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Abstract

Background: A cause of suboptimal accuracy in amperometric glucose sensors is the presence of a background
current (current produced in the absence of glucose) that is not accounted for. We hypothesized that a math-
ematical correction for the estimated background current of a commercially available sensor would lead to
greater accuracy compared to a situation in which we assumed the background current to be zero. We also
tested whether increasing the frequency of sensor calibration would improve sensor accuracy.
Methods: This report includes analysis of 20 sensor datasets from seven human subjects with type 1 diabetes.
Data were divided into a training set for algorithm development and a validation set on which the algorithm
was tested. A range of potential background currents was tested.
Results: Use of the background current correction of 4 nA led to a substantial improvement in accuracy (im-
provement of absolute relative difference or absolute difference of 3.5–5.5 units). An increase in calibration
frequency led to a modest accuracy improvement, with an optimum at every 4 h.
Conclusions: Compared to no correction, a correction for the estimated background current of a commercially
available glucose sensor led to greater accuracy and better detection of hypoglycemia and hyperglycemia. The
accuracy-optimizing scheme presented here can be implemented in real time.

Introduction

For the management of diabetes, none of the currently
available continuous glucose monitors is approved in the

United States for replacing standard capillary glucose moni-
toring.1 Although the reliability of the continuous monitors
is generally considered to be good, one of the causes of
suboptimal accuracy is the presence of a background cur-
rent, i.e., a current produced in the absence of glucose. The
source of a sensor background current in vivo is typically the
presence of endogenous compounds, such as ascorbic acid
and uric acid, and exogenous compounds, such as acet-
aminophen. These compounds are oxidized and thus gen-
erate current, in the presence of positive polarizing biases
>500 mV at an indicating electrode. This oxidation can be
minimized by a membrane that blocks the transfer of such
compounds to the electrode2 or reducing the polarizing
bias such as in the Abbott Diabetes Care (Alameda, CA)
Navigator� sensor.3 Suboptimal accuracy of glucose sensors

in the hypoglycemic range is of particular concern, as missed
hypoglycemia can be dangerous and is common in persons
with hypoglycemic unawareness. One method of determin-
ing the background current is to measure sensor output at
two or more different glucose levels and find the y-intercept
at zero glucose. Although theoretically attractive, this two-
point method leads to poorer accuracy than a one-point
method because of greater measurement uncertainty.4,5 It is
not possible to directly measure background current at zero
glucose in vivo. Nonetheless, in vivo background current can
be estimated by extrapolation during analysis of sensor
current data obtained over a wide range of blood glucose
values.

In this study, we were interested in the background current
that optimized sensor accuracy and detection of hypoglyce-
mia/hyperglycemia. We were also interested in whether
calibration frequency would affect accuracy and whether
background current correction improves sensitivity for hy-
poglycemia.
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Materials and Methods

General study design

In this report, a total of 20 sensor datasets were analyzed,
obtained during a study investigating the use of a closed-loop
system for automated insulin and glucagon delivery, the data
for which have been submitted as a separate manuscript.6

These sets came from 10 experiments in seven human subjects
with type 1 diabetes who were over 18 years of age, each of
whom wore two sensors in each experiment. Patients who
were pregnant or had cardiovascular, cerebrovascular, kid-
ney disease, or liver disease or any other uncontrolled medical
condition were excluded. Other exclusion criteria included
oral or parenteral corticosteroid use, immunosuppressant use,
visual or physical impairments that prevented the use of a
continuous glucose monitoring device, allergy to insulin or
glucagon, hypoglycemia unawareness, hospitalization within
the past 2 years for severe hypoglycemia, serum insulin
antibody titer that exceeded 100 mU/mL, or requirement of
greater than 200 units of insulin/day. Exclusion criteria were
chosen to ensure a relatively healthy, nonpregnant, type 1
diabetes population, free from end-organ damage. Partici-
pants were asked to avoid ingesting ascorbic acid and acet-
aminophen from 24 h before to the end of the study, in order
to minimize confounding due to their potential to increase
background current. Study duration was either 28 h or 9 h
(mean study duration was 20� 2 h). Subjects were inpatients
at a clinical research center at the Oregon Clinical and
Translational Research Institute of the Oregon Health and
Science University, Portland, OR, for the duration of the
studies. The research protocol was approved by the Oregon
Health and Science University Institutional Review Board,
and all subjects provided written informed consent. Permis-
sion to carry out these studies was granted by the U.S. Food
and Drug Administration (Investigational Device Exemption
number G080130). Regarding the different study durations,
there was a need to carry out studies of short duration (9 h) in
addition to the longer studies, as requested by the Food and
Drug Administration.

