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Among the definitions of the verb control, the fol-
lowing best suits our purposes: "to exercise re-
straining or directing influence over, to regulate
or curb" (1). When used in the context of blood

glucose, it implies the restraint of disordered glycemic be-
havior of diabetes by restoration of glucose behavior toward
that of the fully controlled or regulated state, i.e., the non-
diabetic condition. Although there may be disagreements
about the fine points of what constitutes good or bad glucose
control, there probably is agreement that perfect glucose
control requires achievement of the levels and patterns of
glycemia seen in nondiabetic individuals. As is the case in
most biological systems, the assessment of glucose control
requires objective measurements rather than reliance on sub-
jective symptoms.

Techniques for the assessment of glucose control were de-
veloped several decades ago to determine the effectiveness
of newly developed modified insulin preparations (2-9). Many
of these techniques relied on periodic blood glucose mea-
surements and determinations of urine glucose excretion.
Although most of these approaches are of historic interest
only, the need to measure glucose control is even more press-
ing today. Assessments of new treatments that have the po-
tential to achieve normoglycemia and the role of glycemia
on the degenerative complications of diabetes depend on
measurements of glucose control.

There are several facets to consider in the measurement
of glucose control. J) Glucose behavior may be measured
directly by the determination of glucose concentrations in
blood or indirectly by measurements of urine glucose or gly-
cosylated proteins. Because of the varying half-lives of these
parameters, they provide short-term (e.g., plasma glucose),
intermediate-term (e.g., glycosylated albumin, fructosa-
mine), or long-term (e.g., glycosylated hemoglobin) indi-
cations of glucose control. 2) Measurement of glucose be-
havior should not be limited to mean glycemia. Because
glycemia is not static but responsive to various stimuli, the
pattern of glycemic behavior may have physiologic and path-
ophysiologic implications. 3) An important component of
glucose behavior is the frequency and severity of hypogly-

cemia. Quantification of hypoglycemia is difficult primarily
because of the problems associated with ascertainment. 4)
The approach to measuring glucose control differs between
clinical and research purposes, because the former requires
information to make treatment judgments, whereas the latter
requires comprehensive assessment of glucose behavior. 5)
Measurement of glucose control varies between inpatient and
outpatient settings because of the differences in purposes, in
access for frequent blood sampling, and in duration of as-
sessment.

NORMAL GLYCEMIC BEHAVIOR

Blood glucose behavior in healthy individuals without dia-
betes may be characterized as a semidamped system (10,11).
In the absence of food ingestion, glycemia gradually decreases
from overnight fasting concentrations of ~90 to ~65 mg/dl
after 3 days (11). There is uncertainty about the existence
of minor oscillations of glycemia in the fasting state (12-
14). The conflicting views on this issue may reflect meth-
odological differences: those who found oscillations may have
measured noise, and those who did not may have had in-
sensitive techniques. Food ingestion is the major perturbation
of glycemia. It triggers a complex series of biochemical, hu-
moral, neural, and motor events involved in the digestion
and absorption of the nutrient load and subsequent disposal
of nutrient components to various tissues. Postprandial in-
creases in glucose concentrations are followed by a return to
preprandial levels within a few hours. The amplitude of the
postprandial glycemic oscillation may be influenced by the
time of day of meal ingestion (15-19) and the size (15,20)
and composition (21-23) of the meal.

PARAMETERS OF GLUCOSE CONTROL

I. Short term
A. Indirect: glycosuria
Before the widespread use of self-monitoring of blood glucose,
measurement of glucose in the urine by semiquantitative
techniques was the standard method for the clinical assess-
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ment of glucose control. On occasion, quantitative mea-
surements of glucosuria in specimens collected over 24 h or
in fractional collections supplemented the intermittent semi-
quantitative determinations. Under research conditions,
quantitative measurements of glycosuria were frequently used
as an additional measure of glucose control to supplement
intermittent blood glucose measurements. The utility of these
methods is limited. Although there is a positive correlation
between urine glucose excretion measured quantitatively and
mean glycemia, the relation is qualitative and does not permit
a numerical estimate of mean glycemia (24,25). Semiquan-
titative determination of urine glucose on second-voided
urine specimens is at best a rough estimate of the prevailing
glycemia and in some instances is misleading (24,26). Gly-
cosuria is the net result of two processes, glomerular filtration
and tubular reabsorption of glucose; differences may exist
among patients for these mechanisms (27). Urine glucose
measurements are limited to providing, at best, an indication
of hyperglycemia and cannot provide information regarding
hypoglycemia.
B. Direct: glycemia

