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STATISTICAL ANALYSIS OF MEDICAL TIME SERIES
Martynenko A., Raimondi G., Sotnikova-Meleshkina Zh., Danylenko H., Budreiko N.

Statistical analysis of data sets is a necessary component of any medical research. Modern methods of
mathematical statistics and statistical application suites provide extensive capabilities for analysis of random
values. However, when a data set is represented by a series of data ordered by time, or when structure and
order of data are essential components of research, special approaches to statistical analysis become
necessary.Presented in this article are special statistical methods developed by the authors for analysis of a
time series: Time Series Mann-Whitney M-test is an analogue of the known nonparametric Mann-Whitney U-
test for two Time Series with an equal number of elements; Nominal Time Series Measure is a statistical
estimator of dynamics of a nominal series consisting of «0» (no) and «1» (yes); Time Series Entropy EnRE is
a specially developed robust formula for a Time Series, intended for calculation of nonlinear stochastic
measure of order or disorder, popular in various researches. Presented methods are accompanied by a detailed
demonstration of capacity for statistical analysis of medical Time Series: Analysis of growth dynamics of
boys and girls aged 6—7-8 years (data by World Health Organization); analysis of the number of seizures and
choice of anti-epileptic drugs (data by The National Society for Epilepsy); Time series entropy EnRE for
Detecting Congestive Heart Failure by standard 5-minutesHeart Rate Variability samples (data by
Massachusetts Institute of Technology — Boston’s Beth Israel Hospital RR database). It has been noted that, in
every case, using the named special methods for statistical analysis of medical Time Series allows one to
avoid errors in interpreting results received through statistical methods and substantially increases the
accuracy of statistical analysis of medical Time Series.
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OBJECTIVE developed by the authors for analysis of a
Time Series:

1. Time Series Mann-Whitney M-test —
an analogue of the known nonparametric
Mann-Whitney U-test for two Time Series
with an equal number of elements;

2. Nominal Time Series Measure — a
statistical estimator of dynamics of a nominal
series consisting of «0» (no) and «1» (yes).
Such dichotomous Time Series are often used
when there is a need for describing qualitative
events in development or course of a disease;

Statistical analysis of data sets is a
necessary component of any medical
research. Modern methods of mathematical
statistics and statistical application suites
provide extensive capabilities for analysis of
random values. However, when a data set is
represented by a series of data ordered by
time, or when structure and order of data are
essential components of research, special
approaches to statistical analysis become
necessary. Presented in this article are the
following  special  statistical ~ methods
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3. Time Series Entropy EnRE — specially
developed robust formula for a Time Series,
intended for calculation of nonlinear
stochastic measure of order or disorder,
popular in various researches. In medicine,
such nonlinear methods have, to the greatest
degree, proved their worth for analysis and
prognosis of sudden changes in medical
condition, such as atrial fibrillation, epileptic
seizures, etc.

All presented methods are accompanied
by a detailed demonstration of capacity for
statistical analysis of medical Time Series.

MATERIALS AND METHODS

Used for statistical analysis of a time
series have been methods, algorithms and
programs developed by the authors, these
being compared with known statistical
methods presented in software suites «IBM
SPSS Statistics» and «Statistica» by StatSoft.

In order to illustrate presented methods for
statistical analysis of time series, developed
by the authors, the following cases have been
used:

Case 1. height-for-age data by World
Health Organization (WHO) for school-aged
children and adolescents [1]. The growth
curves for ages 5 to 19 years were thus
constructed using data from 18 months to 24
years. The final sample used for fitting the
growth curves included 30 907 observations
(15 537 bays, 15 370 girls) for the height-for-
age curves;

Case 2: Epileptic patient case and example
of anti-epileptic drugs (AEDSs) therapy choice
by The National Society for Epilepsy
https://www.epilepsysociety.org.uk/;

Case 3: long-term HRV records by
Massachusetts Institute of Technology -
Boston’sBethlsraclHospital (MIT-BIH) from
[28] (http://www.physionet.org) for Normal
Sinus Rhythm (NSR) RR Interval Database
includes beat annotation files for 54 long-
term ECG recordings of subjects in normal
sinus rhythm (30 men, aged 28.5 to 76, and
24 women, aged 58 to 73). Congestive Heart
Failure (CHF) RR Interval Database includes
beat annotation files for 29 long-term ECG
recordings of subjects aged 34 to 79, with
congestive heart failure (NYHA classes I, II,
and I11).

