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A joint conference on self-monitoring of blood glucose
(SMBG) has proposed that all glucose monitoring
systems generate values that are within 10% of the
actual blood glucose level 100% of the time. To estimate
the confidence limits of blood glucose measurements
made in a typical university ambulatory care setting and
to ascertain whether they met the proposed standard,
we performed duplicate determinations of blood
glucose using a reflectance meter and applied to the
measurements a method for calculating the closeness of
measured values to a "true" mean. Based on paired
measurements in 100 consecutive diabetic subjects, we
were able to show that one measurement would be
within 11.9% of a true mean value 95% of the time and
within 8.4% of the mean 90% of the time. The 95 and
90% confidence limits for the average of two repeated
measurements were calculated to be 8.4 and 5.9%,
respectively. Our methodology can be applied to any
set of SMBG values to calculate their confidence limits
and to determine whether the measurements meet
recommended standards. Diabetes Care 11:808-12,1988

actual blood glucose level 100% of the time for glucose
concentrations from 30 to 400 mg/dl (1). Whether this
goal is achieved in practice is unknown despite the find-
ing of several studies that, on average, readings by
various SMBC techniques are not significantly different
from values obtained in a laboratory (2-9).

Our objective was to determine whether the variabil-
ity of reflectance meter blood glucose measurements
made in an academic ambulatory care setting was less
than the recommended value of 10%. To do so, we
applied a mathematical method that calculates, by a
series of repeated measurements, how close one mea-
sured value or the average of several values is to a "true"
mean (10). Application of the method enabled us to
ascertain the confidence limits of one reflectance meter
measurement made in an outpatient endocrine clinic
and to determine the number of repetitions necessary to
obtain a mean value that would be within the recom-
mended 10% of the actual glucose level.

A
1986 consensus development conference spon-
sored by the American Diabetes Association, the
Centers for Disease Control, the Food and Drug
Administration, and the National Institute of Di-

abetes and Digestive and Kidney Diseases recom-
mended that measurement systems used for self-moni-
toring of blood glucose (SMBG) be within 10% of the
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MATERIALS AND METHODS

One hundred consecutive diabetic patients referred by
a physician for a blood glucose determination when seen
in the endocrine clinic at the University of Utah Hospital
were asked to permit two measurements to be made in
rapid succession. Patients were not charged for either
reflectance meter measurement, and none refused to
participate. All subjects signed a consent form approved
by the institutional review board of the University of
Utah Medical Center.
Blood glucose determinations. The fingertips of sub-
jects were prepped with alcohol and punctured with a
sterile lancet fixed in a spring-loaded holder. Chemstrip
bG reagent strips from one lot were used for all deter-
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minations (Boehringer Mannheim, Indianapolis, IN). The
strips were read in an Accu-Chek I meter (Boehringer
Mannheim). This system was previously tested for ac-
curacy and was shown to produce results that, on av-
erage, closely correlated with serum glucose values ob-
tained in the hospital's clinical laboratory (M.F. Odell
and M.K.R., unpublished observations). However, in
this study, venous samples were not obtained for cor-
relation of reflectance meter measurements with labo-
ratory values. All measurements were made by the same
clinic nurse. The second fingerstick was done within 1
min of obtaining the first result, which was recorded
before the second value became known. Visual reading
of the Chemstrips was not performed routinely but was
done to check results that were clinically unexpected.
Statistical methods. The Chebyshev inequality was em-
ployed to estimate the number of reflectance meter blood
glucose measurements required to yield an average value
within a set fraction of the true mean value a given
percentage of the time (10). A unimodal and symmetric
distribution of the glucose measurements for each in-
dividual was assumed, and the Camp-Meidell correc-
tion of 4/9 was applied to the inequality. The inequality
expresses the probability that the average of n measure-
ments is further than a given percentage from a true
mean and can be written

P = [ABS(X - u) > K • u] < (4/9)(1/K2n) • (var/u2) < B (1)

where n is the number of repeated measurements, X is
the mean of the repeated measurements, var is the true
variance of the distribution of measured values (in this
case, blood glucose levels), u is the true mean of the
measured values, K is the tolerance of accuracy (a frac-
tion between 0 and 1), 8 is the probability of error, and
ABS is the absolute value. The inequality can be read
as stating that the probability of the difference between
an average and the true mean (X - u), being greater
than a fraction of the mean value {K • u), is greater than
(4/9) • (1//C2n) • (var/u2), which is less than a given 8.
Because K and 8 are fixed at desired values, the only
unknowns are var and u. Noting that var is the square
of the standard deviation (s), we have in the equation
the term (s/u)2, which is the square of the coefficient of
variation (C). Therefore, we need only to estimate C2

