Obesity and Metabolic Syndrome and Functional
and Structural Brain Impairments in Adolescence

WHAT’S KNOWN ON THIS SUBJEGT: Despite the dramatic rise in
prevalence of metabolic syndrome (MetS) among children and
adolescents, and that MetS is associated with cognitive and brain
impairments among adults, no data on the impact of MetS on the
brain exist in children.

WHAT THIS STUDY ADDS: It provides the first data on the impact of
MetS on brain in adolescence. We show reductions in cognitive

function and brain structural integrity in nondiabetic adolescents with
MetS, thus suggesting that even pre-clinical metabolic illness may give
\ rise to brain complications.

S

BACKGROUND: The prevalence of metabolic syndrome (MetS) parallels the
rise in childhood obesity. MetS is associated with neurocognitive impairments
in adults, but this is thought to be a longterm effect of poor metabolism. It
would be important to ascertain whether these brain complications are also
present among adolescents with MetS, a group without clinically manifest
vascular disease and relatively short duration of poor metabolism.

METHODS: Forty-nine adolescents with and 62 without MetS, matched
on age, socioeconomic status, school grade, gender, and ethnicity,
received endocrine, MRI, and neuropsychological evaluations.

RESULTS: Adolescents with MetS showed significantly lower arithmetic,
spelling, attention, and mental flexibility and a trend for lower overall
intelligence. They also had, in a MetS-dose—related fashion, smaller
hippocampal volumes, increased brain cerebrospinal fluid, and reduc-
tions of microstructural integrity in major white matter tracts.

CONCLUSIONS: We document lower cognitive performance and reduc-
tions in brain structural integrity among adolescents with MetS, thus sug-
gesting that even relatively shortterm impairments in metabolism, in the
absence of clinically manifest vascular disease, may give rise to brain
complications. In view of these alarming results, it is plausible that
obesity-associated metabolic disease, short of type 2 diabetes mellitus,
may be mechanistically linked to lower the academic and professional
potential of adolescents. Although obesity may not be enough to stir
clinicians or even parents into action, these results in adolescents
strongly argue for an early and comprehensive intervention. We
propose that brain function be introduced among the parameters that
need to be evaluated when considering early treatment of childhood
obesity. Pediatrics 2012;130:e856—e864
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As a result of the childhood obesity
epidemic, in 2006, the prevalence of
metabolic syndrome (MetS) was al-
ready 8.6% among all US children and
adolescents.! MetS in childhood pre-
dicts MetS and type 2 diabetes mellitus
(T2DM) in adulthood.?2 The MetS is
composed of 5 obesity-associated
components, namely elevations in
fasting glucose levels or insulin resis-
tance (IR) dependent on the definition
used,34 lower high-density lipoprotein
(HDL), hypertriglyceridemia, and hy-
pertension in addition to abdominal
obesity. MetS among middle-aged
and older adults has been associ-
ated with cognitive dysfunction.> How-
ever, to date, no brain data exist in
youth.

We recently reported the presence of
brain complications among obese
adolescents with T2DM, including re-
duced hippocampal volumes, increased
overall cerebrospinal fluid (CSF) vol-
umes, and reduced white matter (WM)
microstructural integrity.8” Studying
nondiabetic youth with MetS presents
a unique opportunity to evaluate whe-
ther brain structure and function are
affected by metabolic dysregulation
of relatively short duration and be-
fore the development of hyperglycemia
or clinically manifest cardiovascular
disease.

We aim to ascertain whether obesity
and MetS, in the absence of T2DM, are
associated with impairments in brain
health. In addition to cognitive performance
and measurements of hippocampal,
dorsolateral prefrontal region (DLPFR),
and overall GSF volumes, we also as-
certained WM microstructural integrity
by using sensitive diffusion tensor im-
aging methods.

