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Abstract—A rapid procedure for obtaining information on changes in particular characteristics of urine as the
most frequently taken biosample is presented. The relationship between the output data of an array of piezo-
electric sensors based on different micro- and nanostructured phases and the standard characteristics of clin-
ical urine analysis is discussed. Volatile organic compounds identified in an equilibrium headspace gas phase
of the samples with deviations from normal characteristics of clinical urine analysis are considered. The tetra-
choric correlation coefficients and associations between the parameters of a sensor array and standard char-
acteristics were calculated. A minimum set of calculated parameters of an electronic nose for the rapid in-
hospital monitoring of changes in the patient’s condition in the course of therapy or medical examination was
recognized. A fast and economically affordable method was developed for the monitoring of body state char-
acteristics using the profile of volatile urine compounds obtained with an electronic nose based on piezosen-
sors. Two versions, a color scale and a table, were proposed for presenting the electronic nose data; they can
be used even by specially untrained personnel for the rapid and easy assessment of the most important urine
analysis data (protein, glucose, mucus, and bacteria). The method developed makes it possible to quickly (the
time of a measurement is 120 s) perform the daily monitoring of patient’s condition to avoid an unnecessary
burden on the laboratory and to increase the physician’s awareness of the dynamics of the patient’s condition
and facilitate the choice of treatment tactics. This method can be used for clinical examinations in polyclinics
and feldsher’s stations, and it will significantly shorten the time taken to obtain screening and diagnostic
information on disruptions in the body, in particular, at the initial stages of diseases.

Keywords: electronic nose, piezosensors, gas sensors, volatile organic compounds, urine, clinical urine anal-
ysis, correlation, standard characteristics, diagnostic method, in-hospital monitoring, periodic health exam-
ination
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Currently, clinical urine analysis remains among
the main laboratory methods widely used in both
inpatient and outpatient treatment practices. Along
with the collection of anamnesis and physical and
instrumental examinations, urine analysis is the most
important method in the diagnosis of not only genito-
urinary diseases but also diseases of the body as a
whole. The detection of glucose and ketones in the
urine of patients with diabetes mellitus, the assessment
of kidney damage by the presence of protein, and the
determination of leukocytes and bacteria in urine in
case of urinary tract infections are striking examples.

The data of the last-named analysis are the main cri-
terion for the timely appointment of antibiotic ther-
apy, which is especially important in pediatric practice
because children cannot always complain of pain or
discomfort during urination.

Urine is a biological f luid with the help of which
metabolic products are removed from the body.
Examination of urine is the oldest method, which was
used in Mesopotamia and Ancient China, and the first
descriptions appeared in the literature around
1000 BC in Egypt. Uroscopy—a study of urine for
diagnostic purposes—was practiced by Hippocrates
376
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(460–370 BC) [1]. The early detection of infectious
complications, such as pyelonephritis, cystitis, and
urethritis, in the postoperative period remains a prob-
lem of considerable current importance because dis-
ease prognosis worsens and medical care quality
decreases with late diagnosis and late start of therapy,
and the patient’s stay in the hospital increases to neg-
atively affect the country’s economy [2].

Over the past year, many hospital laboratories have
been converted to perform PCR tests and determine
the level of antibodies due to infection with the SARS-
CoV-2 virus, which significantly increased the work-
load on the staff and laboratories. The introduction of
restrictions in polyclinics worsens measures taken for
the early diagnosis of pathologies, in particular, after
an illness. Information on the functions and malfunc-
tions in the body can be obtained only in specialized
medical institutions, although multiparameter analyz-
ers of biofluids are available. At the same time, the
pandemic showed that the rate of pathology develop-
ment can be rapid and a delay in obtaining diagnostic
information can be serious. In this regard, the devel-
opment of new noninvasive rapid methods for the
analysis of biofluids, which are traditionally sampled
to obtain information about the state of the body and
the processes occurring in it, is of considerable current
interest. This is especially important when the patients
are children because sampling for analysis should be as
physiological and atraumatic as possible and also spe-
cific and inexpensive. These procedures and appropri-
ate devices should meet the following requirements for
their implementation:

• availability for medical institutions of different
levels from feldsher’s stations to laboratories in hospi-
tals;

• user-friendly interface of the analysis procedure
understandable to the laboratory assistant after a short
training course;

• short duration of analysis, ideally, no longer than
the doctor’s appointment duration;

• reliability of functioning and decision making;
• unambiguous results.
These systems can be in demand in the outpatient

practice of a therapist and pediatrician, for the in-hos-
pital monitoring of the dynamics of the patient’s con-
dition, and for the clinical examination and detection
of body disorders, in particular, with delayed compli-
cations in the postcovid period.

The information content of clinical urine analysis
can be increased by including additional data on the
volatile profile of the sample. Electronic nose systems
are used for the rapid nondestructive analysis and
scanning of the volatile urine profile [3, 4]. This
approach is based on the headspace analysis of urine
samples with their ranking into groups (based on the
presence and absence of pathologies) according to
certain characteristics. These characteristics are
related to the presence and relative concentrations of
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
volatile markers of diseases; the similarity of the sets of
volatile compounds in equilibrium headspace gas
phases of the samples, which is reflected in the integral
analytical signals of electronic noses (profiles), is also
assessed [5, 6]. Although a large number of studies on
the volatile compounds of urine from patients with
various, including hereditary, pathologies were
reported [7–12], only a few examples of the detection
of pathological conditions based on volatile urine
markers were described [13–18]. An approach to the
detection of selective metabolite markers using a low-
cost procedure can be applied to the rapid monitoring
of patient’s condition and the inclusion of additional
clinical endpoints for the efficient operation of a clin-
ical laboratory. In this case, it is especially important
to understand which standard urine characteristics
deviated from the norm in order to correctly prescribe
additional tests or adjust the treatment and to identify
the problem at the earliest stage.

The aim of this work was to assess a relationship
between the output data of an array of piezoelectric
sensors based on different micro- and nanostructured
phases and the standard characteristics of clinical
urine analysis, which determine abnormalities, based
on an example of patients of a regional children’s hos-
pital.

EXPERIMENTAL

The primary experiment was carried out in a hospi-
tal surgical department for confirming variable
body dysfunctions of different etiology. The head-
space analysis of 90 biological samples of urine from
patients with various diagnoses was performed to char-
acterize the composition an equilibrium gas phase.
The 10.0-mL samples of urine were taken from the
fasting first morning urine specimens collected at dif-
ferent stages of patient treatment in a hospital accord-
ing to sampling rules for bacterial culture and standard
methods of analysis. The samples were placed in
tightly closed 20-mL vials with polypropylene caps
and kept for 15 min at a laboratory temperature
(22°C); thereafter, a headspace sample of 5.0 cm3 was
taken and injected into the closed detection cell of an
instrument. The measurement time was 120 s for an
injection.

Simultaneously, the standard urine analysis was
carried out on an Uriscan Pro urine analyzer with the
use of URISCAN 11 test strips to determine 11 bio-
markers (YD Diagnostics, South Korea) (Table 1).
Urine sediment was examined on an Olympus CX31
microscope (Japan) using counting slides (Lachema,
the Czech Republic) [19, 20].

Table 2 summarizes clinical characteristics of the
analysis of urine. The following designations are used
in Table 2 for a semiquantitative assessment of urine
analysis characteristics: ~0 refers to a normal value
o. 3  2022
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Table 1. Characteristics of URISCAN 11 test strips

Entry Determined 
characteristic Determination limit

Concentration range for the coded characteristics

+ ++ +++

1 Blood (red blood cell 
(RBC) count)

5 RBC/10–6 L 1–2 RBC 2–9 RBC 10 RBC or more

4 Ketones (acetone) 0.5 g/L 0.5–1.5 1.5–5.0 5.0–10
5 Protein (albumin) 0.10 g/L 0.01–0.04 0.04–0.1 0.1–0.2
6 Nitrite ion 0.05 g/L 

(105 bacteria/10–3 L)
0.01–0.04

(few, single in the 
field of view)

0.05–0.10
(moderate amount in 

the field of view)

0.1 or higher
(significant amount, 
cover the entire field 

of view)
7 Glucose 0.5 g/L 0.1–0.5 0.5–1.0 1.0–3.0

11 Relative density 1.000 – – –
(below the limits of detection), and +, ++, and +++
correspond to the coded values (Table 1).

