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OBJECTIVE

To determine the prevalence of cognitive deficits and traditional diabetic com-
plications and the association between metabolic factors and these outcomes.

RESEARCH DESIGN AND METHODS

We performed a cross-sectional study in severely obese individuals before bariatric
surgery. Lean control subjects were recruited from a research website. Cognitive
deficits were defined by the National Institutes of Health (NIH) Toolbox (<5th
percentile for lean control subjects). Cardiovascular autonomic neuropathy (CAN)
was defined by an expiration-to-inspiration (E-to-1) ratio of <5th percentile for lean
control subjects. Retinopathy was based on retinal photographs and nephropathy
on the estimated glomerular filtration rate (<60 mg/dL) and/or the albumin-to-
creatinine ratio (ACR) (=30 mg/g). NIH Toolbox, E-to-l ratio, mean deviation on
frequency doubling technology testing, and ACR were used as sensitive measures of
these outcomes. We used multivariable linear regression to explore associations
between metabolic factors and these outcomes.

RESULTS

We recruited 138 severely obese individuals and 46 lean control subjects. The
prevalence of cognitive deficits, CAN, retinopathy, and nephropathy were 6.5%,
4.4%, 0%, and 6.5% in lean control subjects; 22.2%, 18.2%, 0%, and 6.1% in obese beallagh@med.umich.edu
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Almost 40% of adults in the U.S. are
obese, with 8% meeting criteria for se-
vere obesity (1). Given that obesity and
severe obesity have both increased sub-
stantially during the last 12 years, the
adverse health consequences of this
condition are likely to increase. In addi-
tion to increasing mortality, obesity is
associated with a greater chance of de-
veloping type 2 diabetes (2). More re-
cently, the relationship between obesity
and traditional diabetic complications,
such as peripheral neuropathy, cardio-
vascular autonomic neuropathy (CAN),
retinopathy, and nephropathy, has been
increasingly studied. Several studies have
demonstrated that obesity is associated
with neuropathy (3—9) and nephropathy
(10,11). In contrast, a meta-analysis failed
to show an association between obesity
and retinopathy, although this is not
consistent across all studies (12-15).
While there are fewer CAN studies, waist
circumference was correlated with a CAN
outcome in a population with impaired
glucose tolerance (16). Further clarification
of the role of obesity in these complica-
tions is needed to inform future inter-
ventions to prevent these important
adverse outcomes.

In addition to traditional diabetic com-
plications, the effects of obesity on cog-
nition have been an active source of
investigation. Several large prospective
studies revealed an association between
obesity and cognitive function (17-22)
and between obesity in midlife and de-
mentia (23,24). However, the role of the
distribution of obesity and other meta-
bolic components is less well studied.
One group demonstrated that central
obesity, diabetes, and dyslipidemia were
associated with mild cognitive impairment,
but extensive anthropometric measure-
ments were not performed (25). Therefore,
further defining the role of the distribution
of obesity on cognitive function is essential.

We have demonstrated in two sepa-
rate cohorts that the prevalence of pe-
ripheral neuropathy is higher in obese
individuals with normoglycemia than in
lean control subjects (5,6). These results
suggest that obesity alone is likely suf-
ficient to cause peripheral neuropathy.
Whether obesity alone is sufficient to
cause other traditional diabetic compli-
cations and cognitive deficits is unclear.
Furthermore, we have demonstrated that
waist circumference, but not other anthro-
pometric measurements, are significantly

associated with peripheral neuropathy.
Whether this is also true for other com-
plications is unclear.

We aimed to determine the preva-
lence of cognitive deficits and traditional
diabetic complications in obese partic-
ipants, stratified by glycemic status, to
inform whether obesity alone is sufficient
to cause these complications. Further-
more, we investigated sensitive measures
of these complications to see whether
the earliest evidence of injury to these
tissues can be seen in obese participants
with normoglycemia. We also deter-
mined the association between meta-
bolic syndrome (MetS) components and
these complications, including the asso-
ciations between different anthropomet-
ric measurements.

RESEARCH DESIGN AND METHODS

Population
From March 2015 to June 2018, we re-
cruited participants from the University of
Michigan bariatric surgery clinic (before
surgical intervention), as previously de-
scribed (6). Inclusion criteria included
age =18 years, BMI >35 kg/m? with at
least one comorbid medical condition or
BMI >40 kg/m?, and being able/willing to
provide written informed consent for the
study. Full exclusion criteria are presented
in our previous report (6). We recruited
lean control subjects with no MetS com-
ponents (see definition below) through a
University of Michigan website (https://
umhealthresearch.org/). Lean control
subjects were excluded if they were
taking medications for blood pressure,
cholesterol, diabetes, or triglycerides.
The University of Michigan Institu-
tional Review Board approved this study,
and all participants signed informed con-
sent documents for this study.

