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ABSTRACT 

With the increasing number of cardiovascular diseases, the importance of ECG as a simple and convenient 

method of diagnosis is growing. But high quality diagnostic procedures requires appropriate high-quality metro-

logical support. Currently used methods of metrological support of ECG-systems require an operator for each steps 

of calibration and testing. Therefore, it makes relevant to develop the automated system for metrological support 

of ECG equipment, which was declared as the purpose of the work. To achieve this goal, the following problems 

were solved as tasks. Actuality of creation of automated system for metrological verification and certification 

testing of ECG-equipment was shown. The algorithm of work and the structural schemes of the system and all of 

its components were provided. The proposed system is a metrological assurance device in accordance to GOST 

60601-2-51, ISO 9001, ISO 13485, and the "lean health care" concept was designed and proposed. 
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INTRODUCTION 

Cardiovascular disease is the leading cause of 

death worldwide. Particularly, this cause constitutes 

about 56% of the total number of all causes of death. 

[1]. Generally, the group of cardiovascular diseases in-

cludes many different diseases but the three leading 

ones account for about 80% of deaths. The leading 

types of cardiovascular disease are ischemic heart dis-

ease, arterial hypertension, and cerebrovascular dis-

ease. In European Union countries, 16% of men and 

15% of women die from the ischemic heart disease [2]. 

Russia is one of the countries with the highest death rate 

from cardiovascular disease. In 2016, according to Rus-

sian Federal State Statistics Service, the death rate of 

working-age population from cardiovascular disease 

was 49.9 people per 100,000 people, and, together with 

the death rate from neoplasms, it holds the leading po-

sition among other major causes of death [3, 4].  

At the same time, a number of experts believe that 

these indicators are overstated due to not sufficiently 

accurate diagnosis and errors in autopsy. Therefore, 

qualitative, timely and affordable diagnosis of the car-

diovascular system pathology is the most important 

problem in healthcare. 

The most common, and at the same time, proven 

method of instrumental investigation in cardiology is 

electrocardiography, which is the process of recording 

the cardiac biopotentials on the surface of the human 

body. However, the quality of electrocardiographic re-

search highly depends on the quality of the instrumental 

devices. 

Improving the quality and accessibility of 

healthcare is a result of the implementation of innova-

tive products of pharmaceutical, biotechnological 

(medicines), and medical manufacturing (medical de-

vices) in healthcare practice [5]. However, the quality 

and efficiency of such products are determined by the 

smoothness of the system of processes used to create 

the products, where one of the most important pro-

cesses is metrological assurance.  

Nowadays, there is a number of international and 

domestic standards outlining the technical require-

ments for medical devices in general, and for electro-

cardiographic equipment in particular [5-10]. These 

standards describe, in particular, methods of certifica-

tion testing, and recommendations for metrological as-

surance, establishing a verification of this type of 

equipment. Verification of the electrocardiographic 

equipment is a quite laborious procedure, and this un-

derlines the actuality of creation of automated systems 

for metrological verification and certification testing, 

that meet the regulatory documentation requirements 

and reduce the material and labor costs of carrying out 

these procedures.  

There is a substantial interest in the possibility of 

assessment of the current state of electrocardiographic 

equipment (not only for technical maintenance) during 

its exploitation, conducted by the engineering and tech-

nical personnel of medical and preventive health care 

facilities, or at the production site. This would allow 

performing the preliminary equipment preparation and 

monitor its conditions "at locations", and, undoubtedly, 
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it would significantly increase the reliability of pa-

tient’s diagnostic. 

In the modern world, there are electrical cardio 

signals simulators that integrate the imitation of inter-

ference of various origin and various test signals speci-

fied by standards [11-15]. But the ECG array from sig-

nals transmitted as test signals is not sufficient, and 

modern cardiac monitors of various types require a de-

vice capable of comprehensive software testing. 

Despite, the main disadvantage of the existing 

electrical cardio signals simulators is the dependence of 

their ability to meet the standards requirements on their 

configuration by the operator. In the absence of inter-

action of the simulator with electro-cardio equipment, 

which would provide the possibility of automatic 

switching of modes in accordance with the standards 

requirements, the labor productivity of the operator per-

forming metrological verification or testing of electro-

cardio equipment falls sharply, as the channels and 

modes are switched manually. As a result, the labor in-

tensity, measured by the amount of time the operator 

spends on each operation, increases substantially. 

