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Context: Cardiovascular disease is the major cause of death in adults with diabetes, yet little is
specifically known about the effects of type 1 diabetes (T1D) on cardiovascular outcomes in youth.
Although insulin resistance (IR) likely contributes to exercise and cardiovascular dysfunction in T2D,
IR is not typically considered a contributor in T1D.

Objective: We hypothesized that cardiopulmonary fitness would be reduced in T1D youth in as-
sociation with IR and cardiovascular dysfunction.

Design and Participants: This cross-sectional study at an academic hospital included 12 T1D ado-
lescents compared with 12 nondiabetic controls, similar in age, pubertal stage, activity level, and
body mass index.

Outcome Measures: Cardiopulmonary fitness was measured by peak oxygen consumption
(VO2peak) and oxygen uptake kinetics (VO2kinetics), IR by hyperinsulinemic clamp, cardiac func-
tion by echocardiography, vascular function by venous occlusion plethysmography, intramyocel-
lular lipid by magnetic resonance spectroscopy, and body composition by dual-energy x-ray
absorptiometry.

Results: T1D adolescents had significantly decreased VO2peak, peak work rate, and insulin sensi-
tivity compared with nondiabetic adolescents. T1D youth also had reduced vascular reactivity and
evidence of diastolic dysfunction and left ventricular hypertrophy. Despite their IR and reduced
cardiovascular fitness, T1D youth had paradoxically normal intramyocellular lipid, waist to hip
ratio, and serum lipids and high adiponectin levels. In multivariate analysis, IR primarily, and
forearm blood flow secondarily, independently predicted VO2peak.

Conclusions: T1D youth demonstrated IR, impaired functional exercise capacity and cardiovascular
dysfunction. The phenotype of IR in T1D youth was unique, suggesting a pathophysiology that is
different from T2D, yet may adversely affect long-term cardiovascular outcomes. (J Clin Endocrinol
Metab 95: 513–521, 2010)
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Abbreviations: BMI, Body mass index; CVD, cardiovascular disease; E/A, inflow velocity;
E/E�, annular velocity; EMCL, extramyocelluar lipid; FMD, flow-mediated dilation; HDL,
high-density lipoprotein; hsCRP, highly sensitive C-reactive protein; IMCL, intramyocelluar
lipid; IR, insulin resistance; IVSd, interventricular septal thickness in diastole; LA, left atrial;
LDL, low-density lipoprotein; LVED, left ventricular end-diastolic dimension; LVES, left
ventricular end-systolic dimension; LVPWd, left ventricular posterior wall thickness in di-
astole; RER, respiratory exchange ratio; T1D, type 1 diabetes; VO2kinetics, oxygen uptake
kinetics; VO2peak, peak oxygen consumption; Vp, velocity of propagation.
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Cardiovascular disease (CVD) is the major cause of
death in adults with diabetes mellitus, yet little is

specifically known about the effects of type 1 diabetes
mellitus (T1D) on cardiovascular outcomes in youth. T1D
is characterized by absolute insulin deficiency from auto-
immune destruction of pancreatic islet cells and typically
presents in childhood and young adulthood. Despite evi-
dence in the literature of insulin resistance (IR) in adults
with T1D (1–3) and in adolescents during metabolic de-
compensation (4, 5) and puberty (6, 7), IR is not routinely
considered to contribute to T1D pathophysiology.

Insulin sensitivity data are lacking in contemporary T1D
youth. Such data are important, as the Neutral Protamine
Hagedorn and regular insulin regimens in use at the time of
thepreviously reportedstudies likely resulted indifferentgly-
cemic profiles than are typical in children treated following
the results of the Diabetes Control and Complications Trial,
a study of youth and young adults with T1D that demon-
strated the utility of tight glycemic control. Insulin sensitivity
data are also lacking in T1D youth well controlled for age,
pubertal stage, activity level, and body mass index (BMI), all
of which likely influence insulin sensitivity.

We and others reported that cardiopulmonary fitness is
reduced in adults and youth with type 2 diabetes (T2D)
(8–10). Reduced cardiopulmonary fitness in T2D youth
correlated strongly with IR (10). Some, although not all,
studies examining exercise function in T1D exercise report
abnormal peak oxygen uptake (VO2peak) or peak work-
load in youth (11, 12) and adults (13, 14). One of these
studies suggested an inverse relationship between fitness
and IR (7).