Anthropometric Measurements

Anthropometric measurements collected
included the arm (midway between the
acromion and olecranon process), fore-
arm (maximal circumference), high waist
(narrowest part of torso, above umbilicus
and below xiphoid process), abdomen
(greatest anterior extension of the abdo-
men), National Cholesterol Education Pro-
gram (NCEP) waist (top of the iliac crest),
buttocks/hips (maximal circumference of
the buttocks), hips/thigh (maximal cir-
cumference of the hip/proximal thigh
just below the gluteal fold), midthigh
(midway between the inguinal crease and
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the proximal border of the patella), and
calf (maximal circumference between the
knee and ankle). Two measurements were
collected at the same visit and averaged
for each location.

Other Metabolic Phenotyping

Obese and lean participants underwent
glucose tolerance testing (except for
obese participants with a previous di-
agnosis of diabetes) and a fasting lipid
panel. HbA,;. was obtained on obese
participants only. Participants also had
blood pressure, height, weight, and BMI
measurements at the time of study entry.

MetS Components

Diabetes (fasting glucose =126 mg/dL,
2-h glucose =200 mg/dL, HbA,. =6.5%,
or previous diagnosis of diabetes) and
prediabetes (fasting glucose =100
mg/dL, 2-h glucose =140 mg/dL,
HbA;. =5.7%, or previous diagnosis
of prediabetes) were defined according
to the Expert Committee on the Di-
agnosis and Classification of Diabetes
Mellitus (26). The updated NCEP/Adult
Treatment Panel Il (ATPIII) criteria were
used to define the MetS and its individual
components (27). Specifically, the MetS
criteriawere a waist circumference =102
cm in men and =88 cm in women,
systolic blood pressure =130 mmHg
or diastolic blood pressure =85 mmHg,
triglycerides =150 mg/dL, and HDL
<40 mg/dL in men and <50 mg/dL in
women. Participants taking medications
for blood pressure, cholesterol, diabetes,
or triglycerides were considered to have
the corresponding MetS component.

Cognitive Deficits

Our primary cognitive outcome was an
NIH Toolbox cognitive composite score of
<5th percentile cutoff for lean control
subjects. The primary sensitive cognitive
measure was the NIH Toolbox cognitive
composite score. The secondary cognitive
outcome was the Rey Auditory Verbal
Learning Test (AVLT) of delayed recall.
All cognitive outcomes were adjusted for
age and Wide Range Achievement Test
4 (WRAT4) testing, a measure of premor-
bid functioning.

CAN

Our primary clinical CAN outcome was an
E-to-I ratio of <<5th percentile cutoff for
lean control subjects. Our primary sensi-
tive CAN measure was the E-to-l ratio.
Before CAN testing, participants were
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asked to fast, stop all medications for
12 h, and abstain from smoking, caf-
feine, alcohol, and vigorous exercise for
24 h. Participants with diabetes were
advised to avoid activities or medication
changes that could result in low serum
glucose levels. Participants were placed
supine, resting with the lights dimmed
for 5 min before recording. Baseline
heart rate and blood pressure were
captured for 5 min. The patient then
immediately completed a 1-min paced
deep breathing exercise test consisting
of six 5-s inspiration and 5-s expiration
cycles. A secondary outcome was the
Survey of Autonomic Symptoms (SAS),
which is a validated instrument to mea-
sure autonomic symptoms in patients
with early diabetic neuropathy (28).

Retinopathy

Our primary retinopathy clinical outcome
was a diagnosis of any retinopathy based
on review of nonmydriatic retinal photo-
graphs (CR-1 Mark Il camera; Canon) by
an ophthalmologist (T.W.G.). Our primary
sensitive retinopathy measure was the
mean deviation on frequency doubling
technology (FDT) testing using the 24-2
program as described previously (29).
Secondary outcomes included the pat-
tern SD and foveal sensitivity measure-
ments on FDT testing.

Nephropathy

The primary clinical nephropathy outcome
was an estimated glomerular filtration
rate (eGFR) of <60 mL/min/1.73 m?and/
or a urine albumin-to-creatinine ratio
(ACR) =30 mg/g. eGFR was calculated
based on the MDRD formula (30). Our
primary sensitive nephropathy measure
was the ACR. The first urine sample of the
day was used.

