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Abstract
Background/Objectives: To investigate in adolescents the relationships between retinal vessel diameter, physical fitness, insulin

sensitivity, and systemic inflammation.
Methods: We evaluated 157 adolescents, 112 with excessive weight and 45 lean, all without type 2 diabetes mellitus. All received

detailed evaluations, including measurements of retinal vessel diameter, insulin sensitivity, levels of inflammation, and physical fitness.
Results: Overweight/obese adolescents had significantly narrower retinal arteriolar and wider venular diameters, significantly

lower insulin sensitivity, and physical fitness. They also had decreased levels of anti-inflammatory and increased levels of proin-
flammatory markers as well as an overall higher inflammation balance score. Fitness was associated with larger retinal arteriolar and
narrower venular diameters and these relationships were mediated by insulin sensitivity. We demonstrate that inflammation also
mediates the relationship between fitness and retinal venular, but not arterial diameter; insulin sensitivity and inflammation balance
score jointly mediate this relationship with little overlap in their effects.

Conclusions: Increasing fitness and insulin sensitivity and reducing inflammation among adolescents carrying excess weight may
improve microvascular integrity. Interventions to improve physical fitness and insulin function and reduce inflammation in ado-
lescents, a group likely to benefit from such interventions, may reduce not only cardiovascular disease in middle age, but also
improve cerebrovascular function later in life.
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Background

T
he prevalence of childhood obesity has increased
significantly in the past 30 years with many adoles-
cents at risk of becoming obese adults and developing

metabolic syndrome (MetS) and type 2 diabetes mellitus
(T2DM). We have also reported similar brain abnormalities in
adolescents with obesity and MetS.(e.g.,1) Therefore, early in-
tervention targeting microvascular health may help safeguard
against future cardiovascular and neurodegenerative diseases.

Vascular manifestations of metabolic disease are useful
early markers of cardiometabolic risk.2 Exercise is known to
improve arteriolar dilation,2 increase insulin sensitivity,3 and
reduce the systemic low-grade inflammation that accompanies
cardiovascular disease.2,3 Hypertension, T2DM, and cardio-
vascular disease in older adults are associated with retinal
arteriolar narrowing.4 Retinal vessel diameter, which can be

measured noninvasively and quite economically, can thus be
used as a possible proxy for cerebral microvascular integrity.5

Retinal microvasculature can be affected early in life; ado-
lescents with low birth weights, a group at increased risk of
T2DM in adulthood, were found to have narrower retinal
arterioles.6 We have previously described associations be-
tween retinal arteriolar narrowing and preclinical white matter
abnormalities among adolescents with MetS.1

Given that microvascular dysfunction is an early marker
of cardiovascular disease7 and that endothelial function is
highly dependent on level of fitness,8 physical fitness is
important for retinal vessel health, and by extension cer-
ebral microvascular health, in both adults2 and children.9

Abnormalities in microcirculation may be indicative of
endothelial dysfunction, which has been linked to insulin
resistance (IR).10 The link between IR and cardiovascular
disease has been well established and physical fitness is
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believed to protect against premature cardiovascular dis-
ease mortality.11 Reducing circulating fasting insulin lev-
els and weight has been found to improve arterial stiffness
in adults12 and may have a similar effect in adolescents.13

We have previously shown that reductions in both fitness
(maximal oxygen consumption-VO2 max-) and insulin
sensitivity are associated with reductions in brain integrity
and that the effect of fitness is mediated by IR. Thus, un-
derstanding the mechanisms behind retinal microcircula-
tory changes will be useful to design better strategies to
prevent cardio- and cerebrovascular diseases.

