
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023 4003811
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Insulin Noninvasive Measurement
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Abstract— A bioimpedance transducer is proposed for nonin-
vasive monitoring of insulin bioavailability after subcutaneous
injection. The insulin bioavailability is assessed indirectly by
measuring the local impedance variation due to the drug dis-
appearance from the injection volume. The instrument allows to
manage the extreme variability in insulin response by patients
with diabetes due to skin conditions and/or alterations such as
lipodystrophy. In this way, the transducer can also be considered
as a key component for new generation of artificial pancreas. The
instrument achieves the state-of-the-art accuracy and uncertainty.
Intraindividual reproducibility also improved with respect to
previous studies. Moreover, the feasibility of an absorption
measurement is proven. After presenting the concept design
and the prototype, the metrological characterization during:
1) laboratory (on passive electrical components); 2) in vitro (on
eggplants); and 3) in vivo (on a human subject) experiments
is reported. In laboratory tests, typical percentage deterministic
errors of 1% on magnitude and phase were obtained. The mean
1-σ repeatability of 0.05% was obtained for both impedance
magnitude and phase. The in vitro tests were aimed to improve
the reproducibility by comparing the electrical behavior of
insulin and vehicle in eggplants. During in vivo tests, a decrease
in percentage 1-σ intraindividual reproducibility was reported
with respect to the state-of-the-art (from more than 200% to
36%), as the impedance magnitude is concerned. In a clinical
application framework, an accuracy of 9 µl was obtained by
means of a second-order polynomial model. The uncertainty was
4.2 µl, well below the typical volume of one insulin unit (10.0 µl).

Index Terms— Bioimpedance spectroscopy, diabetes, insulin
bioavailability, metrological characterization, soft transducer.

I. INTRODUCTION

THE number of people with type 1 diabetes in the world
is about 10 million [1].

The pancreas regulates insulin production based on contin-
uous monitoring of blood glucose levels. Insulin lets sugar
(glucose) enter cells to produce energy. Type 1 diabetes
is a chronic disease caused by an immune-associated or
immune-mediated destruction of insulin-producing β cells
of pancreas [2], [3]. Patients with Type 1 diabetes need a
continuous lifelong exogenous insulin replacement. However,
insulin administration without continuous glucose monitoring
does not always ensure proper metabolic regulation lead-
ing to one or more disease-associated complications (e.g.,
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hypoglycemia, neuropathy, retinopathy, and cardiovascular
disease) [4]. Therefore, for patients with type 1 diabetes,
monitoring of blood glucose concentration (BGC) and its
regulation through daily insulin injections are the pillars of
the treatment [5], [6]. In the past years, real-time continuous
glucose monitoring systems replaced self-monitored blood
glucose procedures. Recently, a new generation of sensors
for noninvasive BGC monitoring is emerging. One of the
main noninvasive approaches is the infrared-spectroscopy-
based method. The mid-infrared (MIR) and near-infrared
(NIR) spectroscopy are based on the absorption measure-
ment of light in 2500–10 000-nm and 750–2500-nm region
of the spectrum, respectively. In the MIR bandwidth, the
peak glucose response is sharper than the NIR bandwidth [7].
Differently, NIRs appear very promising for noninvasive glu-
cose measurement because of the deep penetration ability [8].
However, these methods have not yet reached an acceptable
level of accuracy in clinical application [9]. Other noninvasive
devices are the resonator-based biosensors. They quantitatively
assess BGC levels by exploiting the level of electromagnetic
coupling depending on glucose permittivity [10], [11]. These
biosensors are low costs, high robust, and allow real-time BGC
detection [12]. However, they are affected by poor sensitivity.
Finally, 3-D-printed approaches are also gradually increasing.
For example, the e-ring for nonenzymatic glucose monitoring
in sweat shows high sensitivity and wearability. However, the
development of these sensors requires complex and laborious
procedures, which affects their still too high costs [13].

Nowadays, an emerging automated treatment to improve
BGC regulation is the artificial pancreas (AP) [14]. The
AP: 1) monitors BGC levels through a BGC transducer and
2) controls an insulin pump to deliver the required amount
of insulin (closed loop). However, this closed loop does not
work properly during meals because of the sudden and large
changes in glucose levels produced by food ingestion. In fact,
glucose checking takes place in the interstitial fluid, and
therefore, it is accompanied by a physiological time delay
from plasma concentrations [15]. Therefore, before meals, the
loop is opened and the patient injects an appropriate amount of
insulin (bolus). The bolus is calculated by dedicated algorithms
based on several inputs, including insulin sensitivity factor
(ISF) and insulin duration of action (IDA). To date, the levels
of ISF and IDA are fixed during the initial calibration of
the algorithm used to compute the insulin dosages. However,
the factors widely differ between individuals and impact the
insulin uptake kinetics (bioavailability). For example, a skin
alteration such as lipodystrophy can significantly alter the
estimation of ISF [16]. Moreover, in diabetic therapies, insulin
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doses and injection intervals are empirically estimated. Conse-
quently, it is complex to predict glycemic fluctuation because
of individual differences in insulin bioavailability. Currently,
there is a lack of noninvasive methods to real-time assess the
absorption of insulin from the site of administration.