Age was 41.3� 5.8 years, and duration of diabetes was
15.3� 4.5 years. Hemoglobin A1c was 8.2� 0.5%, and body
mass index was 30.1� 2.6 kg/m2. Two unmodified Medtronic
Minimed� (Northridge, CA) Guardian� continuous glucose
monitors were worn by each subject during each study for a
total of 20 datasets. Insertion site was limited to the abdomen
and flanks, using the proprietary insertion kit provided by the
manufacturer. Data analysis was carried out using sensor
interstitial current values (in nA) that were downloaded from
this device. The glucose values calculated by the manufac-
turer and displayed during the studies were compared to
values calculated by our algorithm in which a background
current correction was utilized.

Arterialized venous blood glucose values were drawn
every 10 min, and sensor data (interstitial sensor current and
displayed values for sensor glucose) were obtained every
5 min. Blood was obtained from an intravenous catheter
placed in a forearm vein, warmed with a heating pad to keep
the venous blood arterialized.7 Blood glucose values were
measured by the HemoCue� 201 blood glucose analyzer
(HemoCue AB, Ängelholm, Sweden). Each venous glucose
value used as a reference value for sensor accuracy assess-
ment was the mean of two separate blood samples obtained at

each time point. The coefficient of variation for the duplicates
was 1.9%, indicating a high degree of precision of the device.

The data from this study were divided into two datasets: a
training set, used for parameter determination and algorithm
development, and a validation set, used to assess algorithm
accuracy. For the training set, four 28-h and four 9-h study
datasets were obtained from early studies. The validation
studies comprised eight 28-h and four 9-h study datasets
obtained later.

The training dataset comprised a total of 1,015 sensor–
reference pairs, while the validation data set comprised 1,776
pairs. During assessment of the effect of calibration frequency
on accuracy, if the rate of change of estimated glucose was
more than 1.0 mg/dL/min over the previous 10 min, cali-
bration was postponed until the slope fell below this criterion.
Sensor values obtained at the time of calibration were not
used in accuracy assessment because they are by definition
perfectly accurate in one-point calibrations such as these. All
other reference–sensor pairs were included in the analysis. No
data were omitted, and the training and validation datasets
were mutually exclusive (data from any particular subject
were part of one or the other, but not both). In this study, two
methods were tested in an effort to improve sensor accuracy:
(1) measurement and correction for background current and
(2) varying the frequency of sensor calibration.

Mathematical analysis

In order to estimate the background current of the sensors,
the interstitial current values from all the human studies were
plotted against the arterialized venous glucose values from
10 min before. Using linear regression (r¼ 0.9, r2¼ 0.818)
(Fig. 1), a y-intercept value of 5.3 was obtained. The average of
individual sensor background estimates in all datasets was also
measured and was also found to be 5.3 nA, whereas the aver-
age of the individual estimates in the training and validation
datasets were 5.2 and 5.4 nA, respectively. Based on these
findings, background current values between 0 nA and 6.5 nA
at 0.5-nA intervals were tested to optimize accuracy (an upper
limit of 6.5 nA was chosen as the lowest measured sensor
currents were *7 nA). Correction for background current was
then performed by its subtraction from interstitial current
values, in order to arrive at a glucose current, as follows:

Ig¼ ISI� Io

where Ig is the true glucose current, ISI is the interstitial
current from the sensor download, and Io is the calculated
background current. The background current corrections were
carried out both during calibration and during evaluation.

After Ig values were obtained, a one-point calibration was
performed by comparing Ig to blood glucose values (using
values from 10 min before so as to compensate for sensor time
delay). Calibration provided a sensitivity value (in nA/mg/
dL) that allowed glucose currents to be converted to sensed
glucose values:

Sensitivity¼ Ig=reference glucose

Sensor glucose¼ Ig=sensitivity

An initial calibration was performed in all cases at 10 min,
followed by repeat calibration at one of three frequencies:
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every 12 h (Q12 h), every 8 h (Q8 h), or every 4 h (Q4 h). To
avoid confounding from differing calibration times, when the
manufacturer’s displayed value during the study was com-
pared to the use of a background current correction, the sen-
sor datasets were calibrated at exactly the same times as the
sensors in the actual human study (average of every 8.6 h).