METHODS

MetS Classification

There is currently no general consen-
sus to define pediatric MetS. The
prevalence of impaired fasting glucose
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levels is very low in nondiabetic youth,
and, therefore, measures of IR may offer
higher sensitivity to detect metabolic
abnormalities in this age group.8 The
quantitative insulin sensitivity check
index (QUICKN® has been validated as
a measure of IR in nondiabetic children
and adolescents.’® We chose a QUICKI
value =0.350° to indicate IR. We used
the ATP Il diagnostic criteria for ab-
dominal obesity and hypertension in
children,'" as well as the NHANES ado-
lescent triglycerides cutoff.3 However,
for HDL we used the more stringent
adult criteria.’? In sum, the specific
MetS component criteria we used were
(1) abdominal obesity, waist circum-
ference values =90th percentile for
age and gender'3; the adult cutoff
value (waist circumference >88 c¢m
[females] and >102 ¢cm [males]) was
used if it was lower than the children’s
cutoff value; (2) reduced HDL, serum
HDL levels <60 mg/dL (females) and
<40 mg/dL (males); (3) hypertrigly-
ceridemia, serum triglyceride levels
>110 mg/dL; (4) hypertension, for
those <18 years of age, blood pressure
(BP) =90th percentile for age, gender,
and height''; for those of =18 years of
age, we used adult criteria, BP =130
mm Hg, diastolic BP =85 mm Hg; or use
of antihypertensive medication; and
(5) IR, a QUICKI value =0.350. An in-
dividual has MetS when he/she meets
criteria for at least 3/5 of the MetS
components.

Study Participants

A total of 129 nondiabetic adolescents
(14—20 years of age) were screened for
participation in a study to examine the
brain consequences of MetS. This study
was approved by the NYU School of
Medicine institutional review board. All
of the participants (and if <18 years of
age, one of their parents) signed in-
formed consent. Exclusion criteria
were a diagnosis of T2DM or other sig-
nificant medical conditions (other than
IR, polycystic ovary disease, dyslipidemia,
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and hypertension), Tanner stage <4,
use of psychoactive medications, a
diagnosis of depression, a history
of significant learning disability, or
pregnancy. 0f the 129 adolescents
screened, 18 were excluded (9 did not
meet entry criteria, 3 had clinical MRI
abnormalities, and 6 did not complete
the evaluation), resulting in 111 ado-
lescents (49 with and 62 without MetS)
included. One adolescent in the MetS
group had a fasting glucose of 110 mg/
dL (with a hemoglobin Alc level of
9.8%); all others had fasting glucose
levels <100 mg/dL. Given our fasting
glucose levels and normal hemoglobin
Alc levels, it is highly unlikely we
included any adolescents with un-
diagnosed T2DM.

Cognitive Evaluations

Cognitive testing was conducted blind
to group membership in a standardized
fashion ~1 hour from the last meal
over two 1.5-hour sessions. We used
standard tests, described in detail
elsewhere.™ For overall intellectual func-
tioning we used the Wechsler Abbrevi-
ated Scale of Intelligence (WASI), and
for academic achievement we used the
Wide Range Achievement Test (WRAT).
Memory skills were assessed with the
Wide Range Assessment of Memory
and Learning (WRAML), and executive
function was assessed with the Wis-
consin Card Sorting Test, Tower of
London Test, Controlled Oral Word As-
sociation Test, and Trails B Test. Atten-
tion was measured with the Digit
Vigilance Test (DVT), WRAML Attention-
Concentration Index, and Trails A Test,
and psychomotor efficiency was tested
with the Digit Symbol Substitution Test.
The Wechsler Abbreviated Scale of In-
telligence, WRAT, and WRAML are ad-
justed for age; all others test scores
are raw Scores.

Obstructive sleep apnea is associated
with obesity and can affect the brain'®
and cognition.’® Sleep apnea was
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assessed with a 20-item questionnaire.'”
A diagnosis of depression was exclusion-
ary, but, to adjust for potential subclinical
depressive symptoms on cognition, we
administered the Beck Depression In-
ventory (BDI)."8

MR Image Acquisition

Standardized MR scans were acquired
by using identical parameters on the
same 1.5 T Siemens Avanto System over
45 minutes. Please refer to Yau et al® for
details on the MR sequences.

Brain Volumetric Assessment

All brain volumes were determined
blind to participants’ identity and di-
agnosis. We measured the intracranial
vault (ICV) on the magnetization-
prepared rapid acquisition gradient
echo (MPRAGE) image by following the
dural and tentorial margins. Overall,
CSF volume was determined by using
an intensity threshold to identify CSF
voxels within the ICV. The volumes of
right and left hippocampus were
measured and then averaged by using
a highly reliable' and postmortem-
validated method.20 The DLPFR region
was outlined also by using a reliable
method.2' To account for intersubject
variability in brain size, measured brain
volumes were adjusted (residualized)
to the ICV volume by using linear
regression.