To date, drug bioavailability can be assessed in vitro (Franz
diffusion cell [17]), ex vivo (e.g., tape stripping technique
[18]), or in vivo (e.g., skin biopsy [19], suction blister [20],
micro dialysis [21], and confocal Raman spectroscopy [22]).
Excluding the in vitro methods characterized by high accuracy
but low usability for routine applications, each of the other
methods has clinical limitations. Skin biopsies and suction
blisters allow precise measurements, but have a high inva-
siveness and latency. Tape stripping and microdialysis are
less invasive, but hard to standardize. Confocal Raman spec-
troscopy requires very expensive equipment and only allows
direct analysis of the most superficial skin layers.

As far as insulin bioavailability assessment is concerned, the
previously mentioned glucose sensors represent a noninvasive
and low-cost solution. However, their latency prevents real-
time applications.

For several years now, bioimpedance has emerged as
a method to simultaneously pursue noninvasiveness, low-
cost, and real-time. The bioimpedance spectroscopy is exten-
sively used in several biomedical applications [23], [24], [25],
[26], [27].

In [28] and [29], an impedance spectroscopy-based method
was proposed to measure the amount of drug under the skin.
In [30], the method was used for assessing insulin bioavail-
ability after subcutaneous injections. The method is based on a
personalized model linking impedance magnitude variation to
drug amount variation, identified during insulin injection once
the dosage is known (appearance model). The disappearance
model (i.e., the inverse of the appearance model) allows to
use impedance magnitude variation to estimate the amount
of insulin that leaves the injection site and thus is absorbed.
However, the feasibility study of the method highlighted
huge variability among the personalized models. Moreover,
the method did not manage the impact of mechanical noise
sources (e.g., the pressure exerted during the injection phase,
breathing) on the measurements [31], [32].

Subsequent tests [33] showed the significant impact of
mechanical noise sources (e.g., the pressure exerted dur-
ing injection and breathing) on method reproducibility. It is
worth noting that this method was only based on impedance
magnitude measurements and the impedance phase was not
exploited.

In this article, a transducer for noninvasive insulin mea-
surement is presented and metrologically characterized. The
research goals were to handle the mechanical sources of noise
and to achieve the requirements for clinical applications, i.e.,
accuracy and uncertainty below the typical volume of a unit
of insulin (i.e., 10 µl).

In particular, Section II reports the bioimpedance transducer
design; Section III describes the bioimpedance transducer
realization; Sections IV and V report the metrological char-
acterization of the bioimpedance transducer in eggplants and

humans, respectively; finally, the feasibility of an absorption
measurement is presented in Section VI.

II. DESIGN

A. Basic Ideas

From a conductometric point of view, a generic tissue
can be approximated as an electrolyte solution containing
a large number of cells [34], [35]. The solute amount in
a solution can be assessed by conductivity measurements.
In detail, the addition of a conductive solute into a solution
produces a variation in the resistance. Likewise, an amount
of drug injected into a biological tissue (characterizable by
dielectric relaxation phenomena and ionic conductivity) can
be assessed by impedance measurements [36]. Starting from
these considerations, the concept design of the bioimpedance
transducer was based on the following basic ideas.

1) The insulin bioavailability can be indirectly assessed
by measuring the drug disappearance from the injection
site.

2) The insulin disappearance can be noninvasively assessed
by tissue impedance measurements. In fact, the injection
of a drug into a tissue produces an impedance variation.
The same variation, in the opposite direction, is caused
by the disappearance of the drug during its absorption.

3) The percentage variation in impedance magnitude with
respect to a reference value (acquired in the preinjection
phase) is linked to the insulin amount by an almost linear
relationship.

4) At each new insulin administration, a specific personal-
ized relationship between insulin amount and impedance
variation can be identified. In this way, intra- and
interindividual reproducibility issues can be managed.

5) The effect of significant mechanical sources of uncer-
tainty can be managed by waiting for the transient
attenuation.

6) The reference value for the computation of impedance
percentage variation is measured after needle introduc-
tion. In this way, the bias due to syringe’s pressure on
the tissue until needle extraction is taken into account.

B. Architecture

The architecture of the bioimpedance transducer is shown
in Fig. 1.

