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Abstract This paper addresses principles of discrete nonlinearaigrerformed to-
wards the diagnostic quality-based interpretive softveatamization for cardiology-
based monitoring system. Thanks to the pervasive accedsdiess digital commu-
nication, distributed biosignal interpretation netwonkay not only optimally solve
difficult medical cases, but also adapt the data acquisitiderpretation and trans-
mission to the variable patient’s status and availabilityechnical resources. The
adaptation is based on the innovative use of results fromutmmatic ECG analysis
to the seamless remote modification of the interpretingnso#. This paper focuses
on the static properties and control accuracy and dynanoipeuties of the ECG
processing optimization. It provides also details on the@atic scoring of the
performance of ECG interpretation procedures. Testing®prototype, despite its
limited scale, yields significant quantitative benefits androvement of diagnostic
quality.

1 Introduction

The easy-to-use technical surrounding of a human, creassdlyrwith the soft-
ware, is in todays information society an often-referermgpeality-of-life estimator.

A prominent example is the remote surveillance and heagnaistic, benefiting
from wearable computers and wireless digital communicd8g [10]. Besides car-
diovascular off-hospital patients [5], [7], [8], this tethjue concerns also seamless
monitoring of vital signs from sportsmen, elderly peoplérlg on their own or
members of military or civil services exposed to danger. \ele recorders do not
limit the everyday subject activity while the embedded liigence simulates well
the continuous assistance of medical experts.
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Our approach postulates that the interpretation procgesfiermed as a network-
distributed computing task. Particular subtasks of therpretation process are flex-
ibly shared between the remote recorder and the centratrsand automatically
controlled via bi-directional digital wireless transmdsschannel. The adaptivity of
data interpretation and transmission is based on the gudlidiagnostic parame-
ters, continuously estimated in context of the patientsust by a procedure mim-
icking the human performance. The adaptation is modulayeskeleral technical
constraints.

An interesting issue is the discrete and non-uniform natdirthe adaptation.
In regular control systems, the control signal is lineantggortional to the error
value accordingly to the feedback transmittance. In discsgstems, this propor-
tion is modulated by discrete steps, usually having theoumifsize. In the proposed
system, the available procedures are attributed by theérémt performance and re-
quirements factors and a linear response to the diagnesticaannot be expected.

The remote adaptation of selected procedures for autormaépretation of
electrocardiogram has been recently proposed [2], [4] asredy for the unnec-
essary remote computing and data transmission. Besidsgthiéicant reduction of
the datastream, the advantage of the method is a patientted optimization of the
processing, opening fields for improvement of diagnosidityend patient’s com-
fort. The economical aspect of the software flexibility-®dapproach also cannot
be neglected, since the patient’s units may be mass-prddaggeneral-purpose
biosignal recorders and their desired functionality mayrdmaotely programmed
upon request.

The non-uniform adaptation of the software is the main tgpigsidered in this
paper. Chapter 2 presents theoretical principles of theumsfiorm control, chapter
3 reveals implementation details and chapter 4 includésdsslts and discussion.

2 Principlesof non-uniform control

The remote adaptation of automatic ECG interpretationiieedrby two sources:

e changes of the patient’s status (objective - by diagnostiampeters values or
subjective - by the event button), where existing integtien setup is no longer
optimal,

e changes of the environment including alteration of diagjoagoals, recording
conditions or data transmission quality.

As in aregular control system, the processing error is coatp@ a reference which
is a procedure running on the server and re-interpretindezteel ECG strip on a
virtually unlimited platform. The value of difference inatjnostic parameters values
plays the role of error signal and triggers actions towalitisation of the remote
processing statements or code. The results of that actidmeifiorm of updated
diagnostic parameters values are next evaluated with cegpvo aspects:

e is the direction of changes appropriate to approach theaede values?
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e is the amount of changes sufficient to meet diagnostic gualiteria?

The iterative and error-based nature of this adaptatiatifigs the control theory
approach developed in following subsections.

