confirmed via data
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Table 2. Demographic, clinical and medical characteristics of study sample.

Healthy Controls (n = 20) Bariatric Controls (n = 25) b-MDD (n = 21)
Age (Mean, SD) 43.8(11.0) 43.9 (10.7) 43.2(10.9)
Sex (Male:Female) 2:18 2:23 2:19
Years of Education¢ 16.1 (2.3) 14.2 (2.1) 14.2 (2.3)
Ethnicity (Caucasian %) 85 95.2 85.7
BMIO 22.4(2.0) 44.7 (2.9) 43.7 (4.8)
Weight (kg) ¢ 60.3 (7.1) 122.0 (10.5) 116.3 (14.5)
Height (cm) 164.0 (8.3) 165.2 (4.3) 163.0 (6.6)
Waist Circumference (cm) ¢ 74.6 (5.2) 123.5(10.2) 124.1 (12.0)
Hip Circumference (cm) ¢ 97.7 (5.8) 139.7 (8.0) 134.4 (11.8)
Hypertension* (%)< 0.0 43.5 35.0
Average Systolic BP** (mmHg) ¢ 119.8 (9.3) 134.3 (18.0) 132.5(10.5)
Average Diastolic BP** (mmHg) 74.6 (16.2) 77.6 (7.0) 76.5(11.2)
Average Heart rate** 73.4(12.8) 82.5(13.1) 80.1(10.7)
T2D(%)***¢ 0.0 33.3 25.0
HbA1c ¢ n/a 0.059 (0.019) 0.059 (0.005)
Random Glucose Test 5.8(1.6) 6.1(2.4) 5.2 (0.8)
Hyperlipidemia**** 0.0 24.0 33.3
Total Cholesterol n/a 4.60 (0.94) 4.74 (0.95)
HDL n/a 1.26 (0.33) 1.15 (0.27)
LDL n/a 2.65 (0.67) 2.95(0.87)
Triglycerides n/a 1.53(0.88) 1.56 (0.58)
OSA Risk (%High Risk) ¢ 0.0 50.0 33.0
HAM-D¢ 1.6 (2.9) 1.5(1.8) 6.6 (4.3)
BDI¢ 1.9(5.8) 8.3(8.6) 17.5(10.0)
YMRS ¢ 0.6 (0.9) 0.5(0.7) 2.6 (2.5)
ASRM 1.6 (2.6) 3.1(3.0) 2.7(2.7)
SDS (Averaged Across Domains) ¢ 0.0 (0.0) 2.7 (2.7) 4.7 (4.8)
CFQ Total¢ 22.9 (10.6) 25.2 (6.4) 40.5(18.6)

*Borderline hypertension was collapsed into the hypertension group (Borderline was defined as Systolic BP between 130 and 139)

**Two independent measures, 1 minute apart were obtained

***Borderline, well-controlled, and sub-optimally controlled TDII status were collapsed

****Elevated lipid value status was also included as hyperlipidemia

®Signficant group effect found (p <0.05)

ABBREVIATIONS: ASRM = Altman Self-Rating Mania Scale; BDI = Beck Depression Inventory; BP = Blood Pressure; CFQ = Cognitive Failure
Questionnaire; Ha1bc = Haemoglobin A1c; HDL = High-density lipoprotein; LDL = Low-density lipoprotein; SDS = Sheehan Disability Scale; T2D = Type 2
Diabetes; YMRS = Young Mania Rating Scale

https://doi.org/10.1371/journal.pone.0176898.t002

extraction of bariatric patients’ medical charts and recorded clinic staff encounters. Following
previously employed methodology by Sackeim (2001) [36] and Hassel et al. (2008) [37], we
generated a composite measure of total (psychotropic) medication load based on dosage and
medication class for each bariatric MDD participant.

Demographic

Age at time of neuropsychological testing, years of education, sex, marital status and ethnicity
was collected for each participant (see Table 2). The Cognitive Failure Questionnaire (CFQ)
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[38] was used to assay subjective sense of cognitive dysfunction, while the Sheehan Disability
Scale (SDS) was used to quantify functional impairment across 3 life domains (Work/School,
Social Life, and Family Life/Home Responsibilities) [39].

