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ABSTRACT 19 

Labor prediction is one of the most challenging goals in obstetrics, mainly due to the poor 20 

understanding of the factors responsible for the onset of labor. The electrohysterogram (EHG) is the 21 

recording of the myoelectrical activity of myometrial cells and has been shown to provide relevant 22 

information on the electrophysiological state of the uterus. This information could be used to obtain 23 

more accurate labor predictions than those of the currently used techniques, such as the Bishop score, 24 

tocography or biochemical markers. Indeed, a number of efforts have already been made to predict 25 

labor by this method, separately characterizing the intensity, the coupling degree of the EHG signals 26 

and myometrial cell excitability, these being the cornerstones on which contraction efficiency is 27 

built. Although EHG characterization can distinguish between different obstetric situations, the 28 

reported results have not been shown to provide a practical tool for the clinical detection of true 29 

labor. The aim of this work was thus to define and calculate indexes from multichannel EHG 30 

recordings related to all the phenomena involved in the efficiency of uterine myoelectrical activity 31 

(intensity, excitability and synchronization) and to combine them to form global efficiency indexes 32 

(GEI) able to predict delivery in less than 7/14 days. Four EHG synchronization indexes were 33 

assessed: linear correlation, the imaginary part of the coherence, phase synchronization and 34 

permutation cross mutual information. The results show that even though the synchronization and 35 

excitability efficiency indexes can detect increasing trends as labor approaches, they cannot predict 36 

labor in less than 7/14 days. However, intensity seems to be the main factor that contributes to 37 

myometrial efficiency and is able to predict labor in less than 7/14 days. All the GEIs present 38 

increasing monotonic trends as pregnancy advances and are able to identify (p <0.05) patients who 39 

will deliver in less than 7/14 days better than single channel and single phenomenon parameters. The 40 

GEI based on the permutation cross mutual information shows especially promising results. A 41 

simplified EHG recording protocol is proposed here for clinical practice, capable of predicting 42 
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deliveries in less than 7/14 days, consisting of 4 electrodes vertically aligned with the median line of 43 

the uterus. 44 

Keywords: Electrohysterogram, synchronization, nonlinear analysis, efficiency indexes.  45 
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1. INTRODUCTION 46 

Electrohysterography (EHG) or uterine electromyography has arisen as a non-invasive monitoring 47 

technique for assessing uterine dynamics and predicting the onset of labor. Compared with the 48 

currently used prediction techniques, based on monitoring uterine dynamics, such as tocography, the 49 

Bishop Score or biochemical markers, the use of EHG in clinical practice would lead to more 50 

accurate diagnosis and prediction of true labor [1], thus avoiding unnecessary hospitalizations and 51 

reducing healthcare costs. This is especially relevant in threatened preterm patients, since preterm 52 

birth is one of the leading causes of neonatal morbidity in the developed countries and often involves 53 

expensive interventions [2,3]. 54 

Predicting labor within 7 days is the most commonly studied time horizon in the literature [4] as it 55 

has clinical relevance; tocolysis has been shown to reduce the risk of delivery within 48 hours and 7 56 

days [5] and is usually prescribed to allow administration of glucocorticoids and reduce the risk of 57 

prematurity complications. However, there are other studies on 14-day labor prediction which 58 

provide advantageous information for pregnancy and labor management [6,7]. The obstetrical 59 

indicators traditionally employed for labor prediction, such as cervical length, Bishop Score, or 60 

number of contractions/10 minutes, do not provide results reliable enough for predicting imminent 61 

labor [4,8]. Although cervical length is one of the most widely used labor prediction indicators in 62 

clinics [7,9], several studies report that this criterion has proved to be insufficient or inaccurate in 63 

predicting labor [9,10]. Due to its low positive predictive values and sensitivities, routine cervical 64 

length assessment is not recommended in women at low risk of preterm labor [9]. Conversely, 65 

electrohysterographic techniques have arisen as potential labor prediction tools, yielding better 66 

results than the traditional obstetrical parameters [10,11]. 67 

The EHG registers the electrical activity associated with the contraction of the myometrial cells and 68 

can be recorded by placing electrodes on the abdominal surface [12]. Several studies found that EHG 69 

features change throughout pregnancy [13]. Uterine electrical activity is weak and uncoordinated in 70 
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the early gestational ages, but becomes more coordinated and intense as pregnancy progresses 71 

