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OBJECTIVE — The purpose of this study was to generate normative values for periods of
euglycemia as well as for daily patterns of glycemic excursions in patients with type 1 and type
2 diabetes monitored continuously for a maximum period of 21 days and blinded to glucose
levels.

RESEARCH DESIGN AND METHODS — This was a multicenter, prospective obser-
vational study in which 101 consecutive patients with type 1 (n = 60) or type 2 (n = 41) diabetes
underwent blinded continuous glucose monitoring. Serial glucose measurements were divided
into periods of euglycemia (70-180 mg/dD), hyperglycemia (>180 mg/dl), and hypoglycemia
(<70 mg/dD). The proportions of time patients were hypoglycemic, euglycemic, and hypergly-
cemic and the total areas under the curves (AUCs) were determined.

RESULTS — During the observation period the 101 subjects contributed an average 287 *+
132 h of continuous glucose values. Subjects remained in the euglycemic range for ~63% of the
total day, were hypoglycemic 8%, and were hyperglycemic 29%. Hypoglycemia was more
prevalent nocturnally (11 vs. 7%) and hyperglycemia diurnally (31 vs. 25%). Compared with
subjects with type 2 diabetes, type 1 diabetic subjects had more frequent hypoglycemic episodes
per day (2.1 vs. 1.0; P < 0.001) that were of longer duration (1.1 vs. 0.7 h; P < 0.0001),
reflecting a greater number of hours per day in the hypoglycemic range (2.3 vs. 1.0 h; P <
0.0001). The mean hypoglycemic AUC values were >150% higher for type 1 compared with
type 2 diabetic subjects (41 vs. 16, respectively; P < 0.0001).

CONCLUSIONS — These normative data will assist in study and sample size planning for
future investigations of continuous glucose monitoring and allow for qualitative comparisons

with trials of therapeutic interventions aimed at reducing the occurrence of glycemic excursions.

Diabetes Care 28:2361-2366, 2005

he metabolic perturbations caused
by diabetes put the patient at in-
creased risk of cardiovascular dis-
ease, as well as severely debilitating
conditions such as retinopathy, nephrop-
athy, and neuropathy (1). The prevalence
of these complications is likely to rise dra-
matically over the next several decades if

the worrisome upward trend in child-
hood and adult obesity continues un-
abated. However, several large controlled
clinical trials have demonstrated that in-
tensive therapeutic management aimed at
attaining tight glycemic control is associ-
ated with a significant reduction in seri-
ous diabetes-related complications (2-5),
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an improvement in quality of life (6), and
a decrease in the economic burden of this
disorder to the health care system (7).

Unfortunately, the achievement of
tight glycemic control with intensive ther-
apy necessitates frequent blood glucose
monitoring (8). The American Diabetes
Association (ADA) treatment guidelines
recommend maintaining fasting serum
glucose values within an optimal range of
90-130 mg/dl (9). However, even with
frequent daily self-monitoring of blood
glucose, the achievement of consistent
euglycemia in this range and the avoid-
ance of hypoglycemic and hyperglycemic
excursions remain elusive for many pa-
tients with diabetes (10).

Regardless of how often fingerstick
blood glucose measurements are under-
taken, discrete results offer only a static
picture at any point and do not provide a
sense of the number, intensity, and dura-
tion of glycemic excursions (11). The re-
cent availability of continuous glucose
monitors provides the opportunity to
match the demands of intensive therapy
with a period of equally intensive glucose
monitoring (12). The continuous glucose
profiles and summary statistics provided
by these monitors have been demon-
strated to identify periods of previously
undetected nocturnal hypoglycemia and
postprandial hyperglycemia that allow
the clinical management team to suggest
specific changes in the timing and dosage
of insulin infusion or injection, dietary
and physical activity alterations, and
changes in the timing and frequency of
blood glucose measurements (12-18).
Preliminary clinical evidence among
small patient groups with both type 1 and
type 2 diabetes suggests that utilization of
continuous glucose monitoring data to
make therapeutic regimen adjustments
results in an overall lowering of blood glu-
cose values coupled with a significant re-
duction in the frequency of glycemic
excursions (13,17,19-25). The ability to
achieve more consistent glycemic control
with continuous glucose monitoring has

D1aBETES CARE, VOLUME 28, NUMBER 10, OcTOBER 2005

2361



|
Normative continuous glucose measurements

been projected to translate into a reduction
in associated health care costs (26,27).