Peripheral Neuropathy

We have previously reported the prev-
alence of neuropathy in this population
based on the Toronto consensus defini-
tion of probable neuropathy (6,31). Sec-
ondary outcomes included nerve fiber
density (NFD) measured at the distal leg
and the sural sensory amplitude. NFD
was evaluated using brightfield immu-
nohistochemistry. Fibers were labeled
with rabbit anti-PGP 9.5 antibody, and
individual nerve fibers that crossed into
the epidermis were counted using an
established protocol (32). Nerve conduc-
tion studies were performed using the

CareFusion Viking on Nicolet EDX
electrodiagnostic system.

Statistical Analysis

Descriptive statistics were used to describe
the demographics, metabolic phenotyping,
and outcome measures (cognitive, CAN,
retinopathy, nephropathy, and peripheral
neuropathy) of the obese and lean pop-
ulations. The x? or Fisher exact tests were
used to compare the two populations for
categorical variables and t tests for con-
tinuous variables. We determined the
prevalence of cognitive deficits, CAN, ret-
inopathy, and nephropathy stratified by
glycemic status. We compared the cogni-
tive, CAN, retinopathy, nephropathy, and
neuropathy measures between lean con-
trol subjects and normoglycemic obese
participants using t tests and investigated
for a trend across glycemic status using
simple linear regression models.

We performed regression analyses to
evaluate the associations between our
primary sensitive cognitive (NIH Toolbox
composite), CAN (E-to-I ratio), retinop-
athy (mean deviation from FDT testing),
and nephropathy (ACR) measures and
MetS components, restricted to the
obese population. Multivariable linear
regression was used to model the pri-
mary sensitive measures as a function of
the MetS components (NCEP waist cir-
cumference, prediabetes, diabetes, HDL,
triglycerides, and systolic blood pres-
sure), after adjusting for demographic
factors (age, sex, height). Our cognitive
outcome was also adjusted for educa-
tion level and WRAT4 testing, and the
nephropathy outcome was transformed
as log(ACR + 1) to meet regression as-
sumptions. As a sensitivity analysis, we
included medication use (diabetes, cho-
lesterol, and hypertension) and obstruc-
tive sleep apnea in the CAN model.
Because waist circumference was signif-
icantly associated with the cognitive and
CAN outcomes, we performed nine ad-
ditional models, with each of the other
eight anthropometric measurements
and weight replacing NCEP waist circum-
ference and calculated the adjusted R?
for each resulting model. Additionally, to
assess the effect of having multiple MetS
components on our outcomes, we fit
multivariable regression models for each
outcome as a function of the ordinal
number of nonhyperglycemic MetS com-
ponents (out of four) after adjustment for
prediabetes, diabetes, and demographic
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factors (age, sex, and height). We also
included NFD of the distal leg as an out-
come, but this required square root trans-
formation to meet model assumptions.

For the NIH Toolbox composite out-
come, we used multiple imputation by
chained equations to deal with the miss-
ing outcome information for the four
participants who were missing a single
test component due to technical reasons.
Specifically, we imputed using predictive
mean matching through 50 imputations
of the data and pooled the complete re-
gression analysis using Rubin’s rules (33).

As a sensitivity analysis, LDL (mg/dL)
and cholesterol medication use (yes/no)
were added to the cognitive and ne-
phropathy regression models to assess
the adjusted associations between HDL
and these outcomes.

All analyses were completed using R
3.4.2 software.

RESULTS

We recruited 138 severely obese indi-
viduals and 46 lean control subjects.
Our previous report provides further
details of recruitment (6). Information
was missing for several outcome varia-
bles: E-to-I ratio (n = 2), SAS (n = 1), FDT
outcomes (n = 2), urine microalbumin-to-
creatinine ratio (n = 2), NFD leg (n = 3),
sural sensory amplitude (n = 2), and
waist and buttocks/hips measurements
(n = 1). NIH Toolbox and Rey testing was
not completed for 15 participants. WRAT4
was not completed for 10 participants.

Demographics and metabolic pheno-
typing of the population are presented
in Table 1. In addition to metabolic
factors, race (P = 0.01), education level
(P < 0.01), WRAT4 (P < 0.01), and
alcohol consumption (P < 0.01) were
different between the obese and lean
control population. No differences in age
and sex were observed. Of the obese
participants, 33 (23.9%) were normogly-
cemic, 56 (40.6%) had prediabetes, and
49 (35.5%) had diabetes.

