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Peripheral artery tonometry demonstrates
altered endothelial function in children with
type 1 diabetes
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demonstrates altered endothelial function in children with type 1 diabetes.
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Objectives: To assess the ability of reactive hyperemia–peripheral artery
tonometry (RH-PAT) to serve as a surrogate marker of endothelial
dysfunction in children with type 1 diabetes (T1D).
Research Design and Methods: Forty-four children with T1D [age
14.6 � 2.7 yr; duration of diabetes 6.01 � 4 yr; range of diabetes duration
1–16 yr; and hemoglobin A1c (HbA1c) 8.34 � 1.2%] and 20 children
without diabetes (age 14.1 � 1.5 yr) underwent RH-PAT endothelial
function testing after an overnight fast. Height, weight, body mass index
(BMI), blood pressure (BP), fasting lipid profile, and glucose level were
determined in each child. Children with T1D underwent a second RH-
PAT study 4 wk after their initial study to determine the intrapatient
variability of the technique.
Results: Children with T1D had endothelial dysfunction as evidenced by
lower mean RH-PAT scores (1.63 � 0.5) when compared with children
without diabetes (mean RH-PAT score 1.95 � 0.3) (p ¼ 0.01). Repeat
RH-PAT scores were predicted by initial RH-PAT scores (p ¼ 0.0025).
Mean intrapatient standard deviation of RH-PAT score was 0.261 and
mean coefficient of variation was 14.8. Variations in RH-PAT score were
not explained by differences in glucose, HbA1c, BMI, systolic BP,
diastolic BP, or lipids.
Conclusions: Although larger validation studies are required, RH-PAT is
a promising non-invasive technique to assess endothelial function in
children with T1D. Non-invasive measures of endothelial dysfunction
may provide the additional risk stratification data needed to justify
more aggressive primary prevention of cardiovascular disease in
children with T1D.
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Type 1 diabetes (T1D) is a well-established risk factor
for the development of premature cardiovascular dis-
ease (CVD) (1, 2). Despite advances in practice over
the past 25 yr, the incidence of early CVD in the T1D
population remains disproportionately high (3–6).

Although the epidemiologic associations between
glycemic control and CVD risk remain weak (2), the
Diabetes Control and Complications Trial (DCCT)
and its longitudinal follow-up, the Epidemiology of
Diabetes Interventions and Complications (EDIC)
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study, have demonstrated that the risk of T1D-related
microvascular and macrovascular complications is
related to long-term glycemic control (7, 8).
However, even with intensive insulin therapy, the

majority of children with T1D are unable to maintain
near-normal glycemia. Children in the intensive arm
of the DCCT were only able to achieve an average
hemoglobin A1c (HbA1c) of 8.1% (9), but glycemic
control is only one of the several important risk fac-
tors in defining CVD risk. Minimizing the long-term
risks for CVD in patients with T1D may require early
and aggressive management of other important CVD
risk factors such as blood pressure (BP) and lipids
(10, 11).
Because children rarely experience cardiovascular

events, surrogate markers of CVD are needed to pro-
vide the additional risk stratification needed to justify
and monitor the effects of more aggressive therapy
(12). Reactive hyperemia–peripheral artery tonometry
(RH-PAT) endothelial function testing employs the
same endothelium-dependent mechanism used to in-
duce reactive hyperemia in standard pediatric bra-
chial artery reactivity measurements (13, 14). However,
instead of measuring brachial artery diameter, RH-
PAT testing uses fingertip plethysmography probes
to measure the changes in pulse wave amplitude
observed before and after the period of reactive
hyperemia. RH-PAT score is then calculated to
provide a measure of endothelial function (Fig. 1).
In adults, the RH-PAT score has shown an excellent
correlation with measures of coronary and peripheral
endothelial dysfunction (15, 16). To date, correlations
of RH-PAT score with invasive and non-invasive
measures of endothelial function have not been
performed in children. While differences in RH-PAT
score indicate differences in endothelial function,

larger studies that provide receiver operator curves
are needed to determine cutoff points for clinical
application.
Only one previous study has used the RH-PAT score

to demonstrate alterations in endothelial function in
a small group of children with T1D (n ¼ 20) (12). We
expanded the scope of the previous studies of RH-PAT
score by measuring the reproducibility of RH-PAT
score with serial testing in children with T1D. In
addition, our study was designed to determine if
RH-PAT score could differentiate endothelial function
when comparing a larger group of children with T1D to
controls and to determine if RH-PAT endothelial
function testing could generate RH-PAT scores similar
to those previously reported in a separate population of
children with T1D.We hypothesized that children with
T1D would have endothelial dysfunction (decreased
RH-PAT score) when compared with healthy controls
and that RH-PAT scores would have acceptable
intrapatient variability.