The time delay value that resulted in greatest accuracy
improvement was determined by Poincaré-type plotting of
reference and sensor glucose values delayed by 0 through
30 min at 5-min intervals, as described previously,8 after
normalizing reference and sensor glucose values with a
logarithmic transformation.9

The primary metric of sensor accuracy was the mean ab-
solute relative difference (MARD) for glucose values
>75 mg/dL and the mean absolute difference (MAD) for
values �75 mg/dL, as recommended by a consensus state-
ment regarding sensor accuracy measurement10:

MARD¼ (jsensor glucose�reference glucosej
=reference glucose) · 100

MAD¼ jsensor glucose�reference glucose j

As with calibration, sensor values were compared to ref-
erence values from 10 min earlier, in order to reduce error due
to estimated sensor lag. Averaged results were expressed as a
composite of MARD and MAD values, each unweighted, so
that values for each were considered equally.

For the sensor–reference pairs of the validation dataset, we
also investigated the effect of differing background currents
(from 0 to 6.5 nA, in increments of 0.5 nA) on the ability of the

sensors to correctly discern hypoglycemia, defined as refer-
ence glucose �70 mg/dL. In this analysis, we measured
sensitivity and specificity and defined a receiver-operator
characteristic curve: (1–specificity) versus sensitivity.

Statistical analysis

For all parametric data, Pearson’s t test was used for sta-
tistical analysis, paired or unpaired as appropriate. For all
nonparametric data, a Wilcoxon rank test was used, paired or
unpaired as appropriate. A P value of �0.05 determined sta-
tistical significance. Microsoft (Redmond, WA) Excel and
MATLAB (MathWorks, Natick, MA) software were used for
data analysis.

Results

Algorithm development using training dataset

Using the training set, different background currents and
calibration frequencies were tested to assess their effect on
glucose sensor error (MARD/MAD). This analysis showed
that MARD/MAD values were minimized at a background
current of 4 nA and were significantly improved compared to
a background current of 0 nA (Fig. 2). In addition, these
metrics showed somewhat better accuracy as the frequency of
calibration increased. The lowest error was obtained by using
a background current of 4 nA and a calibration frequency of
Q4 h (Figs. 2 and 3). Accuracy tended to be greater as cali-
bration frequency increased: a calibration frequency of Q4 h
was significantly better than either Q8 h or Q12 h at the same

FIG. 1. In order to estimate background current in amperometric glucose sensors in persons with type 1 diabetes, interstitial
current value for each data pair is shown as a function of arterialized venous glucose concentration from 10 minutes prior. As
the best-fit line is extrapolated to a glucose level of zero, the background current is seen to be approximately 5–6 nA. Color
images available online at www.liebertonline.com/dia.
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FIG. 2. Comparison of error (mean absolute relative difference [MARD] and mean absolute difference [MAD] val-
ues� SEM) by background current correction and calibration frequency for the training dataset in subjects with type 1
diabetes. Usage of the appropriate background current correction significantly minimized MARD/MAD at all calibration
frequencies. At the appropriate background current correction of 4 nA, a calibration frequency of Q4 h improved MARD/
MAD over both Q12 h and Q8 h. Color images available online at www.liebertonline.com/dia.

FIG. 3. Comparison of error (mean absolute relative difference [MARD] and mean absolute difference [MAD]
values� SEM) by background current correction and calibration frequency for the validation dataset in subjects with type 1
diabetes. Usage of a 4 nA background current correction significantly improved MARD/MAD at all calibration frequen-
cies. At this background current correction, a calibration frequency of Q4 h improved MARD/MAD over both Q12 h
and Q8 h. Color images available online at www.liebertonline.com/dia.

924 EL YOUSSEF ET AL.



background current. Similarly, median ARD values also
showed the greatest accuracy at a background current of 4 nA
and at a calibration frequency of Q4 h (data not shown).

In terms of time delay analysis, maximum improvement in
the coefficient of determination (r2) between sensor and ref-
erence pairs was noted at an average time delay of 17 minutes
for all data pairs (Fig. 4). Initially, we also calculated a time
delay estimation based on rate of change of prior sensor
glucose as a means to optimize, in real time, the sensor
readings. However, after comparison with results from the
Poincaré-type plots, it was determined that this simple
method would be susceptible to errors from noisy signals
(without using any filtering methods) and from calibration
errors (which could erroneously alter sensor rate of change).
The result of this time delay correction was therefore not used
in the final analysis.

In summary, training data analysis showed that the opti-
mal parameters for sensor accuracy were obtained with the
use of a background current of 4 nA and a calibration fre-
quency of Q4 h. The accuracy during the more convenient
calibration frequency of Q8 h was nearly as good as during
Q4 h.