The headspace analysis of the urine samples was
carried out on an eight-channel MAG-8 gas analyzer
(OOO SNT, Russia) [21] with a set of sensors covered
with the films of polyethylene glycol sebacate (PEGSb
sensor 1), Triton X-100 (TX-100 sensor 2), dicyclo-
hexano-18-crown-6 (DCH18C6 sensor 3), poly-
oxyethylene sorbitan monooleate (Tween-40
sensor 4), methyl red (MR sensor 5), bromocresol
blue (BCB sensor 6), and multiwalled carbon nano-
tubes (MWCNT sensor 7).

The instrument software recorded the integral
responses of sensors (∆Fi, Hz) versus time in the form
of chronofrequency patterns and their analytical sig-
nals (∆Fmax,i) as maximum changes in the sensor
responses during the measurement, which were auto-
matically determined in the software based on the
chronofrequency patterns [22]. The sensors were fab-
ricated in accordance with previously described pro-
cedures [23].

The sensors were chosen to make an array based on
their high sensitivity to various classes of volatile sub-
stances, including the biomarkers of diseases in urine
[7–12]: DCH18C6 and Tween-40 films were chosen
for the detection of carboxylic and hydroxy acids [24,
25]; MWCNTs, BCB, and MR were used for ammo-
nia and structurally different amines [26–28]; PEGSb
was used for ketones and organic acids [24, 29, 30];
and TX-100 was used for nitrogen- and sulfur-con-
taining compounds [30, 31]. Moreover, the selected
films were stable for at least a year in the analysis of
small amounts of volatile substances [22] contained in
biosamples. Therefore, the resulting array should be
effective for solving the problem.

The array of sensors was preliminarily trained using
test substances, the key metabolites of various pathol-
ogies contained in urine [7–12]. They included etha-
nol, 1-butanol, acetone, acetic acid, butyric acid,
valeric acid, isovaleric acid, ammonia, diethylamine,
JOURNAL O
piperidine, hydrogen sulfide and sulfides, phenol,
ethyl acetate, and dimethylforamide dimethyl acetal
(all of analytical grade).

As shown earlier [32, 33], the restoration of the
original vibration frequency of sensors (F0, Hz) is a
measure for the degree of regeneration of sensor coat-
ings to ensure the metrological reliability of measure-
ments. Under stationary conditions, the sorption lay-
ers were recovered within 1 min after the measure-
ment; the total measurement time for a sample was
3 min.

To identify volatile markers of inflammation and
infection in the headspace samples of urine, the sorp-
tion efficiency parameters  were calculated and
the geometry of the integral analytical signals of the
sensors (visual imprints) (mijn, αijn) was assessed [34]
using the following formulas:

(1)

(2)

(3)

where i, j, and n are the sensor numbers in the array,
and the jth sensor is located between the ith and nth
sensors.

The studies were carried out on the basis of a hos-
pital’s clinical laboratory in 2017–2018 within the
framework of compliance with the voluntary consent
of patients, and no contact with the patients was made
in the course of the experiment.
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Table 3. Analytical signals of sensors (ΔFmax,i ± 1, Hz) in equilibrium headspace gas phases over urine samples