[12,13]. The first studies carried out on women and animal subjects in the 90s revealed that EHG 72 

could provide valuable information on the progression of pregnancy and the onset of labor [13,14]. 73 

The EHG signal is made up of the register of the basal tone (associated with the resting state of the 74 

uterus) and the EHG-bursts (which represent the electrical activity associated with uterine 75 

contractions). Most authors in this field focus on the [0.1 - 4] Hz range, since it is considered that 76 

EHG spectral content is mainly distributed in this range [15]. EHG features related to the excitability 77 

phenomenon have been studied, usually extracting parameters from the power density spectrum of 78 

the EHG-bursts, such as peak, mean or median frequencies [6,15,16]. 79 

Regarding EHG-burst synchronization, various indexes, such as linear and non-linear correlation, 80 

have been proposed to quantify the evolution of the coupling between different EHG recording 81 

channels to obtain information on labor onset [17], the imaginary part of the coherence [18] and 82 

others based on phase synchronization [19]. Although they all have shown higher synchronization 83 

values for the labor groups, there is still no consensus on the most appropriate method of evaluating 84 

EHG signals synchronization, since each synchronization index evaluates different aspects. Both the 85 

linear and non-linear correlation indexes evaluate signal coupling in the temporal domain, while the 86 

coherence-based indexes operate in the EHG spectrum, and still others estimate the degree of 87 

coupling by the phase differences. Synchronization indexes which evaluate coupling from the mutual 88 

information shared between different time series, especially the permutation cross mutual 89 

information (PCMI), has shown promising results in electroencephalographic applications [20].  90 

However, as far as we know, there are no studies which evaluate all the different factors involved in 91 

the efficiency of myoelectrical activity through the analysis of multichannel EHG registers, nor has a 92 

global-efficiency index yet been defined that combines the uterine activity intensity, cellular 93 

excitability and synchronization. Such an analysis would provide valuable information on the 94 

mechanisms that initiate labor. 95 
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Some authors have already employed spectral, temporal and EHG synchronization parameters to 96 

predict labor and non-labor situations or classify patients into term or preterm labor [21–23]. 97 

However, even though some have reported high accuracy values, these results are usually limited by 98 

different factors, such as a strong dependence on electrode configuration or controversial values 99 

obtained from different databases [24,25], so that the reported results have not been shown to provide 100 

a practical tool for the clinical detection of true labor. As there is therefore still a need for robust 101 

global myoelectrical activity indexes which can predict labor in common clinical conditions, the aim 102 

of this work was to obtain robust myoelectrical uterine activity efficiency indexes to identify the 103 

expectant mothers who will deliver in less than 7/14 days. For this, the evolution of different single-104 

phenomenon efficiency indexes (which include information on intensity, excitability and 105 

synchronization of the uterine contractile events) was first studied and then combined to define 106 

uterine activity global efficiency indexes. A reduced electrode set was also evaluated to facilitate the 107 

use of the EHG technique in clinical practice and avoid the entangled and complex acquisition 108 

protocols and systems associated with a large number of channel registers. 109 

2. MATERIALS & METHODS 110 

A. DATABASE 111 

The “Icelandic 16-electrode database”[26] was chosen for this work as it contains a collection of 112 

multichannel EHG pregnancy and labor recordings to facilitate the study of the evolution of uterine 113 

contraction efficiency indexes in different stages of labor. 114 

This database includes 122 EHG registers from 45 pregnant women: 112 during pregnancy (third 115 

trimester) and the rest during labor (patients who delivered within 24 h). The subjects had normal 116 

singleton pregnancies and unknown preterm labor risk factors. 117 

As the aim was to obtain information on the labor horizon from the myoelectrical activity during 118 

pregnancy, the recordings were divided into different groups by time-to-delivery (TTD). The records 119 

were classified as follows: patients recorded during labor, those who delivered between 1 and 7 days 120 
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after the recording session, those who gave birth between 7 and 14 days after the recording session, 121 

those who delivered between 14 to 30 days, and those who gave birth after more than 30 days (See 122 