from the data to solve the Chebyshev inequality.
We estimated C2 using a bootstrap method, a statis-

tical technique for refining estimates of population sta-
tistics by reducing the bias of an individual sample. The
technique allows extraction of information about the
variability of the statistics themselves. The bootstrap
method was applied to a distribution of individual coef-
ficients of variation [C(/)] calculated from the measured
values as follows

measurements, standard deviation is estimated as .886
times the range, a technique better suited than the usual
parametric methods when n is small (10). The factor
.886 is derived from a normal distribution. However,
other distributions have little effect on this factor if they
are continuous and bounded. For example, a uniform
distribution has a conversion factor of .871.

The C(/) values for the measured blood glucose levels
were randomly sampled 100 times, after which the mean
and standard deviation of the sample were calculated.
The process of sampling and calculating was repeated
1000 times to yield an average mean (meanc) of the
C(/)'s. Meanc was subsequently used to estimate C2 by
applying the equation

C2 = meanC2

This C2 value is an average for the sampled population.
Because the measured glucose levels varied, application
of this C2 value to all blood glucose levels assumes that
C2 is constant across the range of glucose determina-
tions.

The resultant C2 was used as the estimate of [var/u2]
in the Chebyshev inequality. Values for 8 and K in the
inequality were varied according to the question asked.
For example, when K = . 1 , the maximum acceptable
variability suggested by the Consensus Development
Conference, and 8 = .05, solving Eq. 1 for n yields the
number of determinations required to obtain an average
blood glucose value within 10% of the true mean value
95% of the time. All calculations were performed by
computers using personally written programs. (The soft-
ware programs for IBM personal computers are available
from the authors at no cost on receipt of a written re-
quest.)

We checked the robustness of our statistical methods
by a computer simulation. We constructed several dis-
tributions in a computer, including normal, uniform,
skewed, peaked, bipeaked, and bimodal. Compared with
a normal distribution, the peaked, bipeaked, and bi-
modal distributions have a greater proportion of their
component points located far from the mean. Thus, these
distributions represent clinical sampling situations in
which there is a high number of outlier values. We ran-
domly sampled all constructed distributions and per-
formed the identical statistics on the sampled data and
compared the results to the actual distribution of differ-
ences from the true mean. We found that in no case did
our method underestimate the confidence limits, but
rather it agreed well with the estimates made from the
actual mean and standard deviation even when the dis-
tribution was bimodal. We therefore feel that the entire
system is robust.

C(/) = .886 • ABS (test 1 - test 2)/[(test 1 + test 2)/2] (2) RESULTS

where tests 1 and 2 are the results of the two blood
glucose measurements on the /th patient. With only two

On two occasions, the test performer noted that an in-
adequate volume of blood was obtained on one of the
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FIG. 1. Distribution of reflectance meter blood glucose
measurements.

fingersticks, and therefore these two pairs of values were
eliminated from the analysis of data. The distribution of
the remaining 196 blood glucose determinations is shown
in Fig. 1. The average value was 202 mg/dl, with the
means of the paired values ranging from 46 to 370
mg/dl. On one occasion, the measured blood glucose
levels were 236 and 302 mg/dl, producing the maxi-
mum difference between any pair of measurements, 66
mg/dl, and the maximum difference between paired val-
ues as a percentage of their mean, i.e., 24.5% (Fig. 2).
The average coefficient of variation for the paired mea-
surements was 3.99 ± 0.38% (SD).

With the average coefficient of variation squared in
the Chebyshev inequality (Eq. 1), it was calculated that
two repeat measurements were required to ensure that
the average of the two measurements was within 10%
of the true mean 95% of the time (Table 1). A single
value was within 10% of the true mean with 90% con-
fidence. For our data set, a single measurement, as is
usually performed in clinical settings, was calculated to
be within 11.9% of the true mean 95% of the time and
within 3.8% of the mean 50% of the time. If the esti-
mated coefficient of variation were to move to the upper
bound of its 95% confidence interval, there would be
an 18% increase in the confidence limits for a single or
average blood glucose measurement.

DISCUSSION

S
MBG, by use of reagent-impregnated strips, which
are visually read or analyzed by a portable re-
flectance meter, facilitates utilization of all inten-
sive insulin regimens employed in the treatment

of patients with diabetes mellitus (11,12). Physicians ad-
just insulin dosages after reviewing recorded SMBG val-
ues at the time of patient visits. Patients themselves,
using algorithms (13) or past experience, often vary the
content of individual insulin injections in response to
SMBG results. Treatment changes initiated in response
to inaccurate or highly variable values cannot only cause
deterioration in blood glucose control but can also sub-
ject a patient to the acute risks of hyper- and hypogly-
cemia. Thus, for safety and for therapeutic benefit, it is
important that SMBG results be accurate and precise.