Algorithm testing using validation dataset

The parameters obtained with the training set were then
applied to the validation set. Figure 3 shows comparisons of
MARD/MAD values at 0 nA and 4 nA for calibration fre-
quencies of Q12 h, Q8 h, and Q4 h. A background current
correction of 4 nA led to substantial and statistically signifi-
cant improvements in MARD/MAD values at all calibration

frequencies (P< 0.001 for all comparisons). The greatest im-
provement in accuracy was found with the background cur-
rent correction, which tended to reduce MARD/MAD by
3.5–5.5 units. Using a background current of 4 nA, an increase
in calibration frequency from Q8 h to Q4 h led to an additional
modest improvement of about 1.4 MARD units.

We also performed an accuracy comparison between glu-
cose values displayed by the manufacturer versus usage of
background current correction in the validation dataset. Ca-
librations for the 4 nA datasets were performed at exactly the
same times as the original calibration times (mean calibration
interval, 8.6 h). Figure 3 shows that a background current
correction of 4 nA leads to a lower MARD/MAD compared to
the originally displayed data (12.0% vs. 14.2%, P< 0.001).

The effects of background current correction on hypogly-
cemia detection using the validation dataset are shown in
Figure 5. With increasing background current correction, es-
pecially between 3 and 5 nA, sensitivity for hypoglycemia
improved markedly with only a minimal loss of specificity.
Analysis of sensitivity and specificity for detection of hyper-
glycemia revealed similar results (data not shown).

Discussion

In this study, we used 20 continuous glucose monitoring
sensor datasets obtained in subjects with type 1 diabetes
to examine the effect of different background currents and
calibration frequency on sensor accuracy. We found that,
compared to a background current of zero, the use of a non-
zero background current yielded a clear benefit in sensor ac-
curacy. This benefit was seen both with analysis of post hoc

FIG. 4. Assessment of correlation between reference and sensor glucose pairing with application of sequential time delays
at 5-min intervals from 0 to 30 min. Maximum r2 value (used as the measure of goodness of fit) was found at 15 min. Using
the curve-fitting equation, the calculated delay leading to the greatest accuracy was 17 min. Color images available online at
www.liebertonline.com/dia.
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processed data in which differing background currents were
compared and also when directly compared to the manufac-
turer’s displayed data. The magnitude of this improvement
was quite substantial, approximately 3.5–5.5 MARD units,
depending on calibration frequency. There are several sources
of background current in amperometric glucose sensors. One
is the presence of certain non-glucose compounds that diffuse
from the interstitial fluid to the indicating electrode where
they are oxidized, leading to a current that masquerades as a
glucose current. A number of materials have been used in the
construction of sensors for the purpose of eliminating such
interferents, including Nafion� (DuPont, Wilmington, DE),11

other charged membranes,12 cellulose, sulfone-type poly-
mers,2 phenylenediamine,13,14 or other electron shuttle me-
diators.15,16 Many of these mediators allow electrode
polarization at a voltage low enough to minimize interferent
oxidation. Despite the multitude of methods that have been
proposed, it is often difficult to completely eliminate the effect
of these oxidizable compounds. One explanation is that, in
glucose oxidase-based sensors, common interferents such as
ascorbic acid, uric acid, and acetaminophen, unlike glucose,
do not require enzymatic conversion to be measured at an
anode. For this reason, even small amounts of these com-
pounds are efficiently oxidized, thus creating a relatively
large signal. Another potentially problematic issue is the fact
that slight alterations in chemical handling or manufacturing
procedures can impact the effectiveness of layers designed to
prevent passage of interfering compounds. It should be noted
that interference is much less of an issue for sensors that are
not positively polarized, such as those that exploit the re-

duction of oxygen as opposed to the oxidation of an electron
shuttle or peroxide.17

Compared to a background current of zero, we found that a
widely used commercial amperometric glucose sensor func-
tioned with greater accuracy with a background current of
4 nA. This background current was accounted for during the
process of calibration and during calculation of glucose in
unknowns. This finding suggests that near-perfect physical
exclusion of interfering compounds by the sensor may not be
necessary. Instead, if it can be measured and accounted for in
human pilot studies, mathematical correction of background
current may be sufficient to optimize accuracy. Of course, if
the magnitude of the background current is quite large com-
pared to the glucose current (not the case in this study), the
effect of measurement noise might prevent such a correction
from being successful. Background current correction be-
tween 3 and 5 nA was also found to optimize detection of
hypoglycemia. This range led to much better hypoglycemia
detection sensitivity than in a lower range of background
current, with only a minimal loss of specificity and positive
predictive value.