2.1 Components of the control loopback

The idea of on-the-run software adaptation comes from thaadility of different-
grade procedures designed for the same computational geirpat with different
prerequisites for the resources requirements and resalityjuStandardized data
gateways enable the commutation between procedures vililanterpretation is
running, aiming at optimization of the remote interpretatprocess. Each subrou-
tine is described by attributes of quality, resources nexpénts and external de-
pendency, specifying its relations with other componenthé signal interpretation
tree. The optimization loopback is composed of three elesn@ee fig. 1):

e error verification procedure, issuing the error vector dtiga proportional to
divergence between actual and expected remote systemtoutpu

e adaptation management procedure, selecting in the repp#ie most appropri-
ate executable code, corresponding to control signal,

e software transport and relinking mechanism, being theayabf summation
node.

Unlike in regular control systems, the control signal hasranfof selectable soft-

ware code characterized by inherent features not possitide precisely defined.

In the domains of particular features, the values corredipgrto subsequent pro-
cedures are thus discrete and non-uniform, moreover, emietdiate values can be
achieved.

The verification is performed occasionally in predefinedetimtervals, or is
asynchronously triggered as a result of data consistenegkabr by external (e.g.
patient-activated) events. It begins with sending a shdp €s) of raw electrocar-
diogram from the recorder’s buffer along with the resultserhote interpretation.
This signal is next re-interpreted by the server and theegteceived from the re-
mote recorder are individually compared to this refereBesed on the guidelines
for required calculation accuracy [11] are specific valuesoterance thresholds
RAT (see tab. 1) applied to the individual evaluation of measer@ parameters
differences (1). .

e
avi- Vﬁmjrifvr @

|
Excessive dissimilarity values trigger the decision on dlagomatic modification
of the remote recorder interpretation software. Besidesdihgnostic parameter-
specific measure, we use also a global estimate of diagrmsaiity. It is issued
automatically by the server and used to assess the efficiginttye remote ECG
interpretation. The disease-dependent global dissiityilaneasureDSm (2) uses
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Fig. 1 Block diagram of the ECG processing optimization loopback

differencegAv; between respective values of measurement paranieterghted by
corresponding relevance valug derived from the pursuit of knowledge expressed
involuntarily by the human expert during the ECG interptieta[3].

DSm= Z::lAvi-wi Wherezi':lwi =1 2

Table 1 Expert-derived individual thresholds of measurementsdchagnostic result tolerance

parameters procedure example relative accuracy threshold
group RAT [%]

1 heart rate 2

2 wave limits detection 5

3 morphology classification 10

4 QRS electrical axis reconstruction 20

2.2 Static properties and control accuracy

Besides technical constraints (e.g. limitation of avdéabhemory) limiting the pro-
cedures availability in specific conditions, the selectibthe most appropriate re-
placement procedure is based on the valigsof error vector and subroutine de-
scription. For each procedure, the requirements of resgyrestricting the range
of procedure replacements, are derived from the code dsaljss method, how-
ever, is not applicable to the evaluation of algorithm dyahor to the prediction
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of expected interpretation improvement. We used the exgystem to estimate the
performance improvement based on analysis of the usagenhishd past qual-
ity scores. Each procedurés attributed by quality indicator8A; andRA; unified
within the interpretation-oriented library, being a baakgnd of replacement de-
cisions and improvement expectations. As the indicataesirafact experimental
values, its non-uniform nature is intrinsic.

At a given time point the description of the commutable pchoes may be con-
sidered as constant. For a given diagnostic paraméiter. the one which value is
found most outstanding from the reference),ddaptation manager expert system
uses the corresponding seriesd; (cm) wherecn, is the identifier ofm™M me M
commutable procedure for the parametexs stepwise (i.e. discrete, with irregular
steps) forecast of the absolute accuracy, determiningeleetson of replacing code.
From the viewpoint of a particular diagnostic parametergbmmutable procedures
are thus temporarily ordered by their quality expressechieyAi\ (cy) value. The
adaptation manager uses this hierarchy to propose the software upgrade or down-
grade, when necessary.

In case of sudden changes of the patient status or recordiditmons, selection
of the next better or next worse replacement procedure map@®ptimal and
result in an iterative, time consuming approach. This inp#te system response
time for the possibly life-threaten events and requiregérstorage of buffered
raw ECG signal, particularly when data link quality is wedkerefore in cases
where diagnostic error suddenly exceeds the tolerancsttbia, the radical change
of interpreting software is alleged and thdaptation manager expert system uses
the relative quality descriptoiRA;. For each diagnostic paramete¢hey are stored
in a triangular matri>RA; (c1, c2) which facilitates the selection of a procedure better
(or worse) than the current by an extent closest to the gaetof.