RESULTS AND DISCUSSION
1. Time Series Mann-Whitney M-test

The most popular statistical tests for
comparison of two or more data sets are
Student’s t-test and Mann-Whitney U-test.
The first one is used for data with normal
distribution, and the second is a
nonparametric alternative to the Student’s t-
test. Both tests identify differences of just the
mean values in data sets and are insensitive to
the order of data in a time series. If the named
tests are used for a Time Series, this causes
substantial errors. Specifically for comparison
of Time Series with an equal number of
elements we have developed a modification —
Time Series Mann-Whitney M-test (MW M-
test). Mann-Whitney U-test for data sets with
number of elements N and sums of ranks Ry,
Rz is represented by a known formula for U
[3]:

N(N+1
v=ne 4 D

— max(Ry,R;)
Acquired value is compared with table
Critical Values for chosen level of
significance p (usually p = 0.05). There are
numerous known modifications of the
original method. In case of large samples, for
one, U is approximately distributed normally,

so standardized value use
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N
oy 2’ 12

Additional correction of ¢ is performed in
case of a need to take into consideration a
small number of associated ranks. However,
such approach is not applicable if all elements
in data sets are interconnected as a single
sequence of a time series.

In order to use the test for comparison of
Time Series with an equal number of
elements N, we have proposed a modification
— Time Series Mann-Whitney M-test with a
formula for M:

N N
M = U—abs(yD, ~VD,); Dy = ) (i~ RE)": D, = ) (1 — BS)’
i=0 i=0

In this case, 3,7, are ranks of the elements
in original time series, Ry, R, are ranks of time
series in a general series after merging. In the
proposed maodification, we have taken into
account the changed positions of elements of
a time series before and after merging of data
into a single sequence by calculating their
total distances D,,D,. It should be noted that
Critical Values of Time Series Mann-
Whitney M-test are the same for Mann-
Whitney U-test.


https://www.epilepsysociety.org.uk/
http://www.physionet.org/

Case 1: Analysis of growth dynamics of
boys and girls (6—7 years) and (6-8 years),
according to data of the WHO [1].

In order to illustrate the use of developed
Time Series MW M-test, we shall analyze the
growth dynamics of boys and girls (6—
7 years) and (6-8 years), according to data of
the WHO [1]. The growth dynamics will be
estimated by monthly increment of growth
median in children. In table 1.a, it is shown
that in boys and girls aged 6-7 years, growth
dynamics differ at the mean level, which is
confirmed, with significance level of p<
0.05, by all three conducted tests: Student’s t-
test, Mann-Whitney U-test and Time Series
MW M-test. Should similar analysis be
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conducted in children aged 6-8 vyears, it
becomes apparent that mean values AL have
come closer, due to nonlinearity of curve to
monthly increment of growth median in girls
(Table 1.b). In this case, Student’s t-test and
Mann-Whitney U-test are not applicable,
because while there is actually a greater
change of growth dynamics than in children
aged 6-7 years, these tests are insensitive to
substantial changes in time series. Time
Series MW M-test correctly takes into
account veracious difference in time series at
the level of p < 0.05, as well as decreasing
value of correlation coefficient, from 0.986
(67 years) to 0.8 (68 years).

Table 1.a

Growth dynamics in children (67 years) and (6-8 years) based
on monthly increment of growth median

Age 61-84 m. (67 years) Age 61-96 m. (6-8 years)

Boys Girls Boys Girls
AL, sm (Mean £ 0.499 + 0.020 0.487 + 0.017 0.485 + 0.025 0.484 + 0.015
Standard deviation)
Valid AL number, N 23 23 35 35
Student’s t-test p <0.05 p=0.78
Mann-Whitney U-test p <0.05 p=0.84
Time Series MW M-test p <0.05 p <0.05
Pearson correlation 0.986 0.800

Table 1.b

Chart of growth dynamics in children (6-7 years) and (6-8 years) based
on monthly increment of growth median