Four electrodes are placed on the tissue under test
centered on the insulin bolus point of injection. The
impedance meter applies a sinusoidal current through the
amperometric electrodes on tissue and acquires the cor-
respondent voltage drop through the voltmeters’ elec-
trodes. The signal conditioning is accomplished through
the analog front-end. The smart insulin pen administers the
insulin bolus at n units for step. For each step of injec-
tion, the smart insulin pen communicates: 1) the start
of injection to the mechanical transient attenuation checker
and 2) the number of insulin units administrated to the
personalized model identifier. The impedance meter acquires
the impedance of the tissue under test and sends the values to
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Fig. 1. Architecture of the bioimpedance transducer for noninvasive measurement of insulin.

the mechanical transient attenuation checker. The mechanical
transient attenuation checker calculates the absolute value of
the difference between the current and previous values. The
mechanical transient attenuation checker sends the data to the
personalized model identifier if the standard deviation of six
consecutive differences, selected with a sliding time window
of 1 s, remains in an experimentally defined range.

This range was defined basing on preliminary study on
the impact of pressure on the impedance magnitude varia-
tion. A preliminary experimental campaign was conducted
on 30 subjects to acquire typical impedance variation trend
in case of resting state (absence of mechanical stresses and
controlled breathing) at 10 kHz. For each measurement, the
absolute value of the difference between the current and
previous impedance magnitude values (abs_im) is computed
and inserted in the resting state track (rsi ) for the i th subject.
A sliding time window (win) of 1 s extracts six consecutive
abs_im from the i th rsi vector. The win slides one abs_im
at a time. The standard deviation is calculated for each win
(σ_wini ) of each rsi and inserted in the standard deviation vec-
tor of all the subjects (subj_σ ). The mean (all_µ) and standard
deviation (all_σ ) of the subj_σ are computed. The range for
triggering the mechanical transient attenuation checker is the
sum of all_µ and all_σ and was found equal to 0.05 �.

In this way, the mechanical transient attenuation checker
waits for the suitable attenuation of the tissue mechanical phe-
nomena. Then, the personalized model identifier approximates
the relationship between 1) the insulin amount values received
from the smart insulin pen and 2) the impedance values
filtered from the mechanical transient attenuation checker.
Subsequently, the fault detector checks the personalized model
parameters experimentally identified during injections. If the
parameters are within the uncertainty limits experimentally
defined, the Bioavailability Tracker calculates the insulin dis-
appeared (namely absorbed) from the volume of tissue under
test.

The uncertainty limits are defined as the mean ± standard
deviation of the generic model calculated during the in vivo
experimental campaign.

C. Operation

The operating procedure of the bioimpedance transducer is
described below.

1) Electrodes Application: FIAB 500 pregelled electrodes
were used for the measurements.

2) Waiting for the Instrumentation Warm-Up: the measures
started after the end of the warm-up time of the instru-
ment (30 s). In this way, the signal oscillations remain
below a fixed threshold.

3) Reference Value Identification: 10 s after needle intro-
duction, the mean of the ten consecutive impedance
values is calculated, and the successive impedance mea-
surements are normalized to this value.

4) Model Identification: After each step of injection, the
mean of ten consecutive impedance values is computed.
Given the percentage impedance variations (PIVs) with
respect to the reference value and the amount of drugs
delivered at each injection step, a personalized linear
model is identified by means of the linear least-squares
method.

5) Fault Detection: the personalized linear model param-
eters are compared with the tolerance range calculated
after the preliminary off-line metrological characteriza-
tion of the device.

6) Bioavailability Monitoring: insulin bioavailability is cal-
culated by assessing the insulin disappearance from the
volume of investigated tissue.

III. REALIZATION

In this section, prototyping of the hardware, the firmware,
and the software is presented.

A. Hardware

The bioimpedance transducer was realized by exploiting off-
the-shelf components. In particular, the EVAL-AD5940BIOZ
of analog devices was used to implement the impedance meter
block. The EVAL-AD5940BIOZ is composed of two boards,
as shown in Fig. 2.

The down-board hosts the ADuCM 3029 chip provided with
an ultralow power Arm Cortex-M3 MCU, 256 kB of embedded
flash memory, and a 12-bit SAR ADC with a sampling rate
of 1.8 MSa/s.

Moreover, the down-board has two wireless connectivity
options (i.e., Bluetooth Low Energy 5.0 and Wifi Module)
and connectors used for setting the on-board MCUs.
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Fig. 2. Eval-AD5940BIOZ board.

The up-board hosts two high-precision excitation loops
based on a 12-bit DAC with 200 kSa/s and a 16-bit ADC
with both 800 kSa/s and 1.6 MSa/s options. The low-power
excitation loop produces signals from dc to 200 Hz; while
the high-power excitation produces signals up to 200 kHz.
Moreover, the up-board operates a DFT up to 16 384 points
computing both the real and imaginary parts of the impedance.
The AD5940BIOZ is equipped with a Z test board, which
models body impedance and electrode contact impedance.