Figure 1). The recordings were also used to analyze the indexes’ ability to predict deliveries in less 123 

than 7 days (Grouping the labor and TTD 1-7 day patients) and 14 days (Grouping the labor, TTD 1-124 

7 day and TTD 7-14 day patients) after the recording session. 125 

 126 

Figure 1: Distribution of registers according to time-to-delivery (in days). 127 

B. DATA ANALYSIS 128 

The database provides monopolar raw records of EHG signals from a grid of 4x4 electrodes. The 129 

EHG monopolar signals were resampled at 20 Hz and digitally filtered in the range 0.1 to 4 Hz using 130 

a 5th order Butterworth bandpass digital filter, since EHG spectral content is mainly distributed in 131 

this range [15]. After monopolar signal pre-processing 12 vertical bipolar signals were obtained, as 132 

seen in Figure 2. All the analyses in this work were performed on bipolar signals, since they have 133 

been reported to have a better signal to noise ratio and immunity against common mode interference 134 

than monopolar recordings [27–29]. Only the signal segments of uterine contractions were analyzed. 135 

EHG-bursts were then manually segmented by specialists under the supervision of obstetricians. 136 

They were identified by the presence of significant amplitude and frequency changes with respect to 137 
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the basal tone, with durations greater than 40 s and absence of evident motion artifacts [30]. We 138 

discarded 8/122 recordings because of persistent and significant motion artifacts or respiratory 139 

interference throughout the recording. 140 

As already mentioned, the evolution of the different phenomena involved in myoelectrical activity 141 

efficiency were analyzed separately and combined into global efficiency indexes. The capacity of all 142 

the indexes to accurately predict labor in more than 7/14 days was also analyzed. Single-143 

phenomenon efficiency indexes were defined to estimate the intensity, excitability and 144 

synchronization of uterine activity. 145 

 146 

Figure 2: Electrode numbering scheme of the Icelandic data-base and method of calculating bipolar 147 

signals (adapted from the original work “Icelandic 16-electrode database” [26]). 148 

B.1 Single-phenomenon Efficiency Indexes 149 

Labor is known to be preceded by two physiological phenomena: increased connectivity of the 150 

myometrial cells and increased excitability [7,12]. The former is related to an increase in the number 151 

of GAP junctions, which allow intercellular communication and so better propagation of action 152 

potentials [5,12]. The higher the uterine cell connectivity involved in the contraction, the higher the 153 

contraction intensity (EHG signal amplitude). As the cells are more coordinated, the synchronization 154 

values between signals recorded in different channels are expected to be higher as labor approaches 155 

[31]. On the other hand, the increased cell excitability is related to the expression of more oxytocin 156 
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receptors by myometrial cells as labor approaches [13,32] and produces the higher frequency 157 

components present in EHG signals [33,34]. EHG parameters related to the excitability, intensity and 158 

synchronization phenomena computed from single and multi-channel EHG recordings are thus 159 

expected to show higher values in women closer to labor. 160 

B.1.1 Single channel Efficiency Indexes 161 

In many of the studies carried out previously, the information from each bipolar record is used 162 

separately [35–37]. As already mentioned, amplitude and spectral parameters are related to the 163 

intensity and excitability of the myometrial cells, respectively. To assess the ability of each EHG 164 

channel to predict imminent delivery, the average rectified value (ARV [38]) of the EHG-bursts and 165 

the dominant frequency (DF [34,39]) were computed as follows: 166 

𝑆𝑆𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎 =  
1
𝑁𝑁
�|𝑋𝑋𝑎𝑎(𝑖𝑖)|
𝑁𝑁

𝑖𝑖=1

(1) 167 

Where N is the length of the data vector Xa(i) in samples. 168 

𝑆𝑆𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐷𝐷𝐷𝐷𝑎𝑎 = W𝑎𝑎(max(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑃𝑃𝑆𝑆𝐷𝐷0.2𝐻𝐻𝐻𝐻
1𝐻𝐻𝐻𝐻 ))) (2) 169 