Therefore, we hypothesized that cardiopulmonary fit-
ness would be reduced in normal-weight adolescents with
T1D, related to IR and markers of cardiovascular dys-
function. To test this hypothesis, we measured VO2peak,
oxygen uptake kinetics (VO2kinetics) during submaximal
constant-load exercise, and insulin sensitivity in normal-
weight T1D adolescents as well as nondiabetic controls.
Resting echocardiography and forearm reactive hyper-
emia were measured to assess possible cardiac and hemo-
dynamic contributors to exercise dysfunction. Addition-
ally, intramyocellular lipid (IMCL) and extramyocelluar
lipid (EMCL), serum lipids and adiponectin, and body
composition were measured to assess the potential rela-
tions of typical correlates of IR with the observed exercise
responses.

Subjects and Methods

Subjects
Twenty-four adolescents were recruited from the University

of Colorado Denver (UCD) pediatric diabetes clinics and by ad-

vertisement. Twelve T1D (50% female; one Black, one Hispanic,
nine White, and one Other) and 12 healthy, nondiabetic controls
(50% female; one Black, one Hispanic, nine White, and one
Other) were identified of similar age, BMI, pubertal stage, gen-
der, and habitual physical activity level. Mean age was 15.2 �
2.2 yr (range 12–19 yr) and mean Tanner stage 4.5 � 0.9 for
females and 3.7 � 0.9 for males.

The study was approved by the UCD Institutional Review
Board, and appropriate consent was obtained. Changes in Col-
orado Institutional Review Board regulations limiting hyperin-
sulinemic clamps in control youth occurred after our previous
adolescent T2D study. We therefore prospectively chose T1D
adolescents to match the existing controls (10). T1D subjects
were studied using identical methods.

Screening included a history, physical examination, Tanner
staging, and fasting laboratory testing. T1D was defined by
American Diabetes Association criteria plus the presence of glu-
tamic acid decarboxylase, islet cell or insulin autoantibodies as
well as insulin requirement. Absence of diabetes was confirmed
in controls by a 2-h, 75-gram oral glucose tolerance test.

Inclusion criteria included Tanner stage higher than 1 and
sedentary status (�3 h regular exercise/wk) to minimize pubertal
and training effects. Exclusions included resting blood pressure
higher than 140/90 mm Hg or higher than 190/100 mm Hg
during exercise, hemoglobin lower than 9 mg/dl, serum creati-
nine higher than 1.5 mg/dl, glycosylated hemoglobin (HbA1c)
higher than 11%, smoking, medication-dependent asthma,
other conditions precluding exercise testing, medications affect-
ing IR (oral or inhaled steroids, metformin, thiazolidinediones,
or atypical antipsychotics), anti-hypertensive medications, oral
contraceptives, pregnancy, breastfeeding, plans to alter exercise
or diet during the study, and family history of T2D.

The insulin sensitivity of subjects in this study was also com-
pared with the insulin sensitivity of age- and Tanner stage-
matched obese (BMI �95th percentile) nondiabetic adoles-
cents, and age-, Tanner stage-, and HbA1c-matched obese (BMI
�95th percentile), diabetes autoantibody negative, non-insulin-
requiring T2D adolescents we reported previously (10). These
subjects were also similar in gender and habitual physical activity
level and met the same inclusion and exclusion criteria with the
exception of metformin use and family history of T2D in the
subjects with T2D as the subjects reported here.

All subsequent tests were performed after a 12-h fast, pre-
ceded by 3 d restricted physical activity and a fixed-macronu-
trient, weight-maintenance diet (55% carbohydrates, 30% fat,
15% protein). T1D subjects were instructed to monitor blood
glucose at least four times per day and were excluded if large
urine ketones were present on admission.

Activity and diet questionnaires
A 3-d pediatric physical activity recall questionnaire was used

to estimate habitual physical activity (15), reported as a 3-d
average of daily metabolic equivalents. A food frequency ques-
tionnaire designed for youth with and without diabetes was used
to estimate calorie and macronutrient intake (16).

Exercise testing
A graded cycle ergometer (Lode, Groningen, The Nether-

lands) protocol to exhaustion was used to determine VO2peak,
reported in milliliters per kilogram per minute (10). Perceived
exertion was recorded every minute using the Borg scale (10).
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Subjects were excluded if peak respiratory exchange ratio (RER)
was less than 1.1.

Subjects also performed three identical cycle ergometer ex-
ercise bouts at a constant work rate equal to 85% of their esti-
mated lactate threshold to determine VO2kinetics. VO2 data
were analyzed as previously reported (10). The phase 2 time
constant of oxygen uptake is reported in seconds.