B. Firmware and Software

The firmware for the impedance meter block was realized
on the basis of libraries provided by Analog Device [37].
The firmware prototyping aimed to maximize the measurement
throughput without penalizing the metrological characteristics
of the transducer. In particular: 1) firmware architecture was
articulated in ten different treads to take advantage of paral-
lelization and 2) data transmission was scheduled only at the
end of an entire measurement cycle. The device can be used
in stand-alone mode (battery) or in connection with PC via
COM port.

An interface was propotyped in C# to allow the following
inputs and outputs.

1) Data Acquisition Mode: 1) fixed number of data to
acquire and 2) continuous data acquisition.

2) Stimulus amplitude.
3) Stimulus Frequency: 1) fixed frequency and 2) frequency

sweep in a chosen band.
4) Graphical and tabular data representation in the time and

frequency domains.
Moreover, the data can be exported as CSV file for successive
analysis.

IV. LABORATORY AND IN VITRO METROLOGICAL
CHARACTERIZATION

Metrological characterization in the laboratory focuses on
the impedance meter block through the use of passive electrical
components. Then, the human tissues are emulated by egg-
plants, and a preliminary characterization of the bioimpedance
transducer is performed. Moreover, the compatibility of the
electrical behavior of two substances (with and without
insulin) is evaluated in view of subsequent in vivo charac-
terization.

Fig. 3. Comparison between reference and measured impedance magnitude.

Fig. 4. Impedance magnitude percentage 1-σ repeatability.

Fig. 5. Comparison between reference and measured impedance phase.

A. Laboratory

A parallel of a capacitor and a resistor was used to
approximate the typical impedance behavior of human tissue.
The equivalent electrical circuit was obtained using General
Radio standard capacitor (0.02 µF) type 509-F and Uniohm
85 005 decade resistor (20 000 �). Ten cycles of measure-
ments were realized at 100 frequencies equispaced from
100 Hz to 100 kHz on a logarithmic scale. The applied voltage
amplitude was 100 mV. The mean and standard deviation
of impedance magnitude were computed. In Figs. 3 and 4,
the results are compared with the theoretical values after
deterministic error compensation.

The σ repeatability is the variance associated with repeata-
bility. It is a nonnegative parameter characterizing the disper-
sion of the quantity values being attributed to a measurand
when out of a set of conditions are guaranteed: 1) the same
measurement procedure; 2) same operators; 3) same measuring
system; 4) same operating conditions and same location; and
5) replicate measurements on the same or similar objects over
a short period of time.
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Fig. 6. Impedance phase percentage 1-σ repeatability.

The percentage 1-σ repeatability for each applied frequency
is shown in Figs. 5 and 6 for magnitude and phase, respec-
tively. For each frequency, it was calculated as the percentage
of the mean standard deviation with respect to the mean.

As far as impedance magnitude is concerned, the highest
value is 0.35%, while 0.10% was not exceeded, above 4 kHz.
As far as impedance phase is concerned, the highest value is
0.1%, while 0.05% was not exceeded, above 8 kHz.

In the bandwidth of interest, typical percentage deterministic
errors of 1% for both magnitude and phase were obtained. The
mean 1-σ repeatability of impedance magnitude and phase
were 1.8 � and 0.0005 rad, respectively.

B. In Vitro

The in vitro metrological characterization was realized on
eggplants for their effectiveness of emulating human electrical
behavior [38]. Moreover, a negligible dielectric dispersion can
be considered in the frequency bandwidth interested for both
the tissues [39], [40]. As a matter of fact, eggplants introduced
some limitations in the analysis. Indeed, the human tissue is
subject to more mechanical noise sources than eggplants (such
as breathing). Moreover, the human tissue exhibits a more
complex and rapid time variation with respect to eggplants.
However, it is important to emphasize the measurement phase
when the emulation of human tissue through eggplant is used,
namely, the appearance phase. In this phase, a quasi-static
approximation of human tissue metabolic behavior is assumed
by adopting a measurement time under 2 min. Indeed, during
this period only 2% of a typical insulin bolus is on average
absorbed [41].

In particular, the experimental campaign was realized by
means of two different substances, namely, an insulin-based
solution and its solvent (vehicle) both produced by Lilly [42].

Therefore, reproducibility, repeatability, sensitivity, uncer-
tainty, accuracy, and nonlinearity were assessed by varying
the injected substance.