Sample no. ΔFmax, 1 ΔFmax, 2 ΔFmax, 3 ΔFmax, 4 ΔFmax, 5 ΔFmax, 6 ΔFmax, 7

9 20 10 9 17 7 11 4
12 20 11 11 15 6 9 4
30 23 12 11 17 7 9 3
34 18 18 13 14 7 7 3
35 20 13 9 15 6 8 5
59 20 15 12 21 8 11 6
60 23 17 9 15 6 8 4
RESULTS AND DISCUSSION
The main output data of the electronic nose based

on piezosensors are the following:
(1) two-dimensional analytical signals of sensors in

analyte vapors, chronofrequency diagrams containing
information on the qualitative and quantitative com-
position of the sample [31], and visual imprints of sen-
sor signals with the most characteristic areas of
responses to substances in the form of circular dia-
grams, profiles of volatile mixtures;

(2) analytical signals of sensors ΔFmax, i, Hz, which
depend on the nature and concentration of analytes;

(3) additional calculated parameters of the array of
sensors used to identify substances—the sorption effi-
ciency parameter  [34] and the geometric param-
eters of the visual imprint figure mijn, αijn [34].

To achieve the goal, it is necessary to determine the
possibility of reliable identification of marker sub-
stances, to draw attention to informative parameters
for their recognition, and to establish a correlation
between the fixed and calculated parameters of the
electronic nose and the standard characteristics of
clinical urine analysis that determine pathological
conditions.

For seven different sensors selected based on the
results of a preliminary assessment of their selectivity,
sensitivity, and stability in the analysis of biological
samples [35–37], the numbers of all possible recorded
and calculated output parameters are the following:
analytical signals, 7; chronofrequency patterns, 7;
sorption efficiency parameters, 21; and geometric
characteristics of the fragments of visual imprint fig-
ures mijn or αijn, 35. The number of recorded signals is
determined by the number of sensors, and the number
of calculated parameters is determined according to
the formula for combinations from probability theory

where П is the calculated parameter  mijn, or αijn,
n is the total number of sensors, and k is the number of
sensors used to calculate the parameter.

max
ijA

( )
!П ,

! – !
n

k n k
=

max,ijA
JOURNAL O
Table 3 summarizes the average analytical signals
of the sensors obtained in the headspace analysis of
urine biosamples taken from children in the monitor-
ing of their states in the hospital after surgery for vari-
ous reasons. The analytical signals of the sensors var-
ied significantly with deviations from the normal val-
ues of standard urine analysis characteristics. Because
the analytical signals are more related to the concen-
tration of volatile compounds in the gas phase, it is
more informative to assess the qualitative composition
of the headspace gas phase over the biosamples due to
different levels of metabolic processes.

To identify volatile compounds in the gas phase
over urine samples, we calculated sorption parame-
ters, which are identification parameters and meet
certain requirements [38]. Of the 98 sorption parame-
ters, 18 are identification parameters because of a lim-
ited set of training marker substances (Table 4). Ear-
lier, Kuchmenko and Shuba [34] discussed the choice
of these parameters and the possibility of identifying
substances in the headspace of aqueous solutions.

The number of volatile substances identified in the
headspace over biological samples based on the
parameters of an array of sensors can serve as an indi-
rect indicator for assessing the characteristics of
metabolism in the body, and it is associated with the
degree of deviation of the characteristics from the
norm. At the same time, reliable identification is asso-
ciated with the concentrations of substances in the
headspace above the detection limits of the sensor
array, which were determined earlier [39].

Based on the results of the headspace analysis of
the urine samples with the array of sensors using the
selected parameters, different numbers of markers
were identified (Fig. 1). For most samples, the results
of identification were positive for four or five parame-
ters, which indicate the presence of a small amount of
markers in the gas phase and may be associated with
positive changes in the body after the start of therapy.
More than six markers were detected in the headspace
of urine samples from a third of patients; this may be
associated with the acute phase of disease in the post-
operative period or negative results of the therapy and
the need to adjust it. Less than two markers were found
in the samples from a small number of patients (less
F ANALYTICAL CHEMISTRY  Vol. 77  No. 3  2022
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Table 4. Identification parameters of the sensor array for markers

The table shows the identification values of the parameters and the coincidence test values (±d).