Diffusion Tensor Imaging-based
WM Microstructural Assessment

We used fractional anisotropy (FA) to
assess WM microstructural integrity. To
prepare the FA maps for voxelwise
comparisons in Talaraich space, we
used Automatic Registration Toolbox
software,22 which is highly rated for
image registration quality and accu-
racy.23 First, the skull-stripped structural
native MPRAGE image was normalized
to the standard Montreal Neurological
Institute brain template by using a
three-dimensional nonlinear warping
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algorithm. Second, a rigid-body linear
transformation optimized the regis-
tration between T2 and MPRAGE by
iteratively correcting for subject mo-
tion. Third, with a nonlinear two-
dimensional warping algorithm, the
non—diffusion-weighted b0 image was
iteratively warped to correct for spatial
distortions inherent in echo planar
acquisitions by using the skull-stripped
T2 image as a guide. Finally, to reduce
interpolation errors, we combined
transformation parameters from steps
1 to 3 and applied them to spatially
correct and normalize the native FA
maps to Talaraich space. Please refer
to Yau et al?* for a more detailed de-
scription of these procedures.

Statistical Analyses

Before data analysis, we evaluated
normality of continuous variables by
using the Kolmogorov-Smirnov (for n=
50) or Shapiro-Wilk (for n << 50) test.
Normally distributed variables were
evaluated by using 2-tailed indepen-
dent samples t test (effect size ex-
pressed by Cohen d). For those that
were nonnormally distributed, the
Mann-Whitney U test (effect size
expressed by r) was used. C-reactive
protein (CRP) levels >10 mg/dL may
indicate acute inflammation and were
excluded casewise from analyses in-
volving CRP. We used a WM mask cre-
ated from the average of the MPRAGE
images of all participants in Talaraich
space to restrict group FA compar-
isons to WM. Two-tailed voxelwise
analysis of covariance (VANCOVA) an-
alysis examined the group differences
in WM FA, with age as a covariate.
Linear regression models were used to
assess the differences in cognitive
performance among adolescents who
had 0, 1, 2, 3, 4+ (4 or 5) MetS com-
ponents. Furthermore, stepwise re-
gression analyses were used to
understand whether any one or group
of MetS components predicted the
brain variables that were statistically

different between MetS and non-MetS
adolescents, after controlling for age
and gender. For these analyses, we
used the mean arterial BP (1/3 X
systolic BP + 2/3 X diastolic BP) as
a continuous measure of BP rather
than the dichotomous classification
used for MetS assignment. Extreme
scores, >3 SDs from the respective
group means, were excluded.

Descriptive statistics are presented as
counts and percentages for categorical
variables and as means and SDs (M =
SD) for continuous variables. For
results of the regression analyses, the
unstandardized B-values (B), pro-
portion of variance explained by the
independent variable (%), and Fratio
are presented in parentheses in the
text; the & (A) represents changes in
the statistical values for the current
step after accounting for covariates in
the previous steps.

RESULTS

Demographic and Endocrine Data

Groups did not differ significantly on
age, socioeconomic status, school
grade, gender, or ethnicity (Table 1). As
expected, adolescents with MetS had
significantly larger waist circumfer-
ence and BMI, higher degree of IR,
worse lipid profile, and poorer BP
control (only 1 participant was re-
ceiving an antihypertensive medica-
tion). Adolescents with MetS also had
significant elevations in plasma acute-
phase reactant markers of in-
flammation (CRP and fibrinogen). The
groups did not differ significantly on
self-reported ratings of obstructive
sleep apnea, or subclinical scores of
depressive symptoms.

