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EVALUATION OF PREDICTIVE CAPABILITIESOF QUANTITATIVE
CARDIOTOCOGRAPHIC SIGNAL FEATURES

Cardiotocography (CTG) is the main method of aseess of the fetal state during pregnancy and lalbisad in
clinical practice. It is based on quantitative gsi of fetal heart rate, fetal movements and m#eciontractions signals.
The evaluation of the CTG signals can be made usiitgria recommended by International Federatib@lbstetrics
and Gynecology. Nevertheless, the diagnosis vatitio is possible only after the delivery on theibaf newborn
assessment. In the proposed work we evaluatedaihecity of quantitative analysis of CTG traces liadicting fetal
outcome. The relationship between CTG signal festand attributes of fetal outcome was assessdHeohasis of
ROC curves analysis. The obtained results indittaéeadequate predictive capabilities of the setb@&G features
especially for fetal outcome assessed with Apgaresand suggest the necessity of applying therierifer the CTG
traces evaluation that are related to the gestdtiage. Our study also shows the value of the CTaBitoring as a
screening procedure providing appropriate confiromadf fetal wellbeing.

1. INTRODUCTION

Cardiotocographic (CTG) monitoring is a primarygigsical method of assessing the condition of
a fetus during pregnancy and labour. It involveautianeous recording and analysis of three signals:
fetal heart rate, contractile activity of uterin@isale and fetal movements. The fetal heart rateR()HSl
commonly regarded as of primary diagnostic sigaifite. Nevertheless, the visual analysis of signal
patterns describing the FHR variability is extreyngifficult due to the complexity of waveforms sleap
At the same time, the FHR signal contains a nurobdragnostically relevant information that are ded
for the naked eye and can only be quantitativegcdeed with computer analysis. Modern systems for
computer-aided cardiotocography offer the automgtexhtitative description of the CTG records, Iet t
development of methods ensuring effective supmortHe qualitative assessment are is the aim ofyman
studies [3,4,7]. Numerous attempts were made tadbze the clinical guidelines for the interprepatiof
CTG recording on the basis of its quantitative gsial Nevertheless, the criteria provided by the
International Federation of Obstetrics and Gynegpld5] (FIGO fr. Fédération Internationale de
Gynécologie et d'Obstétrique) defined the standasds in the perinatal medicine.

During the CTG monitoring we evaluate the actualtif@ time of recording session) fetal state.
Unfortunately it is not possible to verify the evafion result at the time of the CTG monitoringngsany
other reference technique. The information is tordesaled after the delivery only. Nevertheless, th
prediction of fetal outcome during pregnancy isgilole, because in perinatology it is assumed that t
fetal state cannot change rapidly. Therefore, theborn state just after delivery can be retrospelsti
assigned to the condition of the fetus at the toheéhe CTG recording. The aim of this study is to
investigate the possibility of fetal state predintbased on cardiotocographic signal features atialuin
accordance with FIGO guidelines.

2. FIGO CRITERIA

FIGO criteria for fetal assessment are based omnibet important quantitative parameters of FHR
signal including: changes of the basal fetal hestet (baseline), changes of the fetal heart rateitain
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direction, e.g. transitory increases (accelerati®3C) and decrease (decelerations) of the FHR ek w
as short-lasting changes of the fetal heart rage adlled instantaneous variability. The antenBtdiR
patterns are divided into three classes indicatihg fetal state as “normal”, “suspicious” or
“pathological”.

According to FIGO, the baseline FHR is defined the ‘mean level of the FHR when this is stable,
accelerations and decelerations being absent.diétisrmined in the time interval from 5 to 10 mimda
expressed in beats per minute." [5]. Acceleratimmg decelerations are defined as temporary demgtio
of the FHR in relation to the baseline, with a agrtrange of amplitude and duration. The accelemat
recognized if the increase in FHR above the basenof 15 bpm or more and lasting 15 s or more.
Decelerations are defined as decreases of the Fiileruhe baseline with the amplitude exceeding
15 bpm and lasting minimum of 10s. There are thngees of deceleration distinguished in the
MONAKO system [6]: A (> 15 bpm, > 10 s), (> 10 bpm, > 25 s) anddX> 15 bpm, > 10 s). For the
patterns of type C an additional criterion is teaasate the deceleration with the contraction efuterus.
We extended the FIGO criteria for all types of gpuaed decelerations.