Blood sugars were closely monitored in T1D subjects, and
short-acting insulin or carbohydrate given to achieve a goal pre-
exercise range of 100–150 mg/dl.

Insulin sensitivity
Subcutaneous insulin was discontinued at dinner and re-

placed with an inpatient overnight iv insulin infusion to normal-
ize blood sugar levels. Fasting blood and urine were collected for
laboratory analyses, assayed by standard methods at the UCD
research laboratory. A 3-h hyperinsulinemic-euglycemic clamp
(80 mU/m2 � min insulin) was performed fasting from 0900–
1200 h to estimate IR as previously described (10). Glucose dis-
posal rate was expressed as milligrams per kilogram body mass
and milligrams per kilogram fat-free mass.

Autonomic insufficiency
Variation in R-R intervals with cycled breathing, blood pres-

sure, and heart rate responses to standing, and R-R variations
with Valsalva breathing were measured (10). No subjects had
autonomic dysfunction by these methods (data not shown).

Cardiovascular measurements
Resting two-dimensional and tissue Doppler echocardiogra-

phy was performed using Vivid 7 and Echopac (BTO6 V6.1.3;
General Electric, Milwaukee, WI) to exclude left ventricular sys-
tolic dysfunction (ejection fraction �50%), regional wall motion
abnormalities, pericardial disease, or significant valvular pathol-
ogy. Electrocardiograms excluded resting ischemia. Left ventric-
ular end-systolic and diastolic chamber dimensions and wall
thickness, left atrial (LA) volumes (indexed for body surface
area), fractional shortening, and biplane Simpson’s method
(chamber volumes) were quantitated by standard techniques.
Velocity of propagation (Vp), mitral valve deceleration time,
ratio of peak early mitral inflow velocity to peak late mitral
inflow velocity (E/A), peak early mitral annular velocity
(E/E�septal and E/E�lateral) and E/Vp were assessed by tissue
Doppler for diastolic dysfunction (10).

Left ventricular hypertrophy was assessed by left ventric-
ular posterior wall thickness in diastole (LVPWd), interven-
tricular septal thickness in diastole (IVSd), left ventricular
end-diastolic dimension (LVED), left ventricular end-systolic
dimension (LVES), and left ventricular mass, indexed for
height in meters (10, 17).

Forearm reactive hyperemic blood flow was determined by
venous occlusion strain-gauge plethysmography (D. E. Hokan-
son, Issaquah, WA) using standard methods, expressed as peak
hyperemic flow (milliliters per 100 ml per minute) (10).

Fat deposition
Body composition by dual-energy x-ray absorptiometry was

performed by standard methods (18). IMCL and EMCL were
measured via proton (1H) magnetic resonance spectroscopy us-
ing 3.0 T whole-body magnetic resonance imaging (GE Medical
Systems, Waukesha, WI). This technique exploits the small (�2

parts per million) frequency shift between IMCL and EMCL
resonances observed when muscle fibers are roughly aligned in
the direction of the magnetic field in a magnetic resonance scan-
ner, as is the case with soleus and tibialis anterior muscles. Spec-
tra were analyzed with LCModel software as previously de-
scribed (10, 19). IMCL and EMCL concentrations, obtained by
reference to the unsuppressed water peak, are reported in arbi-
trary concentration units.

Statistical analysis
Data are reported as mean � SD, and � �0.05 was considered

statistically significant. Variances between groups were com-
pared using the Lavine statistic and normality assessed by the
Shapiro-Wilks test. A priori comparisons were made using
ANOVA and post hoc analysis to correct for multiple compar-
isons (Bonferroni when variances were equal; Dunnett T3 when
unequal). Planned univariate correlations between VO2peak and
variables hypothesized to be causally associated were analyzed
(Pearson correlation coefficients when data were normally dis-
tributed; Spearman’s � when lacking normality) (SPSS version
13.0). Step-down multivariate linear regression analysis was per-
formed including biologically plausible variables univariately
correlated with VO2peak, with an � of �0.01, to determine
independent predictors (SAS version 9.1).