Twenty eggplants were peeled and dried at 23 ◦C for two
hours. Subsequently, they were cut in samples of 10 cm ×

4 cm × 4 cm. Four FIAB PG500 electrodes of 14 mm ×

36 mm were placed on the eggplants evenly spaced by 5 mm.
A sinusoidal voltage amplitude of 100 mV was applied on
the eggplants at a frequency of 1 kHz. The frequency was
chosen to maximize the sensitivity as highlighted in [36]. The
injections were administered by exploiting a Lilly’s 100 U/ml

Insulin Pen and Lilly’s Saline Kiwin Pen with a needle of
length 4 mm. The Insulin Pen contains an insulin dissolved
in a vehicle solution, and the Saline Kiwin Pen contains only
the vehicle composed of m-cresol, glycerol, dibasic sodium
phosphate 7H2O, and zinc oxide dissolved in sterile water for
injectable preparations.

The eggplant impedance was assessed after five consecutive
substance injections of 20 µl (2 IU). At the end of each
injection (measurement point), ten consecutive measurements
were acquired and their average value (impedance score) was
computed. The mean impedance value after needle introduc-
tion (reference) was used for subsequent comparisons. Ten
eggplants were selected for insulin administrations and ten for
vehicle administrations.

A PIV was calculated between the impedance score of each
measurement point and the reference. For each eggplant, a was
calculated as the regression line (least-squares algorithm) in
the plane of PIV and the amount of substance injected. The
mean of the PIV (MPIV) of the eggplant samples for each
amount of insulin injected was computed. The generic model
is the regression line calculated in the plane of MPIV and the
amount of vehicle injected.

1) Reproducibility: For each measurement point, the stan-
dard deviation of the ten eggplant PIV was calculated. Finally,
the percentage 1-σ reproducibility was calculated as the per-
centage of the mean standard deviation with respect to the
overall mean of the PIVs.

As concerns the insulin injections, a 1-σ reproducibility
of 71% and 89% for magnitude and phase was assessed,
respectively. As concerns the vehicle injections, a 1-σ repro-
ducibility of 74% and 58% for magnitude and phase was
obtained, respectively. The decrease in the reproducibility of
phase measurements is linked to different compositions of
two substances. In particular, insulin is composed of macro-
molecules which increase the impact of heterogeneity of the
eggplant porosity on the electrical behavior of the substance.

2) Repeatability: Ten consecutive measurements were
acquired for each measurement point and ordered into a
vector [one vector for needle introduction (v1) and five for
five consecutive injections (vi1, vi2, . . . , vi5)]. Each value in
vi vectors was overwritten with its PIV with respect to the
correspondent value in (v1). Finally, the 1-σ repeatability
was obtained as the mean of the standard deviation of each
vector vi .

Regarding insulin injections, mean values of 0.45% and
1.9% were obtained for impedance magnitude and phase,
respectively. As concerns vehicle injections, mean values of
0.79% and 3.11% were assessed for impedance magnitude and
phase, respectively.

3) Sensitivity: The sensitivity was calculated by the slope
of the linear model both in case of generic and person-
alized models. A comparison between the generic models
obtained after vehicle and insulin administrations is reported
in Figs. 7 and 8, respectively.

The two trends appeared compatible, namely, increasing the
substance amount, the impedance magnitude monotonously
decreases and the impedance phase monotonously increases,
both within the same order of magnitude.
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Fig. 7. Mean percentage impedance magnitude variation versus amount of
vehicle (triangles) and insulin (points) injected, in in vitro tests.

Fig. 8. Mean percentage impedance phase variation versus amount of vehicle
(triangles) and insulin (points) injected, in in vitro tests.

TABLE I
CONDUCTIVITY OF DISTILLED WATER WITH 1 PPM IMPURITY CONCEN-

TRATION, INSULIN, AND VEHICLE AT 10 KHZ

As far as the insulin generic model is concerned, the mean
sensitivity values of 69.98 and 48.83 ml−1 were obtained
for impedance magnitude and phase, respectively. As regards
the vehicle generic model, the mean sensitivity values of
204.77 and 148.03 ml−1 were obtained for impedance magni-
tude and phase, respectively.

Figs. 7 and 8 highlight the compatibility between the electri-
cal behavior of the substances. Indeed, for both the substances
a direct linear relationship between substance amount and
impedance variation can be identified. However, the transducer
showed greater sensitivity to vehicle than insulin due to
different conductivities (although compatible if compared with
the conductivity of distilled water) of the two investigated
substances, as reported in Table I.

Regarding the personalized models, the sensitivity values
obtained are reported in Table II.

4) Nonlinearity: The nonlinearity was calculated by means
of the residual standard deviation√∑n

i=1(yi − ŷi )2

n − 2
(1)

TABLE II
BIOIMPEDANCE TRANSDUCER SENSITIVITY IN IN VITRO TESTS

TABLE III
BIOIMPEDANCE TRANSDUCER PERCENTAGE

NONLINEARITY IN IN VITRO TESTS

where

1) n is the number of injection steps;
2) y is the experimental value of the percentage variation;

and
3) ŷ is the percentage variation value calculated through

the equation of regression line.