There are two types of instantaneous FHR varigliting considered: short-term (STV), defining
changes of intervals between two consecutive heaatis, and long-term variability (LTV) with pericdi
changes of short-term variability concerning boitlection and magnitude, resulting in FHR oscillago
In our approach, the parameter STV is determindbdinve minute as an average value of the absolute
difference of two adjacent FHR samples [9]. LTV agmaeter is determined for a period of one minute as
the difference between maximum and minimum valuthefaveraged FHR samples. There are four types
of oscillations distinguished in the MONAKO syst¢®i

* type Il - saltatory oscillation, amplitude excésg 25 bpm,

* type Il - undulatory oscillation, amplitude frob® to 25 bpm,

* type | - a narrow undulatory oscillation, amptieuof 5 to 10 bpm,

* type O - silent oscillation, amplitude of lesattb bpm.

We extended the FIGO recommendations for the paeamef instantaneous variability as well. As a
criterion for oscillations we used their percentagea whole trace. The values ranges indicating the
classes of the fetal state are shown in Table 1.

Table 1. The classification of antepartum FHR sig@a&icording to FIGO guidelines.

quaigﬁttlgf Normal Suspicious Pathological

Baseline [bpm] [110, 150] [100, 110) or (150, 174]  [0,100) or > 170
STV [ms] [6, 14] > 14 [0, 6)
LTV [ms] >32 [24, 32] <24

Accelerations >12 (1.5, 12] [0, 1.5]

[number per hour]
Decelerations DA[0,1.5)and =0 | Da>1.50r 3 1[0, 1.5)

Dg>150rQx>15

[number per hour] and:=0 or Dc L]0, 1.5)
Oscillations O, =0 and QLI [0, 40)
, Op> 40
(%] and G, = 0 0O, 1[0, 40) and @> 40 o=

Since there is no diagnostic method providing #ference information about the true fetal state at
the time of CTG monitoring, the diagnosis verifioatis possible only after the delivery on the basi
fetal outcome assessment. The fetal outcome isi@eal by clinicians usually with a help of four @al
attributes [8]: percentile of birth weight, Apgatose at the first, fifth and tenth minute of lifenbilical
artery (pH) and umbilical artery base excess (BEasurements. Similarly to FIGO criteria three range
of values are associated with the condition of tiesvborn described as normal, suspicious and
pathological. The classification of attributes @werizing the fetal state are presented in Table 2
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Table 2. The established ranges of attributes tbésgrthe fetal state.

Fetal outcome index Normal Suspicious Pathological
Percentile of birth weight >10 [5,10) <5
Apgar score >7 5or6 <5
Umbilical artery pH >7.2 [7.1,7.2) <71
Umbilical artery base excesp >12 >10 >0

3. METHODOLOGY

The research material used in our study contaisstaf quantitative parameters of CTG signals
recorded using the computerized fetal surveillasggtem MONAKO (ITAM Zabrze) combined with
medical data referring to particular patients amlrtnewborns. After excluding records characterizg
acquisition time less than 20 minutes or signak losore than 20%, 2125 traces from 328 patients
(newborns) were qualified as the final database.

One pregnant woman can be monitored many timegdeflivery, especially in case of high-risk
pregnancy. With the progress of pregnancy the feataharacterizing the CTG signals are signifigant!
changing. Therefore, we decided to use three wayST& traces selection. In the first, we used all
available records (multiple CTG records), with thean gestational age 36 weeks, median 36, minimum
and maximum 24 and 44 weeks respectively. In thersk the earliest patient's CTG traces (single CTG
records) were used (but before 37th week of gestatior this dataset, the mean and median gesstio
age at the time of the CTG recording was 33 weekisthe minimum 24. In the third approach we used
the last CTG traces recorded a few hours befordatheur started. The average and median gestationa
age was in this case 39 weeks (the maximum 44nthienum 31).