Cognitive Performance Results

Adolescents with MetS had lower aca-
demic achievement (spelling and ari-
thmetic) and tended to have a lower 1Q
(Table 2). They also scored lower on
measures of attention and mental
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TABLE 1 Demographic and Endocrine Data No participant had clinically relevant

Measures MetS (n = 49), Non-Met$ (n = 62), Effect P WM hyperintensities. VANCOVA analyses
Mean % SD Mean + SD Size assessing WM microstructural integrity
Age 17.77 £ 1.42 17.48 * 1.65 0.19 33 and utilizing conservative statistics
(14.29-20.50) (14.28-20.83) : : :
ith | r size of 1 nti
Ages 14/15-19/20 1/44/4 4/53/5 with a cluster s ef of 100 contiguous
Gendera 31 F/18 M 34 F/28 M 37 voxels and a false discovery rate of 1%2°
Socioeconomic statusb 2.07 = 1.03 2.40 + 1.38 0.09 36 identified a total of 14 clusters (overall,
School grade 1179 = 1.76 11.81 = 1.91 0.01 95 490 mL in volume), all showing re-
Ethnicity, %? 93 o L .
White 20 93 dgc’Flon in FA, an |nF1|c§t|0n of di-
Hispanic 4 39 minished fiber organization, among
African American 29 2% adolescents with MetS (P < .001). The
Asian 10 13 o .
Meets IR criterion, % 100 37 <001 S|gr1|ﬁcant clusters were located in
Meets waist criterion, %2 96 27 <.001 major fiber tracts such as the corpus
Meets HDL criterion, %°? ” 26 <.001 callosum, optic radiations, and medial
Meets triglyceride criterion, %2 42 6 <.001 |Ong|tud|na| fasciculi. See Flg 1 where
Meets hypertension criterion, %2 20 6 .02 '
BMIo 3843 = 7.17 2709 = 9.59 0.64 <001 Wwe present the 10 largest clusters.
Waist measurement, cmb 115.97 = 17.70 88,52 + 21.28 064 <.001 Given that 20% of participants with and
QUICKI scoree 0.31 = 0.02 0.36 = 0.04 1.65 <.001 6% without MetS were hypertensive
Fasting glucose (mg/dL)® 78.96 + 8.85 7553 + 7.38 0.20 04 d that h tension | ated
Fasting insulin (ulU/mL)® 2391 = 1273 10.22 + 9.05 067 <gor ~ @nd that nypertension 1s associate
HbA;¢ (%)b 5.44 * 0.33 5.25 * 0.32 0.28 003 with WM disease,2® we confirmed that
HDL (mg/dL)e 4125 = 647 51.37 = 11.47 1.05 <.001 the group differences remained when
Triglycerides (mg/dL) 105.29 = 42.08 69.76 =+ 25.40 0.4 <.001 also controlling for mean arterial BP
Systolic BP (mm Hg)® 115.86 + 12.72 104.94 * 10.70 043 <.001 g
Diastolic BP (mm Hg)® 7151 = 10.13 63.42 + 7.09 0.42 <.001 (data not shown).
CRP (mg/L)® 311 + 191 172 = 259 0.46 <.001
ur non-M ntrol) group also had
Fibrinogen (mg/dL)® 379.64 + 101.79 298.77 * 61.55 045 <.001 0 ) on-MetS (control) gro .p also ha
BDI score® 10.66 + 897 798 + 6.82 0.15 14 varying degrees of metabolic dysregu-
Self-rating of sleep apnea® 023 = 0.16 0.18 = 0.13 0.12 22 lation (see Table 1); thus, we also con-

Normally distributed continuous variables were evaluated with the t test (effect size Cohen d) unless indicated otherwise.
BDI, Beck Depression Inventory; F, female; HbA,., hemoglobin Alc; M, male.

aThe )(2 test was used for categorical variables.

bMann-Whitney Utest was used (effect size r- 0.1, small; 0.3, medium; 0.5, large). Effect sizes are expressed as absolute values.
¢ Adjusted for unequal variances.

trasted our adolescents with MetS (n=
49) with those without any positive
MetS components or “completely healthy”
(n = 21); this more restricted control
group also had similar demographic
characteristics to the MetS group. We

flexibility (completion time onthe Trails
B Test), but no other test of executive
function was affected. The groups did
not differ on memory performance or
psychomotor efficiency.

Although the groups did not differ in
self-ratings of obstructive sleep apnea
or depressive symptoms, to err on the
side of caution, we confirmed that the
significant cognitive differences were
largely unchanged after controlling for
those ratings.

