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5Continuous in vivo
measurements of
glucose in healthy
volunteers

5.1 Introduction
Extensive research efforts during the last three decades have not resulted in
a glucose sensor that can be used for ambulatory in vivo monitoring. Since
Clark suggested the development of a biosensor for glucose in 1962 [77], a
number of sensor designs have been produced. The needle-type glucose
sensor, composed of an immobilised enzymatic layer of god on an H2O2-
transducer, is by far the most important representative of the devices devel-
oped. Major problem of most sensor developments is an emphasis and pre-
occupation with fast and sensitive glucose measurement in vitro, with little
or no attention given to the design shortcomings with respect to measure-
ments in vivo. The metastable biolayer and the underlying transducer ele-
ment, which is subject to fouling with small endogenous substances, and the
inevitable signal drift of any physicochemical detector, are the two major
weaknesses of these designs [36, 246, 249]. As a result, the sensors are unsta-
ble when applied in vivo, making them unsuitable for the physiological gly-
cemic regulation of diabetic patients. The insertion of these needle-type
glucose sensors in the subcutaneous tissue, nearly always impairs the sensor
signal and a fast decrease in sensitivity, sometimes within hours, is seen [49,
89].

The present study deals with the in vivo characteristics of the newly
designed glucose measurement system. The feasibility of the system is tested
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in an ambulatory study with healthy volunteers. Our objective was to meas-
ure glucose with the sensor reliably up to seven days. Additional effects on
the sensor measurement of temperature changes and exercise of the subject
were also investigated.

5.2 Material and Methods

� Glucose sensor
Glucose measurements were performed with the single circulation glucose-
measurement system (sc-gms). For a detailed description of the sc-gms
see chapters 3 and 4. After assembly, each sensor was calibrated in vitro using
known glucose solutions. An incubator (Model KBP 6087, Termacks, Kipp
& Zonen) was used to assess the temperature dependence for each system
(calibration at 20°C and at 30°C). Before applying the system in vivo, the
exterior of the microdialysis probe was disinfected using a chlorohexidine
solution. Sensor measurements were stored in a small computer box that was
coupled to the flow system box (see “Electronics and software” on page 63).

� Glucose calculation
During in vivo measurements, the in vitro calibration factors were used to
convert the out-put current of the sensor into a glucose concentration using
the equation:

Equation 5-1. Calculation of in vivo glucose concentration: IT30 is the current at 0
mM glucose and 30°C (nA), Tm is the measured temperature during the
experiments (°C), Ftemp is the temperature factor system
(nA/°C), Im is the current oxygen electrode during experiments (nA), Cf is the in
vitro calibration factor (nA/mM) and Tf is the tissue factor e.g. the ratio of the
glucose concentration in subcutaneous tissue and venous blood (-).

The basal current at T = 30°C was chosen as reference point because the
mean skin temperature of humans lies around this temperature.
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The value of �� (equation 5.1) was determined retrospectively at the first
day of the in vivo�studies and is different for each individual. In previous in
vivo studies performed by Schoonen en Schmidt, a value for tissue factor of
0.45 ± 0.13 was found. The product of the tissue factor and the in vitro�cal-
ibration factor, e.g. the denominator in equation 5.1 is called the in vivo�cal-
ibration factor. If the in vivo�calibration factor�equals the in vitro calibration
factor, the ratio between the glucose concentration in the subcutaneous
tissue and blood glucose concentration is 1. During the studies, the in vivo
calibration factor was used to re-calibrate the glucose measurement system
if sensor measurements differed from the measured blood glucose concen-
trations.

� Subjects
Ten healthy volunteers, 4 male and 6 female, aged 21.4 ± 1.8 yr. (range 19-
24 yr.), BMI 22.3 ±1.8 kg/m2 (range 19.2 - 25.1 kg/m2), participated in
the study after their informed consent had been obtained (Table 5-1).

Table 5-1. Sex, age and body mass index of subjects.

Subject Sex
(M/F)

Age
(Yr.)

BMI
(kg/m2)

1 M 22 24.1

2 F 21 19.2

3 F 21 21.3

4 M 20 23.7

5 F 24 23.5

6 F 24 22.8

7 M 23 21.3

8 M 19 20.9

9 F 19 21.2

10 F 21 25.1
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� Study protocol
The Ethical Committee of the University of Groningen approved the study.
It was intended to perform an in vivo study with the glucose sensor of seven
days. On the first day, subjects arrived fasting in the hospital. Before inser-
tion of the probe, the skin of the belly was disinfected with a chlorohexidine
solution. The microdialysis probe was placed in the subcutaneous tissue on
one side of the umbilicus without prior anaesthesia using a 20 gauge iv-
catheter set (Intraflon, G20, Vygon, France). Subsequently, the probe was
firmly fixed to the skin using adhesive tape (Transporetm, 3M, Canada)
whereas the entrance of the probe into the tissue was sealed with a plaster.
Both the sensor flow-system box and data-storage box were worn on the
body by means of a holster. Sensor measurements were stored every two
minutes during the experiments.