We also addressed the benefit of calibration frequency,
knowing that recalibration helps to compensate for sensor
drift. When a very accurate blood glucose reference measur-
ing instrument is used, the process of recalibration returns the
sensor glucose value to the blood glucose value (unless prior
sensed glucose or blood glucose data are also taken into ac-
count, which was not the case here). Compared to the ad-
justment for background current, the benefit of increasing
calibration frequency in our study was modest. In the vali-

FIG. 5. Evaluation of hypoglycemia detection at different background current correction values. Sensitivity for hypogly-
cemia improves considerably between 3 and 5 nA without significant loss of specificity. (Inset) Receiver-operator charac-
teristic curve for hypoglycemia detection at differing background current corrections. Color images available online at
www.liebertonline.com/dia.
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dation dataset, there was no significant benefit of increasing
frequency from every 12 h to every 8 h; only when the fre-
quency was increased further to every 4 h, with background
current correction, was a benefit appreciated, and, even then,
the benefit was small. Such a finding suggests that the sensors
under study were relatively stable and did not undergo rapid
drift. In addition to the process of recalibration, there are other
methods that can improve the fidelity of the sensor signal by
mathematically filtering out noise. Clarke and Kovatchev18

and the Rensselaer group19 have proposed such methods,
which might help to minimize the need for frequent recali-
bration. Review of the Medtronic patent suggests variable
background current correction, based upon the magnitude of
the sensitivity.20

There is a general agreement that the signals from subcu-
taneously implanted glucose sensors lag behind blood values,
although the estimates of the lag magnitude are dependent on
the particular device. The causes of lag include the physio-
logic duration required for glucose to reach interstitial fluid
from blood (likely very short21), the time required for glucose
to pass through sensor membranes, and delays that result
from data smoothing and filtering. Kovatchev et al.8 dis-
cussed in some detail each of these sources of lag and found
that the lag of the Abbott Navigator sensor, typically in the
12–17 min range, was greater during rising glucose than
during falling glucose. Kamath et al.22 found a somewhat
shorter lag duration in their recent study of the DexCom�
(San Diego, CA) Seven� Plus sensor. A recent report from
Medtronic found that software processing and filtering can
lead to an apparent lag, although such a delay cannot be
considered a true physical lag.23 Medtronic uses a ‘‘Wiener
filter’’ for compensation of sensor lag,24 although details are
not provided. The autoregression techniques used by the
Reifman/Gani group appear to be a promising method of
minimizing sensor inaccuracy and possibly lag.25 Reported
Medtronic lag times include 4.0� 1.0 min during glucose
changes,26 up to 18 min during insulin-induced hypoglyce-
mia,27 and up to 12 min during normalization of glucose after
administration of exogenous insulin.28

An interesting result of our study was that error from an
incorrect background current can sometimes have the ap-
pearance of a time lag. We found that before the background
current correction was carried out, inspection of the time se-
ries curve (reference and sensor glucose vs. time) often sug-
gested a marked lag, especially under certain conditions such
as rising glucose after meals. In contrast, after this correction
was carried out, the time series curves often suggested a much
smaller lag. Consider the situation during which background
current is underestimated during calibration at a low or nor-
mal glucose level. As glucose rises, the calibration error will
lead to an apparent lag of sensor glucose behind the reference
blood glucose. However, if the data are analyzed with the
correct background current, the sensor glucose values rise
appropriately with the meal, and the apparent ‘‘lag’’ is re-
duced. For this reason, before estimation of sensor lag, it is
important to measure glucose with the correct background
current.

In order to determine the background current in this study,
we used data collected at many glucose levels and extrapo-
lated the current versus glucose data line to the y-intercept at
zero glucose. Of course, calibrating at many glucose levels for
patients in the hospital or outpatient setting is impractical as a

means of determining background current, and we ac-
knowledge that, in some ways, the research setting with a
highly accurate glucose monitor gives us an unfair advantage
when we compare sensor accuracy to values typically ob-
tained during unsupervised use by outpatients. Ideally, the
background current for each sensor would be measured in
human studies in order to optimize the algorithm used to
transform electrical current into an estimated glucose value.
We believe that determination of background current is more
accurately determined during such in vivo testing rather than
during in vitro testing. Humans possess oxidizable interfering
compounds that enter into the interstitial fluid (perhaps even
many that have not yet been identified), and for this reason it
may well be impossible to determine background current
from in vitro studies.

In conclusion, we found that with an amperometric glucose
sensor commonly used in clinical settings, accuracy was
markedly improved by the use of a correction for background
current. This correction can be carried out in human studies
by obtaining in vivo preliminary training sensor data ac-
companied by corresponding reference glucose values. When
tested in a validation study, the background current correc-
tion was robust. We also found improvements in accuracy,
although lesser in magnitude, with an increase in calibration
frequency. In some cases, sensor lag can appear falsely high
when background current is underestimated. The accuracy-
optimizing scheme presented here can be implemented in real
time.
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