Low cardiorespiratory fitness is a risk factor for obesity
and has been linked to increased inflammatory cytokines
and acute-phase reactants, even after controlling for body
mass index (BMI), however, the exact mechanisms are
unknown.14 Although obesity is associated with chronic
low-grade inflammation in adults, and inflammation may
be a contributor to the relationship between obesity and
T2DM,4 findings on obesity-mediated inflammation in
adolescents have been mixed.15 The anti-inflammatory
effect of physical fitness is believed to improve endothelial
function16; in obese adults regular exercise seems to be
protective against early subclinical changes in retinal mi-
crovasculature.2 Although comprehensive data on retinal
vessel health and inflammation in adolescents are lacking,
IR has been suggested as a factor affecting retinal micro-
circulation,13 and specifically retinal vessel health has been
shown to be more sensitive to the adverse effects of obesity
and inflammation in children.17

While retinal vessel health has been well characterized in
adolescents, few studies have examined, in the same set of
individuals, the relationships between retinal vasculature (an
excellent proxy of cerebral microvascular health), physical
fitness, insulin sensitivity, and low-grade inflammation. In
the present study, we sought to ascertain, for the first time,
the relationships between obesity, cardiorespiratory fitness,
and retinal vessel health and to determine if insulin sensi-
tivity and/or low-grade inflammation mediate the known
relationships between fitness and retinal vessel diameters.

Methods

Study Participants
The study was conducted at the Brain, Obesity, and

Diabetes Laboratory of NYU School of Medicine and
approved by the local Institutional Review Board. Of 165
nondiabetic adolescents evaluated (16–21 years of age),
we included in the present analysis the 157 with physical
fitness data, with 112 adolescents being overweight/obese
(9 overweight and 103 obese) and 45 being lean. For
participants <18 years of age, overweight/obesity was de-
fined by standard BMI percentile scores. For those ‡18
years of age, adult BMI cutoffs were used. All participants
had fasting blood data and C-reactive protein and fibrino-
gen determinations by our clinical laboratory, 80 of whom
had retinal vessel evaluation and 102 had inflammatory
cytokine data (see participant cohort diagram in Fig. 1).

We excluded from participation individuals with a di-
agnosis of T2DM or other significant medical (other than
IR, polycystic ovary disease, dyslipidemia, and/or hyper-
tension), psychiatric, or neurologic conditions.

Insulin sensitivity and cytokines. After a 10–12-hour
overnight fast, blood samples were obtained from all study
participants for the assessment of fasting glucose and in-
sulin levels, liver enzymes, blood count, and levels of in-
flammatory markers. These fasting glucose and insulin
blood levels for each participant were utilized to compute
the quantitative insulin sensitivity check index (QUICKI).18

Inflammatory cytokines were measured from plasma by the
Immune Monitoring Core of the NYU Langone Medical
Center by Luminex assays using Multiplex plates (Milli-
rose, Billerica, MA) and standard curves.

BMI and Anthropometric Measurements
Height and weight were measured using a Seca 700 Beam

Scale of 500 lbs capacity, calibrated before each measure-
ment, and used to calculate BMI (kg/m2) or BMI percen-
tiles. Sitting blood pressure (BP) was measured on two
separate occasions during one of the visits to the laboratory.
These two readings were then averaged and the mean ar-
terial blood pressure (MABP) was defined as DBP + (SBP–
DBP)/3. Hypertension is defined as having BP ‡90th
percentile for age, sex, and height for those <18 years of
age19; for those of ‡18 years of age, we used adult criteria,
BP ‡130 mm Hg, diastolic BP ‡85 mm Hg; or use of an-
tihypertensive medication. Self-rating of sleep apnea was
estimated from a sleep-related behavior questionnaire.20

Six-Minute Walk Test
Participants completed the 6-minute walk test (6MWT).

The total distance covered during those 6 minutes was
measured in meters and was recorded as the 6MWT score.
Heart rate, BP, and blood oxygen saturation (using a finger

Figure 1. Diagram depicting participant recruitment flow/dropout.
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pulse oximeter) were assessed at baseline, immediately
following the test and at 1, 3, and 5 minutes after that.

Fitness or VO2 Max Estimation
VO2 max was estimated using the 6MWT algorithm, as

described previously,21 which uses the total distance
walked during the 6MWT, the participant’s age, sex,
weight in kg, and baseline heart rate in the computation.
This VO2 max estimate has excellent correspondence with
that obtained with direct measures of O2 consumption and
CO2 production during an exercise paradigm.22

Retinal Vessel Caliber Measurements
Digital retinal photography was performed using a

nonmydriatic 45 fundus camera (Canon CR4-45NM,
Canon EOS Rebel 6.1MPix). Participants were seated in a
dimly lit room for 5–10 minutes to allow pupillary dilation
of 4 mm or greater to obtain an optimal image. The digital
photographs were centered on the optic disc for both eyes
using standardized settings and were processed as de-
scribed previously.23 Briefly, we measured each of the six
largest arterioles and venules for each eye.