I. Mean. Mean glycemia is a simple, straightforward expres-
sion of glucose control. The measurement of an erratic os-
cillating system typified by glycemic behavior in insulin-de-
pendent diabetes mellitus (IDDM) is facilitated by increasing
the number of observations. With the advent of continuous
monitoring of blood glucose (10,14,28-39), complete re-
cording of diurnal glycemic profiles became possible. This
technique provided an opportunity to refine existing methods
for assessing glucose control and to develop new ones. Con-
tinuous monitoring of blood glucose has several limitations.
It must be performed in an inpatient setting and can be
conducted only for short periods due to the difficulty in
maintaining chronic venous access. Because of these limi-
tations, intermittent sampling of blood for glucose deter-
mination is generally used if glycemia is to be monitored for
longer than a few days. The frequency of sampling may vary
from hourly to clustered around meals. It is important to

determine how well infrequent sampling represents data ob-
tained from frequent sampling. The mean of fasting and 80-
min-postbreakfast blood glucose concentrations has been re-
ported to correlate with mean glycemia derived from 24-h
continuous monitoring of blood glucose (40). However, few
investigators would feel comfortable making extrapolations
from two glucose measurements, especially in IDDM pa-
tients. It has become customary in many studies, especially
those of long duration, to rely on sampling before and 90
min after each of the three major meals and before the bed-
time snack (41-43). The selection of this sampling scheme
appears to be based on instinct rather than on science. How-
ever, this sampling frequency seems to capture reasonably
well the peak postprandial glycemic levels in IDDM patients
(Fig. 1). The use of this sampling scheme precludes docu-
mentation of complete normalization of glycemia, because
glucose concentrations have already peaked and returned to
basal levels by this time in nondiabetics.

To determine the degree to which the sampling scheme
noted above reflects diurnal glycemic patterns, we analyzed
data gathered from 16 C-peptide-deficient IDDM patients,
6 of whom were treated with conventional insulin therapy
(1 or 2 daily injections of intermediate-acting insulin) and
10 with intensive insulin therapy (multiple daily insulin in-
jections or continuous subcutaneous insulin infusion) over 8
mo. Some of these patients participated in a multicenter
study of the effect of glucose control on microangiopathy
(41). At 0, 4, and 8 mo, each patient underwent glucose
monitoring in the General Clinical Research Center: hourly
from 0800 to 2200 h, every 2 h thereafter, and 90 min after
each major meal. Correlations between mean glycemia cal-
culated from the 7-point sampling (pre- and 90-min post-
prandial for 3 meals and at bedtime) to the 22-point sampling
frequency were highly significant (P = .001). To assess the
clinical significance of the agreement between the 7- and
22-sample values, we computed selected, i.e., 50, 75, and
90, percentiles for the percentage absolute error relative to
the 22-sample value. The average of the three values of the

Plasma 2 0 0

Glucose 150
mg/dl

O IDDM - conventionaf Rx
• Nondiabetics
A IDDM CSII

8am 10

FIG. 1. Glucose sampling before and 90 min
after each meal. Sampling 90 min postpran-
dially generally captures peak postprandial
plasma glucose in IDDM patients, but it is
remote from postprandial peak in nondiabet-
ics. B, breakfast; L, lunch; D, dinner; S, snack;
CSII, continuous subcutaneous insulin in'
fusion.
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TABLE 1
Distribution of error rates of two sampling frequencies

Cumulative
frequency (%)

100
90
75
50

Mean
glycemia (%)

24
22
12
6

Error rates*

M value (%)

48
41
22
14

MAGE, mean amplitude of glycemic excursions.
* 7 sample — 22 sample X 100

MAGE (%)

110
79
39
20

22 sample

error rates obtained at 0, 4, and 8 mo are listed in Table 1
together with the largest observed error. Seventy-five percent
of the patients had values of mean glycemia from the 7
samples within 12% of those from the 22-sample values.
2. Measurements of oscillations. A comprehensive assessment
of glucose behavior under ordinary life conditions of inter-
mittent food ingestion should entail some attempt to measure
meal-related glucose oscillations. Glycemic behavior in di-
abetes, especially 1DDM when treated with conventional
therapy, is usually erratic (28).

Mean glycemia fails to provide information about glucose
oscillations. Unfortunately, the effect, if any, of glucose os-
cillations beyond their contribution to mean glycemia on the
long-term health status of the patient with diabetes is un-
known. Should a role for hyperglycemia be incontrovertibly
shown in the genesis of the degenerative complications of
diabetes, it is possible that mean glycemia alone without a
contribution from glucose oscillation may be the prime factor
responsible. For now it is prudent to assume that some mea-
sure of glucose oscillations should be used to characterize
glucose control. Several approaches have been used to quan-
titate the amplitude of glycemic swings: standard deviation
of glucose levels, difference between minimum and maximum
glucose levels, mean peak-to-nadir differences of glucose lev-

els, percentage of glucose values between two arbitrarily set
limits, and frequency distribution of glucose levels. These
parameters have limitations. The standard deviation is cal-
culated from all data points and therefore measures both
major and minor glucose oscillations. The difference between
minimum and maximum glucose levels provides a measure-
ment of a single oscillation. Under usual ambulatory con-
ditions, three or four dominant oscillations occur in response
to three meals and a bedtime snack (if eaten) (28). The
calculation of mean peak-to-nadir differences of glucose lev-
els will include all the meal-related oscillations but may also
capture minor, insignificant oscillations. The problem with
this approach is the definition of what constitutes a peak and
a nadir. Characterization of blood glucose data as the per-
centage of values between two limits or as a frequency dis-
tribution does not provide information on the size or number
of oscillations (Fig. 2).