Boys Girls

AL, sm 6—7 years AL, sm /— 6-7 years
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Linear regression, Quadratic regression,
y =-0.002x + 0.673, R2=0.957 y =0.001x? - 0.019x + 1.266, R = 0.979

2. Nominal Time Series Measure

Using nominal data in medical practice is
very common: everywhere the response
options are represented by a dichotomy of
«Yes» or «Noy, or either presence — «0» or

absence — «l» of any negative trait is
important, using special statistical methods is
necessary. When comparing two or more data
sets, the most prevalent is Cochran Q test,
which enables one to estimate the
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significance of their difference. In case sets of
nominal data are represented by time series, a
modification of aforesaid Time Series MW
M-test is applicable. However, if there is only
one nominal time series for which it is needed
to assess the nature of changes occurring in
time, using a measure developed specially for
that purpose becomes necessary. We have
proposed an appropriate Nominal Time Series
Measure:
a. Ifpositive events are designated as «1»
Mn = EE—RJ:1XE'+ E:‘rzi LA
N+0.5=N=(N+1)

b. If negative events are designated as «1»
Mn =1 — N x4+ I ix;
N4+0.5=N={N+1)

Let us mark peculiarities of interpretation
of a Nominal Time Series Measure Mn:

e Mn=1, only when all the Xy=1

e Mn =0, only when all the Xn = 0;

e Mn = 0.5, threshold value;

e Mn<0.5 from the position of an
observer, in the end of a series, negative
events or responses are prevalent;

e Mn>0.5 from the position of an
observer, in the end of a series, positive
events or responses are prevalent.

Case 2: Analysis of number of seizures
and choice of anti-epileptic drugs (according
to data ofThe National Society for Epilepsy
(NSE) https://www.epilepsysociety.org.uk/)

Number of epileptic seizures is a
distinctive indicator for estimation of severity
of an epilepsy and when choosing anti-
epileptic drugs (AED) therapy. With the right
AED, up to 70 % of people with epilepsy
could have their seizures controlled or
stopped. Shown in Table2 are cases of
epileptic seizure 2 and 4 weeks before
treatment and during AED treatment. Facts of
registered epileptic seizure are marked as
«1», and the days without epileptic seizure
are marked as «0». A simple estimator of the

Table 2

Seizures before and during AED therapy

Before treatment

Day

v
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number of epileptic seizures 2 weeks before
treatment and during AED treatment does not
enable us to draw any conclusions as to the
quality of applied AED therapy, because both
before and during the therapy, equal number
of epileptic seizures is observed. However,
objective clinical picture has enabled a doctor
to continue the existing AED therapy for
another 2 weeks. The doctor's choice has
proven correct, because in a 4-week timespan
the number of epileptic seizures during AED
treatment has decreased, when compared to
the state of affairs 4 weeks before treatment.
At the same time, if the doctor had an
opportunity to quantitatively estimate the
dynamics of change in a nominal series, the
choice would be a statistically valid one:

e 2 weeks before treatment Mn = 0.866;

e 2 weeks during AED treatment Mn =
0.899;

o 4 weeks before treatment Mn = 0.880;

e 4 weeks during AED treatment Mn =
0.972.

Therefore, we can see that even during the
first 2 weeks since the beginning of AED
treatment, measure Mn has shown positive
dynamics, and in a 4-week timespan since the
beginning of AED treatment, objective
situation of Mn estimates has greatly
improved.

3. Time Series Entropy

Nonlinear statistical methods, such as
entropy, have found widespread use and have
shown great efficiency as part of analyzing
various medical data [4, 5]. Various methods
of implementing the entropy calculation were
developed, some of which and use thereof in
medicine even have special issues of
magazines dedicated to them [6]. However,
presented methods of entropy calculation
share a common characteristic, which is their
insensitivity to change in data structure, i.e.
data could be either randomly shuffled or
ordered, and entropy would not change. Also,
known methods usually are very demanding
to quantity of analyzed data — required
number of those can exceed thousands, which
is sometimes hardly achievable in medical
research. We have developed and proposed a
robust formula for calculating entropy of time
series EnRE [7]:

-1
ENRE = .zn(v’-‘ v, L(w]]

Iy
Nz [:DL",'_: ‘e

Series «Mediciney. Issue 40

where MD is median of time series; Djj —
distance between observed data points X;i and
Xj in time series; A, I, m, k — estimated
coefficients. Search conditions  for
coefficients A, I, m, k are the following [7]:

1/ accurate approximation for known
distributions of a random value;

2/ independence of EnRE from N for
initial time series and for series after sorting;

3/ independence of EnRE from additive
changes of mean.
In [7], it was established that, in case of time
series represented by RR-intervals, the
following coefficient values had been found:

A= 1=3 m=1 k=2 Let us note

important  characteristics of the found
generalized form of EnRE and coefficients:

1/ EnRE [7] and found coefficients I, m, k
provide independence from additive change
of mean series and from magnitude of
selection N for basic series and for series after
sorting;

2/ value EnRE is sensitive to structural
changes in series, such as, for example,
sorting which increases the degree of order in
series, decreasing the EnRE. This offers
additional advantages in research, as shown
below for a case of NSR and CHF groups
classification;

3/ readjusting coefficient A alone may be
required to find the best EnRE value in
another range of change in parameters of
various random distributions, which can
always be done using the method of least
squares.

Case 3: Time series entropy EnRE for
Detecting Congestive Heart Failure by
standard 5-minute HRV samples (MIT-BIH
RR database) [2].

Let us demonstrate the usage of
EnRE for Detecting Congestive Heart Failure
in short segments (N = 500) by MIT-BIH RR
database. In [8], it has been shown that the
minimal length of an RR-segment, for which
it is possible to classify NSR and CHF groups
by way of Multiscale Entropy Analysis, is N
=1000. The performance of such
classification is: Se = 0.70; Sp = 0.76; Acc =
0.74. Given in Table3 are Mean and
Standard deviation of EnRE for NSR and
CHF for basic RR-intervals and series after
sorting (N =500). In both cases, the
differences between groups are reliable to the
degree of p < 107.
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Table 3

Mean and Standard deviation of EnRE for NSR and CHF (original and sorted data)

HRV Record Original RR Sorted Time Series
(N = 500) EnRE p-value EnRE(sort) p-value
NSR 1.72 £ 0.47 107 142+051 107
CHF 0.65+0.76 0.55+0.81

Using discriminant analysis, let us assess
the quality of division into NSR and CHF
groups and build classification functions:

1. When wusing one parameter of
classification EnRE, we receive the following
indicators of quality of division into NSR and
CHF groups

Se =0.66; Sp = 0.93; Acc =0.83
and classification function (1 variable EnRE;
Wilks’ Lambda: 0.56 approx. F(1,81) =
62.43; p<107):

NSR =4.96 * EnRE - 4.71

CHF =1.87 * EnRE — 1.66

2. When using two parameters of
classification, EnRE and EnRE(sort) for
sorted series, we receive the following
indicators of quality of division into NSR and
CHF groups

Se =0.76; Sp = 0.98; Acc =0.90
and classification function (2 variables EnRE
and EnRE(sort); Wilks> Lambda: 0.44;
approx. F (2,80) = 50.54; p < 107):

NSR = 19.28 * EnRE — 13.85*EnRE(sort)
-7.22

CHF = 6.91 * EnRE — 4.87*EnRE(sort) —
1.97

Therefore, proposed generalized form for
Robust Entropy Estimator EnRE allows, with
high accuracy, to divide NSR and CHF
groups in short records (N = 500), which had
remained unachieved in [8] by the way of
Multiscale Entropy Analysis, and presents
additional advantages provided by EnRE in
case of structural changes in series (such as
sorting). Quality of classification achieved by
using two variables EnRE and EnRE(sort) is
superior to results received in [8] by way of
Multiscale Entropy Analysis for RR segments
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CTATUCTUYHHUN AHAJII3 MEJIUYHUX YACOBHUX PS/IIB

Mapmunenko O., Paiimondi /]., Comnikosa-Menewkina /K., /lanunenxo I'., Byopeiiko M.