The individual measurements of arterioles and venules
were then combined into summary indices, based on the
Revised Parr-Hubbard formula for summarizing retinal
vessel diameters.24 We then derived a single number called
a central retinal vessel equivalent for arterioles and venules
(central retinal arteriolar equivalent [CRAE] and CRVE,
respectively) that reflects the average arteriolar and ve-
nular diameters of that eye.24,25

Retinal vessel measurements were performed on both
eyes of all participants when possible and then averaged.
Mean CRAE and CRVE for both eyes were then used in
our analyses. Given the general absence of cataracts in this
age group, all retinal photographs were gradable. Our
method has high inter-rater reliability with intraclass cor-
relation coefficients of 0.83 for CRAE and 0.88 for
CRVE.26 The average CRAE and CRVE, after adjusting
for overall vessel size (by residualizing the CRAE to the
CRVE and vice versa, and thus adjust for individual var-
iability in vessel size and because we did not refract each
individual’s eyes), were used for hypothesis testing.

Estimation of an Inflammation Balance Scores
The inflammatory process is putatively the result of the

balance between pro- and anti-inflammatory influences. To
construct an inflammation balance score that takes into ac-
count the relative contributions of individual markers (Table 1
for the list of pro- and anti-inflammatory markers), we derived
the beta weights using a logistic regression for the same
markers studied here from a larger reference set of 309 ado-
lescents (89 from the current study and 220 from another
study,14 of predominantly Hispanic and African American
origin). To compute the balance score for this study, we re-
moved outliers within groups, computed z-scores utilizing the
lean group as reference, and finally applied the beta weights
derived from the larger set (see Table 1 in Adabimohazab et al.

[2016])14 and created the inflammation balance score as the
algebraic mean of the weighted z-scores of the eight markers.

Statistical Analyses
For all the important variables in our analyses, outliers with

values ‡3 standard deviation from the mean of their group
were removed variable wise. For descriptive purposes and to
ensure group balance, we conducted two-tailed comparisons
of the key variables between groups using independent sample
t-tests (effect size expressed by Cohen d) for normally dis-
tributed continuous variables; otherwise, the Mann–Whitney
U test (effect size expressed by r) was used (Table 1). The
CRAE and CRVE values presented in Table 1 are the esti-
mated absolute measurements; for the analyses, to adjust for
overall vessel diameter, we residualized CRAE to CRVE, and
vice versa, by means of linear regression analyses and utilized
the unstandardized residuals.

For retinal vessel parameters and key explanatory
variables that were non-normally distributed, natural log-
transformed data were used in the correlation and mediation
analyses. Spearman’s rho (rs) partial correlational analyses
(controlling for age, sex, and MABP) were used to establish
associations of residualized retinal measures with VO2 max,
QUICKI, and inflammation balance score. In addition to age,
we controlled for sex in our analyses because males are known
to have higher VO2 max values due to their lower body fat
percentage27 and higher hemoglobin content,28 and also ad-
justed for MABP because prior reports have demonstrated
relationships between MABP and retinal vessel diameter.29

Based on the existing literature, we predicted that lower
VO2 max and QUICKI values and higher inflammation
balance levels would be related to narrower retinal arteriolar
and larger venular diameters. We tested whether QUICKI or
inflammation balance score mediates the relationship be-
tween physical fitness and retinal health using the Sobel
test30 and the bias corrected nonparametric bootstrapping
procedure with 5000 bootstrapped samples, at 95% confi-
dence interval.31 The indirect (mediation) effect is signifi-
cant if the confidence interval does not contain zero.

