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Abstract

Background: The hyperinsulinemic euglycemic clamp is the gold standard for assessment of insulin resistance
and requires frequent, accurate measurements of blood glucose concentrations, typically utilizing the YSI 2300
STAT Plus™ glucose analyzer (YSI, Inc., Yellow Springs, OH). Despite its accuracy, the YSI has several
limitations, including its cost, lengthy run time, need for trained personnel, frequent maintenance, and large
blood volumes. Simpler hospital-grade hand-held glucose meters are now available but have not been validated
for use in pediatric clamp settings. Our objective was to evaluate the accuracy, precision, and reliability of the
StatStrip® (SS) hospital glucose monitoring system (Nova Biomedical, Waltham, MA) relative to the YSI 2300
STAT glucose analyzer in pediatric hyperinsulinemic euglycemic clamps.

Subjects and Methods: Four hundred sixty blood specimens drawn from 11 pediatric patients undergoing
hyperinsulinemic euglycemic clamps were simultaneously analyzed by SS and YSI. Outcome measures in-
cluded SS bias relative to YSI and glucose measurement precision on SS and YSI.

Results: The SS showed a slight positive bias of 0.75+2.83 mg/dL versus the YSI. Percentage coefficients of
variance for SS and YSI were 9.53% and 9.25%, respectively. Using a Bland—Altman plot, the limits of
agreement were t5.7mg/dL. The coefficient of repeatability for SS was 6.63; the coefficient of individual
agreement between the YSI and SS was 0.995.

Conclusions: The SS is a suitable replacement for the YSI in pediatric hyperinsulinemic euglycemic clamp
studies, is easier to use, more cost-effective, and faster, and requires less blood. Future euglycemic clamp
studies can consider utilizing this methodology.

Introduction

NSULIN RESISTANCE IS THOUGHT to increase risk for the

development of several comorbidities, including cardio-
vascular disease, type 2 diabetes mellitus (T2DM), hyper-
tension, polycystic ovarian syndrome (PCOS), sleep apnea,
and nonalcoholic fatty liver disease. Insulin resistance is also
increasingly recognized as being important in type 1 diabetes
mellitus (TIDM)." Youth with T2DM and T1DM are more
insulin resistant than youth without diabetes of similar body
mass index.>> Obesity, an increasingly common problem in
pediatrics, also increases insulin resistance. Finally, insulin

resistance rises during puberty in all adolescents, secondary
to increases in levels of growth hormone and sex steroids
characteristic of puberty.4 Thus, insulin resistance assessments
are increasingly required in pediatric research studies.

The most rigorous method used to assess insulin resistance
in a research setting is the hyperinsulinemic euglycemic
clamp. The euglycemic clamp typically requires glucose
readings every 5-10min for several hours. Blood glucose
concentrations during the euglycemic clamp are most com-
monly measured with the YSI 2300 STAT Plus™ glucose and
lactate analyzer (YSI, Inc., Yellow Springs, OH), considered
to be a gold standard method. The YSI analyzer utilizes a
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steady-state measurement methodology, based on the glu-
cose oxidase technique (YSI STAT 2300 Plus laboratory
manual). However, the YSI requires relatively large sample
volumes (0.5 mL per sample), which over the length of a
clamp can create blood volume problems, especially in pe-
diatric studies. In addition, the YSI requires extensive train-
ing to use and maintain, significant set-up time to allow the
machine to warm-up and calibrate, often requires centrifu-
gation of each blood sample prior to analysis, and takes
3—4 min to obtain results. These limitations decrease effi-
ciency and increase cost.

A point-of-care glucose meter, using modified glucose
oxidase—based amperometric test strip technology to measure
whole blood glucose, has recently been introduced (Stat-
Strip® [SS] hospital glucose monitoring system; Nova Bio-
medical, Waltham, MA). The SS measures whole blood
glucose concentrations in 6 s from a 1.2-uL sample of venous,
arterial, or capillary whole blood. Previous studies have
demonstrated acceptable accuracy and reliability of the SS
for the point-of-care measurement of glucose in adult™
and neonatal”*® settings. In addition, one study assessed the
performance during adult combined hyperinsulinemic eu-
glycemic and hyperglycemic clamps’ and concluded that the
SS demonstrated acceptable performance. However, the ac-
curacy of the SS meter compared with the YSI analyzer has
not previously been reported in a pediatric population outside
of the setting of neonatal hypoglycemia. Our goal was to
assess the accuracy, precision, and reliability of the SS rel-
ative to the YSI, in youth with and without obesity and dia-
betes during a three-stage inpatient hyperinsulinemic
euglycemic clamp, in order to determine the suitability of
widespread adoption in pediatric clamp studies.