The fetal state was determined based on the sie¢é outcome attribute value or with their
combination in the form of a logical sum (LS), whehe fetal outcome was defined as abnormal if the
value of at least one attribute was outside thesiplggical range. The available newborn data fonmis
always contained all values of fetal outcome attels. Hence, the number of the CTG records analyzec
varied depending on the choice of the attributesimiared. We evaluated the predictive capabilities o
guantitative FHR signal parameters with a help exdeiver operating characteristic (ROC) analysis.
Therefore, at first we included the “suspicious” @ Tecords into the class indicating the normallfeta
state and next into the class representing therataidetal state. Table 3 shows structures of da&l in
our experiments. The least number of records waairadd for evaluation of the fetal state based on
logical sum of the assessments of individual fetaicome attributes. It is due to the requirement of
complete newborn data forms.

Table 3. The structures of data used in our expaTim

Number of CTG records
Fetal outcome index Multiple Single Last
Birth weight 1944 : 260 : 0 85:48:0 123:10:0
1-min Apgar score 2115 :465:162 120:31:15 6 151 : 24
5-min Apgar score 2124 :175:74 121:12:7 156 . 4
10-min Apgar score 2124 : 155 : 27 121:11:5 153 : 2
Umbilical artery pH 1770 : 204 : 63 121:15:5 2129 :5
Umbilical artery base excesps 1739 :167 : 93 89:3 133:17:8
Logical sum 1561 :412:111 56:14:2 101: 928

*) total number of CTG records in dataset : numifgrathological cases if suspicious cases wergmagito the class pathological : number of patho#dg
cases if suspicious cases were assigned to the rmbemal

To assess the capability of predicting the fetalcome using quantitative analysis of CTG
recording in accordance with the FIGO criteria wsedi ROC curves. They allow us to analyze the
relation between the basic measures of the predigtierformance (sensitivity SE and specificity Si2),
the discrimination thresholds of the FHR parametargtion. The area under the ROC (AUC) is eqoal t
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the probability that the rank of a randomly chosetance for abnormal fetal outcordas higher than a
randomly chosen normal oivg2]:

AUC = ProX >Y). )

Hence, we can evaluate the diagnostic significafitke CTG quantitative parameters using AUC
values. In order to make the assessment resulte oomvenient, we applied the scale of the predictiv
capabilities presented in Table 4.

Table 4. Classification of the area under the ROCeurv

Prediction capabilities Fail Poor Fair Good Excatle
AUC [0.5, 0.6) [0.6,0.7) [0.7,0.8) [0.8,0.9) 901.0]

Areas under the ROC curves were calculated witrstévedard deviation (SD) and 95% confidence
interval (Cl). Additionally, we evaluated the bestt-off value (BCV), providing the highest valuek o
prediction performance measures.

4. RESULTS

The results of our investigations are shown in &dhland they concern the database of multiple
CTG records, assuming that the records with susygscvalues of fetal outcome attributes are assigmed
the "normal” class. Because there was no case radradal birth weight the analysis of the low birth
weight risk was not possible. The obtained resslitsw fair predictive ability of the fetal outcomethv
instantaneous FHR variability and the number ofebaration patterns. The LTV parameter is closely
related to the oscillation percentage of each typé hence, the same conclusion can be extended in
relation to the parameters, @D, and Q. The best predictive capabilities (AUC = 0.73) svebtained for
saltatory oscillation ¢). The 5-min Apgar score and pH measurement aréetakoutcome attributes for
which we got the highest prediction quality. Howevihere is no relationship between quantitative
parameters of FHR and BE or LS.