Nowadays the main directions of ECG researches 

are dedicated to signal analysis and classification using 

popular methods like deep machine learning and neu-

ronets [16-18]. The systematic search carried out by 

two different researchers using Embase and PubMed 

database has shown a few works about metrological 

questions of ECG equipment, mostly dedicated to ECG 

signal simulator. And the problem has not been consid-

ered in terms of lean manufacturing and quality man-

agement. 

Thus, a very vital task is the creation of a system 

for metrological verification and certification testing of 

electro-cardio equipment, that meets the standards re-

quirements and allows to reduce material and labor 

costs for conducting metrological verification and cer-

tification testing due to complex automation of the 

basic processes. Accordingly, the expected technical 

result of the proposed system can be formulated as the 

enhancement of the simulator ergonomics in its auton-

omous application.  

PROPOSALS ON THE DEVELOPMENT OF 

THE SYSTEM 

The characteristics and functionality of the test 

ECG signals simulator are determined by the testing 

methods and test signals used according to the harmo-

nized standard IEC 60601-2-51:2003 (GOST R IEC 

60601-2-51-2011 for Russia) [7, 8]. 

In order to test the basic functional instrumental 

characteristics of electro-cardio equipment and soft-

ware designed for ECG analysis, such as the amplitude 

measurements accuracy, the absolute intervals meas-

urements accuracy, spike durations and other parame-

ters, it is required to ensure the formation of so-called 

calibration and analytical ECG signals. A specific char-

acteristic of such ECG signals is the similarity of their 

forms to the forms of real human biological signals. In 

certain types of testing, the ECG signals for distinct 

ECG leads can differ from each other. To provide the 

possibility of the functional characteristics validation 

during the testings of each type, the test signal base in-

tegrates about a hundred various types of analytical 

ECG signals. The addition of new analytical ECG sig-

nals, which the simulator can reproduce, allows as-

sessing the performance of the electro-cardio equip-

ment and software with the higher accuracy and, in ad-

dition, supplementing the list of tests possible. 

Thus, the simulator should have a built-in base of 

test signals necessary for carrying out all types of tests. 

This function, along with an autonomous power source 

from the galvanic cells, ensures the operational mobil-

ity. Additionally, automatic implementation of the test-

ing report should be enabled (both for the standard test-

ing as mentioned above and for certain special testings), 

and that can be done by connecting the simulator and 

electro-cardio equipment to a work station. Appropriate 

software should be installed on the work station, that is 

configured to control the simulator and register data re-

ceived from the electro-cardio equipment. 

The proposed system, as described in this article, 

consisting of the simulator, electro-cardio equipment, 

and the work station, allows enabling of comprehensive 

automation of the verification process, while provides 

the possibility of implementing the express-diagnostics 

of the technical state of electro-cardio equipment dur-

ing its exploitation in medical and preventive facilities 

and at the production site. 

STRUCTURAL SCHEME AND 

DESCRIPTION OF THE SYSTEM 

FUNCTIONING 

The main idea of the system development under-

lies a complex of instrumental and software means of 

metrological verification and electro-cardio equipment 

testing, implementation of which allows carrying out 

the following procedures: 

– formation of test signals using the electrocardio-

graphic signals simulator; 

– registration of test signals transmitted from the 

electrocardiographic signals simulator, which is tested 

with the electro-cardio device; 

– transmission of a response to test signals de-

tected in the tested electro-cardio equipment to a per-

sonal computer; 

– automatic calculation of metrological character-

istics of the tested parameters; 

– automatic creation of a report containing the test 

results. 

To automize the implementation of the above pro-

cedures, the following system is proposed for further 

development (Fig. 1), which includes 3 components: a 

work station (WS), an electrocardiographic signal sim-

ulator (ECGS), and an electrocardiographic equipment 

(ECGE). 
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Figure 1. Simplified scheme of the system: work station (1), ECG equipment (2), ECG signals simulator (3). 