The management of the commutable procedures aims at lgnitenunsuccessful
software replacement, however it should be considered that

e the procedures hierarchy is history-dependent,
¢ the quality estimators are historical values with limiteddgtictive value.

Therefore, the only reliable method for evaluation of thitvgare optimization lies

in repeated interpretation and validation of results qualisymptotic accuracy is
the absolute value of diagnostic error st the time point wifientransient-evoked
software adaptation is completed. Assuming no other tea g present in the sub-
sequent input signal, the asymptotic accurAéyg for each parameteris expressed
as (3):

AAG = lim [V™2S(t) — V' (3)

where V™®5(t) is the subsequent measurement outcome \éﬁdis the server-
calculated reference value. Although the definition of M is linear, it is valid

also in the particular case of discrete non-uniform adaptatnd with constraints
on the number of modification attempts applied in our sysfBaking the analogy
from the theory of control, the software adaptation plagsrifie of a feedback cor-
recting the diagnoses made automatically. If the softwardifitation decisions are
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correct, the outcome altered by the interpreting softwaoglifitation approaches
to the true value, the modification request signal is remavednsequence of de-
creasing error and the system is stable. Incorrect decidead to the growth of
diagnostic outcome error and imply even stronger requesinfadification. The
outcome value may stabilize on an incorrect value or swiegtleasurement range
in response to subsequent modification attempts. In suehtlcasystem is unstable
and the diagnostic outcome does not converge to the true.valu

2.3 Automatic scoring of the procedure performance

Without loosing the generality, we assume here that eaengretation procedure

yields a unique main outcome, the accuracy of which detezsine procedure per-
formance. Although it is not always true in real applicaipprocedures can be de-
composed to comply with this assumption. The quality indicsafor procedures are

continuously updated each time the procedure outcome isatea. Two scenarios

yield new quality values:

e absolute accuracA; calculated when regular re-interpretation is made in pre-
defined time intervals, as averaged absolute differencedest the remotely-
calculated result and the server-issued reference (4)v#iue is used to deter-
mine whether the usage of the particular procedure as @plact is sufficient
to yield a result fitting within the tolerance margins for atfmaular parameter,

AR = S 1w @
whereN is the length of the usage history set individually for eaaremeter,

e relative accuraciRA;(c) calculated when the procedure replacement has been de-
cided as ratio of desired improvement between the prewaissld and newly ap-
plied executable code (5); this value is calculated witpeesto all commutable
procedure€ and used as an estimator of expected improvement and lingts t
number of necessary try-and-evaluate iterations.

Vem e {c1---em} RAI(C,Cm) = N Zn 1 (5)

Avcm

wherecy, is the identifier of commutable procedures M; andc is the identifier
of procedure currently concerned as replacement

The list of procedure attributes (see fig. 2) contains feticstalues (e.gprocessing
PRi c andmemory requirements MR, ) filled in at the moment of code analysis and
experimental quality indicator8A; and RA; varying with the time in context of
patient needs. It is noteworthy here, that the notions att&peor "worse” procedure
became patient-relative and the processing adaptatiariitplar case is performed
with regard to the patient’s history.
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Fig. 2 Attributes of the commutable procedures

2.4 Dynamic properties of the ECG processing optimization

In an early version of the prototype, due to the limitatioppafgram memory write
cycles, all libraries were permanently implemented in teeorder's ROM. The
working version of the interpretation software was adagyibuild up with use of
the flags system selecting libraries to be linked. Diffegopiroach was selected in
the last prototype with unlimited program memory write @lThe agile software
of the remote recorder consists of 9 facultative intergeetiomponents. For each
of them the working code can be selected by the managemeattesystem from
specialized library containing 2 to 5 mutually commutahibreutines precompiled
for the remote platform. Selected procedures are downtb&den the server each
time before linking. Although the adaptation using softevapgrade needs consid-
erable more time, the range of alternative procedures ismitéd at the recorder’s
manufacturing stage. The volume of largest single proeeidur7kB, and the down-
load time is 3,4s assuming the use of full bandwidth of the GRIRRwnlink (40
kbps). Memory requirements specified for each proceduralnz includes maxi-
mum declared memory amount for local variables and arefggntly larger than
the volume of executable code. The volume of the 8s signial istrconsiderable
(48kB), resulting in the upload time of 24s (GPRS uplink baitth 16 kbps). As
a compromise between the control response time and adalit@cupation of the
wireless channel, the redundant re-interpretation ialésvset to four minutes (av-
erage data stream of 1kbps). The particular signal stripris ance for the control
or adaptation purpose, while alternative procedures maglaced several times
approaching the reference results in the remote recordeprectical reasons, how-
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Table2 Inventory of interpreting procedures with respective QRElhory requirements [%]/[kB]

