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ABSTRACT

We investigated possible variations of impedance values in samples of
sodium chloride solution (sodium chloride 0.9%) with glucose at different
concentrations, ranging from 5000 to around 75 mg/dl. The sodium chlo-
ride solution (either saline physiological solution) was chosen sinceit has
similarities to blood but no cell components, which may be confounding
factors in this study. We found that variations in glucose concentration
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directly affect the impedance modulus of the sample, and even if the im-
pedance variationswere often small (around 3-4 m&! per mg/dl) they were
clearly measurable. Thesefindings may bethe basisfor possible develop-
ment of a new approach, based on impedance technology, for the non-
invasive monitoring of glycaemia. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Themeasurement of dielectric propertiesof bio-
logical tissuesthrough el ectroimpedance spectroscopy
techniques hasbeen performed in several medica and
dinicd applicationd*3. Inrecent yearsd ectroimpedance
spectroscopy has been suggested as anon-invasive
approach to determine glycaemia, asreported in sev-
erd reviewg*e.

In™ theauthors showed thet variationsin blood glu-
cose concentration determines gnificant changesinthe
impedance of asubject’s skin and underlying tissues
dueto biochemical reactions acrossthe membrane of
erythrocytestriggered by variationsin glucose concen-
tration. In other studies, however, impedancevariations
werefoundin glucose-water solutionswith different glu-
cose concentrations, despite no cell component was

present’®, Similar resultswerefound in our previous
study'®, whereweinvestigated theimpedance varia-
tionsinafew glucose-water, glucose—sodium chloride,
and glucose-blood samples.

Themainam of thisstudy wasto moredeeply ana
lyzethe changesin theimpedance of glucose-sodium
chloride solutionsat 0.9% asafunction of glucosecon-
centrationinarange up to 5000 mg/dl; theinfluence of
changein the solution temperature and the effectsdue
tothestirring of the sample (dynamic conditions) have
been dsoinvestigated. Thesalinesolution waschosen
asit hasan osmotic pressure closeto that of plasma,
and conductivity similar to that of blood. Thisapproach
could represent astep forward in the understanding of
theroleof glucosein thedid ectric property changesof
biological fluids. Thelack of any cellular component
would allow usto clarify thedirect effect of glucose,
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excluding any cdlular process. Theseresultscould be
of somehe pin better understanding theredlistic possi-
bility to useapproachesfor glycaemiamonitoring based
onthemeasurement of glucose-induced didectric prop-
erty variations.

EXPERIMENTAL

Prepar ation of samples

For the preparation of the samples, sodium chlo-
ride 0.9 % (Baxter) and D-glucose (99.5%, Fluka)
was used. First, 500 ml of sodium chloride 0.9 %
(sdinephysiological solution) was preparedinaglass
cylinder, with the addition of 25 g of glucoseto reach
thefinal concentration of 5000 mg/dl. Thesamplewas
afterwardsdiluted, by eliminating 25 ml of thesample
and adding the same quantity of pure saline physi-
ological solution. The processwas iterated several
times, and, at the end, seven sampleswere prepared,
with glucose concentration vaues of ~78, ~156, ~312,
625, 1250, 2500 and 5000 mg/dl. A sample of pure
sdinephysiologica solution wasaso prepared asblank
control.

| mpedanceequipment and measur ement approach

Impedance measureswere performed by means of
aSolartron 1260 impedance analyzer (Solartron Ana-
Iytical). For the measurement cell aprobefrom Delta
OHM, SPO6T model, was chosen. The cell k-factor
was K =0.7 and the measurement rangewasfrom 5uS/
cmto 200 mS/cm. Theimpedance of the sampleswas
measured inthe 10°-107 Hz frequency range, infive
frequency pointsfor each decade. In thisstudy lower
frequency valueswere not considered to avoid having
possible confounding factorsrelated to el ectrode po-
larization. Thecdl was characterized by four platinum
el ectrodesfor possible separation between stimulation
and sensing termina sand consequent minimization of
possible secondary effects (inductance of cables or
parasitic capacitances)!*?. However, inthis study we
did not perform measuresabove 10 MHz (i.e., not very
high frequencies), thusthe weight of the possible sec-
ondary effectswas supposed to be negligible. Onthe
other hand, when the sampleto be measured hasquite
high conductivity, for better accuracy and precisionit
may beconvenient to used ectrodesat sufficiently high
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distance. For thisreason we decided to usethe exter-
na coupleof eectrodesnot only for stimulation but so
for sensing. Thetestswere performed by applying a
100 mV r.m.s. voltageto the samplethrough the exter-
nal coupleof electrodes.