CraTHCTHYHUN aHaNi3 JaHWX € HEOOXiTHUM KOMIIOHCHTOM OYIb-SKOTO MEIUYHOTO JOCIHiIKCHHS.
CyuacHi METOI MaTeMaTHYHOI CTATHCTHUKH 1 TAKSTH MPUKIATHAX KOMITTOTEPHIX MPOTrpaM HAJAIOTh MIHPOKI
MOJJIMBOCTI U CTaTUCTHYHOTO aHamizy.OmHak, Konu HaOip MaHWX NpPEACTaBICHHH cepieo MaHuX,
YIOPSIKOBAHHX 32 9acOM, 00 KO CTPYKTYpa 1 HOPSIOK JAaHUX € BAXKJIMBIMH KOMIIOHCHTAMH JOCIIKCHHS,
CTalOTh HEOOXIIHI CIeIialbHI MIXOAW OO CTATUCTUYHOTO aHami3y.Y CTaTTi MpeACTaBJICHI CIeIiaibHi
CTaTUCTHYHI METOIH, IO PO3POOIICHI aBTOpaMH JUI aHANI3y MEJUYHUX JacOBUX psAniB: MaHa-YitHi M-TtecT
YaCOBHUX PSIIiB — aHAJIOT BiIOMOTO HemapaMeTpUIHOro Meroxy MaHa-YitHi U-TecTy IUIst IBOX 4aCOBHX PALIB
3 OIHAKOBUM YHCJIOM €IIEMEHTIB, HOMiHAJIbHA Mipa YacOBHX psMiB — CTAaTUCTHYHA OIIHKA JIHHAMIKA
HOMIHAJIEHOTO Psdy,Io ckiamaeTses 3 «0» (Hi) 1 «1» (Tak); eHTpormis gacoBux psaniB ENRE — cnemianpaO
po3po0biieHa I 4acoBUX pAAiB podacTHa GopMmyna OOYMCICHHS MOMYJISIPHOTO B HAYKOBUX JOCIIIKECHHIX
HeNiHIfHa CcTOXacTWYHa Mipa mopsaky. [IpencraBmeHi MeETOAM  CYMPOBOKYIOTHCS — JTOKJIATHOIO
JIEMOHCTPAII€I0 MOKIMBOCTEH ISl CTATUCTHYHOTO aHAN3y MEAMYHHX YaCOBHX PsAiB: AHami3 TUHAMIKH
POCTYXJIOITYHKIB ¥ HAiBYaT 6—7—8 pokiB (3a manumm BcecBiTHBoi Opranizamii OxopoHu 310poB’s); AHami3
YHcla CMJICNITHYHAX HamadiB 1 BHOIp MPOTHENMUISNTHYHOI Tepartii (3a JannMu HamioHanpHOT emiienTHIHOT
coinkn, BenmmkoOputanist); eHTpomis 4acoBux psmiB ENRE s miarHOCTHKM cepreBoi HEMOCTATHOCTI Ha
MATPYHTI  CTAaHNAPTHUX S-XBIIIMHHHUX 3allUCiB  BapiaOEIbHOCTI  cepreBoro puTMy (3a JaHUMHU
MaccauyceTcbKoro IHCTHTYTY TeXHOJoriii — bBoctoHchkoro rocmitamo ber-I3paense RR 6a3a manmx).
Bim3HaueHo, MmO y BCiX BHIIAAKAaX 3aCTOCYBaHHAPO3POOICHUX CIICHIAbHUX METOMIB I CTATHCTUYHOTO
aHai3y MEIMYHUXYACOBHX PAIIB JO3BOJNSEYHUKHYTHUIIOMIIIOK B IHTEpIIpeTarii OTPUMAaHHUX pe3yNbTarii
CYTTEBO MiIBUIIYIOTh TOYHICTh CTATUCTHYHOTO aHAJI3y MEIHMIHUX YaCOBUX PSIiB.

KITIOY90BI C/IOBA: enu4Hi 9acoBi psad, HeMTapaMeTPUIHUH TECT, HOMIHAIbHA Mipa, eHTPOIIis
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CTATUCTUYECKHI AHAJIN3 MEJJUIIAHCKUX BPEMEHHBIX PSI/I0B

Mapmeuinenxo A., Paitmonou /I., Comnuxoea-Menewrxuna K., /lanunenxo I., Byopeiiko H.