Psychiatric

Mood rating questionnaires were administered on the day of testing or within 2 weeks of the
study visit. The Beck Depression Inventory (BDI) [40] and Hamilton Rating Scale for Depres-
sion-17 (HAMD-17) [41] were used to examine depressive symptoms while the Altman Rating
Scale for Mania (ARSM) [42] and Young Mania Rating Scale (YMRS) [43] were used to con-
trol for mania symptoms. Additionally, the Childhood Trauma Questionnaire was adminis-
tered to control for previous trauma exposure [44] (a potential confounder in MDD
populations). Current and past psychiatric morbidities were captured through the SCID-I, and
additional information regarding MDD illness burden including illness age of onset and num-
ber of episodes was also obtained (clinical characteristics listed in Table 2).

Neuropsychological testing

A standardized battery of neuropsychological tests aimed at establishing pre-surgical (baseline)
performance on tests of declarative memory, executive functioning, processing speed and
attention was administered. These cognitive domains were chosen after our review of the liter-
ature indicated these cognitive domains as being most susceptible to impairment in metaboli-
cally dysregulated populations [45, 46]. The following battery of tests was administered (see
Table 3 for further test measure details):

Declarative memory function: California Verbal Learning Test I (CVLT) [47], Wechsler Mem-
ory Scale III—Logical Memory subtest (WMS-III) [48] and Brief Visuospatial Memory
Test—Revised (BVMT-R) [49].

Executive functioning and attention: Controlled Oral Word Association Task (COWAT) [50],
Stroop Colour and Word Test Sensitivity to Interference (Golden version), (51), Wisconsin
Card Sorting Task (64-item version) (WCST) [52], Colour Trails Test (CTT) Part B, [53]
and Paced Auditory Serial Attention Test (Victoria Computerized Adaptation) (PASAT)
[54].

Processing Speed: Colour Trails Test A [53], Stroop Colour and Word Test (Golden version):
Word reading and colour identification subtests [51].

Both raw scores and standardized t- and/or z-scores were obtained (normative data was
obtained from each test’s corresponding administration manual). All analyses was performed
using raw data (with the exception of the FSIQ which was age normed). Performance on the
Wechsler Abbreviated Scale of Intelligence [55] was compared across groups in order to inves-
tigate whether differences in general intelligence quotient (IQ) were statistically significant
(and needed to be included as a covariate in data analysis).

Statistical methods

A double-entry system with independent research personnel was utilized for all cognitive and
behavioural data and inconsistencies were checked and resolved by an additional assessor.
Any single measure with greater than 30% missing data was excluded from the data set.
Exploratory descriptive group analyses were performed to investigate and characterize
group means, ranges, and standard deviations. One-way between group Analysis of Variance
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Table 3. Test battery description—Cognitive measures and variables investigated.

Battery (Domain) |Test Test Variable
Measure

Executive BVMT-R Learning Index

Function

COWAT Total Responses—FAS Letter
(Phonemic Fluency)

COWAT Total Responses—Animal
(Categorical Fluency)

CTT—2 Time to Completion*

WCST Number of Categories Completed
Conceptual Level Responses

Total Errors*
Perseverative Responses*

Perseverative Response Errors*

WMS Learning Slope |
Memory BVMT-R Total Correct Responses
Delayed Correct Responses
CVLT Total Correct Responses

Short, and Long, Delay Cued Recall
Short, and Long, Delay Free Recall

WMS-III Logical Memory | (LMI)—Recall
(Total Score)

Logical Memory Il (LMIl)-Recall
Total Score)

LMI 15! Recall Total Score Raw
LMII Percent Retention

Processing Speed | CTT—1 Time to Completion (Total Seconds)
*
Stroop Colour Score*
Word Score*
Attention PASAT Correct Responses (Trial 1, 2)
Intellectual WASI Full Scale Intelligence Quotient

Functioning

Measure and Purpose

Rate/amount of visuospatial learning over successive stimulus presentation
trials

Verbal association fluency (spontaneous word production)
Verbal association fluency (spontaneous word production)

Divided attention, sequencing skills (as well as perceptual tracking, sustained
attention, graphomotor skills)

Ability to switch and maintain mental sets, inductive reasoning

Ability to form concept about correct sorting strategy (number of consecutive
correct responses of at least 3 or more)

