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ABSTRACT

Wired Enzyme™ (Therasense, Alameda, CA) sensing technology for continuous measurement
of in vivo glucose concentrations offers the benefits of (1) excellent sensor stability, (2) re-
duced susceptibility to variations of in vivo oxygen concentration, and (3) minimized response
to common electroactive interferents. This study describes the response of 48 sensors (25 in
the upper arm, 23 in the abdomen) implanted for 3 days in patients with Type 1 diabetes.
Prospective calibration was performed using capillary blood; results were compared with ve-
nous plasma glucose values obtained at 15-min intervals. Ninety-eight percent of readings
fell in the clinically accurate Clarke error grid zone A or clinically acceptable zone B. Choice
of the site of the implanted sensor (upper arm vs. abdomen) or the capillary blood calibra-
tion site (arm vs. finger) did not affect system accuracy.
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INTRODUCTION

EVIDENCE SUGGESTS THAT improved glycemic
control can minimize many of the compli-

cations associated with Type 1 diabetes.1 Fre-
quent self-monitoring of blood glucose, in 
concert with intensive insulin therapy, greatly
improves glycemic control. Continuous glu-
cose sensing offers all the advantages of high-
frequency discrete testing, coupled with valu-
able additional information about the rate and
direction of glucose change. In addition, glu-
cose information is obtained at times when test-
ing does not usually occur (e.g., postprandial
glucose peaks, sleep), resulting in the potential

for sensitive alarms for hypo- and hypergly-
cemia.

The TheraSense FreeStyle Navigator™ (Ala-
meda, CA) Continuous Glucose Sensor (CGS)
is a subcutaneous, electrochemical sensor,
which operates for 3 days implanted at a site
in the body. It is based on Wired Enzyme™
(Thera-sense) sensing technology,2 a mediated
glucose-sensing technology that offers a num-
ber of advantages over conventional oxygen-
dependent electrochemical glucose-sensing
technologies, which utilize hydrogen peroxide
(H2O2) detection at high [,500 mV vs. a sil-
ver/silver chloride (Ag/AgCl) reference elec-
trode] applied potential.
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were obtained at 10-s intervals over the 3-day
trial period, while venous blood samples were
obtained at 15-min intervals. Venous plasma
blood glucose values were measured on a 
YSI 2300 (Yellow Springs Instruments, Yellow
Springs, OH). Capillary blood measurements
were also made using the TheraSense Free
Style® Blood Glucose System to enable devel-
opment of a prospective calibration algorithm.
Arm capillary blood was obtained hourly at
hours 0–12, 24–30, and 48–54 for all 30 subjects.
Finger capillary blood was also obtained at the
same times for 10 subjects wearing 19 CGSs.

Glycemic challenges were performed daily
for all subjects. Subjects were given intra-
venous insulin once (0.15 U/kg, followed by
0.10 U/kg if necessary to achieve hypogly-
cemia), and oral glucose (75 g) on two separate
occasions. Vital signs were monitored at 15-
min intervals during administration of intra-
venous insulin.

An institutional review board approved the
trial protocol. Inclusion criteria for the study
were (1) Type 1 diabetes, (2) C-peptide less than
0.5 ng/mL, and (3) age 18 or older. Thirty sub-
jects were enrolled at three clinical trial sites
(Renton, WA; San Antonio, TX; and Walnut
Creek, CA). Subjects ranged in age from 20 to 85
years, with a mean of 40 years. There were eight
females and 22 males, comprising three African
Americans, 26 Caucasians, and one Hispanic.

Calibration procedure

A prospective calibration algorithm was de-
veloped in an earlier study, consisting of 20
sensors (15 arm, five abdominal) implanted
into subjects with Type 1 diabetes. The 48 
sensors, whose performance is described here,
were implanted in a separate study conducted
sequentially following the calibration develop-
ment set. Therefore, none of the data sets described
in the present study was used in development of 
the calibration algorithm. For each implant, three
FreeStyle capillary blood glucose measure-
ments were used as calibrants subject to the fol-
lowing exclusion criteria:

1. Time. Calibration point 1 occurred a mini-
mum of 1 h after insertion. Calibration point
2 occurred a minimum of 2 h after a suc-

cessful calibration point 1. Calibration point
3 occurred a minimum of 21 h after a suc-
cessful calibration point 2.