The prevalence of cognitive deficits
was 6.5% in lean control subjects and
21.4% in obese participants (Fig. 1). Among
the obese, the prevalence of cognitive
deficits was 22.2% in those with normo-
glycemia, 17.7% in prediabetes, and 25.6%
in diabetes. The prevalence of CAN was
4.4% in lean control participants and 24.3%
in obese participants. Among the obese,
the CAN prevalence was 18.2% in those
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Table 1—Demographics of the lean control group and the obese group
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Obese group

Lean control group Normoglycemic Prediabetes Diabetes P value: Obese

Variable (n = 46) (n = 33) (n = 56) (n = 49) vs. lean
Age, mean (SD) 44.1 (12.1) 40.2 (10.7) 44.7 (11.4) 48.9 (10.4) 0.61
Male, n (%) 8 (17.4) 8 (24.2) 10 (17.9) 15 (30.6) 0.47
Race, n (%) 0.01

White 40 (87.0) 26 (78.8) 39 (69.6) 43 (87.8)

Black 1(2.2) 6 (18.2) 15 (26.8) 4 (8.2)

Asian 3 (6.5) 0 (0.0) 1(1.8) 1(2.0)

Other 2 (4.4) 1(3.0) 1(1.8) 1(2.0)
Hispanic, n (%) 2 (4.4) 1(3.0) 0 (0.0) 1(2.0) 0.26
Marital status, n (%) 0.38

Single 13 (28.3) 11 (33.3) 21 (37.5) 8 (16.3)

Married 27 (58.7) 18 (54.6) 26 (46.4) 33 (67.4)

Divorced 6 (13.0) 4 (12.1) 8 (14.3) 7 (14.3)

Widowed 0 (0.0) 0 (0.0) 1(1.8) 1(2.0)
Smoking status, n (%) 0.12

Current 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Never 38 (82.6) 24 (72.7) 39 (69.6) 33 (67.4)

Former 8 (17.4) 9 (27.3) 17 (30.4) 16 (32.7)
Education level, n (%) <0.01

High school 0 (0.0) 2 (6.1) 6 (10.9) 6 (12.2)

Some college 4 (8.9) 10 (30.3) 16 (28.6) 17 (34.7)

College degree 27 (60.0) 16 (48.5) 25 (44.6) 19 (38.8)

Graduate degree 14 (31.1) 5(15.2) 9 (16.1) 7 (14.3)
WRAT4, mean (SD)** 101.7 (7.8) 96.8 (9.3) 95.5 (10.7) 96.3 (10.7) <0.01
Alcohol (drinks/week during last 12 months),

mean (SD) 2.0 (2.2) 0.9 (1.2) 1.1 (2.4) 0.6 (1.4) <0.01
Height (cm), mean (SD) 167.4 (9.7) 169.5 (11.8) 167.2 (8.5) 169.0 (10.1) 0.58
Weight (kg), mean (SD) 64.6 (9.8) 140.3 (33.7) 131.7 (27.0) 129.1 (25.8) <0.01
BMI (kg/m?), mean (SD) 23.0 (2.0) 48.5 (8.3) 46.8 (7.1) 45.0 (6.8) <0.01
HDL (mg/dL), mean (SD) 68.1 (16.5) 47.3 (12.9) 45.5 (7.9) 41.0 (12.9) <0.01
Blood pressure

Systolic (mmHg), mean (SD) 108.7 (10.2) 126.2 (16.0) 131.5 (15.6) 131.2 (12.8) <0.01

Diastolic (mmHg), mean (SD) 66.2 (9.5) 72.9 (12.5) 74.2 (13.3) 72.9 (8.8) <0.01
Triglycerides (mg/dL), mean (SD) 71.2 (22.7) 104.5 (42.8) 122.7 (48.2) 160.5 (129.9) <0.01
Glucose

Fasting (mg/dL), mean (SD) 84.9 (6.3) 88.2 (5.7) 98.5 (10.3) 129.5 (43.4) <0.01

2-h (mg/dL), mean (SD)* 89.0 (19.5) 96.3 (17.8) 126.6 (31.4) 156.5 (64.3) <0.01
Insulin

Fasting (mg/dL), mean (SD) 6.1 (4.9) 20.6 (16.5) 26.5 (17.2) 31.5 (18.3) <0.01

2-h (mg/dL), mean (SD)* 41.8 (26.7) 67.8 (47.5) 103.9 (70.9) 136.2 (92.6) <0.01
HbA,. (%), mean (SD) NA 5.3 (0.3) 5.7 (0.3) 7.4 (1.5) NA
HbA. (mmol/mol), mean (SD) NA 34.4 (2.9) 39.1 (3.6) 57.7 (16.5) NA
Waist circumference (cm), mean (SD) 80.4 (7.1) 132.9 (19.7) 131.1 (20.4) 129.9 (17.1) <0.01
MetS, n (%) 0 (0.0) 13 (39.4) 39 (70.9) 49 (100.0) <0.01