Errors in deducing, maintaining and shifting set

Measures inability to change set (once matching principle has changed)—
responses continued according to previous set

Measures inability to change set (once matching principle has changed)—
responses do not match current set rules

Verbal memory encoding ability—the increase in recall across consecutive
learning trials

Overall visuospatial recall skills

Long-term visuospatial memory

Global index of verbal learning ability

Short- and long-term ability to recall verbal memories following a given cue
Short- and long-term ability to recall verbal memories without a cue
Long-term ability to recall verbal information after one presentation

Long-term ability to recall verbal information after two presentations

Short-term ability to recall verbal information after two presentation
Measure of long-term verbal memory (information retained)
Perceptual tracking, sustained attention, graphomotor skills

Perceptual motor speed

Perceptual motor speed

Sustained and divided attention, working memory
General intelligence

*A higher score indicates a worse performance (e.g. longer time to completion on the CTT— 1 indicates a worse performance than a shorter time to

completion)

https://doi.org/10.1371/journal.pone.0176898.t003

(ANOVA) tests were performed on all continuous covariates of interest. Chi-square analyses
were run to compare group differences on categorical variables. Significant ANOVA test
results were then further investigated by means of pair-wise comparisons (Tukey-HSD).
Although our primary interest was in the effect of obesity on cognition, additional cardio-
vascular comorbidities may contribute to cognitive performance in obese (bariatric) partici-

pants. As such, proportion of comorbidities (e.g., hypertension) was compared between
bariatric patient groups to ensure that one group was not heavily loaded with potential con-
founders. Additionally, comorbidity variables considered potential confounders were explored
further in secondary analyses of ANOVA models found to be significant. Pearson product-
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moment correlation coefficients between cognitive outcomes and medication load composite
scores were also calculated.

Results
Participants

Participants in the healthy control (HC), bariatric control (BC) and bariatric-MDD (b-MDD)
groups did not differ in terms of age, sex distribution, ethnicity or marital status. Although the
bariatric groups differed from healthy controls with respect to years of education (F[2,63] =
4.836, p < 0.01), they did not differ on an index measure of intelligence (FSIQ). Critically,
when comparing bariatric controls to bariatric MDD participants, no significant group differ-
ences were found with regards to the presence of T2D, hypertension, OSA risk, or hyperlipid-
emia; healthy control participants did not have any of these medical comorbidities. Further
exploration indicated that bariatric controls and MDD bariatrics did not differ with regards to
weight, BMI, lipid profile levels, blood pressure readings, heart rate, waist and hip circumfer-
ences, glucose and HbA1c values. At the time of testing, only one participant from the bariatric
control group reported current smoking. With regard to the bariatric MDD group, there were
no significant correlations between psychiatric medication load and cognitive performance.
See Table 2 for Demographic and medical characteristics of the study sample.

Subjective report of disability impairment, due to obesity and health related problems and/
or psychiatric health problems, was significantly different across groups (F[2,61] = 22.24,
p < 0.001). In particular, post-hoc Tukey analysis showed that compared to healthy controls,
bariatric controls reported an overall level of mild impairment (Mean [M] = 2.65, SD = 2.70,
p < 0.001), while bariatric MDD participants reported an overall level of moderate
impairment (M = 4.70, SD = 4.81, p < 0.001), on a 10-point scale. Groups also significantly dif-
fered on self-reported levels of cognitive impairment on the CFQ (F[2,62] = 12.0 p < 0.001).
Pair-wise contrasts showed that the MDD bariatric group reported significantly higher levels
of cognitive impairment when compared to both the bariatric control group (p < 0.001) and
healthy control group (p < 0.001). Group differences on measures of depression, namely the
BDI and HAMD, were also found (F[2,62] = 17.90, p < 0.001 and F[2,62] = 19.12, p < 0.001
respectively). Post-hoc Tukey analysis indicated that in comparison to healthy and bariatric
controls, the MDD bariatric group also exhibited significantly higher levels of depression on
both self-report (BDI: p < 0.001, p = 0.03, respectively) and clinician-administered scales
(HAMD: p < 0.001, p < 0.001, respectively), with the overall group means indicating minimal
to mild current depression (BDI: M = 17.5, SD = 10.0; HAMD: M = 6.6, SD = 4.3). Approxi-
mately 34.8% of the MDD bariatric group met DSM-IV criteria for current or partially remit-
ted MDD, while the remaining 65.2% were euthymic at the time of testing. BDI and HAMD
scores within the MDD bariatric group were not significantly correlated with performance on
cognitive test measures. Clinical characteristics of each group are summarized in Table 2.