Experiments

Onthe each of the sampleat the different glucose
concentrations, weperformed thefollowing experiments:
1) theimpedance measurewas performed onthesample
at room temperature (around 22 °C), in static condi-
tion; ii) to obtain dynamic conditions, the samplewas
stirred through an electromagnetic micro stirrer (Velp
Scientifica), whiletheimpedance measurewascarried
on; iii) Then, theimpedance measures, bothin static
and dynamic conditions, asreportedini) andii), were
performed after heating the sample, thusreaching dif-
ferent stabletemperatures, selectedinawiderangein-
cluding also thetypical temperatures of human body
fluids (32, 37, 42, 47 °C); heating was obtained by
meansof aheeting plate (Ve p Scientifica), and checked
through a thermometer with £0.3 °C accuracy
(Checktemp °C, Hanna Instruments).

Each experiment, for each sample, inboth static
and dynamic conditions, and a thedifferent studied tem-
perature, was performed four times: after each experi-
ment, themeasurement cdll wascleaned beforeimmers-
ingit againinto thesamesample. Eachimpedancevaue
presented intheresults sectionisthe average between
thefour measureson the same sample(in each specific
condition), unlessotherwise specified.

Satistical analysis

On each couple of measurement sets (static and
dynamic sets), at the different temperatures, we per-
formed anonparametrictest, i.e., theWilcoxon Signed
Rank test. Infact, weamed to assess possiblediffer-
ences, on average, between the valuesin static and
dynamic conditions, for eachtemperature (studied val-
ues. impedancemodulusat 1 MHz). P< 0.05was con-
Sderedfor statigticaly significant difference.

RESULTS

Theimpedance modulus of the samplesat room
temperatureisreported in Figure 1a. Themodulusin-
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creasesfor increasing glucose concentration valuesin
all thestudied frequency range, eventhough thediffer-
ences for low glucose concentrations were modest.
Similar resultswerefound for the set of experiments
performed at the different temperatures: for instance,
Figure 1b showstheimpedance modulusover al the
studied frequency rangeat 37 °C.
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Figurel: Impedance modulusof samplesof physiological
solution aloneand with added glucoseat concentr ationsfrom
5000tonearly 78 mg/dl, at room temperature(a) and at 37°C
(b). Datareported aremean+SE

Figure 2 showstheimpedanceva uesmeasured at
1 MHz (vaueinthemiddleof the studied frequency
range) asafunction of theglucoseconcentration a room
temperatureand at 37°C. The two curves show prac-
tically aparallél trend, with adecrease of theimped-
ancevauesinthesamplesat higher temperature. Such
decreaseremainsessentially constant at any glucose
concentration value. The slopesof thecurves, asesti-
mated by linear regression, are of about 4.6 and 3.2
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m&!/(mg/dl) for the samplesat room temperatureand
37 °C, respectively. The R values of the linear regres-
sionwerefound of 0.98 and 0.99, respectively.
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Figure2: Impedance modulusof thesamplesasafunction of
glucoseconcentration at 1 M Hz. Resultsat thetwo different
temperaturesare shown: solid curve: room temperature;
dashed curve: 37°C

Figure 3 shows the results obtained under static
and dynamic conditionsfor thesampleat 78 mg/dl at
all thetemperaturestested. For each temperature, the
impedancein static and dynamic conditionisvirtualy
thesame, asmirrored by the static and dynamicrel ated
curvesamost overlapped. Smilar resultswere obtained
for the other samples, at different glucose concentra-
tions (not shown).
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Figure 3: Impedance modulus spectrum for the samplesat
78 mg/dl, in static (dotted curve) and dynamic (solid curve)
conditions at room temperature and at 32, 37, 42, 47 °C
(fromtoptobottom). Datareported aremean+SE

Indeed, thisisconfirmed by thedtatiticd test, which
found no gatisticaly significant difference between the
impedance modulus (at 1 MHz) in static and dynamic
conditions, for all the samplesat the different glucose
concentrations, at each of the different temperatures.
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TABLE 1 reportstheimpedancemodulusof thesample

= Pyl Paper
at 78 mg/dl glucose, a thedifferent temperatures.