a. M value. An innovative parameter, the M value of
Schlichtkrull et al. (2), provides in a single numerical value
an expression of mean glycemia and effect of glucose swings.
The formula is a logarithmic transformation of the deviation
of glycemia from an arbitrarily selected value (e.g., 120 mg/
dl) plus an amplitude correction factor (Table 2)

+ W/20

The logarithmic function is calculated for each glycemic da-
tum, then averaged. W is the difference between the max-
imum and minimum blood glucose (BG) values for the period
of study, usually 24 h. -The formula gives greater emphasis
to hypoglycemia than hyperglycemia. The reference value
may be altered to suit the desired purpose. Reasoning that
the deviation should be calculated from the value of mean
diurnal glycemia of nondiabetic people, we suggested a value
of 80 mg/dl when whole blood was measured and 90 mg/dl
when plasma was measured for glucose (28,44). Mirouze et
al. (45) have shown that the W/20 component may be
dropped when ~25 or more data points are obtained over
24 h of observation. We observed a significant correlation
between M values calculated from 7 and 22 samples/24 h

Percent

FIG. 2. Frequency distribution of plasma
glucose concentrations in 40-mg/dl incre-
ments measured over 24 h in diabetic patients
treated with conventional insulin therapy and
continuous subcutaneous insulin infusion and
in nondiabetics.
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TABLE 2
M value

Glucose

20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
220
240

BG
10 lo g -

3 , PG
10 log-

3

470 279
220 109
110 44
55 17
28 5
13 1
6 0
2 0
1 0
0 0
0 2
0 4
0 7
1 11
2 16
3 21
5 27
8 33
11 41
18 57
27 78

(P = .001). For 75% of the patients, 7-sample M values
deviated from the 22-sample values by ^22% (Table 1).

b. MAGE. In an effort to achieve an improved measure-
ment of glucose swings, the parameter mean amplitude of
glycemic excursions (MAGE) was proposed (28). This pa-
rameter was designed to quantitate major swings of glycemia
and exclude minor ones. This was done by including for
calculation only swings whose size was >1SD of the mean
glycemic values obtained during the study period (Fig. 3).
The selection of the 1SD criterion was based on the obser-

vation that only meal-related glucose swings in nondiabetic
subjects were >1SD. Unlike the M value, MAGE is inde-
pendent of mean glycemia (24). The 80-min-postbreakfast
blood glucose value has been reported to correlate with MAGE
generated from continuous monitoring of blood glucose (40).
We observed a significant correlation between MAGE cal-
culated from 7 vs. 22 samples/24 h (P = .001). The error
rates showed that 75% of the patients had 7-sample MAGE
values within 39% of the 22-sample value (Table 1).

What constitutes an acceptable error rate for the reduced
sampling rates for mean glycemia, M value, and MAGE must
be assessed by each investigator. The error rates were least
for mean glycemia and greater for parameters that are heavily
influenced by (M value) or directly measure (MAGE) glucose
oscillations. Assuming a 20% error to be acceptable, ~90%
of mean glycemia values, 75% of M values, and 50% of
MAGE values satisfied this criterion. There were no differ-
ences of correlation coefficients or error rates for the three
parameters between conventional and intensive treatment
regimens.

c. MIME. When the parameters described above were
generated, even the best efforts at glucose control fell short
of normoglycemia. With improved treatment techniques that
make normoglycemia a reasonable goal, parameters tailored
primarily to glycemic behavior in nondiabetic subjects seemed
appropriate. To characterize meal-related glycemic phenom-
ena more precisely, parameters referred to as mean indices
of meal excursions (MIME) were generated (44,46,47) (Fig.
4). These indices describe the postprandial glycemic events
as time from the start of the meal to the peak postprandial
glycemia (At), the rise in glucose from preprandial to peak
postprandial levels (AG), and the percent recovery of pre-
prandial glycemic levels 1 h after the peak postprandial glu-
cose is reached (BR, baseline recovery). When nondiabetic
subjects ate meals of xhe size and composition prescribed for
diabetic patients, MIME parameters were: At, 45 ± 5 min

450

400 -

350

300

M M S M S

Blood
glucose, 2 5 0

mg/dl 200
150

100 -

50 -

p.m. a.m. p.m.

Time of day

a.m. p.m.