Results

Demographics and Key Study Variables
Table 1 presents demographics, endocrine data, and key

variables for study participants separated by the BMI group
(112 overweight/obese vs. 45 lean). Overweight/obese ado-
lescents had significantly shorter distance walked in the
6MWT and higher baseline heart rate, resulting in lower es-
timated VO2 max. As expected, overweight/obese adolescents
had significantly narrower retinal arteriolar and larger venular
diameters, lower insulin sensitivity as estimated by lower
values on the QUICKI, and higher MABP. Thirteen over-
weight/obese adolescents had a history of hypertension, but
only five reached threshold for hypertension when evalu-
ated at our laboratory. None of the adolescents was on hy-
pertensive medication while being evaluated at our
laboratory. There was one adolescent who had previously
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been on one, but it had been discontinued before study
participation, and his BP was within the normal range when
being evaluated at our laboratory. None of the lean ado-
lescents was hypertensive or had a history of hypertension.
Overweight/obese adolescents also had higher obstruc-
tive sleep apnea determined by a self-rated questionnaire.20

Inflammation Balance Score
As expected, overweight/obese adolescents had signifi-

cantly elevated fibrinogen, C-reactive protein, interleukin-
6, resistin, and tumor necrosis factor alpha (TNF-a), and
had significantly lower levels of the anti-inflammatory
marker adiponectin. The groups did not differ on interferon

Table 1. Demographics, Endocrine Data, and Key Study Variables

Variables
Overweight/obese,
(n 5 112), M 6 SD

Lean, (n 5 45),
M 6 SD p

Effect
size

Age (years)a 19.67 – 1.58 19.29 – 1.61 0.12 -0.12

(16.04–22.05) (16.70–21.96)

Gender 68 F/44 M 26 F/19 M 0.74 -0.06

SESa 3.15 – 1.22 3.40 – 1.09 0.30 -0.08

Ethnicity (Black/Hispanic/White/Asian & Others) 38/47/17/10 15/15/5/10 0.21

Education (years completed)a 12.88 – 1.50 12.62 – 1.68 0.27 -0.09

Body mass index (kg/m2) 34.80 – 4.91 21.28 – 1.77 <0.001 3.17

QUICKI 0.325 – 0.024 0.371 – 0.027 <0.001 -1.82

Fasting glucose (mmol/L) 4.79 – 0.40 4.47 – 0.30 <0.001 0.87

Fasting insulin (lIU/mL)a 113.76 – 67.02 48.48 – 20.21 <0.001 -0.62

MABP 82.935 – 7.576 75.585 – 6.717 <0.001 1.00

Systolic BP (mm Hg) 113.98 – 9.97 103.84 – 8.26 <0.001 1.07

Diastolic BP (mm Hg) 67.41 – 7.82 61.46 – 7.23 <0.001 0.78

Self-reported sleep apnea scorea 0.25 – 0.15 0.16 – 0.12 0.001 -0.27

VO2 maximum (mL/kg/min)a 31.23 – 6.22 45.32 – 3.81 <0.001 -2.50

6MWT total distance walked (m) 553.25 – 56.86 626.54 – 49.68 <0.001 -1.33

6MWT baseline heart rate (beats/min) 83.96 – 11.81 78.44 – 11.99 0.01 0.47

CRAE (lm)b 181.31 – 15.61 196.75 – 21.83 <0.001 -1.68

CRVE (lm)b 290.29 – 25.13 270.10 – 27.88 <0.001 1.60

Fibrinogen (lmol/L) 12.60 – 2.79 9.75 – 2.14 <0.001 1.09

Inflammation composite scorea 0.652 – 0.597 0.002 – 0.135 <0.001 -0.66

CRP (nmol/L)a 51.16 – 47.74 5.53 – 8.93 <0.001 -0.63

IFN-c (pg/mL)a 3.686 – 4.718 5.188 – 8.800 0.59 -0.05

IL-6 (pg/mL)a 3.981 – 3.715 1.654 – 1.544 <0.001 -0.36

Resistin (ng/mL)a 64274.216 – 25977.832 47924.900 – 21101.325 <0.01 -0.29

TNF-a (pg/mL) 4.706 – 1.787 3.777 – 1.924 0.02 0.51

Adiponectin (ng/mL)a 22453571.875 – 14134044.127 33529334.218 – 18426311.510 0.001 -0.33