TABLE1
Temperature RT 32 37 42 47
Status Static Dynamic Static Dynamic Static Dynamic Static Dynamic Static Dynamic
Test 1 156,11 156,10 136,38 136,08 12534 12527 11599 116,25 105,99 105,81
Test 2 155,71 155,69 137,38 136,94 12547 125,78 115,73 11556 106,23 105,62
Test 3 155,35 15542 137,07 137,12 12567 12496 11548 11548 106,03 105,73
Test 4 155,08 155,11 136,91 136,84 125,67 125,67 11542 11539 105,60 105,90

Valuesat 1 MHz for the 78 mg/dl glucose sample at different temperatures in static and dynamic conditions. P range for the
different static/dynamic couple of values: 0.14-0.72 (i.e., not significant)

DISCUSSION

A promising approach for non-invasive measure-
ment of glycaemiais el ectroimpedance spectroscopy.
Some device prototypes have been devel oped based
on this approach, and one of them also received the
CE approval, but itsdiffusion in the market was pre-
vented by some concerns about its actua perfor-
mances*. A new company seemsto beworkingona
similar devicd?, but et themoment nodeviceisavail-
able.

In™ authors claimed that the measurement of gly-
caemiathrough € ectroi mpedance spectroscopy iISpos-
sibleasvariationsin blood glucose concentration in-
duce sometransportation phenomenaof eectrolytes
through the cell membrane, and as aconsequence of
thisprocessvariaionsinthedidectric propertiesof the
medium can be observed. The most rel evant phenom-
enon seemsto bethe plasmasodium concentration low-
ering inthe presence of hyperglycaemid®d. In it was
claimed that these effectsare entirely responsiblefor
theimpedancevariationsof blood and underlying tis-
sues, sinceglucosevariationsdo not directly affect the
dieectric propertiesof theinvestigated medium (at least
intheMHz band). However, somerecent studies con-
tradict thesefindings. in® and® the diel ectric proper-
tiesof glucose-water solutionswerefound different for
glucose concentration valuesvarying within the physi-
ologica range. In particular, theimpedance modulus
increased for increasing glucose concentrationswithin
the 1 kHz— 1 MHz band. However, in our previous
study®, for each type of solution only afew samples
werestudied, and only ingtatic conditions, & room tem-
perature.

Inthisstudy, impedance changes of sodium chlo-

ride solutionsat different glucose concentration values
were analyzed more deeply. Theinterest for the so-
dium chloride0.9% solutionisdueto thefact that it has
an osmotic pressureextremely closeto that of plasma,
and it aso has conductivity similar tothat of blood: in
fact, wea so measured sodium chloride 0.9% conduc-
tivity withasimpleconductivity meter (Orion) and found
15.60 mS/cm (at room temperature), whichisnot far
from valuesreported for blood intheliterature.

Solutionsat different glucose concentrationswere
examined at fivedifferent temperatures, dsoincluding
thetemperaturetypical of human body fluids(22, 32,
37,42,47 °C), both in static and dynamic conditions,
thelatter being more similar to what occursinanin
vivo context. Theresults showed that theimpedance
modulus of the solution sampleswas affected by the
glucose concentration at all the studied frequencies,
confirming that variationsin glucose concentration even
inthephysiologica rangeinfluencethedie ectric prop-
erties of solutions. However, the changesin didectric
propertiesweresmal a any tested concentrations. This
is particularly true at glucose concentrations in the
physio-pathol ogical range (from about 100 to 300-400
mg/dl), wherechangesof afew mQ/(mg/dl) werefound
a roomtemperature. Theseresultswerea so confirmed
when thetemperature of the samplewasincreased. In
these cases, asexpected, thevauesof impedanceasa
function of the glucose concentration werelower than
thoseat 22 °C (for the experiments at 37 °C, average
difference of about 35.9 Q2), but asimilar trend was
observed (seeFigure 2).