Materials and methods

The study was approved by the University of Florida
and Mayo Clinic Institutional Review Boards. Forty-
four children (22 male and 22 female) with T1D for
at least 1 yr were recruited from the University of
Florida pediatric endocrinology clinic. Twenty control
children (12 male and 8 female) were recruited from
the Mayo Clinic. A comparison of the T1D and con-
trol subjects is shown in Table 1. Control subjects
were non-smokers and community based and did not
have any co-existing medical conditions or any family
history of premature CVD or hyperlipidemia. All T1D
and control patients who participated in this study
were Caucasian. Following an overnight fast and
using identical protocols, RH-PAT endothelial func-
tion was assessed in all children using the Endo-PAT
device (Itamar Medical Ltd., Caesarea, Israel). The
manufacturer of this device did not provide financial
support for this study. Height, weight, and BP were
recorded before RH-PAT testing. Following RH-PAT
testing, blood was obtained for lipid profile and
glucose determinations in all subjects and also for
HbA1c determination in children with T1D. Four
weeks after their initial test, T1D subjects had repeat
RH-PAT testing to determine intrapatient variability.
RH-PAT testing is a non-invasive technique that

combines the traditional flow-mediated dilatation
with pneumatic fingertip probes to measure arterial
pulse wave amplitude and provide an objective meas-
ure of endothelial function. Briefly, the patient sits
in a reclining chair with the hands at heart level and
propped in a comfortable position such that the
fingers are hanging freely. Fingertip probes are placed
on both index fingers and pulse wave amplitudes are
recorded for the duration of the study. After 5 min of

Fig. 1. Schematic of Endo-PAT in use. This figure demonstrates the
set up and use of the Endo-PAT. The probes are placed on the index
fingers of both arms. A reactive hyperemia procedure is performed
by occluding the brachial artery of one arm for 5 min. Data are
automatically analyzed by the software package and the reactive
hyperemia peripheral artery tonometry score is provided (with
permission from Itamar Medical Ltd.).
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baseline measurement, arterial flow to the non-
dominant arm is occluded for 5 min using a BP cuff
inflated to 40 mmHg above systolic pressure. After the
5-min occlusion, the cuff is rapidly deflated to allow
for reactive or flow-mediated hyperemia. Pulse wave
amplitudes are recorded for at least 5 min after the
cuff is deflated. An integrated software program
compares the ratio of arterial pressure in the two
fingers before and after the occlusion to calculate the
RH-PAT score. The RH-PAT score is calculated as
the ratio of the average pulse wave amplitude meas-
ured over 60 s starting 1 min after cuff deflation to the
average pulse wave amplitude measured at baseline.
This ratio is normalized to the concurrent signal from
the contralateral finger to correct for changes in
systemic vascular tone.

Statistical methods

The primary end-point around which this study was
designed was the RH-PAT score. Other variables were
analyzed as secondary end-points. The two groups of
patients (T1D and control) were compared using
a two-sided two-sample t-test. Intrapatient standard
deviations for RH-PAT score were estimated from the
repeated measures and averaged over the patients
within each subgroup. With a sample of 44 T1D
patients and 20 controls, a two-sided, two-sample
t-test had 80% power at p ¼ 0.05 to detect a difference
of 0.78 standard deviations between the two groups.
Assuming a standard deviation of 0.4, this corres-
ponds to sensitivity to an RH-PAT score difference
of 0.32 units. Pearson correlation coefficients were
used to evaluate the relationship between initial RH-
PAT score and week 4 RH-PAT score as well as to
evaluate the correlation between week 4 RH-PAT
score, glucose, and HbA1c. A forward stepwise re-
gression model was used to investigate associations
between week 4 RH-PAT score and body mass index

(BMI), systolic BP, diastolic BP, glucose, HbA1c,
total cholesterol, low-density lipoprotein (LDL), high-
density lipoprotein (HDL), and triglycerides.