NA, not applicable. *Only reported for those without prior diagnosis of diabetes. **WRAT4 scores are standardized according to patient age.

with normoglycemia, 21.4% in prediabe-
tes, and 31.9% in diabetes. The prevalence
of retinopathy was 0% in lean control
participants and 2.9% in obese partici-
pants. Among the obese, the retinopathy
prevalence was 0% in those with normo-
glycemia, 1.9% in prediabetes, and 6.1%
in diabetes. The prevalence of nephropa-
thy was 6.5% in lean control participants
and 14.5% in obese participants. Among the
obese, the nephropathy prevalence was

6.1% in those with normoglycemia, 17.9%
in prediabetes, and 16.3% in diabetes.

For cognitive measures, obese partici-
pants with normoglycemia had significantly
lower NIH Toolbox composite scores com-
pared with lean control subjects (mean
[SD] —0.1[0.9] vs.0.4[0.8], P = 0.04) (Table 2).
The Rey AVLT revealed no significant differ-
ences in delayed recall between obese par-
ticipants with normoglycemia (0.04 [1.0]) and
lean control participants (0.16 [1.1]) (P =

0.66). For CAN measures, no difference was
seen for the E-to-l ratio between obese par-
ticipants with normoglycemia compared
with lean control participants (1.2 [0.1] vs.
1.2 [0.1], P = 0.67), but the SAS score was
higher in obese participants with normogly-
cemia (5.3 [3.9] vs. 3.3 [4.8], P = 0.04). For
retinopathy and nephropathy measures, no
differences were observed between obese
participants with normoglycemia and lean
control subjects. For neuropathy measures,
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Figure 1—Prevalence of cognitive deficits and traditional diabetic complications stratified by glycemic status. The prevalence of cognitive deficits
(<5th percentile NIH Toolbox cognitive composite score), CAN (<5th percentile E-to-l ratio), retinopathy (retinal photographs), nephropathy (eGFR
<60 mL/min/1.73 m? and/or a urine ACR =30 mg/g), and peripheral neuropathy (Toronto consensus definition of probable neuropathy) stratified by
glycemic status defined according to the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.

NFD leg (10.2 [7.5] fibers/mm vs. 13.7 [6.3]
fibers/mm, P = 0.04) and sural amplitude
(9.7 [6.5] LV vs. 20.7 [9.0] .V, P < 0.01) were
lower in obese participants with normo-
glycemia compared with lean control
subjects. Significant worsening with gly-
cemic status was seen for the E-to- ratio
(P < 0.01), SAS (P = 0.01), fovea sensi-
tivity measurements (P = 0.03), and NFD
leg (P < 0.01).

For cognitive measures, multivariable
linear regression revealed that NCEP waist
circumference (—1.48; 95% Cl —2.38,

—0.57), HDL (—3.38; 95% Cl —6.38,
—0.37),and systolic blood pressure (2.30;
95% Cl 0.12, 4.48) were the only metabolic
variables significantly associated with the
NIH Toolbox composite score (Table 3).
For CAN measures, NCEP waist circum-
ference (—0.01; 95% CI —0.01, —0.002)
was the only metabolic variable signifi-
cantly associated with the E-to-I ratio. The
sensitivity analysis adjusting for medica-
tion use and obstructive sleep apnea did
not significantly change the results. For
retinopathy measures, prediabetes (—1.78;

Table 2—Cognitive, retinopathy, and CAN measures stratified by glycemic status

Obese group

95% Cl —3.56, —0.002) was the only met-
abolic variable significantly associated with
mean deviation from FDT testing. For ne-
phropathy measures, triglycerides (0.21;
95% Cl 0.01, 0.41) was the only metabolic
variable significantly associated with ACR.