Because continuous glucose monitor-
ing is in its infancy, there remains a pau-
city of normative data reflecting the
typical daily patterns and profiles of nor-
mal and abnormal glycemia in patients
with both type 1 and type 2 diabetes. The
current study aims to fill this gap by pro-
viding normative values for glycemic
characteristics in a large sample of pa-
tients monitored continuously for a max-
imum of 21 days.

RESEARCH DESIGN AND
METHODS — A prospective observa-
tional study was undertaken at seven geo-
graphically dispersed medical centers in
the U.S. The primary objective was to
generate normative values for and charac-
terize periods of euglycemia as well as the
daily patterns of glycemic excursions in
diabetic patients monitored continuously
for a maximum period of 21 days and
blinded to glucose levels. Appropriate in-
stitutional review board approval was ob-
tained at each clinical site.

All consecutive patients with type 1
or type 2 diabetes were enrolled if they
were at least 11 years of age, agreed to
comply with the continuous glucose
monitoring device instructions for use,
provided informed consent, and had no
skin abnormalities at the device insertion
site or allergies to adhesives. A total of 101
patients qualified for inclusion as study
subjects, were trained in the use of the
continuous glucose monitor, had the de-
vice sensor implanted, and entered a 21-
day glucose monitoring period. Subjects
also were instructed to perform finger-
stick blood glucose measurements 10
times per day with the FreeStyle meter
(TheraSense, Alameda, CA) with auto-
matic calibration of the sensor at 1, 3, and
24 h. Study subjects returned to each out-
patient clinic on a weekly basis to down-
load electronic data and undergo
examination of the sensor insertion site
for adverse reactions.

The mean age of the entire study
group was 45.3 = 13.8 years, 53% of sub-
jects (54 of 101) were female, and 59% of
subjects (60 of 101) had type 1 diabetes.
For subjects with type 1 diabetes, 10% (6
of 60) were <19 years of age, 88% (53 of
60) were between the ages of 19 and 60
years, and 2% (1 of 60) was >60 years of
age. The average time since diagnosis of
type 1 diabetes was 22.7 = 12.0 years. All
41 subjects with type 2 diabetes were

>19 years of age and their average time
since diagnosis was 7.4 & 6.2 years.
Study subjects were requested to re-
turn to the clinic for a final follow-up visit
1 week after completion of the 21-day ob-
servation period to evaluate adverse
events. Eighty-nine subjects (88%) re-
turned for this final visit; seven subjects
withdrew consent, four were noncompli-
ant, and one had a system malfunction.

Study device

All subjects underwent continuous glu-
cose monitoring with the Navigator de-
vice (TheraSense). The accuracy of this
device for determining interstitial glucose
values has been described previously
(28). The device consists of four compo-
nents: 1) an electrochemical sensing ele-
ment that is inserted subcutaneously; 2)
an inserter to implant the sensor in the
proper subcutaneous location; 3) a trans-
mitter that detects the electrical signal
generated by the oxidation of glucose in
the interstitial fluid at the sensor electrode
and conveys the information to a display
unit; and 4) an information display/
receiver with a wireless radiofrequency
communication link to the transmitter.
The sensor is designed to be inserted at a
subcutaneous site in either the abdomen
or upper arm, and subjects alternated lo-
cations with every new sensor during the
monitoring period. Each subject’s contin-
uous glucose data were recorded every
minute and were available for up to 72
continuous h per device sensor. All sub-
jects remained blinded to glucose values,
and no therapeutic adjustments were un-
dertaken based on continuous data
throughout the duration of the observa-
tion period.