IL-4 (pg/mL)a 5.615 – 8.462 7.807 – 12.396 0.20 -0.13

IL-10 (pg/mL)a 12.778 – 18.382 12.129 – 11.580 0.86 -0.02

t-tests were used for normally distributed variables (effect sizes were expressed as Cohen’s d); otherwise.
aThe Mann–Whitney U test was used (effect sizes were expressed as r).
bRaw vessel diameter values are presented. Group comparison was evaluated using the CRAE value residualized to CRVE when evaluating

CRAE and vice versa.

6MWT, 6-minute walk test; BP, blood pressure; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; IFN-c,

interferon gamma; IL-6, interleukin-6; TNF-a, tumor necrosis factor alpha; MABP, mean arterial blood pressure; SD, standard deviation.
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gamma, IL-10, or IL-4. Overweight/obese adolescents had
evidence of a low-grade inflammatory state as indicated by
an overall higher inflammatory balance score.14

Associations with Retinal Vessel Health
After accounting for age, sex, and MABP, retinal arte-

riolar diameters were positively associated with cardio-
vascular fitness (VO2 max, rs[75] = 0.452, p < 0.0001) and
QUICKI (rs[75] = 0.558, p < 0.0001) and negatively associ-
ated with inflammation balance score (rs[51] = -0.333,
p = 0.02) (Fig. 2a–c). In contrast, retinal venular diameters
were inversely associated with VO2 max (rs[75] = -0.461,
p < 0.0001) and QUICKI (rs[75] = -0.566, p < 0.0001), and
as expected, correlated strongly and positively with inflam-
mation balance scores (rs[51] = 0.582, p < 0.001) (Fig. 2d–f).

Consistent with our previous report in adolescents, VO2

max correlated positively with QUICKI (rs[152] = 0.687,
p < 0.001; see Fig. 3) and as predicted, correlated nega-

tively with inflammation balance score (rs[97] = -0.607,
p < 0.001). Higher inflammation balance score was related
to lower insulin sensitivity (QUICKI, rs[97] = -0.528,
p < 0.001). We also explored whether there was an asso-
ciation between BMI and inflammation balance score, and
after accounting for age and sex, found a strong positive
association (rs[98] = 0.699, p < 0.0001). This relationship
remained significant when only including overweight/
obese adolescents (rs[65] = 0.453, p < 0.0001).

Do Insulin Sensitivity and/or Inflammation Balance
Score Mediate the Relationship between VO2 max
and Retinal Vessel Diameter?

QUICKI as the mediator

Central retinal arteriolar equivalent. When using QUICKI
as the mediator, the results showed that in the subset of
80 adolescents, the total effect of VO2 max on CRAE

Figure 2. VO2 max, QUICKI, and inflammation balance score are strongly associated with residualized retinal arterial (a–c) and venular
(d–f) diameters. Spearman’s rho coefficients presented in the plots are after adjusting for age, sex, and MAP.

Figure 3. Associations between VO2 max, QUICKI, and inflammation balance score independent of age, sex, and MAP.
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was significant independent of age, sex, and MABP
(effect = 0.98, p < 0.001, 95% CI[0.59–1.37]). Whereas the
direct effect of VO2 max was nonsignificant (effect = 0.21,
p = 0.48, 95% CI[-0.38 to 0.80]), the indirect effect was
significant, indicating that QUICKI mediated the effect
of VO2 max on CRAE (effect = 0.77, p = 0.002, 95%
CI[0.34–1.33]).

Central retinal venular equivalent. Similarly, we found
that in the same 80 adolescents, the total effect of VO2 max
on CRVE was significant and independent of age, sex, and
MABP (effect = -1.34, p < 0.001, 95% CI[-1.92 to -0.76]).
Whereas the direct effect of VO2 max was nonsignificant
(effect = -0.16, p = 0.70, 95% CI[-1.02 to 0.69]), the in-
direct effect was significant with QUICKI also mediating
the relationship between VO2 max and CRVE (effect =
-1.18, p < 0.001, 95% CI[-1.93 to -0.58]).