version number

procedure name 1 2 3 4 5
heartbeat detector 7125 8/32 10/38 15/42 16/48
heartbeat classifier 15/18 17/26 20/35

wave delimitation procedure 35/22 65/26

ST-segment assessment 10/10 12/17 13/25

arrhythmia detector 5/7 8/10 13/12 19/15

heart rate variability analyzer 30/25 51/38 68/44

electrical axes calculator 7/8 27121

rhythm identification procedure 5/12 6/18 8/26

QT-segment assessment 13/20 17/31 33/35

ever, the count of replacement iterations was limited ta fmr a single adaptation
attempt.

This approach results in presence of an additional timefatglaying the adap-
tation of the remote software and justifying additionaldéts of dynamic behavior
of the control loopback. The adaptation time depends onitteed the replacing
executable code and can be roughly estimated from the iwdicé link quality.
Adaptation delay is defined by (6) as the time period from thadient occurrence
tp to the moment, when the diagnostic outcome altered by the interpretingsoé
modification starts falling into a given tolerance margiaround its final value.

D=tp—tp:Vt>tpVv(t) € (V(c0) — &,V() + €) (6)

The device status message describing basic technical tmorsdiof the remote
recorder, independently or within the diagnostic reporgviges the estimate of
wireless link quality. Together with the static procedutteilaute code size S ¢, this
value is used to calculate the expected adaptation delaseddoy the procedure
code transmission. The delay exceeding a given threshadifebad transmission
conditions) inhibits the upgrade of interpreting softwdrerelation to the length of
remote recorder raw signal buffer (64 s), this thresholdviergto 30 s.

3 Experiments and results

3.1 Prototype details

The prototype remote recorder was based on a developmeot thie PXA-270
CPU [12] running GNU/Linux operating system with the AspB60 (Aspel) ECG
acquisition module (8 channels, 12 bits, 500 sps) and leetional GPRS connec-
tion [14]. The prototype server was based on a PC with Linuxa®@$the 100Mbps
static IP Internet connection. The largest partition of theote system memory
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(512kB) is allocated for the raw ECG circular buffer of thepaeity of 64 s. The
second largest memory block is allocated for the varialhestiae executable code
of the interpretive software. The prototype software pded options for selective
disabling the adaptation.

3.2 Experimental setup

In all the experiments we used 2751 artificially combinedhalg originating from
58 records of Common Standards for quantitative Electobography (CSE) Mul-
tilead Database [13]. Cardiologists annotated the CSErdscsince the database
does not directly disclose the pathology information. lolretest signal the appear-
ance of a single pathology was simulated by the concatenatia record annotated
as normal followed by a pathology-specific record. The cairgamples was ad-
justed accordingly to the precedent RR interval in the Vigiof the border point.
Also the baseline level of the subsequent record was ceddot each lead inde-
pendently. Such test records simulate the abrupt cardiacggs and facilitate the
technical analysis of the adaptive system behavior. A ruhiéinnel arbitrary gen-
erator reproduced the analog signals of the total duratidr®5 hour. Reference
values of wave borders for the assessment of interpretiatitie distributed system
were calculated as the mean of CSE results.

3.3 Static accuracy of the processing optimization

The test procedure was focused on the following aspects:

e Efficiency of the iterative software adaptation expressethb required number
of iterations,

e Convergence of the remotely computed diagnostic paramétethe server-
computed reference values.

In case the remote software is modified in result of the datarisistency, the it-
erative interpretation of the buffered ECG is repeated ufotw times, until the
values of the remotely calculated diagnostic results atefilne tolerance margins
(see tab. 1). Main results of the test are presented in tdh.tBe medical aspect,
the correctness of the single attempt of software optintnatias measured by the
percentage of cases (tab. 4) for which in result of the sothadaptation new diag-
nostic parameters approach to the reference values ander¢taekDSm value (see
2). The calculation obSm uses the relevance of diagnostic data and thus favorites
certain procedures over others.