The experiments on the first day consisted of the following steps:

1. An indwelling catheter was placed in an antecubital vein for intermit-
tent venous blood sampling as a reference. The glucose concentration in 
the blood samples were measured with a glucose analyser (YSI model 
Glucose Analyser, Yellow Springs, Ohio, USA). One and a half hours to 
two and a halve hours after insertion of the microdialysis probe, the 
experiment started (��������) with taking venous blood samples at an 
interval of 15 minutes to determine the basal blood glucose concentra-
tion. The subjects were able to move around freely.

2. At ������ an oral glucose load of 75 gram dissolved in water was adminis-
tered to perform an oral glucose tolerance test (ogtt). The blood sam-
pling interval was changed to once every 10 minutes for one and a halve 
hour. The ogtt was performed to assess the lag time of the sensors 
subcutaneous glucose measurement after a change in blood glucose 
concentration. At �	�����, the blood-sampling interval was changed to 
once every 30 minutes.

3. At �
������, the belly of the subject was heated for 15 minutes by means 
of an infra red (ir) lamp (skin temp. ± 45°C) to assess the effect of local 
heating on the sensor measurements.
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4. At �������, the subject was placed in a cold room (4°C) for 30 minutes 
with a bare belly. This was done to assess the effect of a sudden change 
in the surrounding temperature on the sensor measurement.

5. At �
�������

, the subject had to do a 15 minutes exercise on a home-
trainer to assess the effect of physical exertion on the sensor measure-
ments.

6. After the last blood sampling at �������� the indwelling catheter was 
removed from the arm and the subject could go home, wearing the glu-
cose sensor. Blood glucose was measured regularly with the finger prick 
method (Reflolux, Boehringer Mannheim, Germany). Events like 
walking, sleeping, eating, drinking, exercise etc., were noted in a diary. 
The subjects were allowed to do everything they would normally do, 
except for showering, bathing or swimming because the sensor was not 
waterproof.

� Day 2-7
Every morning, the subject checked in with the hospital. Stored glucose
measurements were downloaded from the computer box and the function-
ing of the sensor was examined as well as the correct positioning of the
microdialysis probe in the subcutaneous tissue. It was also examined if an
inflammation reaction could be observed at the insertion point of the probe
into the tissue. The experiment was stopped if the sensor did not function
any more or when inflammation reactions were noticed at the insertion site
of the probe. After this check-up, the subjects could go their own way.
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5.3 Results

� Duration of in vivo studies
Nine of the ten in vivo studies performed were terminated prematurely.
The mean duration of the in vivo sc-gms study was 3.15 ± 1.7 days (range
1.6 - 7.0 days). In this time period, reliable measurements could be made.
The performance of the sensors on day 2-7 was evaluated using the error
grid analysis method of Clarke �������[250] (Figure 5-1). 

Figure 5-1. Error grid analysis for estimation of the accuracy of sensors
generated blood glucose values ( �� days 2 to 7). Zone A: clinically
accurate; zone B: acceptable values; zone C: inacurate estimation; zone D:
decisions based on these estimations are potentially hazardous.

In one subject, the sensor worked accurately for 7 days. Figure 5-2 shows as
example, a typical day (day 4) of this in vivo experiment. Table 5-2 (page
99) shows the individual values of the ten subjects. The system itself was
removed one day later at the morning evaluation in the hospital. The main
cause for termination was the occurrence of obstructions in the flow system
(n = 7). The resulting build-up of fluid pressure caused leakage of perfusate
and/or irregularities in the perfusion flow. One experiment was stopped
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because the oxygen electrode out-put current was fluctuating heavily where
another experiment was terminated because the microdialysis probe was
partly pulled out of the tissue. During the in vivo studies, no inflammation
reactions were observed at the insertion site of the microdialysis probe.

Figure 5-2. Example of a typical day curve (day 4) of one of the subjects
during the in vivo study ( � capillary blood, — sensor signal).