Results

The summary statistics for the comparisons are pre-
sented in Table 1. Children with T1D (n ¼ 44) had
endothelial dysfunction as evidenced by lower mean
RH-PAT scores (1.63� 0.5) when compared with con-
trol children (n ¼ 20) (mean RH-PAT score 1.95 �
0.3, p ¼ 0.01). In children with T1D, the initial RH-
PAT score was predictive of the week 4 RH-PAT
score (p ¼ 0.0025). However, the range of RH-PAT
scores was wide. Children with T1D had a range of

Table 1. Laboratory and PAT score characteristics of controls and T1D subjects

Characteristic Diabetes (n ¼ 44) Controls (n ¼ 20) p Value

PAT score 1.63 � 0.5 1.95 � 0.3 0.01
Mean intrasubject SD 0.261 — —
Mean intrasubject CV 14.84 — —

Age (years) 14.6 � 1.5 14.1 � 1.5 0.41
BMI (kg/m2) 22.6 � 2.7 21.5 � 2.6 0.34
Systolic BP (mmHg) 109.5 � 10 103.9 � 6.3 0.02
Diastolic BP (mmHg) 69.6 � 9.6 69.3 � 4.9 0.87
Glucose (mg/dL) 200.1 � 89.7 (11.1 � 4.9 mmol/L) 86.4 � 11.5 (4.8 � 0.64 mmol/L) 0.0001
HbA1c (%) 8.34 � 1.2 — —
Total cholesterol (mg/dL) 166.4 � 35 (4.3 � 0.9 mmol/L) 147.7 � 20 (3.82 � 0.52 mmol/L) 0.03
LDL (mg/dL) 87.6 � 26 (2.26 � 0.67 mmol/L) 78.1 � 21 (2.02 � 0.54 mmol/L) 0.16
HDL (mg/dL) 61.7 � 12.9 (1.6 � 0.33 mmol/L) 38.9 � 11.1 (1.0 � 0.28 mmol/L) 0.0001
Triglycerides (mg/dL) 85.5 � 58.7 (0.96 � 0.66 mmol/L) 68.6 � 25.8 (0.77 � 0.28 mmol/L) 0.22

BMI, body mass index; BP, blood pressure; HbA1c, hemoglobin A1c; LDL, low-density lipoprotein; HDL, high-density lipo-
protein; T1D, type 1 diabetes.All values reported asmean� SD except mean intrasubject SD andCV, coefficent of variation.

Fig. 2. Box plot of reactive hyperemia–peripheral artery tonometry
(RH-PAT) score in controls and subjects with type 1 diabetes
(T1D). The box plot demonstrates a significantly lower RH-PAT
score in the 44 children with T1D when compared with the 20
control children. Although there was a wide range of RH-PAT
scores, the lower RH-PAT score is indicative of relative endothelial
dysfunction in the cohort with T1D.

Endothelial dysfunction in T1D children
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RH-PAT scores of 1.01–3.01, while control children
had a range of 1.5–2.5 (Fig. 2). Mean intrapatient
standard deviation of RH-PAT score in the T1D
patients was 0.261 and the mean coefficient of
variation for RH-PAT score was 14.84%.
Children with T1D had higher mean systolic BP

(p ¼ 0.02), mean total cholesterol (p ¼ 0.03), and
mean HDL (p ¼ 0.0001) than control children. No
significant differences in age, BMI, diastolic BP, LDL,
or triglycerides were observed between the children
with T1D and the control children. Pearson correla-
tion coefficients comparing week 4 RH-PAT score
with glucose and HbA1c were not significant (p ¼ 0.67
and p ¼ 0.56, respectively). Use of forward stepwise
regression modeling of week 4 RH-PAT score with
BMI, systolic and diastolic BP, glucose, HbA1c, total
cholesterol, LDL, HDL, and triglycerides was not
significant (p ¼ 0.16).

Discussion

This study demonstrates that RH-PAT score can
detect group differences in endothelial function bet-
ween children with T1D and controls. Overall,
children with T1D have lower RH-PAT scores than
controls. In addition, this study provides the first
known measures of the coefficient of variation for
RH-PAT endothelial function testing in children.
Several characteristics of our study population

warrant further comment. The two study populations
compared were of similar age and gender, racially
homogeneous, and tested using an identical protocol
and technique despite the fact that they derived from
different locations in North America (Florida and
Minnesota). Our T1D population had higher systolic
BP, HDL, and total cholesterol than the control
group. While higher systolic BP and total cholesterol
are risk factors for CVD, higher HDL is typically
associated with lower CVD risk. Nevertheless, HDL
cholesterol levels are typically higher in T1D patients
than in matched controls (17); yet, CVD risk remains
elevated in the T1D population. In addition to these
differences in cholesterol metabolism, multiple addi-
tional risk factors associated with both increased and
decreased CVD risk may explain some of the dif-
ference in RH-PAT score between the two groups. We
must accept, therefore, that the difference in endothe-
lial function seen in the two groups may be partially
explained by selection bias and not by CVD risk
associated solely with the disease state of T1D.
In addition, regression modeling of HbA1c, fasting