Statistical methods

Serial glucose measurements for all sub-
jects were analyzed using summary mea-
sures to characterize a subject’s glucose
profile as recommended by Matthews et
al. (29). Briefly, a subject’s glucose profile
was divided into periods, or episodes, of
euglycemia (70-180 mg/dl), hyperglyce-
mia (>180 mg/dl), and hypoglycemia
(<70 mg/dl). An excursion into either the
hypoglycemic or hyperglycemic range re-
quired a duration of at least 10 min to
define a definitive episode (30).

For each subject, the proportions of
time hypoglycemic, euglycemic, and hy-
perglycemic were determined from the
continuously recorded device data. The
total numbers of hypoglycemic and hy-
perglycemic events were adjusted to 24 h,

and the total area under the curve (AUC)
was determined (29). The AUC repre-
sents the time-weighted excursion inten-
sity, or magnitude, and is influenced by
both the duration of the excursion and the
overall glucose levels during the excur-
sion. Glucose measurements also were ex-
amined with respect to the ADA optimal
range (90-130 mg/dl) (9). The variability
in interstitial fluid glucose values for a
subject was defined as the standard devi-
ation of all measurements for the subject.

Differences in hypoglycemic and hy-
perglycemic excursions between sexes
and diabetes types were compared using
the ¢ test, two-tailed. Pairwise Pearson
correlation coefficients and their signifi-
cance values were calculated separately
for type 1 and type 2 diabetic subjects for
all continuous excursion measures and
patient characteristics of age, years since
diagnosis of diabetes, and BML.

Stepwise forward multiple regression
analysis was used to explore possible as-
sociations between the proportions of
time hypoglycemic and hyperglycemic,
and overall glucose variability with poten-
tially explanatory factors including age,
sex, BMI, diabetes type, and years since
diagnosis of diabetes.

RESULTS — During the 21-day obser-
vation period, the 101 subjects success-
fully inserted and used a total of 740
sensors (range 1-12), and contributed an
average 287 £ 132 h (range 3—476 h) per
subject of device exposure. Overall, more
than 1.7 million continuous glucose mea-
surements were obtained. In general,
there was excellent compliance with fin-
gerstick blood glucose measurements with
an average 9.2 * 2.3and 9.0 = 1.7 finger-
sticks/day for subjects with type 1 and type
2 diabetes, respectively. There were no sig-
nificant associations observed between the
number of fingersticks per day and age or
years since diabetes diagnosis.

Figure 1 illustrates overlaid glucose
profiles for three subjects monitored con-
tinuously for 72 h, separated into 24-h
periods each beginning at 6:00 A.m. There
was marked variability both within and
among subjects with respect to the dura-
tion of time in euglycemia and in the fre-
quency, timing, and magnitude of day-to-
day glycemic excursions.

Table 1 provides normative values for
various quantitative measures of glycemic
status overall as well as by sex and diabe-
tes type, separately. On average, subjects
remained in the euglycemic range for
~63% of the total day, in the hypoglyce-
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Figure 1— Overlapping continuous glucose profiles representing 3 consecutive days of monitor-
ing in an obese (BMI 33 kg/mz) 65-year-old type 2 diabetic woman (A), an obese (BMI 31 kg/mz)
29-year-old type 1 diabetic woman (B), and a normal-weight (BMI 22 kg/mz) 14-year-old type 1
diabetic male adolescent (C). There is noteworthy variability both within and among subjects with
respect to the duration of time in euglycemia and in the frequency, timing, and magnitude of

day-to-day glycemic excursions.

mic range for 8%, and in the hyperglyce-
mic range for 29%. There was little
difference detected in the amount of time
spent in the euglycemic range between di-
urnal (6:00 a.m. to 11:00 p.M.) and noctur-
nal (11:00 p.m. to 6:00 a.m.) periods (63

vs. 64%, respectively). However, diurnal
glucose measurements were less often in
the hypoglycemic range compared with
nocturnal measurements (7 vs. 11%, re-
spectively) and, conversely, diurnal glu-
cose measurements were more often in

Bode and Associates

the hyperglycemic range compared with
nocturnal measurements (31 vs. 25%, re-
spectively). Overall, subjects were within
the ADA optimal range for ~28% of the
time, with almost 55% of the continuous
glucose measurements above this range
and 18% below this range.