Where Wa consists in a vector which represent each frequency value of the PSD computed in the 170 

range 0.2 to 1 Hz. 171 

B.1.2 Multi-channel Intensity Efficiency Index (IEI) 172 

In order to quantify the EHG-burst amplitude recorded by the different surface electrodes, a 173 

multichannel intensity efficiency index (MC_IEI) is defined for each pair of bipolar records as: 174 

𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 =  �𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎(3) 175 

Where ARVa and ARVb are the average rectified value of temporal series a(t) and b(t), respectively 176 

[38]. 177 

B.1.3 Multi-channel Excitability Efficiency Index (EEI) 178 
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As cell excitability is directly related to the spectral content of the recorded signals [40], we defined 179 

a multichannel excitability efficiency index (MC_EEI) which reflects the spectral content of two 180 

different simultaneously recorded EHG signals as follows: 181 

𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 =  �𝐷𝐷𝐷𝐷𝑎𝑎 ∙ 𝐷𝐷𝐷𝐷𝑎𝑎  (4) 182 

Where DFa and DFb are the dominant frequencies of temporal series a(t) and b(t), respectively. 183 

The efficiency of uterine contractility depends on the excitability and the degree of coupling of 184 

electrical activity, so that highly efficient EHG-bursts can be expected to present higher IEI and EEI 185 

values. 186 

B.1.4 Synchronization Efficiency Indexes (Multi-channel) 187 

Cross correlation (COR) 188 

Cross correlation evaluates the linear correlation between two time series a(t) and b(t) with lag T[41] 189 

and is defined as: 190 

𝑆𝑆𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎(𝑇𝑇) =  
𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑡𝑡, 𝑡𝑡 + 𝑇𝑇)

�𝑐𝑐𝑝𝑝𝑣𝑣𝑎𝑎(𝑡𝑡) ∗ 𝑐𝑐𝑝𝑝𝑣𝑣𝑎𝑎(𝑡𝑡 + 𝑇𝑇)
 (5) 191 

Where var, represents the variance of each series, and cov is the covariance between the two time 192 

series. The COR values are restricted to the [-1, 1] range, where values close to “1” mean high linear 193 

synchronization and negative COR means weak synchronization between the two time series. 194 

Imaginary part of coherence (iCOH) 195 

Coherence provides the linear correlation between two time series a(t) and b(t)in the frequency 196 

domain [41] and is defined as the cross spectral density function (Cab) divided by the individual auto 197 

spectral density functions (Caa and Cbb). Some authors found that the use of the imaginary part of the 198 

coherence function could reduce the effect of the volume conductor [42], and is defined as: 199 

𝑁𝑁𝑆𝑆𝑎𝑎𝑎𝑎(𝑓𝑓) =  
|𝐼𝐼𝐼𝐼𝑆𝑆𝑎𝑎𝑎𝑎(𝑓𝑓)|

�|𝑆𝑆𝑎𝑎𝑎𝑎(𝑓𝑓)| ∗ |𝑆𝑆𝑎𝑎𝑎𝑎(𝑓𝑓)|
 (6) 200 

Where ImCab is the imaginary part of the cross spectral density function.The result is a function with 201 

values between “0” and “1”, “1” being the maximum degree of synchronization. In order to assess 202 
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EHG-burst synchronization, the iCOHab index is defined across the frequency band [0.34 – 1] Hz as 203 

[43]: 204 

𝑖𝑖𝑆𝑆𝐶𝐶𝑖𝑖𝑎𝑎𝑎𝑎 =  
1
𝑁𝑁

� 𝑁𝑁𝑆𝑆𝑎𝑎𝑎𝑎(𝑓𝑓)
1

𝑓𝑓=0.34

 (7) 205 

Where N is the total number of elements in the summand and the iCOHab index ranges from 0 to 1. 206 

Phase synchronization (PLV) 207 

The phase synchronization hypothesis states that dynamic systems may have their phases 208 

synchronized even if their amplitudes are not correlated. Of the different phase synchrony 209 

estimations, in this study we focused on the phase locking value (PLV) as it has shown good 210 

performance in measuring the coupling degree of other phase synchronization indexes [20,44]. The 211 