Parameter Identification 
value Identified substances Parameter Identification 

value Identified substances

0.7 ± 0.2 Acetone, ethyl acetate 0.3 ± 0.2 Valeric acid, isovaleric acid
0.1 ± 0.1 Ammonia 1.8 ± 0.3 Ethanol, butanol
0.2 ± 0.2 Diethylamine 0.6 ± 0.2 Acetic acid, butyric acid, valeric 

acid, isovaleric acid
1.2 ± 0.1

1.3 ± 0.1

m341 0.3 ± 0.2 4.5 ± 1.0 Piperidine
α317 0.3 ± 0.2 m236 1.3 ± 0.3 Ethanol, butanol, acetic acid, 

butyric acid0.3 ± 0.2 Ammonia, alkylamines

m276 2.8 ± 0.5 Phenol 1.5 ± 0.3 Hydrogen sulfide

α346 1.0 ± 0.2 α231 2.7 ± 0.2
1.2 ± 0.2 Ammonia m234 1.5 ± 0.4 Acetone, ethanol, butanol

0.3 ± 0.2 DMF-DMA m241 2.0 ± 0.9 Acetone

max
23A max

24A

max
21A max

27A
max
26A
max
36A

max
76A

max
46A

max
41A
max
34A
than 10%), and this fact presumably indicates positive
changes at the final stage of the therapy.

If we accepted a signal of 0.5 for the presence of
markers in the identification, that is, the substance
was considered detected when two parameters coin-
cided with the tabulated values, we established the fre-
quent presence of dimethylformamide dimethyl acetal
(DMF-DMA) as a possible metabolite of antibiotics
in the headspace of the urine samples (Fig. 2). The
detection of piperidine and ammonia in the headspace
of urine samples indicates significant changes in the
body during long-term inflammatory processes. The
identification of acetone and phenols in the headspace
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N

Fig. 1. Numbers of urine samples (N) with different num-
bers of markers identified in the equilibrium headspace gas
phase according to the signals of the electronic nose. 
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                Number of identified parameters
of urine samples can be indicative of more complex
pathological processes, including a bacterial infection
of the genitourinary system. The relationship between
the patient’s condition and the results of analysis per-
formed using the array of sensors can be understood in
more detail by comparing them with general standard
characteristics.

Because it is important to evaluate some general
characteristics (protein, glucose, ketones, and nitrites)
as qualitative signs (present/absent), it is impossible to
assess the degree of their relationship with the elec-
tronic nose data using the standard Pearson correla-
tion coefficient. In this regard, all of the results of the
analysis were preliminarily artificially dichotomized,
that is, coded on a yes/no basis. In accordance with
Table 3, the numerical values of identification param-
eters for all of the urine samples were replaced with the
alternative signs identified/unidentified marker sub-
stance and the numerical values of urine analysis char-
acteristics were replaced on a “norm/deviation from
the norm” basis. For this a set of data with a binary
response, the degrees of correlation of individual char-
acteristics with each other can be estimated using the
tetrachoric coefficient rtet [40]:

(4)

where q11 is the number of samples in which sub-
stances were identified based on the sensor array
parameters and the urine analysis characteristic is
within the normal range; q12 is the number of samples
in which the substance was not identified based on the
sensor array parameters and the urine analysis charac-

12 21
tet

11 22 12 21

180cos ,q qr
q q q q

 =  + 
o. 3  2022
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Fig. 2. Numbers of samples in which markers were identi-
fied based on two parameters of the sensor array. 
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teristic is within the normal range; and q21 and q22 are
the numbers of samples in which the urine analysis
characteristic deviates from the norm and the sub-
stances were identified and not identified, respec-
tively, based on the sensor array parameters.