Notably, male subjects, on average,
tended to exhibit longer-duration epi-
sodes of hyperglycemia than female sub-
jects (2.8 hvs. 2.1 h, respectively), but the
difference did not achieve nominal statis-
tical significance (P = 0.08) (Table 1).
Consequently, male subjects were hyper-
glycemic almost 2 h more per day than
female subjects (P = 0.08) and the mean
hyperglycemic AUC values were ~45%
greater in male than in female subjects
(469 vs. 323, respectively; P = 0.11).
There were no other noteworthy distinc-
tions between sexes for any other mea-
surement of glycemic status.

Compared with type 2 diabetic sub-
jects, subjects with type 1 diabetes had,
on average, more frequent hypoglycemic
episodes per day (2.1 vs. 1.0; P < 0.001)
that were of longer duration (1.1 vs. 0.7 h;
P < 0.0001), reflecting a greater number
of hours per day in the hypoglycemic
range (2.3 hvs. 1.0h; P < 0.0001) (Table
1). Consequently, the mean hypoglyce-
mic AUC values were >150% higher for
type 1 diabetic subjects than for type 2
diabetic subjects (41 vs. 16, respectively;
P < 0.0001). Type 1 and type 2 diabetic
subjects did not differ significantly in the
proportion of time their glucose values
were in the ADA optimal range (P =
0.12). However, there was significantly
greater variability in glucose values be-
tween type 1 and type 2 diabetic subjects
both overall (mean SD 60 vs. 45 mg/dl,
respectively; P << 0.0001) as well as for
diurnal (60 vs. 44 mg/dl, respectively;
P < 0.0001) and nocturnal (57 vs. 39
mg/dl, respectively; P < 0.001) measure-
ments, separately.

Bivariate comparisons between mea-
sures of glycemic status and age, years
since diagnosis of diabetes, and BMI gen-
erally failed to generate any notable or sta-
tistically significant associations. The
relationship between the number of years
with diabetes among type 2 diabetic sub-
jects and the proportion of time in the
hypoglycemic range yielded the only sig-
nificant correlation (r = 0.32, P = 0.045).

Multivariate analysis found only male
sex to significantly (P = 0.049) predict
the proportion of time per day in hyper-
glycemia, although this factor accounted
for only a small portion of the variability
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Table 1—Various glycemic characteristics overall and by sex and diabetes type

Glycemic measure* Hypoglycemiat Euglycemia¥ Hyperglycemia§
Episodes per day
Overall 16x13 56=*1.9 28=*+13
Male 1513 51%20 28* 14
Female 1.7£13 6.0*18 28*1.2
Type 1 2113 6.3+ 1.7 3.0 * 1.0
Type 2 1.0+ 1.1 45+ 18 25+16
Duration of episode (h)
Overall 0.9 *04 30x1.6 24=*19
Male 09 *04 3.0x20 28*26
Female 09 *04 29%12 21%1.0
Type 1 1.1 * 0.4 24+ 0.6 23+ 1.1
Type 2 0.7 + 0.4 38+22 25%27
Maximum value of
excursion (mg/dl)
Overall 49.0 £ 82 NA 233.8 =274
Male 48.0x£83 NA 238.1 = 33.7
Female 49.8 = 8.0 NA 230.2 =204
Type 1 484 7.2 NA 236.9 =206
Type 2 50.1+9.7 NA 2295 + 348
Mean departure during
episode (mg/dl)
Overall 573 *58 NA 211.2 £17.2
Male 56.7 =53 NA 213.8 £22.0
Female 57.7 4.6 NA 209.0 £ 11.6
Type 1 56.9 + 4.0 NA 212.7 = 118
Type 2 579+ 63 NA 209.0 * 23.0
AUC
Overall 31.0 £33.9 NA 390.8 = 432.0
Male 284 = 32.7 NA 468.6 = 538.9
Female 333 350 NA 323.1 = 300.1
Type 1 413 +319 NA 396.8 + 314.8
Type 2 16.0 = 31.3 NA 382.1 * 566.0
Proportion of time
Overall 0.08 £ 0.07 0.63 £0.20 0.29 £ 0.22
Male 0.07 = 0.07 0.59 £ 0.24 0.34 £0.26
Female 0.08 = 0.07 0.66 £ 0.15 0.26 £0.17
Type 1 0.10 + 0.06 0.61 *0.13 0.30 = 0.16
Type 2 0.04 = 0.06 0.67 =0.27 0.29 =0.28
Hours/day
Overall 1816 152 *49 7.1*x52
Male 1.6+ 1.6 143 *+58 8.1%62
Female 1.8 £1.6 16.0 = 3.7 6.2 %40
Type 1 23+15 14.5 * 3.1 72 %39
Type 2 1.0 * 1.4 16.1 + 6.6 6.9+ 6.7