Asregardsthe possi ble differences between static
and dynamic conditions, some studies can befoundin
thescientificliterature about possibledifferencesinthe
impedance spectrum between these two conditions, but
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they aretypically focused on theinvestigation of the
main characteristics of ion exchange membraneg >4,
To our knowledge, thereisonly one study!” inthelit-
erature that dealswith the problem of glucose mea-
surement using animpedance-based gpproach, withthe
investigation of both static and dynamic conditions. In
the study*” the impedance of some animal blood
samples at different glucose concentrations was
analysed, both in static and dynamic conditions, at the
sametemperature. At some glucose concentrations, the
sampleindynamic conditionsshowed adight decrease
intheimpedanceva uecompared to thesamplein gatic
conditions; however, at other glucose concentration
va ues, an opposite behaviour wasfound. TheAuthors
wereunableto providead ear explanation of thesefind-
ings. Inour study, as can beobserved in Figure 3 and
TABLE 1, therewas no difference between static and
dynamic conditionsin each sampleat each temperature
tested. Infact, the solutions used for our experiments
includeanionic solute (NaCl) completely solvated by
polar solvent molecules (H,0O), and also the compl ete
dissolution of glucose contributesto the homogeneity
of the solution. Our hypothesisisthat in experimental
conditionsinvolvingreatively small volumes (<100 ml)
of highly homogeneous sol utions, the agitation of the
sampletendsnot toinfluencetheionsmohility, and hence
the flow of the electric current. Besides, the lack of
differences(or the presenceof negligibledifferences) in
dielectric measurements between static and dynamic
conditionswasal so reported in our previous study!#,
though in that case the experimental setup wascom-
pletely different and only smpleconductivity measure-
mentswere performed, instead of impedance spectra
measurements. In any case, we acknowledgethat the
discrepancies between our studies and the study!7 in
thefindingsre ated to the possibledifferences between
static and dynamic datamay be duetothe differences
inthetypeof solutionsanayzed in each study.
Asregardsthe experimental setup of thisstudy, it
must be noted that the measurement probethat we se-
lected isgenerdly usedin smpleconductivity analys's,
and henceit may be not completely adequatefor im-
pedance measurements. We sel ected that probefor the
presence of platinum el ectrodes, despitetheredatively
low cost. However, the most interesting results (i.e.,

those reported in the Results section) were obtainedin
Research & Reotews On

afreguency range where the phase of the measured
impedance was small, or even almost zero (datanot
shown). Clearly, when the phase was zero the imped-
ancereduced to conductance, and hencethe probewas
certainly used properly at thosefrequency values.

Theresultspresented heremight have been affected
by some €l ectrode pol ari zation phenomena. However,
itiswell known that the el ectrode polarizationismore
relevant at low frequency values. Indeed, itisunlikely
at frequenciesaboveahundred of kHz. Moreover, dec-
trode pol arization has effects more pronounced on the
capacitance rather than on the conductance of thein-
vestigated medium, asexplained ini*¥ andin our study,
themaor findingswere observed at frequencieswhere
the capacitancewas small or negligible (phase of the
impedanced most zero in the studied frequency range).
Finally, we used platinum el ectrodes, which areless
proneto e ectrode pol arization phenomenacompared
to other material §20-22,

In conclusion, wefound that variationsof glucose
concentration in sodium chloride solution samplesdi-
rectly affect theimpedance of the samples, eveninthe
absence of other mechanismsthat may occur in the
presence of cellsand tissuesinteractions, which may
strengthen the differences, but may also act as con-
founding factors. We can a so clam that thereare no
impedance differences between static and dynamic con-
ditions, at thedifferent temperatures anayzed, and for
thelimited volumesand types of solutionsusedinthe
study. Though theimpedance differencesdirectly pro-
duced by glucose variationswere small, thesevaria-
tionsmay be useful for future new approachesfor non-
invasveglycaemiamonitoring.
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