Table 5 summarizes the results of the calculations
of tetrachoric coefficients for the sensor array param-
eters and the urine analysis characteristics. It was
found that most of the parameters of the array of sen-
sors had a negative relationship with the standard
characteristics of urine analysis. The calculated
parameters of the sensor array most strongly cor-
related with the presence of glucose and mucus in
urine and least strongly correlated with the presence of
protein. The assessment of a relationship between the
urine analysis characteristics and the presence of
markers identified by the parameters of the sensor
array revealed a correlation for such indicators as rela-
tive density and transparency (Table 5). At the same
time, the relative density stably correlated with the
presence of piperidine in the headspace of the sam-
ples, and the deviation of transparency from the norm
correlated with the presence of diethylamine, which
can be indicative of a greater contribution of protein
substances to these characteristics. The strongest cor-
relation of the presence of protein in urine at a con-
centration of more than 0.04 g/L with the presence of
piperidine and ammonia in the headspace of the sam-
ples was noted; this correlation indicated a correspon-
dence between the standard markers of inflammation
and the concentration of amines. The bacterial con-
tamination of urine samples reliably correlated with
the presence of acetic and butyric acids in the head-
space phase. The presence of ethanol and butanol
vapors in the headspace of urine samples correlated
with the absence of glucose from urine, and this fact
can be useful in assessing the state of the patient’s car-
bohydrate metabolism.

The degree of correlation of characteristics with a
binary response can also be evaluated using the asso-
ciation coefficient ra [40]. The coefficients calculated

for the established relationships showed that they are
statistically significant, ra > ra 0.05; 88 = 0.212, and reli-

able when checked by the value of χ2 >  = 3.841.

These approaches made it possible to establish that the
presence of certain marker substances in the equilib-
rium headspace gas phase of biological samples is
interconnected with the characteristics of clinical
urine analysis, which are used to assess the patient’s
condition.

To develop a rapid test method for assessing the
most frequently determined characteristics of urine
using an electronic nose, we selected a minimum set of
calculated parameters of the array of sensors associ-
ated with a certain characteristic of urine analysis
(Table 6).

It should be noted that a stable correlation of a
parameter of urine analysis is provided by all parame-

2

0.05;1χ
JOURNAL O
ters of the electronic nose in the set. For example, both

of the parameters from the set  for the test
sample should correspond to the identification values
of piperidine, which determine the deviation of rela-
tive density from the norm.

A method was developed for the in-hospital moni-
toring of changes in the patient’s condition during
therapy, which is also important for assessing the sen-
sitivity of an approach to the level of development of
pathological processes. The method does not imply an
additional load on standard laboratory methods and
instruments, but it is related to the rapid analysis of the
most accessible biological samples. The monitoring is
based on the scanning of volatile compounds in the
headspace using an array of selected sensors, which
are highly stable in a closed detection cell; they can
operate continuously for 8–12 h without loss of sensi-
tivity and do not require consumables. According to
the procedure described in the Experimental section,
the volatile profile of urine is measured and the neces-
sary identification parameters are calculated using the
software.

Two versions for presenting the electronic nose
data (a color scale diagram (Fig. 3a) and Table 7) were
proposed for the quick and easy assessment of urine
analysis characteristics that are most important for
diagnostics with three levels: green zone, the value is
within the normal range (~0); yellow zone, a slight or
moderate excess of the norm (+); and red zone, a sig-
nificant excess of the norm (+++). It is possible to
quickly form an extract into the patient’s record by
analyzing the parameters of the array of sensors. To
determine the boundary values of parameters for dif-

( )max max

27 76,A A
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Table 5. Tetrachoric coefficients of correlations between the identification parameters of the array of sensors and substances
identified by the sensor array parameters and the characteristics of clinical urine analysis

The table contains only statistically significant tetrachoric coefficients, p < 0.05.

Parameters 

and marker 

substances

Relative 

density, g/mL
Transparency Protein, g/L Glucose, g/L

RBC count, 

cells/10–6 L
Mucus Bacteria

– – – – – – –0.505

– – –0.560 – –0.643 – –

m236 – – – 0.815 – – –

α231 – – – – – –0.988 –

α346 – – –0.391 – – – –

Ethanol, 

butanol

– – – 0.814 – – –

Acetic acid, 

butyric acid

– – – – – – –0.686

Diethylamine – –0.732 – – – – –

Piperidine 0.735 –0.483 –0.918 – – – –

Ammonia – – –0.541 – –0.629 – –

max
34A
max
76A

Table 6. Relationship between the characteristics of clinical urine analysis, the presence of marker substances, and neces-
sary sets of sensor array parameters for their detection indicators of general urine analysis a mandatory set of the of s