Table 5. Area under the ROC curve for data contaimnfjiple CTG traces.

e e e e
FHR 0.52 0.52 0.55 0.54 0.57 0.55
STV 0.62 0.70 0.66 0.69 0.61 0.55
LTV 0.66 0.71 0.65 0.72 0.63 0.57
ACC 0.60 0.65 0.70 0.64 0.61 0.57
Da 0.49 0.56 0.57 0.55 0.50 0.51
Ds 0.51 0.51 0.60 0.53 0.50 0.50
D, 0.52 0.52 0.56 0.50 0.51 0.51
Oy 0.63 0.64 0.62 0.67 0.61 0.53
(@] 0.64 0.70 0.62 0.68 0.64 0.60
O 0.64 0.73 0.67 0.72 0.66 0.59

The detailed results of ROC analysis for parametts the highest AUC are presented in Table 6.
We obtained the same values of STV and ACC leatnthe best distinction between normal and
abnormal state of the fetus for both attributesheffetal outcome. Values STV<5.249, ACC<5.300 and
LTV<40.39 indicate the pathological fetal outcomenem considering the Apgar score or pH
measurement. These results are consistent wittriarsiccording to FIGO guidelines however, in aafse
LTV, they are much rigorous when classifying fetallbeing.

When including the suspicious cases in the grougbabrmal fetal state, we noticed the significant
decrease of predictive capabilities for all quanitie parameters of FHR signal considered. Thedsgh
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value of AUC equal to 0.60 was obtained only famitr Apgar score with parameters LTV and ACC.
When evaluating the risk of the low birth weight g the highest value of AUC = 0.54 for parameters
STV and Q. These results indicate very poor relationshipveen the birth weight and the quantitative
parameters of FHR signal when considering multipleG traces. The combination of suspicious and
pathological cases resulted in reducing the diffees between values of FHR signal parameters
indicating the wellbeing and the health risk of fhtus respectively. These differences are so stnail

the possibility of separation of these classeedsiced, resulting in the observed AUV decrease.

Table 6. The detailed results of ROC analysis farcietl FHR parameters.

5-min Apgar
Multiple CTG traces Single CTG traces Day of dajw€TG traces
AUC BCV AUC BCV AUC BCV

STV | 0.689£0.029075” | 5.249| 0.647£0.07427%2 | 5.900| 0.626:0.1800 | 8.716
LTV | 0.706£0.02927%2 | 40.39| 0.73120.059%7 | 34.58| 0.716:0.0540%22 | 45.71
ACC | 0.649:0.02797% | 5300| 0.682:0.066222 | 4.000| 0.542+0.0432% | 3.600
pH
STV | 0.685:0.03427 [ 5249 0.715:0.160:%° [ 4.149] 0.593:0.186°% [ 4.720
LTV | 0.722£0.03207% | 41.24| 0751201043 | 29.71| 0.632£0.1520% | 36.71
ACC | 0.638£0.03122% | 5.300| 0.733:0.0852° | 7.700| 0.713£0.08327 | 1.800

% AUROC+ SDTax95%Cl

In the next experiment we used the database cosist a single CTG record for one patient. The
selection of the earliest records caused the sogmf increase of AUC for most quantitative parasrset
of FHR and all attributes of fetal outcome. The ésivvalues of AUC (with the mean, calculated fér al
attributes of fetal outcome, equal to 0.55) wertamied for deceleration rates. Nevertheless, felRHR
baseline the mean AUC was 0.64, and for BE and.B3 @nd 0.61 respectively. Similarly to the pregiou
experiment, the highest predictive capabilities avebtained for STV, LTV and ACC together with
Apgar scores and pH measurement. For ACC and 10Apgar we got the AUC = 0.79. However,
taking into account the mean values of AUC, thd pesdiction quality of these parameters was ndtice
for Apgar score at the fifth minute of life. Thetaied results are presented in Table 6. The diffees
between the best discriminative values for bothibattes of the fetal outcome can be noticed.
Nevertheless, the obtained results are consistémtalues ranges defined with FIGO criteria.