2. Glucose range. Calibration was allowed
within the capillary blood glucose range
60–350 mg/dL.

3. Rate of glucose change. Calibration was re-
stricted to glucose rates of change of 2
mg/dL/min or less. [A separate study in 20
patients with Type 1 diabetes performing
normal daily routines (i.e., not performing
daily glucose challenges) showed that the
rate of 2 (mg/dL)/min was exceeded only
4% of the time, consistent with other pub-
lished data.5]

4. Sensitivity. Calibration was allowed only 
if the resulting nominal sensitivity (in nA/
mM glucose) was within a preset range as
determined by a code assigned to each CGS
production lot.

5. Temperature. Calibration was allowed over
the skin temperature interval 28–37°C.

The operating sensitivity for the first 2 h of
operation was based entirely on calibration
point 1. However, subsequent operating sensi-
tivities (after the second calibration point was
obtained) were based on a weighted average of
all previously obtained calibration points. This
had the effect of refining, and increasing the ac-
curacy of, the calibration as the implant pro-
ceeded. This refinement process was made pos-
sible by the near-negligible drift of the CGS
sensitivity with time.

The calibration process also involved a cor-
rection for changes in skin temperature under-
neath the insulated skin temperature probe. An
adjustment of 7%/°C, relative to the skin tem-
perature at the time of the operative calibration
point, was performed.

One sensor (of 49 implanted) did not achieve
calibration, because of violation of point #4, the
sensitivity restriction, above. That sensor is ex-
cluded from the statistical analysis.

RESULTS

The excellent in vitro stability of the CGS is
demonstrated in Figure 3, a plot of three sepa-
rate sensor responses (in nA) versus time in 500
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mg/dL glucose (in PBS at 37°C) over a period
of 7 days. The average total decay in glucose
signal over the 7-day test period was 1.7%. The
mean hourly rate of decay is insignificant, at
0.011%/h. Similar stabilities are observed in
vivo (vide infra).
In vitro testing was also performed to deter-

mine the effect of oxygen on the sensor’s lin-
earity. These results are shown in Figure 4, a
plot of current versus glucose concentration for
CGS maintained under oxygen tensions of 15
and 38 torr, respectively. (These lowered O2
levels reflect the reduced levels found in sub-
cutaneous tissue.6) Both high and low oxygen
curves exhibit excellent linearity (R2 5 0.9999
for both curves) over the glucose range from 18
to 540 mg/dL. The difference in slope is only
4%, with differences varying from 0.4% at 36
mg/dL to 3.5% at 540 mg/dL, indicating min-
imal oxygen dependence for the continuous
sensor.

Finally, in vitro interference testing was 
performed with acetaminophen, ascorbate, and
uric acid. These three interferents were tested
at the top of their normal physiological or ther-
apeutic range (0.2 mM, 0.085 mM, and 0.5 mM,

respectively).6 The glucose-equivalent inter-
ferences were 3 mg/dL for acetaminophen, 19
mg/dL for ascorbate, and 3 mg/dL for uric
acid tested at these levels. The interferences
due to uric acid and acetaminophen are incon-
sequential, which can be attributed largely to
the low operating potential of 140 mV versus
Ag/AgCl.

Next, in vivo testing with actual implanted
sensors was performed. A representative data
set showing implanted CGS data (from an ab-
dominal sensor) overlaid with venous plasma
glucose values is shown in Figure 5. Note that
these are raw data; CGS currents (left-hand
axis) are uncalibrated and uncorrected for tem-
perature, while venous plasma glucose values
are shown on the right-hand axis. No time shift-
ing of data has been performed.

There are two noteworthy aspects to these
data. First, there is obviously an excellent cor-
relation between the CGS raw current values
and venous plasma glucose concentrations. No
substantial lag between subcutaneous and ve-
nous glucose concentrations is evident. Second,
the sensitivity of the implanted CGS is essen-
tially unchanged over the 3-day implantation
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FIG. 4. Oxygen dependence of CGS over the glucose concentration range 20–500 mg/dL. The averaged response of
eight sensors in 0.1 M PBS at 37°C is shown: (e ) pO2 5 15 torr, ( u ) pO2 5 38 torr.
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development of the calibration algorithm. The
TheraSense CGS has an extremely stable in
vivo sensitivity after a modest acclimation pro-
cess (during which sensitivity may rise by a 
few percent) that is generally complete in a few
hours. Since the sensor output is so stable, it is
advantageous (1) to concentrate the calibration
points in the first 24 h of use, and (2) to con-
tinuously refine the calibration (rather than
basing sensitivity only on the most recent cali-
bration point), as multiple calibration points
are obtained. No calibration is required for the
final 48 h of the 72-h implant. These strategies
allow a minimization of calibration error.