FIG. 3. Continuous monitoring of blood
glucose for 48 h in patient with IDDM. M,
meal; S, snack; and I, injection of interme-
diate- and short-acting insulin. Figure serves
as example for calculation of mean amplitude
of glycemic excursions (MAGE). SD of all
data points (taken every 5 min from record-
ing) is 62. Excursions qualify if each limb is
>1SD but only 1 limb is counted (deter-
mined by direction of 1st qualifying excur-
sion). Excursions 333-208 mg/dl and 2 0 8 -
322 mg/dl qualify because each limb, 125
and 114 mg/dl, is >1SD. The next limb,
322—287 mg/dl, does not qualify, but ex-
cursion 208-432 mg/dl does. Therefore, first
totally qualifying excursion is 333—208 mg/
dl and 208—432 mg/dl. Excursion for cal-
culation is 333—208 mg/dl. All subsequent
qualifying excursions are calculated in peak-
to-nadir direction: 432-137, 272-156, 316-
173, 322-196, 374-42, and 228-79 mg/dl.
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150

Plasma 125

glucose
(mg/dl)

100

75

FIG. 4. Indices of meal excursions are
quantifications of postprandial glycemic be-
havior. AG, glucose increase to peak (mg/
dl); AT, time to glucose peak (min); BR, base-
line recovery 1 h after peak [— AG/AG (%)].

0 30 60 90 120

Minutes after start of meal

150

(mean ± SE); AG, 39 ± 3 mg/dl; and BR, 90 ± 15% (46;
Fig. 4). Influences of meal size and time of day of meal
consumption are evident on MIME (Table 3, Fig. 5). The
range of differences in responses extended from the small
meal eaten in the morning (At, 40 ± 5 min; AG, 44 ± 6
mg/dl; and BR, 114 ± 10%) to the large meal eaten in the
evening (At, 75 ± 9 min; AG, 91 ± 9 mg/dl; and BR,
47 ± 5%). The net effect of these observations is to com-
plicate long-held views of what constitutes normal postpran-
dial glycemic behavior. Furthermore, rigid goals of therapy
should give way to flexible ones that consider meal size, time
of day of consumption, and probably meal composition.
3. Correlations among measurements of oscillations. AG was
designed to measure the postprandial increase in glycemia in
nondiabetics. It is therefore a measure of the major meal-
related glycemic oscillation. On the premise that AG is the
optimal expression of glucose oscillations in nondiabetics,
other potential measures of glucose oscillations, i.e., M value,
MAGE, standard deviation, difference between maximum
and minimum glucose values, and mean peak-to-nadir glu-
cose differences, were correlated to AG in six healthy non-
diabetic subjects studied under conditions similar to those
of the diabetics noted above. The best correlations were
observed for standard deviation (r = .8286), MAGE
(r = .7714), and mean peak-to-nadir difference (r = .7537)
(Table 4).

Unfortunately, the lack of glycemic homeostasis in dia-
betes and attendant erratic responses to meals precludes the
use of AG in these patients. When MAGE, which is not
slaved to meal responses, was correlated to the other potential
measures of glucose oscillations in our IDDM patients, the
best correlations were the difference between the maximum
and minimum glucose values (r = .7021) and standard de-
viation (r = .6952) (Table 5). When considered by treat-
ment program, the difference between maximum and min-
imum glucose values (r = .7714) and mean peak-to-nadir

differences in glycemia (r = .7143) showed best correlations
to MAGE in those treated conventionally. Standard devia-
tion (r = .7056) and M value (r = .6810) in those receiv-
ing intensive insulin therapy showed best correlations to
MAGE.

Standard deviation correlated best with the reference pa-
rameters in both nondiabetics and diabetics. Considering the
loss of regular rhythmicity of glycemia and a wide range of
glycemic values in IDDM patients treated with conventional
insulin regimens, it is not surprising that the best correlation
to MAGE was the difference between maximum and mini-
mum glucose values.
4. Nocturnal glucose control. Although food ingestion is the
primary perturbator of glycemia, there has been evidence for
several years that glycemia during the longest interprandial
period, i.e., overnight, is subject to hyperglycemia-inducing
influences. When insulin was infused intravenously at a con-

TABLE 3
Effect of meal size and time of day meal was eaten on indices of meal
excursions

Variable

Size of meal*
Large
Medium
Small

Time of day (h)
1800
1300
0800

At

69
61
47

68
57
53

(min)

± 7
± 5
± 2

± 5
± 5
± 6

AG (mg/dl)

65 ± 7
54 ± 6
40 ± 4

63 ± 8
53 ± 5
41 ± 3

BR (%)

67 ± 10
89 ± 14

110 ± 6

74 ± 12
80 ± 9

111 ± 9

'Large = 50%, medium = 25%, and small = 12.5% of total daily calo-
ries.
At, time to glucose peak; AG, glucose increase to peak; BR, baseline re-
covery.
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FIG. 5. Effect of meal size and time of day
of meal consumption on mean indices of meal
excursions (MIME) in nondiabetics. Large
meal is 50%, medium meal 25%, and small
meal 12.5% of total daily calories. AG, glu-
cose increase to peak; BR, baseline recovery;
AT, time to glucose peak.