Multivariable linear regression re-
vealed that NCEP waist circumference
and abdominal circumference (—0.22;
95% Cl —0.42, —0.02) were the only
anthropometric variables significantly
associated with the NIH Toolbox com-
posite score. The model including NCEP

Lean control group Normoglycemic  Prediabetes Diabetes P value: Obese- P value: Glycemic

Variable (n = 46) (n = 33) (n = 56) (n = 49) normoglycemic vs. lean trend
Cognitive outcomes

NIH Toolbox composite* 0.4 (0.8) —0.1 (0.9) —-0.2 (1.1) —0.3 (1.0) 0.04 0.42

Rey AVLT delayed recall* 0.16 (1.1) 0.04 (1.0) —0.0001 (1.0) —0.21 (0.9) 0.66 0.25
Autonomic outcomes

E-to-l ratio 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.1 (0.1) 0.67 <0.01

SAS 3.3 (4.8) 5.3 (3.9) 6.5 (6.1) 9.0 (8.6) 0.04 0.01
Retinopathy outcomes

Mean deviation —0.3 (2.8) —0.4 (2.7) —2.1(4.0) —1.4 (4.4) 0.86 0.36

PSD 2.9 (0.6) 3.2 (0.9) 3.4 (1.1) 3.2 (1.0) 0.14 0.94

Fovea 28.9 (4.2) 28.9 (4.8) 26.0 (4.3) 26.3 (5.1) 0.97 0.03
Kidney outcomes

ACR, mg/g 34.7 (221.6) 136.4 (729.4)  130.9 (420.1) 26.8 (122.3) 0.46 0.24

eGFR, mL/min/1.73 m? 87.9 (14.2) 95.2 (21.9) 92.4 (22.0) 87.2 (24.1) 0.10 0.11
Neuropathy outcomes

NFD leg, fibers/mm 13.7 (6.3) 10.2 (7.5) 8.6 (6.3) 5.8 (6.4) 0.04 <0.01

Sural amplitude, Vv 20.7 (9.0) 9.7 (6.5) 11.7 (6.8) 8.6 (6.4) <0.01 0.30

Data are mean (SD). PSD, pattern SD. *NIH Toolbox and Rey AVLT outcomes are standardized according to patient age and WRAT4 score.
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Table 3—Linear regression evaluating the association of MetS components with traditional diabetic complications and mild

cognitive impairment
Variable

NIH Toolbox composite™t

E-to-l ratio

Mean deviation ACR**

Age

Female (reference male)
Height (unit = 5 cm)
Glycemic status

Prediabetes (reference normal)
Diabetes (reference normal)

SBP (unit = 10 mmHg)
Triglycerides (unit = 50 mg/dL)
HDL (unit = 10 mg/dL)

Waist circumference (unit = 5 cm)

8.49 (—1.84, 18.82)
0.23 (—0.23, 0.68)

—2.58 (—10.57, 5.40)
—3.49 (—12.31, 5.34)

2.30 (0.12, 4.48)*
—1.02 (—2.80, 0.76)
—3.38 (—6.38, —0.37)*
—1.48 (—2.38, —0.57)*

—0.004 (—0.01, —0.002)*
0.02 (—0.04, 0.08)
—0.001 (—0.01, 0.01)

—0.01 (—0.06, 0.03)
—0.03 (—0.09, 0.02)

0.004 (—0.01, 0.02)

—0.01 (—0.02, 0.003)

—0.01 (—0.02, 0.01)
—0.01 (—0.01, —0.002)*

0.06 (—0.005, 0.13)
0.96 (—1.27, 3.19)
0.29 (—0.18, 0.75)

—1.78 (—3.56, —0.002)*
—1.42 (—3.39, 0.55)

—0.24 (—0.72, 0.24)
0.13 (—0.27, 0.53)
0.09 (—0.58, 0.75)
—0.02 (—0.21, 0.18)

—0.02 (—0.05, 0.01)
—0.56 (—1.69, 0.57)
—0.10 (—0.34, 0.14)

0.54 (—0.37, 1.45)
0.01 (—1.00, 1.02)

—0.03 (—0.27, 0.21)
0.21 (0.01, 0.41)*
—0.02 (—0.36, 0.31)
0.04 (—0.06, 0.14)

Data are presented with the 95% CI. SBP, systolic blood pressure. *P < 0.01. “Adjusted for age, WRAT4, and education level. tUsed Multiple Imputation
using Chained Equations (MICE) with predictive mean matching and 50 imputations. Effect estimates are pooled using Rubin’s rules. **Log-transformed

(ACR + 1).

waist circumference had the highest
adjusted R? (0.29), followed by abdom-
inal circumference (0.25), compared with
0.22-0.23 for the other eight models,
including weight or the other anthropo-
metric measures. Multivariable linear
regression revealed that NCEP waist cir-
cumference, high waist (—0.003; 95%
Cl —0.004, —0.001), abdomen (—0.001;
95% Cl —0.003, —0.0001), and weight
(—0.001; 95% CI —0.002, —0.00003)
were the anthropometric variables signif-
icantly associated with the E-to-I ratio. The
model including high waist circumference
had the highest adjusted R* (0.20), fol-
lowed by NCEP waist circumference (0.18),
abdomen (0.17), and weight (0.16), com-
pared with 0.14-0.15 for the other six
models including the other anthropo-
metric measures.