No time shifting [used frequently in the lit-
erature to compensate for any error due to (1)
physiological time lags between the subcuta-
neous and reference glucose measurements, or
(2) slow system response times] has been ap-
plied to any of the data presented here. All data
are real-time. We believe that time shifting of
glucose values and prospective calibration are
incompatible concepts. Based on the complete
accuracy study data set described in Figure 8
(12,667 data pairs) the average physiological
time lag (subcutaneous–venous) was found to
be ,8 min for our system. This value was 
determined by the theoretical exercise of find-
ing the minimum in mean absolute deviation
(MAD) as reference and subcutaneous values
were time-shifted. Of this 8-min lag, ,3 min
can be attributed to the response time of the

sensor, with 5 min due to physiology. A recent
review3 of various subcutaneous glucose mea-
surement strategies reported lag times ranging
from 2 to 30 min, with an average lag of 8–10
min, in good agreement with our preliminary
findings. A more complete study of physiolog-
ical glucose lags based on the raw data of this
study will be the subject of a future publica-
tion.

The data of Figures 5–7 demonstrate excel-
lent linearity at both high and low glucose 
values (induced by glycemic challenges); the
sensor faithfully tracks glucose values over the
physiologically relevant range in vivo. Overall,
for the complete data set, 98% of readings fall
within the clinically accurate Clarke error grid
zone “A” and the clinically acceptable zone
“B.” This is excellent performance, and does
not take into account the extra diagnostic value
conferred by the directional trend information
inherent to continuous monitoring.

As outlined in Table 1, no significant differ-
ence was found between arm capillary blood
calibration (MAD 5 17.4%) and finger capil-
lary blood calibration (MAD 5 17.0%). Thus,
arm capillary blood served as an equally accu-
rate, and less painful, calibrant compared with
finger blood. Studies7 under extreme condi-
tions (glucose loading followed by intravenous
insulin) have claimed a large possible variation
between arm and finger capillary blood. (The
recommended8 rubbing of the alternate site
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TABLE 1. SUMMARY OF CLARKE ERROR GRID AND STATISTICAL DATA FOR

IMPLANTED CGSS, BASED ON CALIBRATION AND IMPLANT SITE

Calibration MAD
Subset Description site na %A %B %C %D %E (%)

A All (25 arm, 23 Arm 12,667 67.9 29.7 1.2 1.1 0.0 17.3
abdominal) sensors

Bb 19 sensors with arm, Arm 4,987 67.7 29.3 1.8 1.1 0.0 17.4
finger calibration
available

Cb 19 sensors with arm, Finger 4,922 68.2 29.8 1.1 0.8 0.0 17.0
finger calibration
available

D 25 arm sensors Arm 6,656 67.0 30.3 1.8 1.0 0.0 17.7
E 23 abdominal sensors Arm 6,011 69.0 29.1 0.6 1.3 0.0 17.2

aNumber of continuous sensor/venous plasma data pairs.
bSubsets B and C have slightly different n values, since there were small variations in the time at which calibrated

operation (and hence meaningful venous/subcutaneous glucose pairs) began.

Clarke error grid
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was also omitted in these studies.) In fact, un-
der normal use conditions, these differences are
not significant unless glucose is changing very
rapidly.9 Restriction of calibration to rates less
than 2 (mg/dL)/min virtually eliminates this
possible error source. Finally, using arm capil-
lary blood calibration, no significant difference
was found between an insertion site in the arm
(25 sensors, MAD 5 17.7%) and abdominal in-
sertion (23 sensors, MAD 5 17.2%).

The data presented here are for a cabled sys-
tem with attached potentiostat logger. Home-
use studies are currently underway with a
wireless system utilizing a pager-sized, hand-
held informational display module (FreeStyle
Navigator™). This system is capable of pro-
viding real-time glucose information at 1-min
intervals. In addition, glucose trending rate in-
formation will be available, with a visual rate
indicator allowing users to discriminate among
glucose rate changes of less than 1 (mg/dL)/
min, 1–2 (mg/dL)/min (moderate change), and
greater than 2 (mg/dL)/min (rapid change).
We believe this feature will add substantial pre-
dictive utility that is not reflected in the Clarke
error grid statistics. The system is also designed
to provide hypo- and hyperglycemic alarms
with user-settable thresholds. Studies utilizing
this wireless system, particularly the utility of
trend and alarm information, will be the sub-
ject of future publications.
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