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ABSTRACT

This brief communication outlines a study of how combination opioids distort continuous glucose
monitor (CGM) data readings. The glucose data collected by certain CGMs can be predictably distorted
by hydrocodone/acetaminophen combinations, leading to the development of a mathematical model that
can be used to determine the concentration of these metabolites within a patient’s interstitial fluid (ISF).
This research contains an analysis of published clinical data to develop the governing equations and
validate the accuracy of the results within a 9% error. The resulting equations provide a basis for
accurately detecting opioid concentrations in real time.
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INTRODUCTION

It is widely known that acetaminophen
(APAP) can interfere with data collection of a
continuous glucose monitoring (CGM) system,
leading to erroneously high glucose readings
1,2,3. Advances in CGM technology have taken
such distortion into account, in order to output
more accurate data for patient glucose levels 1,3.
Considering that the distortion effect is also
present with opioid medications that include

APAP as an ingredient, it is important to model
the impact of such medications on the CGM
readings of commercially-available CGM
technology.

CGM monitoring systems operate by
measuring the glucose concentration in the
subcutaneous tissue by utilizing a needle
electrode to exploit the glucose-oxidase reaction
4. However, the presence of acetaminophen in a
patient’s system causes an interference with the
patient’s glucose monitor readings because of its
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interference with such reaction 5,6. While this
has long been considered a flaw in CGM
technology, the advent of CGM sensors that are
impervious to such interference opens the
possibility for this phenomenon to be utilized
for medication detection.

Studies investigating the APAP CGM
distortion effect in novel CGM sensing
technologies have shown that the latest
cutting-edge technology exhibits insignificant
distortion effects due to APAP 1. While this is a
favorable development for diabetic patients
using CGM to control insulin intake, such
technology also opens the possibility of this
effect being harnessed for medication
monitoring, particularly in the field of opioid
monitoring. If the effect can be measured in real
time, then it is possible for an algorithm to be
developed that will determine the concentration
of APAP in a patient's system, especially when
compared to CGMs that exhibit a significant
distortion effect.. Results of a research study
suggest that such a model is able to reliably
describe the mean APAP effect on CGM
measurements 6.

Therefore, by measuring the effect of
APAP on CGM readings, it is possible to derive
the concentration of APAP present in a patient's
system. Combination medications, such as
vicodin or percocet, contain a combination of
APAP and a high-strength opioid pain reliever 7.
The combination medication containing
hydrocodone and APAP is the most commonly
prescribed opioid, and also one of the most
commonly prescribed medications in the United
States 7,8,9,10. Opioids have a high potential for
addiction, so it is important to ensure that
dosing is tightly controlled 10. Therefore, it is
important to develop methods to monitor the use
of opioid combination pharmaceuticals that
contain APAP. By understanding the disposition
relationship between the active opioid
ingredient and the APAP in a combination
medication, it is possible to make better
treatment decisions and detect opioid use
patterns in at-risk patients.

APPROACH

The primary goal of this research is to
investigate the phenomena of APAP-dependent
CGM reading distortion and to develop a
mathematical model to determine the plasma
concentration of APAP with a measured
distortion for further extension toward opioid
detection. To obtain this goal, the researchers
examined clinical plasma concentration data for
APAP and glucose, as well as the associated
CGM readings after administration of a single 1
gram dose of APAP 11. This algorithm was
developed using an analysis of this data
containing actual glucose values from a
calibrated glucometer contrasted with distorted
CGM readings from the Medtronic
(Minneapolis, MN) Sof-Sensor, and Dexcom
(San Diego, CA) Seven Plus alongside
measured APAP concentrations 5.

Using this clinical data, a relationship
between APAP and glucose distortion was
calculated for the two types of CGM sensors.
Interpolant curve fitting was used to generate an
equation for each sensor in the form of Equation
1 to develop algorithms for predicting the
amount of APAP present in patients’ plasma and
interstitial fluid (ISF) based on each CGM
sensor’s glucose reading and the experimentally
predetermined distortion amount by the sensor
after ingestion of 1g of APAP. These values at
specific intervals in time were used in order to
develop a prediction curve for the concentration
of APAP over time. The derived prediction was
compared to a known APAP disposition curve to
evaluate the accuracy of the mathematical
model. These equations were further tested for
accuracy against the clinical data for APAP
concentrations 11. The output of these equations
represents the concentration of APAP in a
patient’s ISF.