Subjects and Methods

Eleven three-stage hyperinsulinemic euglycemic clamps
(10, 16, and 80 mU of insulin/m?*/min) were performed as
previously described® in adolescents with normal weight,
obesity, TIDM, T2DM, and PCOS. Informed consent and/or
assent as appropriate was obtained in all participants as per
local Institutional Review Board guidelines. Subjects were
screened with a complete blood count and excluded if anemia
was present. Participants with diabetes were taking insulin
and/or metformin, and obese and PCOS participants were
taking no medications. Regular insulin was administered
intravenously to assess the insulin resistance in adipose, he-
patic, and skeletal muscle tissue. Intravenous glucose con-
centrations were measured every 5min for approximately
4.5h to titrate a 20% dextrose infusion, with a euglycemic
goal of 95 mg/dL throughout each clamp. At each time point,
0.5mL of blood was drawn into a syringe, and approxi-
mately 0.3-0.4mL was placed in a 1-mL heparinized
microcentrifuge tube and inverted several times. The mi-
crocentrifuge tube was centrifuged for at least 30's, and the
plasma glucose concentration was measured in duplicate by
the YSI using the two electrodes. The remaining blood in the
syringe was immediately placed on a glucose monitoring test
strip, and the whole blood glucose concentration was mea-
sured by the SS in triplicate. During one clamp, additional
whole blood glucose concentrations were measured by the
YSI in duplicate. Both devices were properly maintained and
calibrated according to the manufacturer’s instructions.
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The YSI was used as the reference method to determine the
accuracy of the SS. The values of the SS and YSI were av-
eraged and paired based on time point. Time points lacking a
complete measurement set (n=2 for YSI and n=3 for SS)
were excluded so that a valid comparison could be made
between the SS and YSI. At each time point the mean YSI
result and the mean SS result were calculated. The mean, SD,
coefficient of variation, median, 25™ percentile, and 75"
percentile were calculated for the mean SS result and the
mean YSI result across the entire dataset. To visually inspect
the concordance between SS and YSI, mean results for each
were plotted on an x-y scatter plot with a superimposed line of
identity. Bland—Altman plots were constructed to assess the
bias between SS and YSI. In addition, a modified Bland—
Altman plot was constructed to graphically assess the per-
formance of SS relative to YSI within a +5mg/dL error
limit. The coefficient of repeatability was calculated as de-
scribed by Bland and Altman.'® The coefficient of individual
agreement (lI/NMSD) was calculated as described by Haber
and Barnhart.'" Statistical analyses were performed using
SAS software (version 9.2 of the SAS System for Windows;
SAS Institue, Cary, NC). Data are presented as mean+SD
values unless otherwise specified.

Results

In total, 460 paired glucose values from matched time
points were obtained from 11 participants undergoing hy-
perinsulinemic euglycemic clamps. Descriptive characteris-
tics of the participants appear in Table 1. All 11 participants
were female with an average age of 16.0t 1.6 years and an
average body mass index of 33.2+6.6 kg/m”. Of the 11 pa-
tients, seven had PCOS, two had T2DM, one had T1DM, and
one patient was an obese control.

Descriptive statistics of blood glucose measurements made
by the SS and YSI appear in Table 2. The SS showed a slight
positive mean bias of 0.75+2.83 mg/dL (range, —6.50 to
+14.9mg/dL). Coefficients of variation were also deter-
mined for the SS and YSI, calculated at 9.53 mg/dL and
9.25mg/dL, respectively. In addition, the coefficient of
repeatability and ¥™Nysp of the SS were calculated for pre-
cision analysis. As the average difference for paired mea-
surements on the SS (0.18+£3.31) was not significantly
different from zero, a coefficient of repeatability for the SS
was calculable and found to be 6.63. The estimated value of
the II’NMSD for the SS and YSI methods was 0.995 (95%
confidence interval, 0.978-1.012). This indicates that

TABLE 1. CHARACTERISTICS OF 11 FEMALE PARTICIPANTS
UNDERGOING HYPERINSULINEMIC EUGLYCEMIC
CLAMP STUDIES

Disease Number Age BMI Hct
category of participants  (years) (kg/m?) (%)
Obese control 1 17 352 43.5
T1DM 1 18 29.6 39.6
T2DM 2 17 332 39.3
PCOS 7 15.3 335 42.5