Results

Metabolic parameters (Table 1)
By design, groups were similar in age, Tanner stage,

BMI, and gender. They were also similar in high-density

TABLE 1. Demographic characteristics

Control T1D
General

n 12 12
Sex (% female) 50 50
Age (yr) 15.6 � 1.8 14.8 � 2.6
Tanner stage 4.4 � 0.7 4.3 � 0.8
BMI (kg/m²) 21.0 � 2.4 20.9 � 3.1
Diabetes duration (yr) 7.5 � 4

Lipids
Cholesterol (mg/dl) 132 � 22 163 � 32b

LDL cholesterol (mg/dl) 69.8 � 19.0 94 � 27.7c

HDL cholesterol (mg/dl) 45.4 � 8.4 48.5 � 12.7
Triglycerides (mg/dl) 82 � 37 86 � 34
Triglyceride/HDL 1.93 � 1.1 1.95 � 1.1
Fasting free fatty acids

(�Eq/liter)
491 � 310 479 � 204

Free fatty acids during
insulin clamp
(�Eq/liter)

48.9 � 38.9 22.5 � 16.6

Insulin sensitivity
HbA1c (%) 4.9 � 0.3 8.65 � 1.6a

Fasting C-peptide
(ng/ml)

1.7 � 0.6 0.025 � 0.05a

M (mg/kg � min) 15.3 � 4.7 9.6 � 3.1b

M (mg/lean kg � min) 19.8 � 4.6 13.3 � 4.2b

M, Glucose disposal rate.
a P � 0.001 vs. control; b P � 0.01 vs. controls; c P � 0.03 vs. controls.
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lipoprotein (HDL), blood urea nitrogen, creatinine, as-
partate aminotransferase, alanine aminotransferase, he-
moglobin, hematocrit, platelets, urine microalbumin to
creatinine ratio, and calorie and macronutrient intake,
and no subjects had anemia (data not shown). T1D du-
ration was 7.5 � 4 yr (range 1–12 yr). T1D subjects had
significantly higher fasting glucose (131.9 � 46 mg/dl) and
HbA1c and lower C-peptide than controls.

Fasting triglycerides, triglyceride to HDL ratio, free
fatty acids, and free fatty acids drawn at 180 min of the
hyperinsulinemic clamp were similar in T1D and controls.
T1D subjects had significantly higher total and low-den-
sity lipoprotein (LDL) cholesterol vs. controls.

Exercise function (Table 2)
There were no significant differences between groups

in habitual physical activity assessed by 3-d pediatric
physical activity recall. Peak RER and heart rate during
exercise testing were similar between groups, indicating sim-
ilar maximal effort. VO2peak (absolute VO2peak, VO2peak

per kilogram, and VO2peak per kilogram fat-free mass)
and peak work rate were significantly lower in T1D
youth vs. controls.

Insulin sensitivity (Table 1)
Glucose disposal rates were significantly lower in T1D

subjects vs. controls, whether expressed as milligrams per
kilogram per minute or milligrams per kilogram lean body
mass, consistent with significant IR. There were no sig-
nificant differences in mean blood glucose or insulin levels
between groups at the conclusion of the clamp. Glucose
disposal rates did not correlate with HbA1c. Glucose dis-
posal rates also did not correlate with insulin antibody
levels, thus insulin antibodies did not appear to inhibit
insulin action.

Cardiac and vascular function (Table 2)
Systolic and diastolic blood pressures were similar be-

tween groups. There were no abnormalities in fractional
shortening, suggesting normal resting systolic function.
T1D youth had significantly higher mitral valve E/A,
E/E�septal, and E/Vp and significantly shorter Vp com-
pared with controls, consistent with diastolic dysfunction.
In addition, IVSd and indexed left ventricular mass were
significantly greater in T1D subjects, indicating left ven-
tricular hypertrophy. There were no significant differ-
ences in LA volume or LA volume indexed for body sur-
face area between groups. However, indexed LA volume
tended to be higher in T1D subjects, and four (22%) of the
T1D subjects had an increased indexed LA volume (where
normal is �30), whereas control subjects had normal
values.

Peak forearm blood flow was significantly lower in
T1D than control subjects and correlated inversely with
LDL (r � �0.4; P � 0.045). No significant differences
were noted in resting heart rate, recovery heart rate at 2
min, or rate of perceived exertion between groups during
exercise testing (data not shown).

To determine whether diabetes duration mediated the
cardiac abnormalities, an additional five T1D subjects
with diabetes duration less than 3 yr (mean 1.5 yr) were
recruited for echocardiograms alone. Subjects with longer
duration had more evidence of left ventricular hypertro-
phy (IVSd 0.82 � 0.11 cm in long duration vs. 0.68 � 0.13
cm in shorter duration), but other echocardiographic pa-
rameters did not differ by diabetes duration. Data re-
ported in Table 2 include all 17 T1D subjects, whose mean
duration of diabetes was 6.1 � 4 yr.