stant rate into IDDM patients, an increase in glycemia from
0600 to 0800 h was observed (48), and increases in infusion
rates, whether given intravenously or subcutaneously over-
night, were required to prevent fasting hyperglycemia (49).
Basal insulin infusion rates from an artificial endocrine pan-
creas have been noted to increase in the late-night and early-
morning hours while maintaining euglycemia (49,50). Whereas
fasting hyperglycemia in patients treated with conventional
insulin therapy could be ascribed to waning insulin levels
overnight (51,52), that observed during constant rates of
insulin administration implicated additional mechanisms in
the dawn phenomenon. Early-morning cortisol surge cannot
account for this effect (53,54). Controversy surrounds the
possible role of altered insulin clearance (54,58) and effect
of growth hormone (56,57) in producing fasting hypergly-
cemia. There is disagreement concerning the frequency of
this phenomenon among patients and scant information on
its reproducibility from day to day (59-61). Despite the bur-
geoning literature on the dawn phenomenon as an event that
can disturb glycemic control, a uniform definition has not
been generated. On a purely pragmatic basis the phenomenon
could be defined in terms of the need to alter insulin treat-
ment. Glycemic increases in diabetic patients within the
normal range as noted by some might be of interest to the
physiologist but should not qualify as a problem of glucose
control (59). It could be argued that because such increases
occur in healthy nondiabetic subjects (60), they are normal
events. In our opinion, glycemia that increases from thera-
peutic goal levels overnight to concentrations above goal
levels in the late-night and early-morning hours despite con-
stant insulin administration qualifies as the dawn phenom-
enon. Confirmation of its presence requires either constant
glucose monitoring or frequent intermittent blood sampling.
Bending et al. (61) have coined PAGE (fasting ascending
glycemic excursion) as a measure of the dawn phenomenon.
FAGE is the difference between the prebreakfast plasma glu-
cose concentrations and the nocturnal nadir occurring be-
tween midnight and 0600 h.

II. Long-term measurements
A. Direct: glycemia
Long-term studies that require measurement of glucose con-
trol have generally been conducted to determine the efficacy
of intensive insulin treatment programs or to assess improved
glycemia on the degenerative complications of diabetes. Such
studies pose unique problems for data collection. Because of
the long-term nature of such investigation, sampling must
be periodic, e.g., weekly, monthly, or quarterly. Blood sam-
pling could be done in a general clinical research center, but
this is costly, and the conditions in the hospital probably do
not reflect those at home. Sampling at home has inherent
problems. Self-monitoring of blood glucose entails risk for
falsification and unmasking of end-point data. A workable
compromise has been self-collection of blood specimens into
capillary tubes. These samples are analyzed by a quantitative
method in a local or central laboratory. Our patients col-
lected 7 blood samples of 250 |xl at home at monthly intervals
into capillary tubes (Sarstedt, Princeton, NJ) for analysis at
the general clinical research center. To determine the rela-
tionship between samples collected at home and in the hos-
pital, we examined correlations between monthly 7'Sample
capillary tube collections at home and 7 samples collected
in the hospital. Values obtained from home collections at 1,
2, 3, and 4 mo were compared with those generated in the

TABLE 4
Correlations between glucose increase to peak (AG) and other measures of
glucose oscillations in nondiabetics

M value MAGE SD Max-min Peak-nadir

N 6
.6546
.1583

6
.7714
.0724

6
.8286
.0416

.6957

.1248

6
.7537
.0835

MAGE, mean amplitude of glycemic excursions; max-min, difference be-
tween maximum and minimum glucose values; peak-nadir, mean difference
between glucose peaks and nadirs.
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TABLE 5
Correlations between MAGE and other measures of glucose oscillations in IDDM

Treatment group

Both
N
r
P

Conventional insulin therapy
N
T

P
Intensive insulin therapy

N
r
P

M value

16
.4195
.1058

6
-.0580

.9131

10
.6810
.0302

SD

16
.6952
.0028

6
.6000
.2080

10
.7056
.0226

Max-min

16
.7021
.0024

6
.7714
.0724

10
.6442
.0444

Peak-nadir

16
.5894
.0163

6
.7143
.1108

10
.4985
.1425

Percent in goal

16
-.3043

.2519

6
.0286
.9572

10
-.4691

.1714

MAGE, mean amplitude glycemic excursions; max-min, difference between maximum and minimum glucose values; peak-nadir, mean difference between
glucose peaks and nadirs; percent in goal, percent of glucose values in an arbitrarily assigned goal range, e.g., 70-160 mg/dl.