Multivariable linear regression re-
vealed that the number of MetS compo-
nents, other than hyperglycemia, was
significantly associated with NFD (—0.49;
95% Cl —0.73, —0.24) but not with the E-to-I
ratio (—0.02; 95% ClI —0.05, 0.004), NIH
Toolbox composite score (—0.23; 95%
Cl —5.09, 4.64), mean deviation from FDT
testing (—0.49; 95% Cl —1.44, 0.47), or
ACR (0.47; 95% CI —0.01, 0.96).

CONCLUSIONS

In a well-phenotyped population with
severe obesity, we were able to demon-
strate that in addition to peripheral
neuropathy, cognitive deficits and CAN
were the most common clinical compli-
cations. Cognitive deficits and peripheral
neuropathy were also the only clinical
complications that were seen in obese
participants with normoglycemia, indicating

that obesity alone is likely sufficient to
cause these complications. In contrast,
retinopathy and nephropathy were not
seen in obese participants with normo-
glycemia more than in lean control sub-
jects, even when looking at sensitive
measures of function. Similar to our pre-
vious findings in peripheral neuropathy (6),
central obesity is the main metabolic factor
associated with cognitive deficits and CAN,
indicating the importance of the distribu-
tion of obesity.

Peripheral neuropathy and CAN are
the only common traditional diabetic
complications found in this severely
obese population. This is in contrast to
previous studies looking at the preva-
lence of these complications in popula-
tions with diabetes where retinopathy
and nephropathy were also frequently
present. Although the definitions of pe-
ripheral neuropathy, CAN, retinopathy,
and nephropathy are not uniform, the
prevalence of these conditions in pop-
ulations with diabetes have usually been
reported to be quite similar (34—37). The
study that used definitions closest to ours
indicated a prevalence of 16.2% for pe-
ripheral neuropathy, 23.5% for retinop-
athy, and 22.3% for nephropathy (ACR
=30 mg/g) compared with our study,
which revealed a prevalence of 20.3%,
2.9%, and 14.5%, respectively (37). In
contrast to the prevalence of peripheral
neuropathy and CAN, the prevalence of
retinopathy and nephropathy are quite
low to nonexistent in obese participants
with normoglycemia. One possible ex-
planation for the difference in prevalence
between these different complications is
that peripheral neuropathy and CAN are
caused by obesity itself, in addition to

hyperglycemia, whereas retinopathy and
nephropathy may be primarily caused
by hyperglycemia. Further studies are
needed to confirm these observations,
which would have implications for un-
derstanding the underlying mechanisms
of injury and for potential therapeutic
interventions.

In addition to peripheral neuropathy
and CAN, cognitive deficits were also
more common in this severely obese
population. These results are in concert
with the extensive literature, includ-
ing large prospective studies that have
demonstrated an association between
obesity and cognitive function and/or
dementia (17-24). In contrast to previous
studies, we were able to investigate
peripheral neuropathy, CAN, and cogni-
tive deficits in the same population. We
demonstrated that all three complica-
tions are common in the severely obese.
While peripheral neuropathy patients
commonly present with numbness, tin-
gling, and/or pain, early CAN and cogni-
tive deficits are often unnoticed by
patients. Therefore, peripheral neurop-
athy may be the first clue to patients and
clinicians of obesity-mediated nerve in-
jury. Given the similar associations be-
tween central obesity and peripheral and
central nerve injury, similarinterventions
may work for all three of these important
outcomes (38). Of note, we saw differ-
ences in the NIH Toolbox composite
score but not with Rey AVLT delayed
recall. Possible explanations include
that obesity results in small, diffuse
changes to the brain without predilec-
tion to memory structures or that we
were underpowered to detect changes
in memory.
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Similar to our recent study that re-
vealed that central obesity is one of the
key metabolic risk factors for peripheral
neuropathy (6), we demonstrate here
similar findings for CAN and cognitive
function. Although previous studies have
also revealed that central obesity is as-
sociated with both of these conditions,
our study is the first to look at extensive
anthropometric measurements (16,25).
Despite looking at nine anthropometric
measures, only NCEP waist and abdom-
inal circumferences were associated with
cognitive function, which is similar to
peripheral neuropathy (6). CAN was as-
sociated with all three central obesity
measures (NCEP waist, abdomen, and
high waist) but none of the other an-
thropometric measures. CAN was the
only one of these three outcomes where
there was also an association with weight.
Taken together, our results indicate that
central obesity is much more important
than general obesity. Future studies need
to focus on the mechanisms by which
central obesity leads to peripheral and
central nerve injury, including the potential
difference in roles between subcutaneous
and visceral adiposity. Interventions that
shift adipose storage preferentially to non-
central locations may help reduce many
different complications of obesity.