Imaging Results

Ofthe 111 participants included, 18 did
not have MRI data (most of them could
not be accommodated by the scanner
because of their large body size), which
resulted in 93 adolescents with MR
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scans (34 MetS and 59 non-MetS ado-
lescents). We found no significant dif-
ferencesinlGVvolume (MetS,1178.65
102.76 mL; non-MetS, 1202.74 = 116.17
mL, {91] = —1.00, P = .32, d = 0.22).
Adolescents with MetS had signifi-
cantly smaller IGV-adjusted hippocam-
pal volumes (MetS, 2.68 = 0.31 versus
non-MetS, 291 = 0.35 mL, t{90] = —
293, P< .01, d=0.63 [mediumto large
effect size]) and larger ICV-adjusted
overall GSF volume (MetS, 42.08 =
20.51 versus non-MetS, 31.35 = 13.75
mL, 91] = 3.08, P < 01, d = 0.73
[medium to large effect sizel). The
groups did not differ in the ICV-
adjusted DLPFR volume (MetS, 235.62
=+ 29.18 versus non-MetS, 239.61 =
35.00 mL, [85] = 0.04, P= .97, d=0.01).

found the hippocampal volume reduc-
tions and increased CSF volumes
remained significant and that the cog-
nitive group differences were more
dramatic, with 10 of the 17 (up from 7/
17) cognitive measures now showing at
least a statistical trend, all with larger
effect sizes (data not shown). In addi-
tion, the VANCOVA analysis (P < .00,
also at false discovery rate = 1%), re-
vealed a total of 16 clusters (overall, 4.47
mL in volume) all demonstrating FA re-
ductions in the adolescents with MetS.

Impact of Higher MetS Burden on
the Cognitive and Brain Findings

Only 2 adolescents met criteria for all 5
MetS components; thus, we combined
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TABLE 2 Cognitive Data

Measures

for age, gender, and BMI (or waist cir-
cumference), still predicted a signifi-
cant proportion of the variance for
both hippocampal volume (B8 = 2.70,
Ar* = 0.073, AF[1,87] = 7.29, AP = .01)
and overall CSF volume (8 = —157.91,
Ar? = 0.084, AF[1,88] = 892, AP < 01)
(no figure shown).

MetS (n = 49),
Mean = SD

Non-MetS (n = 62), Effect Size P
Mean * SD

Intellectual functioning and academic achievement
Estimated full-scale 1Q2
WRAT reading standard score2
WRAT spelling standard scorea
WRAT arithmetic standard score
Memory function
WRAML general memory index
WRAML verbal memory indexa
WRAML visual memory indexa
WRAML working memory index
Executive function

102.00 = 1163
106.44 = 11.57
10122 = 13.04
93.02 £ 13.25

105.95 * 12.35 0.17 09
107.64 = 10.74 0.02 83
105.39 * 10.94 0.21 .04
102.09 = 13.04 0.69 .001

103.05 = 14.14
105.60 = 13.20
99.05 = 13.13
101.02 = 16.19

106.37 = 13.59 0.24 24
104.76 = 1245 0.001 99
101.35 = 13.03 0.06 .55
105.00 * 15.76 0.25 22

DISCUSSION

To the best of our knowledge, this is the

WCST — perseverative errorsa 10.57 *+ 8.17 9.81 = 6.21 0.05 63 first report demonstrating brain ab-
TOL — excess moves? 15.66 = 14.78 12.62 = 8.92 0.02 87 . . .

Stroop interference score —124 £ 892 —157 £ 624 0.04 .82 normalities an_]ong obese nonQ|§betlc
COWAT total scores 3720 + 1203 3767+ 1258 003 .79 adolescents with MetS. In addition to
Trails B time (s)2 69.39 = 3141 59.18 = 30.80 02 04 lower scores on cognitive measures, we

Attention and psychomotor efficiency
DVT total timea
WRAML attention-concentration index
Trails A time (s)2
DSST total score

35496 + 83,97 023 o al§o demonstrated that gdolescents
108.13 + 16.06 037 07 with MetS have reduced hippocampal
25.84 + 8.02 0.19 .08 volumes, increased overall CSF volume,
Bsg1r128 03 M and compromised WM microstructural
integrity. These findings are conserva-
tive, because many of our control
adolescents met criteriafor some ofthe