Participants also did not differ in nutritional intake measures of total daily caloric intake
(averaged across 3-days using the FFQ), diet component (diet percentage broken into protein,
carbohydrate and fat intake), total fat, cholesterol, total sugar or sodium. Groups did differ in
dietary fiber intake (F[2,61] = 3.46, p = 0.04), with healthy controls reporting significantly
higher levels (M = 24.0[9.9] grams) as compared to MDD bariatric participants (M = 18.0[5.7])
when examined using post-hoc Tukey analysis but there is no reason to speculate that this
alone would impact cognition.
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Neuropsychological performance

No significant group differences were found in intellectual functioning (as assessed by FSIQ
score on the WASI) and consequently, FSIQ and education were not added as covariates in
cognitive performance ANOVA models. Analyses were conducted using raw data for each
measure (with the exception of FSIQ which was standardized according to age normed manual
indices). Given the small number of participants who met the minimum PASAT Trial 1 or
Trial 2 threshold for administering Trials 3 and 4, group differences were not explored for Tri-
als 3 and 4.

We observed a consistent pattern across measures of memory, executive functioning, atten-
tion and processing speed. Specifically, healthy controls consistently performed better than
both bariatric groups across the majority of measures. Consistent with our predictions, bariat-
ric controls tended to outperform bariatric MDD patients (see Table 4) across the majority of

Table 4. Neuropsychological performance across groups.

Measure Variable

BVMT-R Total Score **
BVMT-R Learning Score **
BVMT-R Delayed Score
COWAT (FAS) Phonemic
COWAT (Animals) Score

Color Trails 1 (seconds)

Color Trails 2 (seconds) **
CVLT-ll Total

CVLT-ll Short-Delay Free Recall
CVLT-Il Long-Delay Free Recall
CVLT-ll Short-Delay Cued Recall
CVLT-ll Long-Delay Cued Recall
PASAT Trial 1

PASAT Trial 2 **

Stroop Word*

Stroop Colour **

Stroop Word-Colour*

Stroop Interference

WCST Total Errors

WCST Perseverative Errors
WCST Perseverative Responses
WCST Conceptual Level Responses
WCST Categories Completed
WMS-IIl LMI-Recall

WMS-IIl LMII-Recall

WMS-IIl LMI 15! Recall Total Score
WMS-lIl Learning Slope*
WMS-IIl Percent Retention (%)
WASI Full Scale 1Q

*significant group effect (p<0.05)
** Trending group effect (p <0.10)

HC (n=20) BC (n=25) b-MDD (n = 21)
Mean (SD) Mean (SD) Mean (SD)
29.3 (5.8) 26.6 (5.1) 25.3 (5.8)
3.4(1.9) 4.3(1.6) 4.5(1.6)
11.2(1.7) 10.4 (1.4) 10.7 (1.4)
46.5(11.9) 40.4 (11.9) 39.3(12.1)
24.3 (4.9) 23.1(4.6) 22.0 (6.1)
31.9 (9.5) 33.4(9.2) 36.9 (11.1)
59.3 (17.0) 66.4 (16.6) 74.3 (26.2)
49.7 (7.6) 48.8 (8.6) 48.8 (9.2)
10.7 (2.6) 10.5 (2.6) 10.0 (2.7)
11.5(2.6) 10.7 (2.5) 10.8 (2.4)
11.7 (2.5) 11.4(2.0) 11.0 (2.8)
12.1 (2.4) 11.3(2.4) 11.5 (2.5)
39.7 (13.1) 35.4(11.9) 32.2 (14.3)
36.1(12.5) 29.7 (11.5) 26.8 (11.9)
101.4 (11.3) 92.3(11.6) 89.5(17.8)
75.9 (9.2) 71.4(10.1) 67.8 (12.8)
45.8 (7.2) 42.0 (8.4) 39.7 (7.7)
3.7 (6.9) 2.5(7.9) 1.2(7.7)
14.5(9.1) 19.8 (11.0) 18.1 (10.0)
8.1(5.4) 11.2 (7.5) 9.3 (4.6)
8.9 (6.6) 12.5(9.4) 10.5 (5.7)
46.0 (13.3) 38.4 (16.0) 40.3(15.6)
3.8(1.9) 2.9(1.7) 3.1(1.6)
40.1 (8.4) 39.9 (8.6) 38.6 (11.5)
25.3(7.7) 24.6 (7.4) 24.4 (8.0)
24.0 (5.7) 23.4 (6.1) 23.2 (8.0)
5.2 (2.4) 6.3 (2.1) 4.0 (3.1)
84.2 (12.3) 81.5(13.7) 86.4 (12.2)
112.2 (13.6) 107.0 (12.7) 105.3 (12.3)