IVSd and LVPWd strongly correlated with lean body
mass, as expected, and IVSd also correlated with diabetes
duration (r � 0.566; P � 0.014). Mitral valve E:E�lateral
correlated inversely with glucose disposal rate in milli-

TABLE 2. Exercise and cardiovascular function

Control T1D
Mean habitual activity (METS) 64 � 11 64 � 7
RER 1.18 � 0.07 1.15 � 0.05
Peak heart rate (beats/min) 184 � 11 177 � 15
VO2 (ml/min) 2319 � 530 1813 � 416b

VO2/kg (ml/kg � min) 40.4 � 9.9 31.5 � 7.6d

VO2/lean kg
(ml/lean kg � min)

53.1 � 8.5 42.9 � 8.7b

Peak work rate (watts) 220 � 48.7 154 � 32b

� 2 (sec) 28.6 � 10 34.6 � 8.7
Systolic blood pressure

(mm Hg)
109 � 6 106 � 8

Diastolic blood pressure
(mm Hg)

63 � 6 66 � 7

Peak forearm blood flow
(ml/100 ml � min)

17.6 � 6.9 12.5 � 5.6e

FS (%) 35.1 � 4.3 34 � 4.9
MVDT (msec) 183 � 47 213 � 48f

Vp (msec) 87 � 19 57.9 � 11a

Mitral E/A 2.3 � 0.4 2.9 � 0.9a

Mitral E/E�lateral 4.6 � 0.9 4.9 � 1.1
Mitral E/E�septal 6.1 � 1.7 7.7 � 1.8c

E/Vp 1.20 � 0.32 1.68 � 0.53a

IVSd (cm) 0.71 � 0.12 0.76 � 0.13
LVPWd (cm) 0.76 � 0.10 0.78 � 0.11
LVM (g) 100 � 20.7 109 � 30.1
Indexed LVM (g/m2.7) 24 � 4.3 28 � 4.9a

LA volume (ml) 38.9 � 7.4 38.9 � 12.4
Indexed LA volume

�ml/(kg/m2)	
22.9 � 4.4 23.8 � 5.6

� 2, Phase 2 time constant of oxygen uptake; A, peak late mitral inflow
velocity; E, peak early mitral inflow velocity; E�, peak early diastolic
mitral annular velocity; FS, fractional shortening; LVM, left ventricular
mass; LVVp, left ventricular Vp; METS, metabolic equivalents; MVDT,
mitral valve deceleration time.
a P � 0.01 vs. controls; b P � 0.02 vs. controls; c P � 0.03 vs. controls;
d P � 0.04 vs. controls; e P � 0.05 vs. controls; f P � 0.1 vs. controls.
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grams per kilogram per minute (r � �0.62; P � 0.04), and
mitral E/A correlated significantly with HbA1c (r �
�0.47; P � 0.04).

Fat deposition and inflammation (Table 3)
There were no significant differences between groups in

fat-free mass or fat mass. T1D youth had high adiponectin
levels and no significant differences in skeletal muscle
IMCL, EMCL, or waist to hip ratio compared with con-
trols. White blood cell count, highly sensitive C-reactive
protein (hsCRP), IL-6, and myeloperoxidase were also
similar between groups.

Correlates of VO2peak
Insulin sensitivity (milligrams per kilogram per minute)

was a significant predictor of VO2peak (r � 0.61; P �
0.007) (Fig 1A) in a multivariate regression analysis con-
trolled for age, Tanner stage, BMI, and habitual physical
activity. Other a priori univariate correlates of VO2peak
included forearm blood flow (r � 0.65; P � 0.001) (Fig
1B), LDL (r � �0.617; P � 0.003), HbA1c (r � �0.53;
P � 0.007), and mitral E/A (r � �0.41; P � 0.05). Fat
distribution (waist to hip ratio or IMCL), triglyceride to
HDL ratio, and inflammatory markers did not correlate
with VO2peak. Among T1D subjects alone, neither
HbA1c nor diabetes duration correlated with VO2peak. In
a step-down multivariate linear regression analysis, only
IR, forearm blood flow, and LDL remained as indepen-
dent predictors of VO2peak.