Then, the percentage of nonlinearity was calculated with
respect to the range of variation in y.

As far as the insulin injections, nonlinearity values of
2.45% and 5.18% for impedance magnitude and phase were
assessed, respectively, for the generic model. As concerns the
vehicle injections, nonlinearity values of 5.05% and 2.58% for
impedance magnitude and phase were assessed, respectively,
for the generic model. Regarding the personalized models, the
results are shown in Table III.

5) Accuracy: The rms of the deterministic error (RMSE)
for the generic model and the average RMSE among the per-
sonalized models, as the amount of vehicles and insulin varies,
are compared in Figs. 9 and 10 for impedance magnitude and
phase, respectively.

For both the substances, the personalized models exhibit
a lower accuracy with respect to the generic models.
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Fig. 9. (a) Impedance magnitude percentage accuracy of personalized
(rumbles) and generic (squares) model versus amount of insulin for impedance
phase, in vitro experiments. (b) Impedance magnitude percentage accuracy of
personalized (rumbles) and generic (squares) model versus amount of vehicle,
in in vitro experiments.

Fig. 10. (a) Impedance phase percentage accuracy of personalized (rumbles)
and generic (squares) model versus amount of insulin for impedance phase,
in vitro experiments. (b) Impedance phase percentage accuracy of personal-
ized (rumbles) and generic (squares) model versus amount of vehicle, in in
vitro experiments.

As impedance magnitude is concerned, the substances showed
accuracy below 5.0%.

The results showed higher sensitivity and nonlinearity
of the vehicle with respect to the insulin. However, the

Fig. 11. Subject’s abdomen during vehicle injection cycle.

same monotonic relationship between impedance variation and
amount of substance injected was observed. Moreover, for both
the substances, the generic model exhibits a lower nonlinearity
and a higher accuracy with respect to the mean nonlinearity
and accuracy of the personalized models.

V. IN VIVO METROLOGICAL CHARACTERIZATION

A. Experimental Setup

As explained in Section IV-B, eggplants well emulate
human electrical behavior. Moreover, the results of in vitro
metrological characterization showed the compatibility of the
electrical behavior of insulin and vehicle. In general, the
patient with diabetes injects a variable bolus dose (depending
on the subjective conditions and type of meal). Therefore,
the experiments were realized on a healthy subject by only
injecting vehicle, to improve the experimental reproducibility.

The volunteer signed the informed consent prior to the tests,
and all the procedures were carried out in compliance with
the appropriate guidelines. The Ethical Review Committee
(number 238/18) of the University of Naples Federico II
approved the research. All the electronic devices were removed
from the measurement zone. The experiments were conducted
in a controlled temperature room. Over the course of a month,
the volunteer was subject to 12 injection cycle of 100 µl of
vehicle. In particular, five consecutive injections of 20 µl were
performed for each injection cycle. The measurements were
realized by setting a sinusoidal voltage amplitude of 100 mV
at a frequency of 10 kHz. The frequency was chosen to relax
the safety requirement for peak current (IEC-60601 standard)
and to minimize the impact of physiological phenomena (e.g.
muscle contraction and blood flow) more relevant at lower
frequencies.

The bioimpedance transducer was connected to a laptop
set to battery power mode. The laptop’s screen showed
simultaneously: 1) the impedance value trend and 2) the
subject abdomen recorded with laptop’s internal camera to
observe that all the setup conditions were respected during the
experiment. All the cycles of the experimental campaign were
video-recorded to allow ex post verification on the parameters
of the experimental setup (e.g. electrodes’ adhesion) using
zoom and slowmotion.

As reported in Fig. 11, the subject was asked to maintain
an upright position during the acquisitions as this condition
had improved repeatability in preliminary experiments.

Four FIAB 500 electrodes of 14 mm × 36 mm were
positioned on the abdomen with an interelectrodic distance of
1 cm. Lilly’s Saline Kiwin Pen with a needle of length 4 mm
was used for injection. Vehicle administration was performed
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Fig. 12. Mean impedance magnitude trend of the eight experimental steps
in in vivo tests. The first and second bands highlight the baseline and needle
introduction steps, respectively. The third band groups the five steps of vehicle
administration. The needle extraction step is marked by the fourth band.

by placing the pen between the voltmetric electrodes and
keeping it perpendicularly to the surface of the abdominal
tissue.

The experimental campaign was characterized by eight
steps (Fig. 12). The first step is the preinjecting condition
(baseline), while the second step occurs with needle insertion
(reference). The third to seventh steps are the five successive
administrations of 20 µl of vehicle and, finally, the eighth
step occurs with needle extraction. The mean time between
injections and bioimpedance measurements is 5 s, waiting for
the mechanical transient attenuation. In this way, the total
duration of a measurement cycle remains below 2 min.