hospital at 4 mo and similarly for 5, 6, 7, and 8 mo at home
with 8 mo in the hospital (Table 6, Figs. 6-8). Significant
correlations between home and hospital measurements were
obtained for mean glycemia but not for M value and MAGE
(Table 6). The month-to-month coefficients of variation for
each parameter generated from capillary samples were: mean
glycemia, 27%; M value, 54%; and MAGE, 41%. In con-
trast, day-to-day coefficients of variation for a group of in-
sulin-requiring diabetic patients treated with an artificial en-
docrine pancreas for 48 h consecutively were: mean glycemia,
5%; M value, 28%; and MAGE, 16%. The coefficients of
variation of mean glycemia for home collection every 2 mo
for 8 mo were 27%, for home collection at 4 and 8 mo were
17%, and for hospital collection of 7 and 22 samples at 4
and 8 mo were 17 and 15%, respectively. From these results,
it appears that mean glycemia is so variable over time within
a patient that the variability among 2-, 4-, 6-, and 8-mo
values is no different from 4- and 8-mo values. Also, the
variability over time among 7-sample values is not consis-
tently different from among 22-sample values. This obser-
vation suggests that the variation is real and not the result
of measurement errors. Home-collected 7-sample values did
not fluctuate more over time than did hospital 7-sample
values. This finding provides further support to the concept

TABLE 6
Comparison of 7 blood samples collected at home monthly over 4 mo with
7 blood samples collected in hospital at 4 and 8 mo (N = 16)

Comparison (home vs. hospital) Measurement r P

Mo 1, 2, 3, 4 vs. mo 4
Mo 5, 6, 7, 8 vs. mo 8
Mo 1, 2, 3, 4 vs. mo 4
Mo 5, 6, 7, 8 vs. mo 8
Mo 1, 2, 3, 4 vs. mo 4
Mo 5, 6, 7, 8 vs. mo 8

MBG, mean blood glucose; MAGE, mean amplitude glycemic excursions.

MBG
MBG
M value
M value
MAGE
MAGE

.5549

.7046

.3068

.4884

.2780

.3356

.0247

.0023

.2478

.0550

.2970

.2038

that the real variation with time is large compared to any
difference in technique for obtaining the measurement. Sim-
ilar conclusions may be made regarding M value and MAGE
because of their intrinsic variability, which, as expected,
exceeded mean glycemia.

Interpretation of the differences between the home and
hospital collected data can go two ways. The hospital data
can be considered sacrosanct and the home data under sus-
picion. After all, the hospital data were collected by profes-
sionals under highly standardized conditions. On the other
hand, it may be argued that the hospital milieu is artificial
and results in glycemic behavior that does not occur at home.
Available data are not sufficient to choose between these
two sampling conditions.
B. Indirect: glycosylated proteins
1. Glycosylated hemoglobin. The observation that glycosyl-
ated hemoglobin concentrations are elevated in diabetes mel-
litus has led to the use of this measurement as an indicator
of glucose control (62-67). Glycosylation involves the at-

350

300

250

7 samples
at 2 0 0

home

° Intensive
• Conventional

100 150 200 250 300

7 samples in hospital

350

FIG. 6. Correlations between mean glycemia calculated from 7
blood samples collected in hospital at 8 mo and mean glycemia
calculated from mean of 7 samples collected at home at 5, 6, 7,
and 8 mo are plotted with reference to ± 10% of line of identity.
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-

1 1 1 1 1 1
100 150 200 250 300 350

7 samples in hospital

FIG. 7. Correlation between mean amplitude of glycemic excur-
sions (MAGE) calculated from 7 blood samples collected in hos-
pital at 8 mo to mean MAGE calculated from 7 samples collected
at home at 5, 6, 7, and 8 mo.

8 9 10

Mean HbA, %

12 13

FIG. 9. Correlation between mean HbA, and preceding mean
glycemia for 16 IDDM patients studied over 8 mo. Stippled area
represents 95% confidence interval of line; hatched area repre-
sents 95% confidence interval of data.

tachment of glucose to the NH2-terminal amino acid of the
(3-chain by a reversible aldimine linkage. The Schiff base
configuration undergoes an Amadori rearrangement to form
a stable ketoamine linkage. Of the four components of the
glycosylated hemoglobins, HbAla], HbAla2, HbAlb, andHbAlc,
the latter is quantitatively the most important. The biosyn-
thesis of HbAlc is considered to proceed at a constant rate
throughout the life span of the erythrocyte in direct relation
to the prevailing glycemia to which the erythrocyte is ex-
posed.

Rapid changes in glycosylated hemoglobin concentrations
in response to acute changes in glycemia were observed when
total HbAlc (i.e., aldimine and ketoamine forms) was mea-
sured (68-72) but not when the ketoamine form of HbAlc

alone was determined (69,70). Correlations between HbA!
and HbAlc and fasting blood glucose concentrations (62,73—
78), mean postprandial blood glucose concentrations deter-
mined for 10 days (77), mean glycemia of blood glucose
profiles collected on 15 occasions for 5 wk (79), mean gly-
cemia or profiles collected every 2 wk for 3 mo (80), and

200

7 samples 150

at
h o m e 100 h

50 100 150

7 samples in hospital

200

clinical assessment of glucose control (81) have been re-
ported.