Discussion

This comprehensive investigation revealed several critical
features of the effects of T1D on the cardiovascular system

in youth. These included impairment in functional exer-
cise capacity and cardiac function in otherwise healthy,
nonobese T1D youth compared with well-matched non-
diabetic controls of similar BMI, pubertal stage, and base-
line activity level. In addition, we found significant IR in
these well-characterized, contemporary T1D youth, de-
spite normal BMI, modern advances in insulin analogs,
and lower glycemic targets. Finally, the T1D adolescents
in this study manifested a unique phenotype of IR that
included normal IMCL, body composition, waist to hip
ratio, serum lipids, triglyceride to HDL ratio, and BMI as
well as high adiponectin levels.

Of concern, these relatively well-controlled and nor-
mal-weight T1D adolescents had significant impairment
in functional exercise capacity and cardiac and vascular
function, even early in the T1D disease process. The re-
duced VO2peak in T1D youth correlated with IR, similar
to our findings in T2D youth (10), but not with other
typically accepted manifestations of IR. In addition,
HbA1c, a measure of glycemic control, correlated with
VO2peak only in univariate analysis, whereas IR, forearm
blood flow, and LDL remained as independent predictors
of VO2peak in multivariate analysis, suggesting that ex-
ercise dysfunction is not primarily a function of poor glu-
cose control in T1D. Mitral E/A as a measure of cardiac
diastolic dysfunction also correlated with VO2peak in uni-
variate analysis. This cardiac parameter was not an inde-
pendent predictor of VO2peak, suggesting overlapping ef-
fects of IR, LDL, or vascular dysfunction on cardiac and
exercise function. Although reported T1D studies vary
regarding exercise function (11–14), our carefully con-
trolled study, including control for baseline activity level,
supports the majority of studies, which report exercise
dysfunction in T1D.

T1D is well known to cause premature CVD, shorten-
ing average lifespan despite modern therapies (20). Un-
fortunately, the mechanisms underlying this association
remain unclear. Classic CVD risk factors such as hyper-
tension, dyslipidemia, and smoking are clearly important
but do not completely explain the excess CVD risk in T1D
(20) and were clearly not major contributors in the present
study. The widespread existence of IR in T1D may provide
a missing link, because IR and CVD are tightly connected
in other populations (20). IR (estimated by an insulin sen-
sitivity index), but not glycemia, predicted cardiovascular
events and all-cause mortality in adults with childhood-
onset T1D (21). Abnormal exercise capacity and its asso-
ciation with IR may also provide a clue, because poor
fitness and CVD mortality are also closely linked.

Diabetes in adults is frequently associated with cardiac
and vascular dysfunction, independent of coronary artery
disease or hypertension (8, 9). Diastolic dysfunction is

TABLE 3. Body composition and inflammation

Control T1D
Lean mass (kg) 44.8 � 8.4 42.4 � 6.5
Fat mass (kg) 11.01 � 6.4 13.4 � 5.9
% lean 79.4 � 10.6 77.3 � 6.6
% fat 20.4 � 10.6 22.0 � 6.6
Waist circumference (cm) 72.9 � 7.5 69.8 � 12
Hip circumference (cm) 83.2 � 6.1 78.8 � 15.1
Waist/hip 0.88 � 0.06 0.89 � 0.08
Soleus EMCL (IU) 1450 � 863 1719 � 1101
Tibialis EMCL (IU) 926 � 723 1030 � 489
Soleus IMCL (IU) 1225 � 476 911 � 300
Tibialis IMCL (IU) 373 � 116 501 � 295
Adiponectin (�g/ml) 8.4 � 3.1 11.7 � 8.8
WBC (103/�l) 6.0 � 1.0 7.0 � 1.8
hsCRP (mg/liter) 0.57 � 0.3 0.9 � 1.9
Myeloperoxidase (pmol/liter) 694 � 396 612 � 581
IL-6 (pg/ml) 1.2 � 1.8 2.9 � 6.7