PLV index is defined as: 212 

𝑃𝑃𝑃𝑃𝐴𝐴𝑎𝑎𝑎𝑎 =  
1
𝑁𝑁
��𝑝𝑝𝑖𝑖∆ɸ𝑎𝑎𝑎𝑎(𝑡𝑡)
𝑁𝑁

𝑡𝑡=1

�  (8) 213 

Where ∆ɸab(t) is the difference between the instantaneous phase of the two time series, ɸa(t) and 214 

ɸb(t). PLV values range between “0” and “1”, “1” being the maximum synchronization degree 215 

between two dynamic systems. 216 

Normalized permutation cross mutual information (NPCMI) 217 

This synchronization index, based on the calculation of the probability distribution of the order 218 

patterns [20], performs an order pattern analysis. From two time series a(t) and b(t) two respective 219 

embedding vectors can be obtained ai(t) = [a(i), a(i+T), …, a(i + (m + 1)T)] and bi(t)= [b(i), b(i+T), 220 

…, b(i + (m + 1)T)], where m is the embedding dimension and T the time lag. The possible m! order 221 

patterns are obtained by sorting the embedding vectors in ascending order, these patterns also receive 222 

the name of permutations [20]. Then the probability of each permutation pa(ka) and pb(kb) are 223 

calculated as: 224 

𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎) =  
𝑆𝑆𝑎𝑎(𝑝𝑝𝑎𝑎)

𝑁𝑁 − (𝐼𝐼− 1)𝑇𝑇
(9)  ;        𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎) =  

𝑆𝑆𝑎𝑎(𝑝𝑝𝑎𝑎)
𝑁𝑁 − (𝐼𝐼− 1)𝑇𝑇

 (10) 225 
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Where Ca(ka) (ka = 1, 2, …, m!) and Cb(kb) (kb = 1, 2, …, m!) are the number of each order pattern. 226 

The permutation entropy PEa and PEb, based on Shannon’s information theory, can be expressed as 227 

[20]: 228 

𝑃𝑃𝐼𝐼𝑎𝑎 =  − � 𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎) ln�𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎)�
𝑚𝑚!

𝑘𝑘𝑎𝑎=1

(11)  ;        𝑃𝑃𝐼𝐼𝑎𝑎 =  − � 𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎) ln�𝑝𝑝𝑎𝑎(𝑝𝑝𝑎𝑎)�
𝑚𝑚!

𝑘𝑘𝑎𝑎=1

  (12) 229 

And so the joint permutation entropy of the time series a(t) and b(t) is [20]: 230 

𝑃𝑃𝐼𝐼𝑎𝑎𝑎𝑎 =  − � � 𝑝𝑝𝑎𝑎𝑎𝑎(𝑝𝑝𝑎𝑎,𝑝𝑝𝑎𝑎) ln�𝑝𝑝𝑎𝑎𝑎𝑎(𝑝𝑝𝑎𝑎,𝑝𝑝𝑎𝑎)�
𝑚𝑚!

𝑘𝑘𝑎𝑎=1

𝑚𝑚!

𝑘𝑘𝑎𝑎=1

 (13) 231 

Where pab is the joint probability of permutation embedding vectors ai and bi. Now the PCMI of the 232 

two time series can be expressed as follows: 233 

𝑃𝑃𝑆𝑆𝑀𝑀𝐼𝐼𝑎𝑎𝑎𝑎 =  𝑃𝑃𝐼𝐼𝑎𝑎 + 𝑃𝑃𝐼𝐼𝑎𝑎 − 𝑃𝑃𝐼𝐼𝑎𝑎𝑎𝑎 (14) 234 

And finally the PCMI can be normalized as follows [45]: 235 

𝑁𝑁𝑃𝑃𝑆𝑆𝑀𝑀𝐼𝐼𝑎𝑎𝑎𝑎 =  
𝑃𝑃𝑆𝑆𝑀𝑀𝐼𝐼𝑎𝑎𝑎𝑎

min{𝑃𝑃𝐼𝐼𝑎𝑎,𝑃𝑃𝐼𝐼𝑎𝑎}
 (15) 236 

NPCMI finally ranges between values of [0, 1]; values close to “1” again signify a strong 237 

synchronization relationship between the two time series. 238 

B.2 Global Efficiency indexes (GEI) 239 

Although the above described indexes provide some information on myoelectrical activity efficiency, 240 

none of them contains information on all the phenomena involved in the efficiency of myoelectrical 241 

activity. We therefore developed the global efficiency indexes (GEIs), which combine the 242 

synchronization indexes with the intensity and excitability indexes as follows (multichannel): 243 