403.91 = 118.96
102.40 = 14.48
28.68 = 8.71

60.37 = 10.54

Normally distributed continuous variables were evaluated with the ttest (effect size Cohen d), unless indicated otherwise.
COWAT, Controlled Oral Word Association Test; DVT, Digit Vigilance Test; DSST, Digit Symbol Substitution Test; TOL, Tower of
London Test; WCST, Wisconsin Card Sorting Test; WRAML, Wide Range Assessment of Memory and Learning; WRAT, Wide Range
Achievement Test.

aMann-Whitney Utest was used (effect size r: 0.1, small; 0.3, medium; 0.5, large). Effect sizes are expressed as absolute values.

those with4and 5 components. As seen
on Fig 2 A-D, linear regression analy-
ses revealed that, for an increasing
number of MetS component criteria
met, adolescents had progressive re-
ductions in performance for WRAT
Arithmetic (8 = —4.11, r* = 0.153,
F[1,96] = 17.31, P < .001) and Spelling
Standard Scores (8 = —2.18, r* =
0.057, F[1,97] = 5.82, P = .02), Trails B
total time (B = 7.52, r* = 0.146, F11,98]
= 16.80, P < .001), and DVT total time
(B = 18.50, r*=0.087, FI1100] = 9.58,
P < 01).

The same pattern existed for smaller
ICV-adjusted hippocampal volumes (B =
—0.07, #=0.081, 11,901 =7.91, P= 01)
and increased overall GSF volume (B =
4.38,r*=0.123, F11,90] = 12.58, P= 001)
(no figure shown). Inflammation as
indicated by fibrinogen (8 = 33.23, r* =
0.261, F11,78] = 27.51, P < .001) and
CRP levels (8 =081, = 0.192, F11,90] =
21.32, P < .001) also increased with
increasing number of MetS components
present (no figure shown).
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In stepwise regression analyses to as-
certainwhich ofthe 5 MetS components
best predicted the brain volumes, we
found that after controlling for age and
gender (Bage = —0.02, Bgenger = 0.006,
Ar? = 0,005, AF2,88] = 0.22, AP = 80),
IR as estimated by the QUICKI score was
the only significant MetS component
associated with ICV-adjusted hippo-
campal volumes (8 = 2.60, Ar* = 0.110,
AF[1,87]1 = 10.84, AP = .001; see Fig 3A).
Similarly, after adjusting for age and
gender (Bage = 1.96, Bgender = —2.98,
Ar? = 0043, AF2,89] = 2.01, AP = 14),
IR was the only significant MetS com-
ponent associated with ICV-adjusted
CSF volume (B = —15796, Ar* =
0.133, AF[1,88] = 14.18, AP < .001; see
Fig 3B).

To ensure that the associations above
(Fig 3 A and B) between IR and brain
volumes were independent of overall
obesity, as reflected by BMI (or waist
circumference), we conducted hierar-
chical regression analyses confirming
that the QUICKI score, after accounting

MetS components, just not 3/5 (see
Table 1); when we used a subset of
controls not meeting criteria for any
MetS component, the group differ-
ences became more pronounced.

Overall, nondiabetic adolescents with
MetS, although still performing in the
normal range, scored lower across all
the cognitive domains assessed than
those without MetS; they had signifi-
cantly lower academic achievement (ie,
spelling and arithmetic), attention, and
mental flexibility and trended to have
lower estimated intellectual function-
ing. This suggests that these obesity-
associated medical abnormalities, short
of T2DM, may have a dampening effect
on academic performance, which may
impact professional potential and per-
haps lifelong learning. We have recently
reported that obese adolescents with
T2DM also have cognitive dysfunction,’
but more prominent than those repor-
ted here and also included memory
difficulties.