B. Results

Differently from the laboratory and in vitro experiments,
only the impedance magnitude results are reported owing to
the non-monotonicity of the phase at varying the amount of
substance.

As shown in Fig. 12, needle introduction produced a con-
siderable increase in the impedance magnitude because of
the pressure exerted on the abdomen to hold the syringe in
place. Therefore, the impedance score after needle introduction
(reference) is used for subsequent comparisons. A PIV was
calculated between the impedance score of each step and the
reference. For each measurement cycle, a personalized model
was identified as the regression line (least-squares algorithm)
in the plane of PIV and amount of vehicle injected.

Then, the MPIV among the 12 measurement cycles for each
amount of insulin injected was computed. The generic model
is the regression line calculated in the plane of MPIV and the
amount of vehicle injected.

1) Reproducibility: For each measurement point, the stan-
dard deviation of the PIV among the 12 cycles was calculated.
Finally, the percentage 1-σ reproducibility was calculated as
the percentage of the mean standard deviation with respect
to the overall mean of the PIVs. A 1-σ intercycles’ repro-
ducibility of 36% was assessed. A comparison between the
reproducibility of the present study and the state-of-the-art is
reported in Table IV.

2) Repeatability: Ten consecutive measurements were
acquired for each measurement point and ordered into a
vector [one vector for needle introduction (v1) and five for
the five consecutive injections (vi1, vi2, . . . , vi5)]. Each value

TABLE IV
COMPARISON BETWEEN THE REPRODUCIBILITY OF THE PRESENT STUDY

AND THE PREVIOUS ONE

Fig. 13. Percentage impedance magnitude variation versus amount of vehicle
injected in in vivo experiments. (a) Generic model. (b) Personalized model
obtained from 11th cycle.

TABLE V
BIOIMPEDANCE TRANSDUCER SENSITIVITY AND NONLINEARITY IN

IN VIVO TESTS

in vi vectors was overwritten with its PIV with respect to
the correspondent value in (v1). Finally, the 1-σ repeatability
was obtained as the mean of the standard deviation of each
vector vi .

A 1-σ repeatability of 0.35% was obtained.
3) Sensitivity: A sensitivity of 33.76 ml−1 was obtained for

the generic model. The sensitivity was the slope of the model
in the plane of PIV and the amount of substance [Fig. 13(a)].
Regarding the personalized models, the sensitivity values are
reported in Table V.
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Fig. 14. Accuracy of personalized (rumbles) and generic (squares) model
versus amount of vehicle, in in vivo experiments.

4) Nonlinearity: The percentage nonlinearity was 2.76% for
the generic model. As concerns the personalized models, the
results are shown in Table V. As shown in Fig. 13, the generic
model exhibits a lower linearity than the personalized models.

5) Accuracy: The rms of the deterministic error (RMSE)
for the generic model and the average RMSE among the
personalized models as the amount of vehicles varies are
compared in Fig. 14.

As shown in Figs. 13 and 14, the personalized models guar-
antee a lower accuracy with respect to the generic model but
exhibit higher nonlinearity. Moreover, the personalized models
showed an accuracy comparable to the accuracy obtained in
the in vitro tests even though the human tissue is subject to
mechanical noise sources and has time-varying composition.

In clinical applications, the inverse model (disappearance
model) has to be used to assess the drug absorbed from the
measured impedance variation. In this framework, an accuracy
related to the vehicle amount assessment can be computed
from the accuracy of the direct model (appearance model).
In particular, the accuracy for clinical applications is com-
puted as the ratio between the accuracy and the sensitivity
of the direct model. Therefore, it is possible to estimate an
accuracy for clinical application of 12 µl, given the average
sensitivity of 36.86 ml−1.

In [33], different models of the relationship between the
percentage impedance magnitude variation and the amount
of substance administered were compared. The second-order
polynomial model improved the metrological performance
of the bioimpedance transducer with respect to the linear
model. The accuracy of the direct model was improved by
37% by applying a second-order model on the data acquired
during in vivo experimental campaign. The average sensitivity
computed among the ten nonlinear personalized models was
31.00 ml−1. Therefore, the accuracy for clinical application,
when a second-order model is adopted, improved to 9 µl.

