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© From discrete to fuzzy encoding
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@ Experimental results
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Electrocardiography
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1872 rst record of the electrical activity of the heart

1911 an early commercial ECG device (photo)

1924 Nobel Prize in Medicine for the description of the ECG
features of a number of cardiovascular disorders (WillemHgiven)
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The classical diagnosis bkart disorders
is based on PQRST-complex analyzing
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The diagnosis ofnany diseaseproposed by prof. V.Uspenskiy
is based on variations @mplitudesand intervalsof cardiac cycles
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Theory of Information Function of the Heart

Main theoretical assumptions:

o ECG signal carries information about the functioning
of not only the heart, but all the systems of the body

o Each disease exhibits a speci ¢ modulation of the amplitude
and intervals of cardiac cycles

o Information about the disease can be detected at any stage
including latent and preclinical stages

Thus, anearly diagnosis of many diseagesm one ECG is possible

V. Uspenskiy. Information Function of the HeartClinical Medicine vol. 86,
no.5 (2008), pp.4 13.

V. Uspenskiy. Diagnostic System Based on the Information Alysis of
Electrocardiogram.MECO 2012. Advances and Challenges in Embedded
Computing (Bar, Montenegro, June 19-21, 2012), pp. 74 76.
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Multidisease Diagnostic System %Skrinfaks¢, (2-nd generat ion)

more than 30 years of research (from 1978)

more than 10 years of operation

more than 20000 cases (ECG record + diagnosis)
more than 40 internal diseases can be detected

e © ¢ ¢
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Technology of ECG Informational Analysis

ECG Preprocessing Stage:

© Demodulationgives amplitudes and intervals
of 600 subsequent cardio cycles

@ Discretizationgives acodogram a 599-character string
in a 6-letter alphabet

@ Vectorizationgives a vector 063=216 triplet frequencies

Machine Learning Stage:
© Building aclassi cation model
@ Model optimization from cases with known diagnosis
© Modelevaluationby other cases with known diagnosis
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ECG preprocessing stage
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Preprocessing step 1: Demodulation

Input: a detailed raw ECG signal (3Mb le)

Output: a sequence of increment signs (225b10* compression!)
amplitude dR,= Rp+1  Rn
interval dTn=Thar  Th

angle d n= 1 n, Where ,=arctg R
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n for ill and healthy persons

peptic ulcer:

hypertension:

cancer:

ad0 | ads 40 4% 40 465 470 475 40 485 40 495 500 505 510
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ECG preprocessing stage
Machine Learning stage

Preprocessing step 2: Discretization

from the alphabetA = fA B, CDE Fg

if Rn< Rnt1; Th< The; n< n+a1 then s =A
if Rn>Rns1; Th> Ther; n< ns1 then =B
if Rn<Rn+1; Tn> Ther; n< n+t1 then s$,=C
if Rn>Rns1; Th< Ther; n> n+1 then $5=D
if Rna< Rn+1; Thn< The; n> n+1 then s, = E
if Rn>Rns1; Tn> Ther; n> n+1 then s, =F
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Preprocessing step 3: Vectorization

Output: triplet frequencyf;(x) how many times the triplet j
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Modeling diagnostic rule

X; a training set of cases (codograms),=1;:::;"

y; diagnosis for the i-th case: 0 = healthy, 1 =ill

fi(xi) a frequency of triplet j in the codogram
Assumption: for each disease there are triplets, which are
signi cantly frequent in codograms of ill people

Linear model of classi cation:

ax) = m;wi > wp ; h>(;wi:Xn w; fi(x)>
j=1
wherew; is the weight of tripletj:
o w; > 0, if the triplet is more speci ¢ for ill people
o w; < 0, if the triplet is more speci ¢ for healthy people
o w; =0, if the triplet is irrelevant for a given disease
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Machine Learning

Linear model of classi cation:

ax) = m;wi > wp ; h;(;wizx1 w fj(x) >
j=1
There are a number of classi cation algorithms to learn o
weightsw; from training sample(x;;y;), i =1;:::;
o NB Nave Bayes
SVM Support Vector Machine
LR Logistic Regression
RLR Regularized Logistic Regression
LASSO Least Absolute Shrinkage and Selection Operator
etc.

e © ¢ ¢ ¢
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Statistical tests
Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

Permutational test

P
X-axis: & fi(x) > healthy people with frequent tripletj
Y50
fi(xi) > ill people with frequent triplet |

Y

Y-axis:

0.6 08 1

true y; classi cations randomly permuted classi cations

Signi cant triplets are outside of 90% or 99.8% con dencegien
(estimated from 20 and 1000 random permutations respelyjve
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Statistical tests
Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

Permutational test

For each disease there are speci cally frequent and unfezqyuriplets

Disease: coronary heart disease
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Statistical tests
Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

How di erent speci c patterns of diseases are?
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signi cantly low triplet frequency
signi cantly high triplet frequency