WBC, White blood cells.
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reported twice as frequently as systolic dysfunction in T1D
adults, with diastolic dysfunction occurring after approx-
imately 8 yr of diabetes and systolic dysfunction after ap-
proximately 18 yr (22). In addition, diastolic dysfunction
has been associated with enlarged LA dimension in sub-
jects with diabetes (23, 24). Cardiac findings in T1D youth
vary, with some but not all studies reporting abnormalities
(11, 12, 25, 26). Confirming the findings of Suys et al. (26),
our T1D adolescents had evidence of diastolic dysfunction
and higher filling pressures at rest, despite only 6.1 yr of
diabetes on average and no clinically evident CVD. We

also report evidence of enlarged atrial volumes
in 22% of our T1D youth, which could de-
crease exercise capacity through pulmonary
congestion. In the Suys study, HbA1c was sim-
ilar to our study, and diabetes (not BMI or
HbA1c) was the only important predictor in
multiple linear regression models including
control and diabetic subjects. Within diabetic
subjects only, age was the only significant pre-
dictor. The multivariate model for contractility
of Kimball et al. (25) included insulin dosage as
a surrogate for IR, not HbA1c, and we simi-
larly found that mitral valve E/E�lateral corre-
lated inversely with glucose disposal rate, both
studies suggesting that IR may affect cardiac
function. IR could prevent the heart’s adaptive
switch from using predominately fat at rest to
glucose during exercise, thereby decreasing
performance (27). In addition, we did observe
a significant correlation of mitral E/A with
HbA1c that supports previous reports of neg-
ative impacts of hyperglycemia on cardiac
function.

Forearm reactive blood flow by plethys-
mography was significantly reduced in our
T1D adolescents, similar to our previous re-
port in T2D youth (10). Flow-mediated dila-
tion (FMD) has also been reported to be im-
paired in T1D youth of similar HbA1c (28, 29),
suggesting endothelial dysfunction, one poten-
tial cause of the reduced forearm reactive blood
flow we report. Vessel stiffness or reduced cap-
illary density may also contribute to abnormal
forearm reactive blood flow. Among T1D
youth with impaired FMD studied by Järvisalo
et al. (28), LDL but not HbA1c correlated with
FMD, similar to our findings with plethysmog-
raphy. Singh et al. (29) found lower FMD in
diabetics, even after adjustment for glucose
levels, only a weak correlation between FMD
and HbA1c among all subjects, and a correla-
tion with blood glucose levels and LDL, but not

HbA1c among diabetic subjects. These data further sup-
port the concept that factors beyond glycemic control,
such as LDL cholesterol levels, may contribute to vascular
dysfunction in T1D. Although mean LDL was not elevated
by contemporary pediatric T1D standards, LDL was sig-
nificantly higher in the T1D youth, which could directly
interfere with endothelial function and limb hyperemia,
and subsequently to reduced exercise capacity. Endothe-
lial dysfunction could also contribute to IR, tying together
our primary predictors of reduced exercise capacity.

FIG. 1. A, Correlation between maximal exercise capacity (VO2peak) expressed in
milliliters per kilogram per minute and glucose disposal rate from the
hyperinsulinemic-euglycemic clamp, expressed in milligrams per kilogram per
minute; E, control subjects; F, T1D subjects. B, Correlation between maximal
exercise capacity (VO2peak) expressed in milliliters per kilogram per minute and peak
hyperemic forearm blood flow from venous plethysmography, expressed in milliliters
per 100 ml per minute; E, control subjects; F, T1D subjects.
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IR has been appreciated in T1D adults (1–3) and ado-
lescents during metabolic decompensation (4, 5) and his-
torically in pubertal adolescents (6, 7) but not put into
clinical context except in obese T1D patients. The mean
HbA1c in our study (8.6%) was lower than in previous
adolescent studies (ranging from mean HbA1c of 9.6–
12.7%) (4–7), and Halldin et al. did not include nondia-
betic controls. In addition, subjects in the studies from the
1980s used regular and lente or Neutral Protamine Hage-
dorn insulin, now rarely used in pediatrics. These regimens
generally do not provide the degree of glycemic control
currently attainable. Our data demonstrate continued IR
in contemporary youth, despite normal BMI and mod-
ern advances in insulin analogs and lower glycemic tar-
gets, and are the first that compare T1D youth with
nondiabetic controls well matched for BMI, body com-
position, Tanner stage, activity level, diet, and clamp
insulin levels or relative to obese and T2D youth (10).
Surprisingly, the degree of IR observed in T1D adoles-
cents was similar to that of age- and Tanner stage-
matched obese nondiabetic adolescents we reported
previously (Fig 2), although not as impaired as HbA1c-
matched obese T2D adolescents (10). This significant
IR, along with our data showing the critical aspects of
a unique IR phenotype and cardiovascular implications,
needs to be considered early in T1D management.