Inflammation as the mediator. Because a smaller subset
of 56 participants also had the inflammatory markers, we
first confirmed that for this subset of study participants the
partial correlations between the key variables remained
largely unchanged, which they did.

Central retinal arteriolar equivalent. The mediation
analysis showed an overall significant model (total effect =
0.86, p < 0.001, 95% CI[0.41–1.32]). The direct effect of
VO2 max on CRAE was significant (effect = 0.89, p =
0.003, 95% CI[0.33–1.45]), but there was no mediation
effect by the inflammation balance score (effect = -0.03,
p = 0.88, 95% CI[-0.29 to 0.19]).

Central retinal venular equivalent. In contrast with
CRAE and consistent with previous literature, inflamma-
tion balance score partially mediated the effect of VO2 max
on CRVE in the same subset of 56 (total effect = -1.33,
p = 0.0001, 95% CI[-1.95 to -0.70]; direct effect = -0.86,
p = 0.02, 95% CI[-1.59 to -0.13]; indirect effect = -0.46,
p = 0.05, 95%CI[-1.11 to -0.06]).

Both QUICKI and inflammation as mediators of retinal
vein width (CRVE). Since QUICKI and inflammation
individually mediated the effect of VO2 max on CRVE and
they only shared 25% of variance after accounting for age,
sex, and MABP (rs[51] = -0.50, p < 0.001), we explored
their joint effect on CRVE by carrying out a single medi-
ation analysis. First, we confirmed that in this subset of 56
adolescents, QUICKI remained a significant mediator in
the relationship between VO2 max and CRVE (direct
effect = -0.41, p = 0.44; indirect effect = -0.91, p = 0.04,
95% CI[-1.87 to -0.14]) and that these results were also
consistent with those for the larger set of 80.

We then repeated the analysis, this time with inflam-
mation and QUICKI jointly as the mediators, and found
that with the addition of QUICKI as a comediator, the
direct effect of VO2 max on CRVE remained nonsig-
nificant (effect = -0.05, p = 0.92, 95% CI[-1.14,1.04]),
whereas the indirect effects were significant for both
QUICKI (effect = -0.84, p = 0.05, 95% CI[-1.79 to -0.07])
and the inflammation balance score (effect = -0.43,
p = 0.05, 95% CI[-1.06 to -0.05]), respectively. The me-
diation results are summarized in Figure 4.

Conclusions
As hypothesized, we observed among overweight/obese

adolescents reduced retinal arteriolar and increased venular
diameters, lower VO2 max, lower insulin sensitivity, as well
as elevated proinflammatory and reduced anti-inflammatory
markers. In line with previous reports showing that regular
aerobic exercise improves retinal microcirculation,(e.g.,2) our
data suggest that these relationships are mediated by insulin
sensitivity for both retinal arteries and veins. We also
demonstrate for the first time that in adolescents low-grade
inflammation, as expressed by the weighted balance of pro-
and anti-inflammatory markers toward a proinflammatory
state, partially mediates the relationship between cardio-
vascular fitness and retinal venular, but not arteriolar,
health. Importantly, these jointly mediated effect of in-
sulin sensitivity and inflammation on the retinal vein size
were not overlapping. These data emphasize the im-
portance of physical fitness in reducing microvascular
alterations, and thus lowering the risk of cardio- and ce-
rebrovascular diseases. Previous work has suggested that
both QUICKI and VO2 max serve as proxies for brain
structural integrity.32 The current data extend this work by
suggesting that chronic low-grade inflammation, in addi-
tion to insulin sensitivity, is also a potential marker of
microvascular health in adolescents.