 

The proposed system is designed to perform veri-

fication, testing and diagnostics of ECGE in an auto-

mated mode, without the direct involvement of the op-

erator in these processes, which allows not only to per-

form these operations faster but also with the higher 

quality, while the reports on the operations performed 

in accordance to generally accepted methods are gener-

ated and stored automatically. The algorithm for per-

forming the verification, testing, and diagnostics of the 

ECGE is demonstrated in block diagram form (Fig. 2). 

 
Figure 2. Algorithm for performing verification, testing, and diagnostics of ECGE 

 

The realization of the system functioning is de-

scribed below. The operator connects the ECGS to the 

testing ECGE (2). Depending on the type of testing 

conducted, the built-in test program of ECGS can be 

used without the use of WS, or a special test program 

can be used by the means of WS. Depending on the pur-

poses of testing, a program for the performing of certain 

types of verification and testing is selected (3) from the 

pre-built database (9). The selected program may con-

sist of several stages, taking into account the require-

ments for carrying out the automated testing in accord-

ance with all aspects of generally accepted standards. 

After the operator selects the program type, the 

step by step realization (4) of the procedure starts with 

the generating of the ECGS test signals (5), and the re-

sponses to them are registered in ECGE (6). In case the 

test program is implemented by means of the WS, the 

ECGS transmits the registered response to the test sig-

nals (7) to the WS through a peripheral. If the WS is not 

used, then the response to the test signal is transmitted 

in digital form directly to the ECGS. The test signals 

and the registered responses to them undergo a compar-

ison procedure, based on which, the automatic calcula-

tion of the tested parameters is performed in accordance 

with the selected test program (8). 
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When all of the phases of the procedure have been 

completed, the results of the test program (11) realiza-

tion is generated in the form of a report (13), which is 

uploaded into the database (14). Based on the generated 

report containing the calculated parameters, the deci-

sion regarding the necessity of conducting the technical 

diagnostics or ECGE maintenance repair is taken. 

WORK STATION 

The WS includes a personal computer (PC) with 

preinstalled specialized software (SW), that allows im-

plementing automated testing procedures, and the pe-

ripheral devices connecting ECGS and ECGE. 

Thus, the WS can act as a link between ECGS and 

ECGE but this is not a required condition for the system 

functioning as ECGS is an independent mobile device. 

The structural scheme of the workstation is given in 

Fig. 3. 

In case ECGE testings are conducted in real time 

by the means of WS, the ECGS and ECGE devices are 

connected to the WS via USB (12). The system is con-

trolled through the graphical user interface (15), which 

provides the possibility of working with software and 

databases (2, 13, 14), and also enables viewing the re-

ports and dynamic information as displayed during the 

testing. If a standard methodology is used to conduct 

the testing in accordance with the standards set in the 

database by default, the user should select the appropri-

ate type of the calibration and verification program 

from the database (14). Each phase of the program re-

quires different types of test signals, which are pre-de-

fined in the test signal database (13). In case the stand-

ard methodology is not sufficient, the user may adjust 

the databases (13, 14), and this will result in the crea-

tion of new programs and test signals. 

After the testing has been started, the process is 

managed from the calibration and verification control 

unit (9), which starts all the program phases sequen-

tially and transmits the signal count from the test signal 

database (13) to the ECG transmitting unit (10). The 

ECG transmitting unit (10) groups the data into packets 

in accordance with the transmission protocol and, then, 

the packets are transmitted by the ECGS unit of inter-

action between the simulator ECG devices (11) and the 

interface unit of the universal serial bus USB 2.0 (12). 

Then, the responses to the test signals received 

from the ECGE in digital form, and encoded in packets 

in accordance with the transmission protocol, which 

can be configured by the means of software designed to 

enable operational use of devices of different manufac-

turers, are transmitted from the USB interface (12) to 

the unit of interaction with ECG recording devices (7). 

This unit decompresses the signals and transmits them 

to the ECG signal receiving unit (6). The signal pro-

cessing unit (5) performs the comparison of the test sig-

nal sent from ECGS to the registered ECGE response 

to the test signal, and, as a result, the automatic calcu-

lation of the tested parameters is done in accordance 

with the phase of the test program, for example, time 

and amplitude calculations. After the implementation 

of all phases has been completed, the report generating 

unit (1) analyzes the data obtained, and forms a report 

on the test results (3), which can be sent to the printer 

(4) and saved in the database (2). The operator selects 

the report type and parameters. 