Glycemic control in the adolescents we report is typical
for current teenagers, although not optimal, and subjects
with marked hyperglycemia were excluded. IR did not
correlate with HbA1c, supporting the findings of Green-
field et al. (30) in adult females with T1D and the prelim-
inary findings of Schauer et al. (31) in T1D adults, imply-
ing that factors beyond glycemia may contribute to the IR
of T1D. However, some studies do show correlations be-

tween HbA1c and IR in T1D (1, 7), and elevated glucose
levels in our subjects could still contribute to reduced skel-
etal muscle glucose transport (32) or hyperglycemia-in-
duced abnormalities in muscle diacylglycerol kinase �

(33). Recent reports indicate additional mechanisms
whereby glucose can mediate the IR of T1D, including
O-glycosylation and altered phosphorylation of the insu-
lin signaling pathway by O-linked beta N-acetylglu-
cosamine and decreased insulin signal transduction (34,
35). Future studies will more closely examine the relation-
ship between acute and chronic glycemia and IR in T1D
and the impact of optimization of glucose control on the
IR of T1D youth. Once established, the IR appears to have
independent effects from glucose, because IR, not glyce-
mia, remained as an independent predictor of VO2peak.

Typically, IR is associated with a metabolic syndrome
phenotype of high triglycerides, triglyceride to HDL ratio
(36), visceral fat, IMCL, obesity, inflammation, and low
HDL and adiponectin (37). In contrast, our T1D youth
lacked these abnormalities. Single small studies individu-
ally found that T1D adults lacked central adiposity, he-
patic steatosis, hypoadiponectinemia, or low HDL (30,
38, 39), supporting our observations. By showing all of
these individually previously reported characteristics in
combination, with the addition of normal IMCL, triglyc-
erides, triglyceride to HDL ratio, BMI, and lack of inflam-
mation, our data now comprehensively demonstrate that
IR in T1D has a unique clinical phenotype.

Compensatory hyperinsulinemia typically contributes
to the pathophysiology of IR, such as elevated IMCL. In
our previous study of obese, IR T2D youth, IMCL was
elevated and correlated inversely with VO2peak (10), find-
ings not observed in our T1D cohort. This difference could
potentially be due to the absence of hyperinsulinemia. The
lack of increased IMCL in T1D is supported by sugges-
tions of normal IMCL in a small adult T1D study (40). In
contrast, Perseghin et al. (1) reported increased IMCL in
T1D adults. The latter subjects were older, with longer,
more complicated T1D (retinopathy in 50%, sensorimo-
tor neuropathy in 17%), which could limit the ability to
exercise, a known regulator of IMCL.

Inflammation is typically a component of IR. Eleva-
tions of inflammatory cytokines have been reported in
adults (41) and youth with T1D (42). We found no evi-
dence of increased inflammation in this cohort of T1D
youth, possibly because we excluded subjects with albu-
minuria (hsCRP and inflammation increase as microalbu-
minuria develops) (43).

Although we found no evidence of cardiac autonomic
neuropathy in our subjects, such screening tests cannot
completely exclude this as a contribution to exercise dys-
function, and cardiac autonomic neuropathy associated

FIG. 2. Insulin sensitivity expressed as the glucose disposal rate in
milligrams per kilogram per minute. Data from control (white bar), T1D
(gray bar), obese (black bar), and type 2 diabetic (hatched bar)
adolescents are displayed. ˆ and #, P values compared with control
adolescents; *, P values compared with obese adolescents.
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with left ventricular diastolic dysfunction has previously
been reported in adults with T1D and T2D (44, 45). Ab-
normal pulmonary function has also been documented in
youth and adults with T1D (46–48), an additional factor
not measured in this study that could contribute to exer-
cise dysfunction.

Taken together, our observations present a distress-
ing constellation of IR and exercise and cardiovascular
dysfunction in normal-weight T1D children, despite
short diabetes duration and absence of typical IR-re-
lated comorbidities. Unaddressed IR may contribute to
the development of CVD in T1D. In addition, our data
present a paradigm shift away from the traditional
model of IR as being synonymous with the metabolic
syndrome phenotype. We instead observed IR in T1D sub-
jects without typical features of the metabolic syndrome,
creating an entirely unique phenotype. Our data also sug-
gest that IR may be a common, integral component of T1D
pathophysiology. Elucidating the mechanisms underlying
IR in adolescents with T1D will direct future research and
therapeutic interventions. If IR in T1D is better under-
stood and addressed early in the care of T1D patients, it
may be possible to decrease cardiovascular morbidity and
mortality in this population.
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