Distinct from CAN and cognitive def-
icits, retinopathy and nephropathy were
not associated with central obesity. More-
over, these two complications were not
seen in participants with severe obesity
and normoglycemia more so than in lean
control subjects. Even when highly sensi-
tive measures of retinal and kidney func-
tion were used, no significant differences
were seen between obese participants
with normoglycemia and lean control par-
ticipants. In contrast to peripheral and
central nerve injury, these results pro-
vide evidence that obesity is unlikely to
be a significant risk factor for retinopa-
thy and nephropathy. Despite conflicting
previous studies, our results are in agree-
ment with a meta-analysis detailing the
lack of association between obesity and
retinopathy (15). However, a previous
meta-analysis revealed a significant as-
sociation between obesity and nephrop-
athy (11). While it is possible that our
study was underpowered to detect an
association between obesity and ne-
phropathy, our study clearly highlights the
relative importance of hyperglycemia com-
pared with obesity for this complication.

Evidence supporting the importance of
hyperglycemia is that retinopathy and
nephropathy were seen in participants
with prediabetes and diabetes and that
prediabetes was the only significant met-
abolic risk factor for retinopathy. Although
peripheral and autonomic neuropathy
have traditionally been lumped in with
retinopathy and nephropathy as diabetic
complications, our results indicate sig-
nificant differences in the metabolic risk
factors for these different conditions,
which may also have therapeutic impli-
cations. Our clinical data are in agree-
ment with a recent series of preclinical
studies revealing distinct bioenergetics
profiles between the nervous system, the
retina, and kidney in animal models of
obesity and diabetes (39,40).

Interestingly, high HDL and systolic
blood pressure were associated with a
decline in cognitive function. Interpret-
ing these findings is difficult because our
sample size makes it difficult to adjust for
covariates such as LDL and cholesterol
treatment while maintaining power. In a
sensitivity analysis, adjusting for both
additional covariates made the associa-
tion between HDL and cognitive function
nonsignificant. Larger studies are needed
to confirm or refute the relationship of
HDL and systolic blood pressure with
cognitive function. Furthermore, the
number of MetS components, other
than hyperglycemia, was associated
with peripheral neuropathy but not
the other complications tested. This
may indicate that other MetS compo-
nents are more important for somatic
nerve injury than central and autonomic
nerve injury, retinal injury, and kidney
injury, but future studies are needed to
confirm this finding.

Limitations of our study include the
cross-sectional design of the study, which
makes causal inferences difficult. Future
longitudinal studies are needed to con-
firm the results of this study, and we
are currently monitoring this population
for 2 years after bariatric surgery. The small
sample size limits the power of our study to
detect associations; however, we were able
to determine significant relationships be-
tween metabolic factors and traditional di-
abetic complications and cognitive function.
Missing data were assumed to be missing
at random, but the possibility exists that the
missing data were skewed. How our results
generalize to other populations, including
those with less severe obesity and those
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not planning on bariatric surgery, is unclear
and warrants further investigation. Our
lean control participants differed from
the obese population in race, education
level, alcohol consumption, and poten-
tially in unmeasured ways, which may im-
pact the comparisons with this group;
however, these factors were unlikely
to account for the observed differences
in our study. The low physical fitness of
our obese participants could also con-
found our CAN measures. Our use of
ACR as a nephropathy outcome in our
mixed population of those with and
without diabetes is a potential limita-
tion. However, the main conclusions would
be unchanged if the eGFR was the only
nephropathy outcome.

In summary, cognitive deficits, CAN,
and peripheral neuropathy are the
most prevalent complications in severely
obese persons and are common even
in those with normoglycemia. Therefore,
obesity is likely sufficient to cause these
complications. In contrast, the fact that
retinopathy and nephropathy are almost
exclusively seen in those obese partic-
ipants with prediabetes and diabetes
indicates that hyperglycemia is an im-
portant determinant in these conditions.
Outside of hyperglycemia, central obe-
sity is the most important risk factor for
cognitive function, CAN, and peripheral
neuropathy.
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