A highly significant correlation (r = .912, P < .001) was
observed between the mean HbAi concentrations (keto-
amine form) obtained at 2, 4, 6, and 8 mo and the mean of
the monthly blood glucose profiles over the 8 mo of study
in our patients (Fig. 9). Correlations between HbA! and
mean glycemia obtained 1, 2, and 3 mo before the HbA!
measurement were similar (Table 7).

It is also of interest to determine the extent to which
changes in HbAi occurring over time in a given subject reflect
similar changes in mean glycemia. To address this question,
we computed the average of the mean glucose values occur-
ring 1, 2, and 3 mo before each (4, 6, and 8 mo) HbA! value
for each subject. The correlation between the three HbAi
values and the corresponding mean glucose values was then
computed for each subject (Fig. 10). Due to the few values
(N = 3) for each subject, it would be expected that the
individual r values might fluctuate widely as observed. How-
ever, we also found that the mean correlation for the 16
patients was — .0079, indicating that HbA] may not predict
changes in mean glucose occurring over 4-mo periods in
individual subjects. There was no difference between patients
who received conventional and those who received intensive
insulin therapy. When a poor correlation was observed be-
tween HbA, and mean glycemia, it could not be explained
by larger oscillations in glycemia measured as MAGE.

TABLE 7
Correlations between mean HbA, (4, 6, and 8 mo) and monthly mean
glycemia (N = 16)

Glycemia averaged
over months Intercept Slope r P

FIG. 8. Correlation between M value calculated from 7 blood
samples collected in hospital at 8 mo to mean M value calculated
from 7 samples collected at home at 5, 6, 7, and 8 mo.

1,
2,
3,
4,

3,
4,
5,
6,

5
6
7
8

(3-mo offset)
(2-mo offset)
(1-mo offset)
(0-mo offset)

-103.55
-103.02
-111.02
-87.99

24.34
25.33
25.27
23.71

.92

.77

.88

.70

<.001
<.001
<.001

.003

232 DIABETES CARE, VOL. 10 NO. 2, MARCH-APRIL 1987

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/10/2/225/437990/10-2-225.pdf by guest on 19 M

ay 2023



MEASUREMENTS OF GLUCOSE CONTROL/F. J. SERVICE, P. C. O'BRIEN, AND R. A. RIZZA

- -.9863

[ ***
1 -9891

- * ^

- -.6740

- .5521

-.6254

/

.9909

***'^ .9953

-.0498

.8030

-.6351

.6140

-.9707

.8617

-.6006

J*—*
.4590

-.1259

225

175

125

_ 75

3? 225
§> 175

• 1 "

E 75

CD 225

S. 175
O) 125
CO »

© 225

175

125

75

25

9 1 0 1 1 1 2 1 3 7 8 9 1 0 1 1 7 8 9 10 7 8 9 10

HbA,, %

FIG. 10. Mean glycemia obtained at 1, 2, and 3 mo; 3, 4, and
5 mo; and 5, 6, and 7 mo vs. HbA, at 4, 6, and 8 mo, respectively,
for each patient. Individual correlation coefficients are shown.

Calculation of mean glycemia from glycosylated hemoglo-
bin value with the linear regression equation (82) is inap-
propriate because of the scatter of the data around the regres-
sion line (78-80) (Fig. 9). The 95% confidence intervals
for the regression line as well as for the individual data points
are shown. Clearly, for any glycosylated hemoglobin con-
centration, the associated mean level of glycemia that can
be predicted with 95% certainty lies within a wide range.
Furthermore, as shown in Fig. 10, the individual correlation
coefficients between HbAt and mean glycemia vary to such
a degree to vitiate the use of one parameter to predict the
other for an individual patient. Each should be considered
as complementary measures of glucose control.
2. Glycosylated serum proteins. In addition to hemoglobin,
other proteins are subject to nonenzymatic glycosylation (83-
91). Glycosylated serum protein concentrations, including
serum albumin, have been found to correlate with HbA!
concentrations, fasting blood glucose levels, variance of glu-
cose concentration, M value, and mean glycemia estimated
by self-monitoring of glucose (74,86-88,91,92). Glycosyl-
ated serum protein concentrations are more rapidly respon-
sive to changes in glycemia than is HbA! (88,93). Changes
in glycosylated serum protein concentrations are evident within
1 wk of a change in glycemia when no change in HbA[ levels
is seen.
3. Fructosamine. Fructosamine, the condensation product of
glucose and proteins formed by the reduction of the osazone
of glucosamine, has been observed to be related to glycemia.
Fructosamine concentrations have been shown to correlate
positively with fasting plasma glucose and glycosylated hemo-
globin concentrations (94), with mean glycemia for 24 h and
glycosylated hemoglobin in IDDM patients (95). Fructosa-
mine concentrations are unrelated to MAGE; are unchanged
when measured serially for 24 h (95); and are unaffected by
serum urea, creatinine, uric acid, total protein, and albumin
concentrations (except in severe hypoalbuminemia) (94).

There is a delay of 3-6 wk before fructosamine concentra-
tions achieve a new steady state after a change in glycemia
(94,96).