Smaller retinal arterial and larger venular diameters indicate
greater risk of microvascular impairment.4 In this study, we
present robust findings describing strong associations between
poor physical fitness and reduced retinal arterial and increased
venular diameters, which are consistent with prior reports
suggesting that frequent physical activity reduces mark-
ers associated with cardiovascular disease.33 Consistent
with our prior reports of associations among QUICKIFigure 4. Summary of mediation results.
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score, VO2 max and retinal arterial health,16,34 the current
data suggest that increasing physical activity, in addition
to improving insulin sensitivity in adolescents, can protect
against microvascular impairment and future cardiovas-
cular disease and perhaps late-life neurodegeneration. Of
note, our novel findings that low-grade systemic inflam-
mation is strongly associated with poor physical fitness and
that it is a partial mediator of the relationship between
physical fitness and retinal venular health, are consistent
with adult data showing that inflammation mediates car-
diovascular disease.35 Importantly, by testing both insulin
sensitivity and inflammation in one single mediation
analysis, we demonstrate for the first time that both con-
tribute independently to retinal venular health.

It is commonly believed that inflammation plays a vital
role in the association between obesity and metabolic dis-
ease.36 Other studies have found that inflammatory processes
alter metabolic pathways and increase the risk of diabetes37

and that retinal vessel caliber and diabetes are linked.38

Therefore, we selected, a priori, inflammatory markers that
have been previously associated to retinal vessel caliber and
physical fitness. As expected, our findings that inflammation
correlated more strongly with retinal venular than arterial
health are also consistent with the existing literature that
retinal venular width is more sensitive to inflammation than
arterial width.41 These results contrast with prior work on
adolescents demonstrating no such associations, but in that
work, physical fitness was estimated from measures of motor
abilities.13 Furthermore, our current findings also differ from
a prior report from our laboratory, where we failed to find an
association between individual inflammatory markers (did
not ascertain the inflammation balance) and IR in a different
and smaller group of adolescents.15

One potential limitation of the current study is how repre-
sentative our sample is relative to the general population.
Although our sample was not derived from a clinical setting,
but recruited directly from the community, our goal was to
study obesity and the sample was enriched accordingly re-
sulting in an imbalance in the number of overweight/obese
participants relative to lean participants (112 vs. 45), which
may limit the generalizability of our findings. Obstructive
sleep apnea is commonly related with obesity and has been
associated with retinal vessel problems in adults.40 However,
adolescents are unlikely to have clinically significant ob-
structive sleep apnea, and as expected in this age group, self-
reported sleep apnea did not correlate with any of the key
study variables (data not shown). Therefore, we did not con-
trol for it in our mediation analyses. Future work should ad-
dress possible confounding effects of subclinical obstructive
sleep apnea assessed more objectively in the sleep laboratory.

The 6MWT provides an estimate of VO2 max when a
direct measurement with a graded treadmill test measuring
total oxygen consumption, the gold standard, is not feasible.
The 6MWT was originally designed to evaluate functional
capacity in patients with chronic respiratory disease and
heart failure, but has since been used among healthy indi-
viduals.21 Although some studies have validated the 6MWT

in children and adolescents against the VO2 max from the
standard treadmill test,41 the validation has not been ex-
tensive. However, over 80% (128/157) of our adolescents
were between 18 and 21, close to being adults, therefore, the
lack of multiple replications of the validation in children for
the 6MWT is not a significant concern.

Our method, deriving an overall balance of chronic low-
grade inflammation from a sample of over 300 adolescents,
is novel and robust,14 but will require validation. Some
investigators consider leptin a proinflammatory cytokine,
however, given that it is an adipokine and its role in in-
flammation remains controversial, we did not include it in
our estimation of the inflammation balance. Prospective
studies are necessary to monitor changes in inflammatory
balance with age and increasing duration of obesity so as to
better determine when inflammation may begin to affect
cerebrovascular health.

Of interest, we report, for the first time, that in adoles-
cents increased fitness is related to lower levels of in-
flammation and higher levels of insulin sensitivity, both of
which are predictive of retinal vessel health. Impaired
glucose control and low-grade inflammation are known to
contribute to cerebrovascular abnormalities in T2DM, and
these comorbidities provide possible mechanistic links
between T2DM and dementia.

In sum, these data suggest that increasing physical fit-
ness and insulin sensitivity and reducing inflammation
among adolescents carrying excess weight may improve
microvascular integrity and help safeguard future cere-
brovascular function and potentially protect against neu-
rodegenerative disease later in life.
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