CTaTUCTHYECKHH aHAJIM3 MJaHHBIX SBIETCS HEOOXOOMMBIM KOMIIOHEHTOM JIIOOOr0 MEIHUIIMHCKOIO
uccienoBanusl. CoOBpeMEHHbIE METOABI MATEMAaTHUECKOH CTATUCTUKH U ITAKETHl IPUKIAHBIX KOMIBIOTEPHBIX
NPOrpaMM HPENOCTaBILIOT MIMPOKHE BOSMOXHOCTH JUIS CTaTHCTHYECKOro aHanmmza. OfHaKo, Koraa Habop
JAaHHBIX IPEICTaBICH CEpHeil NaHHBIX, YHNOPAMOYCHHBIX IO BPEMEHH, WM KOTZa CTPYKTypa H IOPSIOK
JAaHHBIX SBISIIOTCSA BAXKHBIMH KOMIIOHCHTAMH HCCJICAOBAHMS, CTAHOBSTCS HEOOXOIMMBI CIlCHUaIbHBIC
HOAXOIbl K CTaTHCTUYECKOMY aHanmu3y. B craTbe NpeacTaBIeHBI CHELHalbHbIE CTaTHCTUYSCKHE METOJH,
pa3paboTaHHBIE ABTOPaMU UL aHAIN3a MEJUIUHCKIX BPEMEHHBIX psaoB: MaHHa-YUTHH M-TeCT BpeMEHHBIX
PSIIOB — aHaJoOI M3BECTHOTO HemapameTpuyeckoro Merona ManHa-YutHu U-TecTa It IBYX BPEMEHHBIX
PSIIOB C OJMHAKOBBIM YHCIIOM JIEMEHTOB; HOMHHAJbHAs MEPa BPEMEHHBIX PSJIOB — CTATHCTHYECKAs OICHKA
TUHAMUKHA HOMHHAJIBHOTO psina, cocrosmero u3 «0» (Her) u «1» (ma); sHTpomms BpeMeHHBIX psigoB ENRE —
CIIelIMaNbHO pa3paboTaHHAs IJI1 BPEMEHHBIX PANOB poOacTHas (opMysia BBIYHCICHHS IOMYJISIPHOTO B
HAay4YHBIX HCCJICHOBAHHMSAX HEJIHMHEWHas CTOXAacTHYecKas Mepa Inopsaka. IIpencraBieHHbIE METOIbI
COIPOBOXKIAIOTCS NOAPOOHOH eMOHCTpaueld BOSMOXKHOCTBIO IS CTATHCTHYECKOTO aHalM3a MEIHIIMHCKHX
BPEMEHHBIX PSJOB: AHaJIM3 JHHAMHKH POCTa MalbUMKOB M JEBOYEK 6—7—8ner (Mo AaHHBIM BcemupHO#
Opranmsauuu  31paBoOXpaHeHMs); AHamM3  YHCIa  OHWICNTHYECKUX  NPUCTYNIOB M BBIOOp
AQHTIPIWICNTHYECKOH — Tepamuu (10 JaHHBIM ~ HamMoHaNmpHOrO  SMMJIENTHYECKOro  oOInecTBa,
BenmukoOpuTaHus); SHTPONHUS BpeMEHHBIX piaoB ENRE s quarHocTHKH cepiedHOi HeIOCTaTOYHOCTH Ha
OCHOBAaHHH CTaHIAPTHBIX S5-MUHYTHBIX 3aliceil BapraOelbHOCTH cepiedHoro putMa (MaccadyceTcKoro
MHCTUTYTa TexHoyoruii — boctoHckoro rocimrans ber-M3pauns 6aza nanHpix RR).OtMedeHo, 4T0 BO Beex
CIIy4asiX HCIIOJIb30BAHHE YKAa3aHHBIX CIICLMANBHBIX METOAOB I CTATUCTHYECKOTrO aHANW3a MEIMIIMHCKHX
BPEMEHHBIX PSOOB II03BOJIACT W30€XaTh OIIMOOK B HHTEPIPETALMH MONYYCHHBIX pPE3yJIbTaTOB U
CYILECTBEHHO MOBBIIIAIOT TOYHOCTH CTATUCTHYECKOTO aHaIN3a MEJULIHCKUX BPEMEHHBIX PSIOB.

KIIFOYEBBIE C/IOBA: MemMIUHCKUE BpPEMEHHBIE Dsfibl, HENAapaMETPUUYECKHI TECT, HOMHUHAJIbHAs
Mepa, YHTPOIHS
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