Overall 11 16.0£1.6 332+6.6 41.5

BMI, body mass index; Hct, hematocrit; PCOS, polycystic
ovarian syndrome; T1DM, type 1 diabetes mellitus; T2DM, type 2
diabetes mellitus.
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TABLE 2. OVERALL MEAN STATSTRIP AND YSI ANALYZER BLOOD GLUCOSE READINGS

Mean SD Median  25™ percentile 75 percentile cv N o CoR
Mean SS (mg/dL) 96.5 9.20 95.7 91.0 101.0 9.53 0.995 6.63
Mean YSI (mg/dL) 95.7 8.85 94.7 90.7 99.9 9.25 — —
Bias (mean SS — mean YSI) 0.75 2.83 0.5 -1.20 2.50 — —

A dash indicates not applicable.

lI’NMSD, coefficient of individual agreement; CoR, coefficient of repeatability; CV, coefficient of variation; SS, StatStrip.

disagreement between the two methods will not exceed the
disagreement between replicated observations using the same
method by more than 1%.

Figure 1 is a scatter plot of the SS triplicate average against
the average of the YSI electrode measurements. There is a
45° line of identity superimposed on the plot, showing where
the points would fall if the YSI and the SS measures were
always in agreement. More of the samples fell above the line
of identity, indicating that the SS value tends to be higher
than the YSI value.

A Bland-Altman plot demonstrating the bias observed
between the average SS glucose result and the average YSI
result relative to the average glucose concentration across
both SS and YSI appears in Figure 2A. The horizontal lines
on the plot represent the 95% limits of agreement (mean =+
1.96 [SD]) for the mean difference between the YSI and SS
measures. As seen in Figure 2A, the 95% limits of agreement
were between —4.8 mg/dL and 6.3 mg/dL. To assess how
many data points fell within £5 mg/dL of the mean differ-
ence between the YSI and SS, a difference that could lead to
dextrose infusion rate changes during a hyperinsuliemic eu-
glycemic clamp, a modified Bland-Altman plot showing the
bias between the average SS results and the average YSI
results relative to the average YSI results appears in Figure
2B with modified horizontal lines corresponding to +5mg/
dL. Ninety-four percent of SS values fell within a +5 mg/dL
error limit of the average YSI result.

A representative plot of YSI and SS glucose readings from
a participant undergoing a hyperinsulinemic euglycemic
clamp is shown in Figure 3. Initial discrepancies between the
SS and YSI at the beginning of the euglycemic clamp mini-
mize with time. Despite the small positive bias of the SS, the
overall peaks and troughs of the SS and YSI data coincide.

Discussion

Blood glucose measurements that are rapid, accurate, and
reliable are required in a hyperinsulinemic euglycemic clamp
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FIG. 1. Scatter plot of the average StatStrip versus YSI

glucose results.

setting in order to assess tissue sensitivity to insulin and to
maintain patient safety. The YSI analyzer has been consid-
ered the gold standard for blood glucose concentration
measurements in a research setting, but its limitations—in-
cluding its requirement of dedicated personnel, frequent
calibrations, a 3—4-min run-time, and cost—have led inves-
tigators to explore point-of-care glucose meters as a re-
placement for the YSI analyzer, but older versions were not
felt to be adequate. In our hands, the recently introduced
hospital-grade SS hand-held device performed well but
demonstrated a slight positive bias relative to the YSI in the
setting of a euglycemic clamp. The ¥™ysp also indicated
that the agreement between the YSI and SS is better than
acceptable. Previous glucose clamp studies (combination
hyperinsulinemic euglycemic and hyperglycemic clamps) in
adults by Rabiee et al.” similarly reported a positive bias,
although their bias was greater at 8.5 mg/dL.