All scores presented are raw scores with the exception of “WASI Full Scale 1Q” which has been standardized according to age norms.

https://doi.org/10.1371/journal.pone.0176898.t004
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measures reported. Several of these differences reached statistical significance or showed a
trend toward significance (p < 0.10). See Table 3 for description of cognitive variables
measured.

Cognitive outcome measures

One-way between group (HC, BC and b-MDD group) ANOVA models revealed group differ-
ences across several cognitive measures. Significant group differences emerged on the interfer-
ence trial of the Stroop Word-Colour Test (F[2,63] = 3.19, p < 0.05). Post-hoc Tukey analysis
revealed that the bariatric MDD group showed significant impairment relative to healthy con-
trols on this measure (p = 0.04). Significant group differences were also observed on the Learn-
ing Slope index of the WMS-LM1 subtest (F[2,63] = 4.69, p = 0.01). Pair-wise Tukey
comparison indicated that bariatric controls outperformed bariatric MDDs (p = 0.01); no
other group differences were significant. Group differences in processing speed also emerged
on the Stroop word reading subtest (F[2,63] = 4.16, p = 0.02), with a trend towards significance
on the Stroop colour identification subtest (F[2,63] = 2.96, p = 0.06). Specifically, the bariatric
MDD group showed diminished performance relative to healthy controls (post-hoc Tukey-
HSD: p = 0.02 and p = 0.05) on the Stroop Word and Stroop Color subtests, respectively.

In addition, there were trends toward significant group differences on the learning slope
and total recall score of the BVMT-R (F[2,63] = 2.65, = 0.08, and F[2,63] = 2.66, p = 0.08,
respectively), the Color Trails 2 test (F = [2,62] = 2.81, p = 0.07), and on Trial 2 of the PASAT
(F[2,56] = 2.94, p = 0.06). No significant group differences emerged on the CVLT and Color
Trails 1.

Secondary analyses

Given that the MDD bariatric group consisted of currently depressed, partially remitted, and
euthymic patients, exploratory analyses was also conducted to assess whether BDI or HAMD
scores were significant predicators of cognitive performance outcome measures within the
MDD group. BDI and HAMD scores within the MDD bariatric group were not significantly
correlated with performance on cognitive test measures.

For measures where a significant difference between the bariatric MDD and healthy control
groups was identified, analysis was repeated, splitting the bariatric MDD group into two
groups based on the comorbidity effect being investigated (namely, hypertension, T2D or
OSA). The same process was completed for the bariatric versus healthy control effect model
on the WMS-LM1 Learning Slope score. Hypertension status was found to have a significant
effect within the bariatric MDD group only on performance on the Stroop Word measure
(F[2,38] = 3.37, p < 0.05). Interestingly however, using post-hoc Tukey analysis, this difference
in performance was seen between the bariatric non-hypertensive MDD group compared to
healthy controls (p < 0.05), indicating that the presence of hypertension was not responsible
for the differences seen between groups in significant ANOVA models. Similarly, the bariatric
MDD patients without T2D performed significantly worse than healthy controls on the Stroop
Word task (post-hoc Tukey analysis, p = 0.03). Finally, no differences in performance between
bariatric MDD patients with and without OSA were found on any of measures examined.