Standard characteristic 

of clinical urine analysis

Marker substances in the headspace 

of urine samples

Minimal identification sets 

of parameters

Transparency Diethylamine, piperidine , , ,

Relative density Piperidine ,

Protein Piperidine, ammonia, phenol , , , α346

Glucose Ethanol, butanol m234, m236

RBC count Ammonia , 

Mucus Hydrogen sulfide α231

Bacteria
Acetic acid, butyric acid, ethanol, butanol, 

DMF-DMA
m234, m236, 

max
27A max

76A max
26A max

36A
max
27A max

76A
max
76A max

27A max
41A

max
41A max

76A

max
34A
ferent levels of urine analysis characteristics, we used

the results of analysis of 83 test samples (a training

sample), which were characterized by a minimum type

1 error; that is, the prediction of higher values of urine

analysis characteristics was preferable to the underes-

timation of their values. As shown earlier using the

analysis of nasal mucus samples as an example [41],

these boundary values of the parameters of the array of

sensors are stable under variations in urine analysis

characteristics and measurement methods. In this

case, a conclusion on the predicted value of a urine

analysis characteristic is made based on a set of

parameters. The parameters with significant correla-

tion coefficients from Table 5 are characterized by the

greatest weight.
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
Let us demonstrate the application of this method

using seven samples that were not included in the

training set as an example (Table 7, Fig. 3). Thus, the

predicted protein content of sample no. 9 (Table 7)

corresponds to + based on three  of

the four parameters because the value of the parameter

α346 (a parameter with the highest weight) and the

other two parameters correspond to this level. The

glucose level +++ is high based on both sensor array

parameters. There are no bacteria because the values

of the parameters  (a parameter with the highest

weight) and m234 correspond to a level of ~0. The

repeated analysis of a urine sample taken from this

patient three days later in the course of the treatment

( )max max

41 27 346, ,A A α

max

34A
o. 3  2022



384 KUCHMENKO et al.

Fig. 3. (a) General diagram of the parameters of the sensors array for assessing urine analysis values and diagrams for sample nos.
(b) 30 and (c) 60. 
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Estimated protein content
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m236
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α346
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А41

(b)

Protein content above 0.1 g/L

No glucose (norm)

Urine contained mucus and bacteria

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

А34

m236

m234

α231

m236

m234

α346

А76

А27

А41

(c)

Protein content above the norm (to 0.1 g/L)

No glucose (norm)

Sample contained bacteria

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
(sample no. 35) showed that the urine did not contain
glucose but the mucus content increased (Table 7).
The monitoring of the condition of another patient by

analyzing the volatile profiles of urine samples was
JOURNAL O
also consistent with changes in his condition during
the course of treatment. The values of urine analysis
characteristics predicted for sample no. 12 (upon

admission) were within the normal range, and the pre-
F ANALYTICAL CHEMISTRY  Vol. 77  No. 3  2022
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Table 7. Demonstration of a method for the rapid monitoring of individual urine analysis characteristics based on elec-
tronic nose signals 

* The urine analysis value determined by a standard procedure (true value) is given.