glucose, systolic and diastolic BP, cholesterol, and
BMI failed to explain a significant portion of the
variability in RH-PAT score. Similar findings have
been observed with other surrogate markers of CVD
in children with T1D (11). Perhaps, the larger vari-
ations in RH-PAT score seen among T1D subjects can

be explained by the acute effects of rapid blood
glucose changes experienced by nearly all subjects
with T1D as opposed to single measures of blood glu-
cose or HbA1c. As such, additional studies, including
measures of change in recent glycemic control, will
likely be needed to determine the relative importance
of traditional and non-traditional CVD risk factors on
RH-PAT score. Finally, while similar measures of
endothelial function do predict cardiovascular events,
RH-PAT score has not yet been used to evaluate the
risk of future cardiovascular events in either adult or
pediatric populations.
Despite the limitations of this particular study, RH-

PAT score has several potential advantages over
traditional reactive hyperemia measurements. Specif-
ically, RH-PAT testing is affordable, reproducible,
and, being operator independent, not subject to sub-
jective interpretations of blood vessel diameter asso-
ciated with brachial artery ultrasounds. While larger
studies are needed to confirm the association between
low RH-PAT score and traditional measures of
endothelial dysfunction, RH-PAT score may be useful
as both a research and a clinical tool in assessing
endothelial dysfunction in populations at high risk for
developing premature CVD. Nevertheless, further
validation studies are needed to confirm the relevance
of low RH-PAT scores in detecting CVD and
predicting future CVD.
Recent EDIC study data demonstrate that intensive

diabetes management significantly decreases cardiovas-
cular events among patients with T1D (8). However, the
overall risk of CVD in T1D patients remains dispropor-
tionatelyhigh.BecauseT1Dis still associatedwitha two-
to threefold increased risk of premature CVD, further
efforts are needed to accurately identify and aggressively
treat those patients at high risk for CVD. CVD is
a process rooted in early childhood. A multitude of
studies now demonstrate that risk factors present in
childhood predict cardiovascular event rates in adult-
hood (18, 19). Furthermore, autopsy studies have shown
that permanent plaques associated with CVD appear in
the arteries of children as young as 8 yr of age (20). Still,
outside of striving for tight glycemic control in children
with T1D,many pediatric endocrinologists strugglewith
measures to appropriately identify and manage comor-
bidities associated with CVD (21).
The average HbA1c in our T1D study population

(8.34%) approached the HbA1c of the adolescents in
the intensive therapy arm of the DCCT and yet
differences in endothelial function were identified in
our T1D study population compared with our control
subjects. Thus, until technological advances provide
for even greater improvements in glycemic control for
all children with T1D, we are likely to continue to
observe average HbA1c levels well above those that
eliminate risk of complications even in relatively
compliant patients.
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Similarly, while slightly higher than those seen in
the control population, the average LDL cholesterol
(LDL) in our T1D population (87.6 mg/dL, 2.26 mmol/L)
and systolic BP (109 mmHg) easily met American
Diabetes Association (22) and American Heart Asso-
ciation (22, 23) goals. Recent data have demonstrated
better endothelial function in adults with CVD who
have LDL levels ,80 mg/dL when compared with
those with LDL between 80 and 100 mg/dL (24).
Thus, adequate primary prevention of CVD in
patients with T1D may require both tight glycemic
control and aggressive (i.e. pharmacologic) manage-
ment of lipids and BP to levels lower than those
currently labeled as �normal’. Furthermore, to truly
minimize risk of CVD in patients with T1D, initiation of
low-dose statins and angiotensin-converting enzyme
inhibitorsmayneed tobe initiated shortly after diagnosis
regardless of cholesterol and BP values in select, high-
risk patients.
While prospective studies are needed to determine if

more aggressive management of lipids and BP can
decrease the CVD risk associated with T1D, non-
invasive measures of vascular function such as RH-PAT
may provide the additional level of risk stratification
needed to justify early initiation of pharmacologic
lipid- and BP-lowering therapy in children with T1D.
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