Hippocampal volume reductions have
been described in adults?” and obese
adolescents with T2DM.” The current
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corpus callosum
(1065 voxels)
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Right Left _ Left medial Left
optic radiation parietal WM longitudinal fasciculus external capsule
(856 voxels) (422 voxels) (415 voxels) (395 voxels)

Left
internal capsule
(261 voxels)

Medial Medial Left Rightmiddle
longitudinal fasciculus genu cerebral peduncle cerebellar peduncle
(236 voxels) (231 voxels) (218 voxels) (215 voxels)

FIGURE 1

Representative clusters of lower WM FA value among adolescents with MetS. Each column displays 1 cluster of FA reduction in axial, coronal, and sagittal
orientations with the axes going through the cluster centroid. Cluster size (minimum 100 voxels, equivalent to 0.1 mL in volume) is shown in parentheses.

finding of smaller hippocampal vol-
umes among nondiabetic adolescents
with MetS was unexpected. These data
suggest that among obese adolescents
the hippocampus may already be af-
fected in the prediabetic stages of
metabolic disease. In addition, we ob-
served an increase in overall GSF volume

PEDIATRICS Volume 130, Number 4, October 2012

among adolescents with MetS. Given
that our study groups did not differ in
ICV volume, whose volume is likely de-
termined by the early growth of the
brain, this suggests that the increased
overall CSF volume among obese
adolescents with MetS is likely caused
by brain parenchyma volume loss

rather than differences in early brain
development.

We found lower WM microstructural
integrity among adolescents with
MetS than what we had found among
obese adolescents with T2DM.6 How-
ever, in the current study, we had
nearly 4 times the sample size, and
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Lower cognitive performance with increasing number of MetS components present. A, WRAT arithmetic
standard score. B, WRAT spelling standard score.C, Trails Btotal time. D, DVT total time for individuals who
met 0 criterion (n=21), 1 criterion (n=18), 2 criteria (n=23), 3 criteria (n=36), or 4+ criteria (n=13).

Data presented are mean £ SEM.

the more extensive current findings
are likely a function of more robust
statistics and not disease. Consistent
with findings in adults with MetS,28
we found compromised WM micro-
structural integrity in major fiber
tracts involved in interhemispheric or

A
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corticosubcortical communications.
In the future, prospective studies
should clarify whether these WM mi-
crostructural changes represent a
delay in the WM maturation, which is
still ongoing during adolescence,?? or
actual damage.
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We found that IR was the most signifi-
cant predictor of brain volume changes,
and the only one that was a significant
predictor in a multivariate stepwise
analysis. IR is thought to be central to
MetS,%0 and this was confirmed by the
fact that it remained significantly as-
sociated to smaller hippocampal vol-
umes and increased CSF volumes even
after accounting for BMI (or waist cir-
cumference). Nevertheless, the other
MetS components also contributed to
the brain abnormalities, in that the
more MetS components reached
threshold, the smaller the hippocam-
pal volumes and greater overall CSF
volumes.

We found worsening cognitive perfor-
mance with increasing number of MetS
components present, with variance
explained ranging from 5.7% (small to
medium effect size) to 15.3% (medium
to large effect size), which is consistent
with adult data.3' However, unlike the
associations of brain volume changes
with IR, cognition was not significantly
associated with IR. These findings
suggest that, to impair cognitive per-
formance, obesity or hypertension may
be sufficient, but that to affect structural
brain changes such as hippocampal vol-
ume reductions or increased overall CSF
volume, further metabolic dysregulation,

uMetS
~Non-MetS

0.250 0.300 0.350

0.400 0450  0.500 0.250 0.300

QUICKIscore

FIGURE 3

0350 0400 0450 0500
QUICKIscore

Lower QUICKI scores (more IR) were associated with smaller ICV-adjusted hippocampal volumes (n=91) (A) and larger ICV-adjusted overall CSF volumes (n=

92) (B).
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such as marked fasting hyperinsuline-
mia, may be required. These somewhat
speculative conclusions will need to be
confirmed in a larger prospective lon-
gitudinal study.

The current study has significant
strengths. The groups were moderatein
size and had distributions that mini-
mized socioeconomic and education
bias. In addition, we used reliable and
validated brain volume measurements
aswell as sensitive WM microstructural
assessment methods with rigorous
thresholds for statistical significance.
Moreover, our results are likely con-
servative, because the control group
was not totally free of metabolic dys-
regulation. These cognitive and brain
findings in adolescents with MetS are in
line with our previous reports on ado-
lescents with T2DM, just showing
smaller effect sizes. Taken together,
these data suggest that there may be
dose effects in brain complications as
we move along the spectrum linking
obesity to T2DM.

Study participants were recruited from
the community and evaluated at the
medical center. Although not a clinical
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