Data are means *=SD. *Sample sizes in all cases are as follows: overall (n = 101), male (h = 47), female (n =
54), type 1 diabetes (n = 60), and type 2 diabetes (n = 41). THypoglycemia indicates episodes of at least 10
min in duration <70 mg/dl, euglycemia indicates 70—~180 mg/dl, and hyperglycemia indicates episodes of
at least 10 min in duration of >180 mg/dl. NA, not applicable.

in this outcome (R®> = 0.04). No other
independent variables achieved nominal
statistical significance in multivariate
models of measures of hyperglycemia.
However, with respect to hypoglycemia,
having type 1 diabetes was demonstrated
to significantly predict the number of ep-
isodes per day of hypoglycemia (P <
0.0001, R* = 0.17), the proportion of

time in hypoglycemia (P < 0.0001, R* =
0.17), and the intensity of hypoglycemia
as indicated by the AUC <70 mg/dl (P =
0.0002, R?> = 0.13). No other indepen-
dent variables achieved nominal statisti-
cal significance in multivariate models of
hypoglycemia measures. Lastly, the only
independent variable significantly associ-
ated with overall glucose variability was

diabetes type, with type 1 diabetic sub-
jects demonstrating greater variability
than type 2 diabetic subjects (P < 0.0001,
R* = 0.22).

CONCLUSIONS — The results of the
current study offer a rare opportunity to
document the typical glycemic patterns in
alarge sample of continuously monitored
patients with both type 1 and type 2 dia-
betes. In fact, study subjects contributed,
on average, ~12 days of continuous glu-
cose monitoring data with this device.
This quantity of continuous monitoring
data is unprecedented in the published
literature. Moreover, this study was
unique in that subjects were blinded to
glucose values and profiles provided by
the device throughout the observation pe-
riod without commensurate therapeutic
adjustments. However, these results most
likely reflect normative glycemic patterns
specifically for intensively managed and
monitored diabetes patients, as subjects
in the current study performed approxi-
mately nine fingerstick measurements per
day on average, a frequency far higher
than commonly encountered among tra-
ditionally managed patients.

It was alarming to note that subjects
using frequent fingerstick blood glucose
measurements and with a variety of treat-
ment options at their disposal only re-
mained in the euglycemic range for
~65% of the day on average. Even more
striking was the finding that these sub-
jects were able to achieve strict glycemic
control within the ADA optimal range for
<30% of the day. This suggests that cur-
rent methods of monitoring and therapy
are inadequate to consistently maintain
euglycemia on a day-to-day basis.

Almost 30% of the day was spent in
the hyperglycemic range with a greater
propensity for hyperglycemia to occur
during daytime hours. This finding most
likely reflects postprandial periods of hy-
perglycemia. Previous studies using con-
tinuous glucose monitoring have
similarly identified distinctive episodes of
marked postprandial hyperglycemia de-
spite satisfactory premeal blood glucose
levels within or near the target range
(10,18). This phenomenon has previ-
ously been underappreciated using con-
ventional blood glucose monitoring (10).
There is increasing evidence that post-
prandial hyperglycemic spikes in diabetic
patients are an important contributing
factor in the development of cardiac dis-
ease, particularly atherosclerosis (31,32).