Previous studies have shown a strong correlation of
average SMBG values with values obtained in a labo-

4 0 ^

3 0 -
Q:
ID
CO
<
LU

Q
LU 2 0 -

LJ
O

cr
LU
Q.

0 -

0
-0.2 -O.I O.I 0.2

(TEST, -TEST2 )/[( TEST) +TEST2 )/2J

FIG. 2. Distribution of fractional differences between paired
measurements.
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TABLE 1
Maximum distance from true mean of one blood glucose
measurement or of average of repeated measurements for
selected confidence levels

Maximum distance from mean (%)

Confidence level (%)

95
90
80
50

n = 1

11.9
8.4
5.9
3.8

n = 2

8.4
5.9
4.2
2.7

n = 3

6.9
4.9
3.4
2.2

Data based on 98 technically acceptable pairs of measurements made
on a reflectance meter in a university hospital endocrine clinic.

ratory, thus documenting the accuracy of the former
methods (2-9). However, in addition to knowing of a
measurement's accuracy, a physician, when basing a
clinical decision on SMBG results, must be aware of the
probability that given values are within a certain range
of the actual glucose values. If it is possible that the true
blood glucose level may be anywhere in a wide distri-
bution of values, then the confidence a physician can
have in suggesting a treatment modification based on
such measurements is considerably reduced.

Using the mathematical methods outlined, we found
that under the strictly controlled conditions employed
for this study, individual blood glucose values obtained
on a reflectance meter met recommended standards for
variability (i.e., were within 10% of the true value) —92%
of the time (1). A 92% confidence level is probably
sufficient for a physician to recommend increased in-
sulin administration to a patient with persistently high
blood glucose levels, but greater confidence in mea-
sured values might be desired before suggesting insulin
dose changes to an asymptomatic patient striving for
euglycemia. In the setting we studied, a measured blood
glucose of 100 mg/dl could be said to only be some-
where between 88 and 112 mg/dl with 95% confi-
dence.

Several previous studies of SMBG have included data
on the precision of reflectance meter measurements
(4,8,9). The coefficient of variation that we observed
was somewhat greater than that found in other studies
involving the Accu-Chek I, a difference probably attrib-
utable to the fact that those studies used blood obtained
by venipuncture to eliminate the variability that occurs
with fingerstick sample collection (8,9). We have ex-
tended the earlier observations to show how data re-
garding precision can be used to determine the confi-
dence one can have in a meter-derived measurement.

Although the numbers we report for the probability of
error, tolerance of accuracy, and other parameters are
unique to our clinical setting, the method we have de-
scribed can be applied to any set of self-monitoring sys-
tem measurements to determine their confidence limits.
It can be used to calculate the variability of measure-
ments made on many subjects or to estimate the con-

fidence limits of determinations obtained by an individ-
ual patient performing SMBG. Application of the method
to the latter situation would be especially valuable, be-
cause it is known that, for some patients using SMBG,
individual measurements differ by >20% from reference
values up to 50% of the time (1). In contrast, under the
circumstances of our study, blood glucose values were
>20% from true mean values just 1 % of the time.

Our method requires multiple determinations of blood
glucose at one time even when it is applied to an in-
dividual patient. However, as few as two measurements
per occasion are sufficient to utilize the methodology.
Modification of a patient's SMBG schedule for 1 mo to
include two samples at each glucose check would in
most cases be adequate to collect the data necessary for
determining the confidence limits of the individual's re-
sults. If the calculated limits defined a wide range, a
patient could receive additional instruction in perform-
ing SMBG determinations to decrease user-induced var-
iability. However, if the number of repeat measurements
required for acceptable confidence limits remained high,
it might be appropriate for the patient not to increase
the total number of daily measurements but to make
SMBG determinations fewer times each day while ob-
taining more reliable data by repeating the measurement
once or twice at each time. For example, a patient on
a twice-daily insulin regimen might, except for emer-
gencies, check a blood glucose value only at the times
of injection but then do repetitive measurements to ob-
tain a mean value in which enough confidence could
be placed to base an adjustment in insulin dose if nec-
essary. In such circumstances, the number of daily fin-
gersticks would be no more than the four now frequently
done by patients using SMBG.

Considerable effort is expended on SMBG by patients
with diabetes. It is imperative that the quality of the data
generated be sufficient to justify the expenditures. The
methodology described in this study can serve as a val-
uable quality-control instrument for assessing SMBG re-
sults.
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