Conclusion 1. Each disease has its ovapeci ¢ pattern
a set of triplets that discriminates ill and healthy perssnwell

Conclusion 2. Diseases di er signi cantly by their speci c patterns
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Statistical tests
Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

Sensitivity, Speci city & AUC (the higher, the better)

Sensitivityis a ratio of ill people v)\éith true positive diagnosis

o 1
Sensitivity= — ax)=1
1 inyi=1

Speci city is a ratio of healthy pe)t()ple with true negative diagnosis

Speci city = i alxj))=0
0 i:y;=0

AUC (Area Under Curve))( is a ;(atio of truly ordered pairs of cases
1 . .
AUC= — hxi; wi < hx; wi

v iiyi=0 k:yx=1
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Statistical tests
Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

Cross-validation experiments

Testing set for evaluating sensitivity, speci city and AQ
40 10-fold cross-validation to build 95% con dence intervals

disease cases AUC, % spec, % (sens=95%)
femoral head necrosis 327 99119 0:10 966 176
cholelithiasis 277| 9898 0:23 944 1:54
coronary heart disease 1262 97:98 0:14 911 186
gastritis 321 | 97:76 0:11 883 264
hypertensive disease 1891 96:76  0:09 847 1:99
diabetes 868| 96:75 0:19 853 218
benign prostatic hyperplasia 257, 96:49 0:13 801 319
cancer 525| 96:49 0:28 822 2:38
nodular goiter thyroid 750 | 9557 0:16 735 341
chronic cholecystitis 336| 9535 0:12 748 2:46
biliary dyskinesia 714| 94:99 0:16 703 4:67
urolithiasis 649 | 94:99 0:11 693 214
peptic ulcer 779| 94:62 0:10 636 2:55
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Experimental veri cation of the theory Sensitivity, Speci city & AUC
Cross-validation experiments

ROC-curves: X-axis is (1 speci city), Y-axis is sensitivity

femoral head necrosis peptic ulcer cholelithiasis

diabetes anemia canser
NB Nave Bayes, SA Syndrome rule algorithm, LR Logistic
Regression
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Model of measurements
Parameters optimization
From discrete to fuzzy encoding Experimental results

Two problems that motivate the usage of fuzzy encoding

© The problem of outliers:

ECG may have up to 5% of outliers among the valRgsT
@ The problem of noise:

signdR,, signdT, become uncertain whedR,! 0, dT,! O

Instead of discretizatioiTn; Rn); (The1;Rn+1) ! Sy, S 2A
we will estimate a distribution,(s) overs2 A = fABCDE R
Sh

an(s)
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Model of measurements
Parameters optimization

From discrete to fuzzy encoding Experimental results

The model of measurements for fuzzy encoding

R, comes from a Laplace distributioER,

= RY, DR, = 2
Tn comes from a Laplace distributioT, = T?, DT, = 2
cR A
Geometric interpretation: 0. 90 E
. .- 0. o0 (Tn ’ Rr'l) n T
On(a) is a probability that(T;; Ry)
belongs to the sectoa 2 f A B; G D, E: Fg B (T";;")
F
Fuzzy frequencyf triplet j, consisting of three letterabc:
1 X3
fi(x) = N 3 an(@) gn+1 (b) gn+2 (C):
n=1

Ouitliers processing:

if R, is outlier thenP(R, 1 < Ry) =P(Ry < Ry41) =
if Tr, is outlier thenP(T, 1 < Tp)=P(Th < Tps1) =
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Model of measurements
Parameters optimization
From discrete to fuzzy encoding Experimental results

Model of measurement parameters optimization

2, -
10.954
3, -
ar 1t 10.952
S 11 10.95
¥ o —
10.948
7, -
gl 1t 10.946
o 1+ 10.944
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Model of measurements
Parameters optimization
From discrete to fuzzy encoding Experimental results

Cross-validated AUC

Disease: diabetes
—e—Test

0.97

0.97

Y2 (¥ =5;u=2=597)

Conclusion: Discrete encoding ¢ = 0) is not optimal!
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Model of measurements
Parameters optimization
From discrete to fuzzy encoding Experimental results

Cross-validated AUC

Disease: diabetes

0.97

——Test

5 6 7
% (¥4 =15;p=2=597)

Conclusion: Discrete encoding (3 = 0) is not optimal!
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Model of measurements
Parameters optimization

From discrete to fuzzy encoding Experimental results

Cross-validated AUC

Disease: diabetes
—e—Test
0.97

0.97

0‘96‘1 1‘2 1.4 1.6 1.8 2 2‘.2 2.4 2.6 2.8 3
ME 597 % =15;% =5)

Conclusion: Triplets less frequent that = %7 are not signi cant

Information function of the heart
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@ A very promising innovative approach to noninvasive early
diagnostics of many diseases from a single electrocamiogr

e Surprisingly high speci city and sensitivity!
o Fuzzy encoding further improves the diagnostic accuracy
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