The medical correctness of software replacement decisomsnarized in the
last row of table 4 is the quality estimator of the softwarenagement expert sys-
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Table 3 Results of remote diagnostic results convergence testtatieconsecutive steps of inter-
pretation software modification

software modification steps converging [%] non-converdig
first 63.1 36.9
second 74.5 25.5
third 79.1 20.9
fourth 80.7 19.3

Table4 Medical correctness of software adaptation

optimization type diagnosis improvement diagnosis degfiad
software upgrade 643 (99,4%) 4 (0,6%)
software replacement 97 (80,2%) 24 (19,8%)

tem. For over 80% of cases, the software replacement imgrineediagnostic re-
sult.

3.4 Dynamic properties and temporal convergence

The delay of messages varied from 1.3s (abnormal findingagessf high priority)
to 6s (regular report). The diagnostic data quality and thesimission delay were
measured with respect to the procedures recommended byllHCHstimation of
the longest adaptation delay was performed with use of tabweeless GPRS
connection (tab. 5).

Table5 Delay to the remote recorder adaptation

optimization type longest delay [s] average delay [s] stadd devia-
tion

coefficients update (CU) 17.1 4.3 1.3

software upgrade (SU) 6.0 4.4 15

software replacement (SR) 5.9 4.5 15

server-side allotment (ST) 2.4 0.8 0.3

4 Discussion

Discrete nonlinear control of the diagnostic quality intdizited telemedical system
was designed, prototyped and tested. The quality contiohsed on the disease-



Discrete Nonlinear Control of the Diagnostic Quality 11

specific hierarchy of diagnostic parameters and on the fitieyaof commutable di-
agnostic procedures. Two principal quantitative beneféasared in the system are:
reduction of digital communication costs (by 5.6 times oerage) and extended au-
tonomy time (by 65% on average), both being a result of angidhe unnecessary
computation and data transmission.

Test results show a considerable improvement on the digggaslity against
the rigid software, however further analysis of outlierseguired. The adaptive
processing and transmission combine the advantages ofolwtians being in use
today (e.g. [1]):

e Load of the transmission channel is nearly as low as wheretiete interpreta-
tion was used,

e Interpretation reliability is almost as high as in the celized interpretation ar-
chitectures with an occasional assistance from human exper

Further considerable impact to the diagnostics quality enrftom the use of
content-dependent data format.

Future investigations are necessary for the compatilofityhe interpretive soft-
ware designed for different platforms (i.e. remote recoed® central server). De-
signing both variants based on identical rules affects fitamization of the server
interpretation thread. Consequently, the processingiabfahe server thread tends
to mimic the design of its remote counterpart, losing theeptial benefits of effi-
cient hardware platform.

The selection of the replacing code is based on the valuerahpeter-specific
errorAv; and on the reported resources availability. If the replgpirocedure suffi-
ciently ameliorates the diagnostic result, further ad@mtds not performed even if
the availability of resources reported after the replacgrakbows for a higher-grade
procedure.

Technical constraints are main source of inaccuracy of {86 Enterpretation
made by the software of wearable remote recorder. Suchaliimits are not present
in a server-side application using virtually unlimitedoasces. Therefore the diag-
nostic result occasionally issued by the server is accerategh to play the role of
the reference in the assessment of remote interpretataityg{see 3). The resulting
similarity-based estimate of recorder-side interpretatjuality is issued automat-
ically by the server and used to adapt the remote ECG inteatpza. Neverthe-
less, other limitations of the automatic interpretatiomiatrinsic for an algorithmic
approach, therefore the surveillance from a human expémtispensable for the
system reliability. The role of the expert is twofold: inteeting medically difficult
cases and correcting the automatic adjustment of remaspirtation software.

The system behavior in presence of outliers and the raw laigise needs more
testing in clinical conditions (in parallel to currentlympved systems). The influ-
ences of the noise and propagated processing errors onttbecgient interpretation
stages highly depend on the quality of interpretive procesluAnother limitation
influencing the experimental results comes from relying amuifacturer-specific
software resources (from Aspel S.A.), and more sophigtitabftware collection
will improve the noise immunity of the system.
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