RESULTS

In Equation 1, , , and represent𝑏
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experimentally determined constants. 𝐴
represents the actual blood glucose reading (in
mg/dl), and is the measured value of the blood𝐵
glucose obtained by the CGM in question.
Finally, is the mathematically determined𝐶
APAP concentration (in μg/dl).
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Numerical values for each of the
constants were determined and used to generate
a predictive model of the concentration of APAP
in ISF. The mathematical model for APAP based
on the Medtronic Sofsensor is shown as the
dashed line in Figure 1 below. The model is
visibly inaccurate before medication reaches its
peak concentration around 150 minutes after the
administration of the initial dose of medication.
The accuracy of the mathematical model
improves substantially after this point, making it
possible to detect the concentration of APAP
with an error of only 9% between 3-6 hours
after the initial dose.

Figure 1. Medtronic Sofsensor Predicted APAP vs. Actual
APAP Concentration

Examining the mathematical model of
APAP concentrations using the Dexcom Seven
Plus in Figure 2, the sensors are accurate within
a similar range to the Medtronic Sofsensor, with

an average error of 12% between 3-6 hours after
the initial dose.

Figure 2. Dexcom Seven Plus Predicted APAP vs. Actual
APAP Concentration

An additional step was required to
determine the concentration of hydrocodone
present in the patient’s system at any given time.
This is accomplished due to the combination of
hydrocodone with APAP in known ratios in
medically-available opioid medications, such as
Vicodin. Another important consideration is the
rate of decay and metabolic differences between
APAP and hydrocodone. Despite being
administered in combination, each component
undergoes its own metabolism with a separate
disposition curve. The relationship between the
two must be known in order to accurately
calculate concentrations of hydrocodone based
on the amount of APAP present. It should be
noted that both APAP and hydrocodone reach
their peak concentrations at approximately the
same time after administration 12,13. For this
study, a single 22.5/975 mg dose of immediate
release (IR) combination hydrocodone bitartrate
(HB)/APAP was used to determine the rate of
decay of both components.

The rate of decay following the peak of
each component medication reveals some
differences that must be considered when
developing governing equations to describe the
relationship between the metabolization of these
two medications. Using the calculated APAP
concentration and the pre-existing dosage ratios
between APAP and hydrocodone in medication



in order to determine the hydrocodone
concentration at a given point in time, it was
found that the relationship between the rates of
decay between the two medications can be
approximated by a constant, α. It is also critical
to include the ratio of APAP to hydrocodone, as
several formularies are commercially available.
This ratio is represented by the symbol φ in
Equation 2. Combining this research into a
single equation to determine the concentration
of hydrocodone, H, in a patient’s ISF in real
time, Equation 2 is presented.

Equation 2. α =  Hφ 𝑏
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This equation allows for accurate

detection of hydrocodone concentrations with
the input of glucose data from a CGM and a
glucometer

DISCUSSION

The research herein reveals a model that
can be used to determine the plasma
concentration of APAP in a patient. This
principle can be extended to accurately
determine the concentration of medications that
are co-administered with APAP and/or have
APAP as a primary ingredient in the
formulation. Through Equation 2, the
concentration of hydrocodone co-administered
with APAP is determined. Because this process
was built into a mathematical formula, it is
possible that, with proper inputs, software can
be developed to detect the opioid concentration
in real time. This software could then be utilized
to determine more accurate dosing for patients
taking combination opioids.

This study is limited by the fact that the
formulae utilized for this model are applied
against retrospective data and not validated
against prospective data. Also, the formulae are
dependent on data from specific sensor types
and patient population(s) utilized within original

studies. As such, it's possible that these
formulae may not be applicable to all
populations. While we acknowledge, also, that
the method may not be applicable to all sensor
types, we believe that the method and formulae
can be revised to account for sensor-specific
differences if/when said sensors meet certain
criteria.

Future work on this topic will include a
qualitative study to determine the approximate
quantity and timing of doses in patients taking
combination prescription opioids. Future work
could also include a quantitative analysis using
calculated expected serum opiate concentration
based on patient characteristics like height,
weight, sex, etc. for further validation of this
method and improvement of the results to be
more adaptable to individual patient
metabolisms.

Future analysis and optimization of
Equation 2 will allow for the development of
real-time opioid monitoring software.
Additionally, the accurate real-time monitoring
of hydrocodone in a patient’s interstitial fluid
could be further integrated into a
fully-automated opioid delivery system.
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