Opverall, subjects in this study were
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hypoglycemic ~8% of the day, and this
finding corroborates previously reported
estimates of hypoglycemia prevalence
(33). Importantly, however, these periods
of hypoglycemia were more likely to oc-
cur nocturnally and were significantly
more frequent among type 1 diabetic sub-
jects. In fact, type 1 diabetic subjects
spent >2 h/day in a state of frank hypo-
glycemia. This disturbing frequency of
nocturnal hypoglycemia often goes unde-
tected by standard self-monitoring of
blood glucose and has been recognized
previously by other investigators using
continuous glucose monitoring in both
type 1 and type 2 diabetic patients
(10,18,22,23,33-35). Hypoglycemia, of-
ten with unconsciousness, appears to be
increased in children and adolescents
with type 1 diabetes subjected to inten-
sive insulin therapy (36). Moreover, there
is evidence that in newborns and infants,
brain damage and long-term sequelae en-
sue after prolonged and severe hypogly-
cemia (37). Additionally, the occurrence
of memory impairment and cognitive
function alterations is associated with in-
tensive insulin therapy in children with
type 1 diabetes, presumably the result of
severe hypoglycemia and consequent me-
dial temporal dysfunction (38). Clearly,
hypoglycemic events should be avoided,
and continuous glucose monitoring may
play a role not only in identifying these
episodes but also in assisting in making
therapeutic adjustments that will reduce
the likelihood of hypoglycemic excur-
sions (13,15,16).

In addition to generating normative
values for glycemic characteristics, the
current study also examined the potential
predictive value for several basic patient
background factors including age, sex,
BMI, diabetes type, and years since diag-
nosis of diabetes. The association between
these factors and the proportion of time
hypoglycemic and hyperglycemic was
generally weak in multivariate analyses,
accounting for only a small portion of the
variability (<20%) in any single glycemic
characteristic. It is probable that the large
remaining variability in these glycemic
characteristics is more likely explained by
differences among subjects in dietary and
physical activity patterns as well as adher-
ence to drug regimens. However, the cur-
rent study was not designed to identify
other possible predictors of glycemic ex-
cursions in continuously monitored pa-
tients aside from basic demographic
characteristics such as sex and diabetes
type. A comprehensive examination of

predictors of glycemic excursions would
require use of validated physical activity
questionnaire instruments as well as diet
and medication diaries, an undertaking
outside the scope of this study.

The self-monitoring of blood glucose
necessary to support intensive therapy is
often poorly complied with by patients
because of the discomfort, bother, and in-
convenience associated with frequent fin-
gersticks, especially during nighttime
hours (8). This is particularly true in ad-
olescents with type 1 diabetes and may be
reflected, in part, by the significantly
greater variability in continuous glucose
values among type 1 subjects in the cur-
rent study. This underscores the need for
continuous glucose monitoring as an es-
sential method for achieving and main-
taining tight glycemic control.

This study was not designed or con-
ducted to specifically evaluate the diagnos-
tic accuracy of the Navigator continuous
glucose monitoring system but to character-
ize daily glycemic patterns in a large repre-
sentative sample of persons with diabetes.
Nonetheless, a post hoc analysis of the study
data was conducted to determine the per-
centage agreement of hypoglycemic excur-
sions as identified by the continuous
monitor with concurrent fingerstick capil-
lary values. For hypoglycemic excursions of
at least 1 h in duration as detected by the
monitor, there were 604 occurrences in
which fingerstick measurements were
taken concurrently at some point within the
identified boundaries of the excursion. In
~60% (357 of 604) of these patients, both
the continuous monitor and the fingerstick
measurement indicated a state of defined
hypoglycemia (i.e., <70 mg/dl). Moreover,
there were 500 instances (83%, 500 of 604)
for which the continuous monitor identi-
fied a period of hypoglycemia (i.e., <70
mg/dl) and the corresponding fingerstick
values were at least <90 mg/dl (i.e., below
the ADA optimal range of 90-130 mg/dD).

In summary, the current study pro-
vided normative values for periods of eu-
glycemia and characterized the daily
patterns of glycemic excursions in a large
sample of diabetes patients monitored
continuously for a maximum period of 21
days. These normative data will assist in
study and sample size planning for future
investigations of continuous glucose
monitoring and allow for qualitative com-
parisons with trials of therapeutic inter-
ventions aimed to reduce the occurrence
of glycemic excursions.
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