The connection of the ECGS and the ECGE to the 

WS via USB allows not only conducting the testing in 

real time but also enabling the function of an automated 

ECGE calibration, which can be helpful, for example, 

on the production site. This function can be activated 

only on ECGE with a USB debugging mode enabled. 

In this case, the algorithm of operation differs only in 

that the WS not only receives information from the 

ECGE but also transmits the calibration rates. 

The operational mode with the ECGE connected 

to WS via USB is described above. Since not all ECG 

devices have a feature of optional connection to the WS 

via USB, alternative connecting means can be used. In 

case of using the ECG tape to record the responses to 

the test signals, the tape is placed into a special scan-

ning device - input device (8). The information about 

the registered signals is obtained in the form of a 

graphic file, the processing of which results in recogni-

tion of the lines of the test signals and further digitiza-

tion of the recording. 

Another available option to connect ECG devices 

is linking the devices using the memory cards. After all 

phases of testing have been completed, the results of the 

testing are recorded on the memory card, which is then 

removed and inserted into the universal card reader of 

the WS (16). Data processing and calculation of the 

tested parameters are performed in the post-processing 

mode. 
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Figure 3. Structural scheme of work station 

 

ELECTROCARDIOGRAPHIC 

EQUIPMENT 

Nowadays, the market offers many different types 

of electrocardiographic equipment. The most common 

types among others are the electrocardiograph and the 

bedside monitors, which differ in both functional and 

price characteristics. A general structural scheme of 

electrocardiographic equipment consisting of units 

most commonly used in modern devices is given in 

Fig. 4. 

Generally, the devices comprise the following 

units: the instrumental unit of ECG (11), the ECG sig-

nal recording unit (6), and the ECG signal processing 

unit (5). The instrumental unit of ECG (11) contains a 

scheme of the analog signal detection path, including a 

protector against static voltage, amplifiers, analog fil-

ters, ADC (Analog to Digital Converter), and a micro-

controller (which stores the software code that operates 

the electrocardiographic equipment). The ECG signal 

recording unit (6) interacts with the instrumental unit of 

ECG, and with ADC in particular, and thereby it per-

forms the digitization of the signal. The ECG signal 

processing unit (5) operates with the registered signals, 

for example, it filters out the interference signals using 

the digital filters.  

The elements that vary the most in modern elec-

trocardiographic devices are the apparatuses of infor-

mation input-output. Most often, a touch screen (12) is 

used as the input, and the user works with the graphical 

interface of the device (9), and, less often, a push-but-

ton control panel is used as the input. 

Several types of devices that are used as an infor-

mation output (including the output of registered ECG 

signals in real time) can be identified: display (12), 

ECG tape (1), WS (10), and memory card (13). 

The display (12) is used in the most of mobile de-

vices, allowing visualizing the registered signals in real 

time with the output of the basic calculated parameters. 

Currently, the ECG tape is widely used (1) to store data 

in mobile devices as it enables to conduct ECG testing 

"at locations" with the subsequent transfer of data to the 

test subject. The main disadvantage of the ECG tape 

usage is that it has to be operated with a thermal printer 

controlled by the tape  
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Figure 4. Structural scheme of ECG equipment 

 

connection (interaction) unit (4), and with a case 

for storing tapes in a portable device, which not only 

increases the dimensions of the device but requires reg-

ularly purchases of a consumable tape for future test-

ings. 

For the purposes of long-term ECG mapping, the 

use of tapes is impractical. Therefore, the ECG signal 

storage unit (8) is preferred for this type of ECG. The 

memory card (13) is used as a storage unit, and ECG 

interacts with the memory card through the interaction 

unit (7). 

Additionally, the market offers the portable elec-

trocardiographs, which transmit data to the WS in real 

time. Usually, the data is transferred via the universal 

serial bus USB 2.0 (10), which interacts with the ECG 

through the WS interaction unit (3), to which the pre-

pared data is sent for further transmission by the ECG 

signal transmitting unit (2). To operate this type of de-

vices, the appropriate software installed on the WS is 

needed, which enables receiving, analysis and registra-

tion of the signals. 