One concern of using point-of-care glucose meters arises
from error introduced by variations in hematocrit.'? Both the
YSI and SS utilize biosensors that are a function of the mo-
lality of glucose; however, blood glucose measurements are
normally reported in concentration units of molarity. In
plasma, the discrepancy between molality and molarity, due
to proteins and lipids displacing water within the plasma, is
negligible. However, in whole blood, hemoglobin within
erythrocytes displaces a large volume of water, increasing the
difference between molality and molarity values.'® Thus,
there is a discrepancy between glucose measurements made
in plasma and whole blood that has been previously reported
as approximately 10—15%.'*!> To address this concern, the
International Federation of Clinical Chemistry and Labora-
tory Medicine recommended in 2001 that point-of-care glu-
cose devices report plasma-equivalent concentrations of
glucose using a conversion factor of 1.11 to convert whole
blood glucose concentrations to plasma-equivalent concen-
trations."? To evaluate the accuracy of this correction factor
in our data, blood glucose readings obtained from the YSI
analyzer using whole blood were multiplied by 1.11 and
compared with plasma YSI readings from the same samples.
The corrected results from the whole blood YSI reading were
highly correlated with the plasma YSI values (Pearson co-
efficient of 0.998, P<0.05 [data not shown]). The manufac-
turer states SS measures and corrects for hematocrit
interference by measuring hematocrit in one well and cor-
recting for hematocrit levels in its blood glucose reading.'®
Numerous studies have supported this claim, including a
recent study by Hopf et al.!?> demonstrating that SS is >98%
accurate compared with the YSI when used over a hematocrit
range of 0.19-0.43 in an intensive care unit setting. Accep-
table accuracy was defined in Hopf et al.'” using the
ISO15197:2003 criteria; of all the point-of-care devices
measured, SS showed the best absolute accuracy.
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FIG. 2. (A) Bland—-Altman plot demonstrating the bias observed between the average (Avg) StatStrip and YSI results

relative to the average glucose concentration across both StatStrip and YSI datasets (n=460). The mean bias observed was
0.73mg/dL, and the 95% limits of agreement defined as the mean +1.96 SD were between —4.8 and 6.3 mg/dL. (B)
Modified Bland—Altman plot showing the bias between the Avg StatStrip and YSI results relative to the Avg YSI results

(n=460). Note that 94% of the results fell within a +5mg/dL error limit.

Findings by previous researchers have reported less pre-
cision in the SS measurement compared with the YSI mea-
surement of glucose during adult clamp studies.’ Indeed, the
coefficient of variance for data obtained by SS was greater
than that for the data collected by the YSI. However, the
calculated coefficient of repeatability for the SS was ac-
ceptable—indicating that 95% of repeated blood glucose
readings on SS will not vary by more than 6.63 mg/dL. Al-
though the manufacturer designed the SS to accept blood
samples both from skin punctures and from syringes, our
observations suggest that some of the variability seen with
the SS may be due to the rate and the angle at which the blood
is absorbed by the test strip from the syringe. We also ob-
served instances where blood clotted or was not appropriately
absorbed into the test strip well. Despite these observations,
the larger variability does not limit the use of the SS because
it is possible to perform triplicate readings if two readings
disagree by more than 5 mg/dL in far less time than it takes to
obtain one measurement from the YSL

Clamp studies require clinical judgment of glucose trends
across sequential time points. To assess what impact using
the SS has on clinical decision making in a clamp setting, a
modified Bland—Altman plot was analyzed to see what per-
centage of data points fell within a clinically acceptable
range, using the YSI as the reference. A range of £5mg/dL
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was chosen as clinically acceptable, as a change of 5 mg/dL
above or below the last glucose reading would likely influ-
ence the outcome by prompting a change in the dextrose
infusion rate. Ninety-four percent of average SS results were
within +5mg/dL of the YSI average, indicating that SS
shows good agreement with YSI values. It should be noted
that if the bias of the SS relative to the YSI is known by an
investigator, then the investigator can take this factor into
account in deciding target glucose concentrations. A limita-
tion, however, is that the glucose infusion rates were adjusted
based on the YSI, and not directly from an equivalent clamp
using the SS.

Although our study validated the use of the SS in a pedi-
atric population at normal blood sugar levels, we cannot
comment on the accuracy and reliability of the SS relative to
the YSI at hypoglycemic or hyperglycemic ranges. Our fu-
ture studies will include assessment in the hyperglycemic
range in the setting of hyperglycemic clamps. An additional
limitation is that our participants were without anemia and
potential interfering medications, limiting the ability to
generalize to a more abnormal population.

In summary, compared with the YSI, the SS meter offers
the advantages of glucose readings in less time, user-friendly
and portable operation, lower cost, and, of particular inter-
est in pediatric populations, lower blood volume samples.
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Approximately 30 mL of blood per participant was required
to perform our reported YSI measurements, as opposed to
approximately 6 mL per participant to perform the SS mea-
surements. Additionally, using the YSI costs at our institution
the SS saved approximately $240 per clamp. Our study is
unique in that it assesses the accuracy, precision, and reli-
ability of the SS in hyperinsulinemic euglycemic clamps in
youth and provides data in a wide variety of pediatric pa-
tients—including patients with T1D, T2D, and PCOS and
obese control participants. Based on its successful perfor-
mance, the SS is an acceptable substitute for the YSI in pe-
diatric hyperinsulinemic euglycemic clamp settings.
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