HYPOGLYCEMIA

Because of the imperfections of insulin therapy, not only is
hyperglycemia not uniformly eliminated, but there is risk of
hypoglycemia. People with IDDM who are unaware of the
symptoms of hypoglycemia or are being treated with intensive
insulin regimens have an increased risk of hypoglycemia
(41,42,97). Hypoglycemia may be considered to be any blood
glucose concentrations below the goal range established for
a patient, i.e., biochemical hypoglycemia, or a low blood
glucose associated with symptoms, i.e., symptomatic hypo-
glycemia. When put in the context of measurements of glu-
cose control, hypoglycemia constitutes a unique problem.
After the introduction of continuous monitoring of blood
glucose, it became evident that the frequency of asympto-
matic hypoglycemia in patients receiving conventional in-
sulin therapy was greater than anticipated (10). Furthermore,
continuous monitoring of blood glucose has shown that the
prevalence of hypoglycemia is greater in patients treated with
intensive insulin regimens than in those treated with con-
ventional insulin therapy (28,98).

Estimates of the prevalence of hypoglycemia are strongly
influenced by the method of ascertainment. Any monitoring
technique short of a continuous analysis of blood glucose will
underestimate the frequency of hypoglycemia. Assuming
complete ascertainment, the quantification of the hypogly-
cemia may be approached several ways. Hypoglycemia may
be characterized by frequency and level of blood glucose. An
additional approach has been to measure not only the mag-
nitude of the hypoglycemia but also its duration by calcu-
lating the area under (actually above) the curve, assuming
a baseline of 50 mg/dl (94). This approach has considerable
appeal over simply counting events.

Hypoglycemia clearly affects the calculation of other mea-
sures of glucose control, e.g., mean glycemia, M value, and
MAGE. However, only the M value was designed to place
special emphasis on hypoglycemia. By altering the reference
blood glucose level, the weighting for hypoglycemia can be
altered. The lower the reference value, the less the impact
of hypoglycemia on the M value and vice versa (Table 2).

OUTPATIENT MONITORING FOR CLINICAL PURPOSES

The requirements for measurement of glucose control for
clinical purposes differ from those for research purposes. Clin-
ical glycemic control is heavily influenced by the goals of
therapy. The frequent blood glucose monitoring required for
insulin-dose adjustment for IDDM patients treated with in-
tensive insulin programs provides a basis for judgments about
control. Often the latter is largely qualitative: if most blood
glucose values fall in the therapeutic goal range, control can
be considered excellent. More detailed mathematical analysis
is generally precluded by the lack of frequent postprandial

DIABETES CARE, VOL. 10 NO. 2, MARCH-APRIL 1987 233

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/10/2/225/437990/10-2-225.pdf by guest on 19 M

ay 2023



MEASUREMENTS OF GLUCOSE CONTROL/F. J. SERVICE, P. C. O'BRIEN, AND R. A. RIZZA

blood glucose determinations. HbA, concentration is the
most widely accepted clinical measure of glucose control.
However, as evident from the preceding discussion, an HbA,
value in an individual patient cannot provide an accurate
estimate of mean glycemia. It follows that a normal HbA,
value does not imply complete normalization of glycemic
levels. Apparent disparities between the data from self-mon-
itoring of blood glucose and HbA, concentration are not
uncommon. Potential causes include faulty technique in self-
monitoring of blood glucose, falsification of the recorded
data, and spurious HbA, values due to the influence of ab-
normal hemoglobins or drugs in some assay procedures. The
use of a blood glucose meter with a memory component may
be helpful in detecting errors in recording of the blood glucose
data (99). HbA, measurements need not be done more than
quarterly.

CONCLUSIONS

Urine glucose measurements, whether semiquantitative or
quantitative, provide a poor estimate of glucose control. Blood
glucose determinations have the advantage of assessing gly-
cemia directly but, in lieu of continuous monitoring, provide
data only at the points that glucose is measured. Because
glycemia is dynamic, estimates of oscillations must comple-
ment calculations of mean glycemia. Estimates that measure
the major oscillations are probably preferred. Glycemic pa-
rameters determined from frequent diurnal blood glucose
measurements can be estimated from less frequent sampling
with a high degree of correlation and with acceptable error
rates. Long-term measurement of glucose control from pe-
riodic blood glucose determinations is affected by the intrinsic
variability in mean glycemia and parameters of glucose os-
cillations. Glycosylated serum proteins, especially glycosyl-
ated hemoglobin, provide an estimation of glucose control
complementary to direct measurements of glycemia over the
preceding several months. Extrapolation from glycosylated
hemoglobin to an estimate of mean glycemia is inappropriate
because of the wide range of relations between these two
parameters among patients and variation within an individual
over time. Quantification of hypoglycemia is often incom-
plete because of the limitations of ascertainment. Outpatient
clinical assessment of glucose control usually rests on self-
monitoring of blood glucose and periodic measurement of
glycosylated hemoglobin.
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