The combination of suspicious and pathological sassulted in the reduction of predictive
capabilities of all FHR signal parameters. The mealues of AUC decreased by 0.05. However, the
results left higher in comparison to data contagmmultiple CTG records. We noticed also the inceaafs
the low birth weight risk prediction quality (Tablg.

Table 7. The values of AUC for low birth weight pietibn for data containing single CTG traces
(suspicious cases assigned to the pathologica)clas

FHR STV LTV ACC Da Ds D. Oo o} Ou
0.52 0.60 0.63 0.63 0.55 0.55 0.54 0.6p 0.45 0.60

In the last experiment we analyzed data consishiegCTG traces recorded on the day of delivery.
Similarly to the previous example we obtained betésults in comparison to the analysis of multiple
CTG records. In contrast to the results of previenperiments we noticed the strongest relationship
between deceleration patterns and 10-min Apgaestte also obtained the highest mean AUC value of
0.77, and the maximum of 0.86 for decelerationse typ (Table 8). Hence, we can conclude that
deceleration patterns should be regarded as crigiad of fetal wellbeing on the delivery day.

Table 8. The values of AUC for 10-min Apgar predintivith data containing the last CTG traces.

FHR STV LTV ACC Da Ds D O o} Ou
0.60 0.63 0.72 0.54 0.86 0.78 0.6§ 0.6 0.98 0.64

07
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For CTG traces recorded in the day of delivery viso anoticed the decrease of predictive
capabilities of STV, LTV and ACC. The detailed riésare presented in Table 6. Despite STV parameter
and 10-min Apgar, the best cut-off values remainsgient with the FIGO criteria defining the fetal
wellbeing. However, the significant changes of theilues can be noticed (especially for the STV and
ACC). The obtained results confirm the necessityamblying different criteria for evaluating the CTG
traces recorded during the childbirth. Analogouslyhe previous examples, the combination of rezord
classified as suspicious with records indicating sk of fetal health resulted in reduction of AUThe
mean values of AUC decreased on average by 12%.

A similar analysis of the capacity of quantitataealysis of CTG traces, that were recorded in the
day of labour in predicting fetal outcome was pnése in [1]. The results of our study confirm tla¢her
moderate predictive capabilities of FHR signal pesters only when considering umbilical artery pH.
We did not get, however, such a high discriminatigpacity to predict Apgar score. The discrepancies
are the result of differences in the criteria felesting data being evaluated as the study preséemtd]
involved only women scheduled for elective caesarsection, whose CTG recording was performed
within 4 hours of delivery.

For all datasets considered, we noticed the reldbetween attributes of the fetal outcome and
guantitative parameters of FHR signal with the bgjhvalues of AUC that is illustrated in Figure 1.
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Fig. 1. Scatter-graphs of 10-min Apgar score netptd acceleration rate for the data with multipleG traces.

High Apgar scores and pH measurements indicatiagvilbeing of the newborn are related to values of
FHR signal parameters which, according to FIGCedat represent both normal and abnormal fetad stat
However values of fetal outcome attributes outsiterange indicating the newborn wellbeing are gtva
associated with the CTG signal features indicativegfetal health risk. This relation proves theueabf

the CTG monitoring as a good screening proceduestdwery high efficiency in confirmation of fetal
wellbeing.

5. CONCLUSIONS

In the presented work, a number of experiments emireg the evaluation of the capacity of
guantitative analysis of cardiotocographic tragegiedicting fetal outcome were done. The relations
between different attributes of newborn outcome pachmeters of FHR signal distinguished by FIGO
criteria were investigated. The predictive cap#ibsiwere evaluated on the basis of ROC curveysisal
The values of the areas under the ROC curves stimuslationship between FHR signals features and
fetal outcome especially when assessed with Apgares The highest predictive capabilities were
obtained for deceleration patterns and 10-min Apgare when evaluating CTG traces recorded on the
day of delivery. The obtained results suggest tbeessity of applying the criteria for the CTG tace
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evaluation that are related to the gestational @ge .study corroborate the benefit of the CTG nurmy
as a good screening procedure providing appropr@iérmation of fetal wellbeing.
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