Discussion

To our knowledge, this is the first study to attempt to examine the potentially deleterious
effects of obesity, its comorbidities, and depression on cognitive performance. It is also the
first to attempt to control for variables such as medication load, nutritional status and medical
illness burden in a systematic way. Provocatively, although healthy controls often
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outperformed bariatric controls and bariatric controls often outperformed bariatric MDDs
(with regards to raw test scores), these differences in cognitive performance did not generally
reach significance until comparing performance between healthy controls and bariatric
MDDs. This suggests that MDD and obesity may have an additive effect on cognition that
leads to measurable deficits in cognitive performance on neuropsychological measures.

Our work adds to the growing number of studies linking obesity to poor cognitive perfor-
mance [56] and illustrates how even subtle changes in weight can be clinically relevant in pop-
ulations with preexisting vulnerability. Although obesity may not have a perceptible effect on
cognitive performance in psychologically healthy individuals, it may be an issue in patients
already susceptible to cognitive dysfunction such as those with MDD.

Consistent with previous studies who have found an effect of obesity on cognition, the
majority of our reported findings of cognitive impairment in the bariatric MDD group were
on measures of executive functioning, attention, and processing speed, capacities shown to be
affected by both obesity and MDD individually [17, 26, 57, 58]. Further, when comparing per-
formance patterns across groups, MDD (including both past and current diagnosis) seemed to
have an additive negative effect on cognition in the presence of obesity, with comparisons
between bariatric MDD and healthy controls resulting in significantly different levels of per-
formance on several cognitive tasks (differences were generally not seen as significant when
contrasting bariatric MDD and bariatric controls). However, it is possible that subtle differ-
ences in group performances that do not meet the threshold for statistical significance may
still result in clinically significant impact. This has important ramifications on both clinical
practice and theoretical research.

Clinically, many psychotropic medications are associated with problematic metabolic side
effects, including increased weight gain [59, 60]. A common complaint of MDD patients is
cognitive impairment [15]; in line with this, the MDD sample in our study reported high levels
of subjective cognitive impairment on the CFQ. Current clinical treatment guidelines do not
factor in tolerability when suggesting first and second line options, but knowing metabolic
changes can impact cognitive functioning (an outcome used as a measure of remission of psy-
chiatric symptomatology) may impact stratification of medication recommendations, espe-
cially given the emphasis on functional recovery [27]. Given an option between several first-
line treatment options for MDD, physicians may want to therefore consider a psychotropic
medication with a smaller likelihood of significant weight gain, as well as implementing a
weight management or monitoring strategy with medication-treated patients.

While it is known that MDD is associated with impairment on tests of memory, attention,
executive function and processing speed [11, 12, 26] few studies investigating interactions
between MDD and cognitive impairment report on, or account for, the possible confounding
effects of obesity. In our study, we found that an additive effect of MDD and obesity reached
significance on measures of processing speed and executive function. One can therefore specu-
late that some of the cognitive impairment traditionally attributed to the presence of a mood
disorder may be associated with obesity and/or its related metabolic comorbidities and further
work is needed to articulate this linkage.

Limitations

Although a consistent group performance pattern was seen across almost all measures, results
may have failed to achieve significance on certain measures due to our study’s modest sample
size limitation. Also, due to the absence of a non-bariatric MDD study group, we are unable to
draw complete conclusions regarding the independent effects (and interactions) between
MDD and obesity on cognition. However, our exploratory yet compelling results (while
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controlling for extraneous variables such as medication load, nutritional status and common
metabolic comordidities) strongly urge for further investigation and study replication with
larger sample sizes (along with the addition of a non-bariatric MDD group).

Conclusion

We observed an overall consistent pattern across several neuropsychological wherein healthy
controls consistently achieved higher scores than both bariatric groups (BC and MDD-B)
across the majority of test measures, while the BC group tended to outperform the MDD-B
group. This indicates that obesity may partially contribute to the negative impairment associ-
ated with MDD. Further work is needed to expand on these provocative findings to clarify the
directionality between obesity and cognitive impairment and to further disentangle the inter-
active effects of mood disorder diagnosis, obesity and cognitive performance. The work to
date, however, indicates that obesity may impact cognitive performance in individuals with
preexisting vulnerability, such as those with MDD, and weight management is especially
important in this population in order to ensure the best outcomes.
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