� Oral Glucose Tolerance Test (OGTT)
Figure 5-3 (page 98) depicts a typical example one of the experiments per-
formed in the hospital on day 1. After insertion of the probe, an ogtt
(75 grams of glucose in water) is given to assess the time lag between the
change in blood glucose and the subcutaneous sensor change. Figure 5-4
(page 98) shows the mean curve of the ten ogtt experiments on healthy
volunteers. The maximum time lag between the venous blood glucose con-
centration and the sensor values in the ascending part of the curve is 10.5
minutes, whereas in the descending part of the curve a maximum time lag
of 9.5 minutes is seen.
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Figure 5-3. Typical example of one of the experiments performed in the
hospital on day 1. ( � capillary blood, — sensor signal).

Figure 5-4. Mean curve of oral glucose tolerance tests (OGTT) on then
healthy subjects ( � venous blood glucose, � sensor signal).
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� Temperature effect
The effect of the ir-lamp and the cold-room on the sensor measurements
can be seen in figure 5-3. Both the heating with the ir-lamp and cooling
in the cold-room give a distinct deviation in the sensor measurements with
respect to the blood glucose concentration. Heating with an ir-lamp
resulted in relative low sensor readings whereas cooling in a cold-room
resulted in high sensor readings. These temperature effects on the measure-
ments were seen in all of the ten in vivo studies.

Table 5-2. In vitro and in vivo calibration factor, change of in vivo calibration factor and
experiment duration of every subject.

Subject

Duration
of in
vivo

study
(day)

In vitro
calibr.
factor

(nA/mM)

In vivo calibration factor
(nA/mM)

Change of in vivo
calibration factor

compared to day 1
(%)

Day Day

1 2 3 5 2 3 5

1 3.1 16.2 8.8 10.1 11.2 — 14.7 27.3 —

2 1.9 23.4 7.4 10.8 — — 45.0 — —

3 2.6 21.6 10.6 10.6 — — 0.0 — —

4 2.9 27.0 13.5 16.6 18.9 — 22.9 40.0 —

5 7.0 12.6 6.3 8.8 12.6 12.6 39.7 100 100

6 5.1 21.6 10.8 14.9 16.2 17.3 38.0 50.0 60.2

7 2.4 18.0 8.1 7.7 — — - 4.5 — —

8 2.2 14.4 6.8 8.5 — — 25.0 — —

9 2.7 19.8 7.6 9.2 — — 21.5 — —

10 1.6 32.4 11.3 11.7 — — 3.5 — —

mean 20.6 50.3 80.1

(SD) 17.2 37.0 28.1
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� Exercise
Exercise of 15 minutes on a home trainer resulted in a small decrease of the
blood glucose concentration in three subjects, which could be demon-
strated in the sensor measurements. In the remaining subjects no clear effect
on the blood glucose concentration could be seen.

� In vivo calibration factor
Table 5-2 shows the in vivo calibration factor of every subject used in the
calculation of the glucose concentration measured by the sensor. It must be
noted that in most cases, the in vivo calibration factor increases in time. The
percentages of increase, in relation to the first day, are also shown in table
5-2.

5.4 Discussion
The study shows that it is possible to monitor the glucose concentration
ambulatory with the developed sc-gms, for at least two to three days. The
main objective of the present ambulatory study was to test the feasibility of
the glucose measurement system over a period of 7 days. Although most
individual studies ended prematurely, one case proved that 7 days of reliable
subcutaneous glucose monitoring is within reach. Hashiguchi ������ reported
a clinical study, were they monitored the glucose concentration in healthy
subjects and diabetic patients for 7 days [69]. For this purpose, they used
their previous constructed needle-type glucose sensor [47] in combination
with an open flow microdialysis system. A similar combination was used in
the in vivo experiments reported by Pfeiffer �������[66, 67, 228, 229, 231,
232]. They monitored diabetic patients and healthy volunteers for 1 to 3
days. However, both in vivo studies were performed under well-controlled
conditions in the hospital. This in contrast to the present study where the
subjects were able to move around freely and go on with their daily life pat-
tern. However, the ambulatory nature of this study is at the same time the
perpetrator of ending most of the individual experiments. Obstruction or
leakage of the perfusion flow system resulted in serious malfunction of the
sensor or even a total shut down. In some cases this happened at night
during sleep. The subject was at the time most probably lying on the flow
system box in such a way that in- and/or out-let tubing, connected the
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microdialysis probe, were squeezed. Consequently, the perfusion of the
microdialysis probe stopped whereas the piston pump kept on working,
which resulted in a pressure build-up at the obstruction point. Due to the
pressure, perfusion fluid leaked from the flow system through the dialysis
membrane (ultra-filtration) or at one of the many glued tubing to tubing
junctions. Also both the flow system box and the computer box are rela-
tively heavy when compared to the microdialysis probe. Inconsiderate
movements of the subject or movements when asleep may therefore well
contribute to the breakdown of the sensor system. Future development of
the sensor must be directed both towards the improvement of the robustness
and the miniaturisation of the system. A strong, light system will be more
applicable under daily life conditions.