ELECTROCARDIOGRAPHIC SIGNALS 

SIMULATOR 

The structural scheme of electrocardiographic sig-

nals simulator is given in Fig. 5. ECGS can work au-

tonomously, using the recorded database of ECG test 

signals (7) and the calibration and verification pro-

grams database (8), or in connection with the WS. Be-

fore ECGS’s use in autonomous mode, the databases 

(7, 8) should be recorded on the memory card (10) by 

the means of WS. The simulator is equipped with a spe-

cial memory card unit (1) designed to read the memory 

cards. 

The database of ECG test signals (7) contains the 

information about test signals outlined in the regulatory 

standards and the information from various open data-

bases. The calibration and verification program data-

base (8) comprises a sequential list of procedures re-

quired to conduct the test or some parts of the test as 

needed in accordance with the standards or the pur-

poses of testing. The datasets in the databases are re-

lated because the database of calibration and verifica-

tion programs (8) interacts with the database of ECG 

test signals (7) as carrying out the test phases requires 

generating of different signals. 

ECGS is connected to the WS via universal serial 

bus USB 2.0 (11). Operation of USB is managed by the 

unit of interaction with the WS (3), which transmits 

data to the ECG signal receiving unit (2), where the 

conversion of data is done. 

The graphic user interface (9) of the electrocardi-

ographic signals simulator is based on the user's work 

with the touch screen (13). It is an essential element of 

the user interactions with the simulator, selection of 

techniques and individual test procedures, control of 

operating modes, and editing of the signal database. 
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Figure 5. Structural scheme of electrocardiographic signals simulator 

 

In case of operation of the simulator in the auton-

omous mode, the ECG signal processing unit (5) reads 

information about the signals that need to be replicated 

for each particular test point; and in case of operation 

of the simulator in the connection with the WS, the 

ECG signal processing unit (5) processes the signals re-

ceived from the ECG receiving unit (2). The generation 

unit (6) transmits the information about instrumental 

characteristics of the simulator to generate the desired 

signals at the output. 

The instrumental part comprises of a microcon-

troller (that stores the software code that operates the 

electrocardiographic equipment), ADC, and an analog 

signal path (amplifiers, filters, and protection from 

static voltage). These circuitry elements only allow 

generating of test signals but, in accordance with the 

standards, it is also required to provide the possibility 

of simulating the interruption of lead cables, which can 

be realized by the means of analog keys. 

In accordance with some verification methods, it 

is necessary to provide a harmonic signal generation to 

assess the suppression of in-phase interference. For this 

purpose, ADC with amplifiers and filters that operate 

from a separate power supply chips should be used. 

Some electrocardiographs and the bedside moni-

tors have a function of bioimpedance measuring, based 

on which it is possible to determine the breathing rate. 

The use of special circuits for adjusting the resistance 

to the digital potentiometers in the analog path of the 

simulator allows performing the verification of these 

functions. 

CONCLUSIONS 

The article proves the vital need of creation of an 

automated system for ensuring metrological control, 

certification and production testing of ECG in test cen-

ters, laboratories and “at locations” at all stages of the 

life cycle (development, serial production, and exploi-

tation). 

To enable the system implementation, structural 

schemes of the system elements have been developed, 

and a general algorithm of operation has been de-

scribed. The proposed system provides the possibility 

of carrying out the preliminary preparation of the 

equipment, controlling its condition "at locations", and 

will result not only in significant improvement of the 

reliability of patient’s diagnostics but also will reduce 

material and labor costs for conducting metrological 

verification and certification testing due to complex au-

tomation of the basic processes. 

The paper presents a new method for automated 

diagnostics of electrocardiographic equipment, which 

differs from existing ones not only in that it allows to 

perform verification procedures in accordance with all 

standards in an automated manner, but may include 

quality of ECG probes testing as well. 

The proposed system is a metrological assurance 

tool that conforms to IEC 60601-2-51:2003 standards, 

the requirements of quality standards ISO 9001, 13485, 

and the "lean healthcare” concept. 

Further research will contain the results of the sys-

tem trials. 
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