Parameter
Urine analysis values Sample 

no. 9

Sample 

no. 35

Sample 

no. 12

Sample 

no. 34

Sample 

no. 59~0 + +++

Protein

<2.4 2.4–3.4 >3.5 2.5 2.6 2.8 6.0 2.5

<0.7 0.7–1.0 >1.0 0.8 0.7 0.7 0.8 1.1

>0.6 0.4–0.6 <0.3 0.4 0.6 0.4 0.4 0.5

α346 >1.3 1.1–1.2 <1.0 1.2 1.2 1.5 1.6 1.0

Predicted/true value +/~0* +/+ +/+ ++/+ +/++

Glucose

m234 >1.1 1.0–0.6 <0.6 0.5 0.9 0.8 1.2 0.7

m236 >1.1 1.1–0.9 <0.9 0.8 1.4 1.1 1.4 1.2

Predicted/true value +++/+++ ~0/~0 +/~0 ~0/~0 ~0/~0

Mucus

α231 <2.5 2.5–2.6 >2.6 2.5 2.8 2.5 3.1 2.9

Predicted/true value +/~0 +++/+++ ~0/~0 +++/~0 +++/++

Bacteria

m234 <0.6 0.6–1.1 >1.1 0.6 0.9 0.8 1.2 0.7

m236 <0.9 1.0–1.1 >1.1 0.8 1.4 1.1 1.4 1.2

<0.5 0.5–0.8 >0.8 0.5 0.6 0.8 0.9 0.6

Predicted/true value ~0/~0 +/~0 +/~0 +++/+ +/~0

max
27A
max
41A
max
76A

max
34A
dicted protein content and the level of bacteria in urine
sample no. 34 (after surgery) were overestimated in

comparison with the measured urine values. However,

the repeated analysis of a urine sample (no. 59) taken

from this patient two days later revealed an increase in

these standard values, which confirmed the validity of

coarsening the boundary values of parameters toward
minimizing the type 1 error in the sensor signals. In

general, a comparison between the urine values deter-

mined by a standard procedure and predicted based on

the parameters of the array of sensors showed tenden-

cies toward overestimation according to the unfavor-

able prognosis with the use of an electronic nose
(Table 7).

The protein content of sample no. 30 predicted

based on a color scale (Fig. 3b) was higher than

0.10 g/L, which corresponds to a value determined

using the standard method (0.14 g/L); the presence of

mucus and bacterial contamination was predicted cor-

rectly, and this is more important in determining the
tactics of antibiotic treatment. In a repeated examina-

tion (sample no. 60, Fig. 3c), a decrease in the con-

centrations of protein and mucus in the sample was

predicted based on the parameters of the sensor array,

which corresponded to the results of standard meth-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
ods and indicated an improvement in the patient’s
condition in the course of treatment. The prediction

of standard urine values based on the sensor array

parameters using a diagram (Fig. 3a) highly sensitively

determines the deviation of all values from the norm.

At the same time, the discrepancy between the devia-

tion from the norm at the level + predicted based on
the parameters of the sensor array and the results

obtained by the standard method for some urine val-

ues (the amount of protein and the presence of bacte-

ria) can be due to the high limits of determination of

albumin and nitrites with URISCAN test strips.

It was demonstrated that the electronic nose based

on seven piezosensors can be used to obtain analytical
and clinical information on the condition of children

with various pathologies in a hospital from the volatile

profiles of urine samples. The tabular presentation of

data (Table 7) with software adaptation also makes it

possible to automate the decision-making process,

which is useful on going to the use of electronic patient
records. In this case, the process of analysis is highly

intensified because the time of a measurement is 120 s

and the time of a full cycle of the headspace analysis

performed with the array of sensors in a patient is no

longer than 15 min with repetition for 20 min. If nec-
o. 3  2022
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essary, the analysis can be performed daily in a patient,
and it does not require high qualification of a labora-
tory assistant in order to perform the measurement.

This method can be applied to the clinical exam-
ination of the population in remote feldsher’s stations
and small clinics in order to perform the on-site detec-
tion of genitourinary and carbohydrate metabolism
pathologies directly at a doctor’s appointment.

* * *

The markers of pathogenic processes were identi-
fied in the headspace gas phases of urine samples
taken from patients of the surgical department of a
children’s hospital based on the parameters of a sensor
array. The relationship between the standard urine
analysis characteristics and the identification parame-
ters of the sensor array was evaluated. The markers the
presence of which in the headspace phases of biologi-
cal samples correlated with the urine analysis charac-
teristics were determined. The applicability of an array
of seven piezosensors to obtaining clinical information
on the condition of patients in a hospital or in a clinical
examination was positively assessed. A highly eco-
nomical and rapid method was proposed for analyzing
urine samples with different levels of visualization and
data presentation in order to predict standard values.
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