6) Uncertainty: Two main sources of uncertainty were con-
sidered: 1) the instrument and 2) the measurand. Instrumental
uncertainty (ui ) was calculated as the ratio between σu and
the square root of 10 (the number of repeated measurements),
where σu is the product between percentage 1-σ repeatability
at 10 kHz obtained from laboratory tests and 1y, namely, the
typical range of PIV during in vivo experiments. The measur-
and uncertainty (um) was calculated as the ratio between the
mean 1-σ repeatability from in vivo tests and the square root

Fig. 15. Mean impedance magnitude trend of the ten experimental steps in
absorption test on a human volunteer. The first and second bands highlight
the baseline and the needle introduction steps, respectively. The third band
corresponds to vehicle administration. The needle extraction step is marked
by the fourth band. The fifth band groups the steps during the disappearance
of the vehicle from the site of injection.

of 10. The combined uncertainty (uc) of the direct model was
calculated as the root sum squared of (ui and um).

An uncertainty for clinical applications of 4.2 µl was
computed as the ratio between uc and the mean sensitivity
of personalized models.

C. Discussion

As the impedance phase is concerned, non-monotonicity
was observed in contrast to laboratory and in vitro results.
The relative complex effective dielectric permittivity of tissues
is modified by the introduction of substances. The impact of
these changes on the impedance phase requires the use of more
complex models yet to be identified.

As the impedance magnitude is concerned, a large decrease
in percentage 1-σ intraindividual reproducibility was reported
with respect to the state-of-the-art (from more than 200% to
36%). This result confirms the containment of the mechan-
ical uncertainty sources. In particular, the subdivision of
the measurement in eight steps allowed the identification
of three fundamental events: baseline, needle insertion, and
needle extraction. Typically, needle insertion and extraction
determines impedance variations in comparable amplitude and
opposite sign, due to the mechanical stress to which the tissue
is subjected [33]. The bioimpedance transducer builds the
personalized model by adopting as initial impedance value
the measurement acquired after the insertion of needle. Then,
the personalized model is identified before needle extraction.
This way, a first stage of filtering the mechanical source
of uncertainly is implemented. Subsequently, the mechanical
transient attenuation checker operates during the whole mea-
sure to filter the remaining mechanical effects due to substance
administration.

VI. ABSORPTION ASSESSMENT FEASIBILITY

An exploratory test was conducted on the healthy subject
to assess the impedance variation due to vehicle absorption.
The volunteer was subjected to a single injection of 100 µl of
vehicle.

The test was characterized by ten steps. The first step is
the preinjecting condition, the second step arises from needle
insertion, the third step represents the administration of 100 µl
of vehicle, and the fourth step occurs with needle extraction.
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Finally, the absorption phase groups the steps from number
five to ten. The first five steps last 20 s, while in the absorption
phase each step lasts 10 min. Steps are characterized by their
impedance scores.

As shown in Fig. 15, impedance magnitude decreases
during the first five steps. From the sixth to the tenth step,
a tendency for impedance magnitude to return to the pre-
injection condition was observed. The impedance decrease
during the fifth step could be related to the diffusion of the
vehicle within the tissue under investigation before passing
into the bloodstream. After the fifth step, the impedance
increase reflects the disappearance of the substance from the
injection site, namely, vehicle absorption.

VII. CONCLUSION

A low-cost bioimpedance transducer for noninvasive and
real-time monitoring of insulin bioavailability after subcuta-
neous injection was prototyped and metrologically character-
ized. Combining low-cost, noninvasiveness, and low latency
represents a novelty in the insulin bioavailability assessment
field. The limitations of the study concern: 1) the lack of model
able to explain the nonmonotonic trend in the relationship
between the impedance phase variation and the amount of
vehicle injected and 2) the number of subjects enrolled in
the study, namely, one (even if 12 injection cycles were
performed).

As the impedance phase is concerned, typical percentage
deterministic errors of 1% and mean 1-σ repeatability 0.05%
radiant were obtained in the bandwidth of interest during the
laboratory tests. Good trends of monotonicity and linearity
emerged during in vitro tests.

As the impedance magnitude is concerned, the results of the
in vitro metrological characterization showed the compatibility
of the electrical behavior of insulin and vehicle. In general, the
patient with diabetes injects a variable bolus dose (depending
on the subjective conditions and type of meal). Therefore,
the experiments were realized on a healthy subject by only
injecting vehicle, to improve the experimental reproducibility.

During in vivo tests, a large decrease in percentage 1-σ
intraindividual reproducibility was reported with respect to the
state-of-the-art (from more than 200% to 36%). This result can
be related to the containment of the mechanical uncertainty
sources. An accuracy for clinical applications of 9 µl was
obtained by means of a second-order polynomial model.
Uncertainty for clinical applications resulted well below the
typical volume of one insulin unit (10.0 µl), namely, 4.2 µl.

Future works will be focused on: 1) identification of the
relationship between impedance phase variation and drug
amount in case of human tissue; 2) verification of the in vivo
results by improving the experimental sample size; 3) finite
element modeling of human tissue injected with drug for
improving the uncertainty sources’ analysis; and 4) an exper-
imental campaign on patients with diabetes to clinically vali-
date the bioimpedance transducer.
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