Fast temperature changes have a clear effect on the sensor measurements. If
the surrounding of the sensor is heated with an ir-lamp, measured values
decline very fast. The opposite happens when the sensor is exposed to a fast
temperature drop. As can be seen in equation 5.1, the sensor signal will be
corrected for temperature difference between the measured temperature
and temperature at which the system was calibrated (T = 30°C). It is known
that an increase in temperature results in a proportional increase in the
sensor output current and vice versa (see page 82, chapter 4). The electronic
thermometer is situated in the flow system box, yet not integrated within
the flow system. With moderate temperature changes, the temperature
change of the flow system will be in line with the thermometer. If, however,
temperature changes are fast enough, the thermometer will sense these
changes without delay, whereas the temperature of the flow system will
change more gradually. This result in an over correction of the sensor signal
and thus in unreliable glucose measurements. The incorporation of the
thermometer within the oxygen electrode may well fix this problem. In this
way, temperature changes of the electrode are monitored more accurately
and the sensor output values can be corrected accordingly for these temper-
ature changes by a software program.

A number of authors have reported a delay between venous blood glucose
levels and subcutaneous glucose levels after rapid changing of blood glucose
101
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concentrations [144, 235, 251]. Using the microdialysis technique with
fractionate sampling and a conventional glucose detection method, Jansson
������ found a delay of 2 minutes [223]. An additional problem is however,
the inherent lag time of every glucose sensor. Long delay times between a
change in the blood glucose concentration and the final sensor response can
be a serious obstacle in the development of an automatic feedback control-
led insulin-administering device. In the present study a maximum lag time
was found of 10.5 minutes in the ascending part of the ogtt curve, whereas
a maximum lag time of 9.5 minutes was found in the descending part. The
mean in vitro lag time of the sensor system as such was 1.5 minutes (see page
81, chapter 4). A possible explanation for the additional delay may be the
occurrence of tissue trauma caused by the insertion of the microdialysis
probes. In the present study, the microdialysis probes were inserted 1.5 to
2.5 hours before the oral glucose load was administered. After insertion,
tissue in the near vicinity of the probe is damaged. Local oedema and haem-
orrhage may increase the diffusional pathway of glucose from the intact vas-
cular bed to the dialysis membrane. However, tissue and capillaries will
recover in time. Consequently the recovery of glucose will increase whereas
the lag-time will decrease.

An additional indication is the increase of the in vivo calibration factor. This
factor had to be adjusted during the working of the sensor, in order to keep
the sensor measurements in agreement with the blood glucose values. The
sensor measurement patterns of day 2, which were calculated using the in
vivo calibration factors of day 1, in most cases exceeded the blood glucose
levels. There are two possibilities to adjust the measurements. First, the in
vitro calibration factor can be increased (equation 5.1). In other words, the
sensor measures better in vivo than in vitro,�which seems unlikely. Second,
a more plausible explanation may be that the recovery of glucose by the
probe increased in time. Due to the recovery of capillaries in the tissue
around the microdialysis probe, the supply of glucose may be increased.
Consequently, higher glucose recoveries are measured. In one subject, the
glucose concentration could be monitored for 7 days. The in vivo calibra-
tion factor on the first day was about half of the in vitro calibration factor.
However, at the end of the study both calibration factors were the same (e.g.
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�� = 1, equation 5.1). This is an indication that the glucose concentration
in blood and at the microdialysis probe does not differ. It is unclear why
other investigators who performed microdialysis based glucose measure-
ments for more than one day did not see an increase in glucose recovery
during time. A possible explanation might be that the increase in recovery
is compensated to a certain extent by the loss in sensitivity of their needle
type glucose sensors. Further investigation is necessary to clarify this point
(see also chapter 7).

In summary, this feasibility study shows that the new developed glucose
sensor can be used to monitor glucose in vivo for several days. To increase
the in vivo lifetime of the sensor, its robustness must be improved. To com-
pensate fast temperature changes accurately, a thermometer should be
located within the oxygen electrode. The correlation between blood glu-
cose concentrations and sensor measurements is well within clinical accu-
racy. A point of concern is the increase of glucose recovery in time.
Additional research is needed to investigate the effect of probe implantation
on the sensor measurements.
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