𝐺𝐺𝐼𝐼𝐼𝐼1𝑎𝑎𝑎𝑎 = 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑆𝑆𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎 (16) 244 

𝐺𝐺𝐼𝐼𝐼𝐼2𝑎𝑎𝑎𝑎 = 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑖𝑖𝑆𝑆𝐶𝐶𝑖𝑖𝑎𝑎𝑎𝑎 (17) 245 

𝐺𝐺𝐼𝐼𝐼𝐼3𝑎𝑎𝑎𝑎 = 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑃𝑃𝑃𝑃𝐴𝐴𝑎𝑎𝑎𝑎 (18) 246 

𝐺𝐺𝐼𝐼𝐼𝐼4𝑎𝑎𝑎𝑎 = 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑀𝑀𝑆𝑆_𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎 ∙ 𝑁𝑁𝑃𝑃𝑆𝑆𝑀𝑀𝐼𝐼𝑎𝑎𝑎𝑎 (19) 247 

B.3 Mean efficiency indexes (MEI) 248 
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For every EHG-burst, each single-phenomenon and global efficiency index was calculated for every 249 

pair of bipolar recordings, except the corresponding bipolar recording with itself (single-channel 250 

approach), obtaining a 12x12 myoelectrical activity efficiency matrix (Cij where sub-indexes i=1…12 251 

and j=1…12 represent a bipolar recording) with null values in the diagonal. For each recording 252 

session, “N12x12” matrices were obtained for “N” embedded EHG-bursts. 253 

All this information was intended to be summarized into a single index of contractile efficiency for 254 

which these “N” matrices were averaged, obtaining a single 12x12 average efficiency matrix ( Cij ) 255 

of the EHG-bursts present in each record (See diagram shown in Figure 3A). Finally the average 256 

value of the upper triangular part of the average efficiency matrix ( Cij ) was computed so as to 257 

obtain a single value per efficiency index for each recording session (losing the spatial information). 258 

These mean efficiency indicators (MEI) were calculated for every efficiency index in each recording 259 

session. The evolution of MEI values throughout pregnancy and their discriminating capacity for 260 

predicting labor in less than 7/14 day was then studied. 261 

𝑀𝑀𝐼𝐼𝐼𝐼 =
1

∑ 𝑝𝑝
𝑀𝑀2−𝑀𝑀

2
𝑘𝑘=1

∗ �� � 𝑆𝑆𝚤𝚤𝚤𝚤����
𝑀𝑀

𝑗𝑗=𝑖𝑖+1

𝑀𝑀−1

𝑖𝑖=1

�  (20) 262 

Where ( Cij ) represents the average efficiency matrix for every efficiency index and M represents 263 

the total number of bipolar recordings (M = 12). 264 

To evaluate the efficiency indexes ability to predict labor in less than 7/14 days and more than 7/14 265 

days, respectively, the MEI values were compared (TTD<7d vs. TTD>7d and TTD<14d vs. 266 

TTD>14d) by the Wilcoxon ranked test (α = 0.05). 267 

B.4 Analysis of a reduced recording set 268 

The multichannel approach described in the previous sections uses 12 bipolar EHG channels 269 

obtained from a 4x4 grid of electrodes. However, so many electrodes and such a big recording area 270 

may not be suitable for clinical practice, in which access to the patient and leaving room for other 271 
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monitoring devices are priorities. To propose a reduced EHG recording set that uses the information 272 

from fewer electrodes and a smaller recording area, a search was made for the pairs of recording 273 

channels best able to detect time to delivery. This was performed only with the GEI that yielded the 274 

lowest p-value in the previous MEI analysis. 275 

The statistical differences of each pair of bipolar recordings of the average efficiency matrix ( Cij , 276 

without losing the spatial information) were compared between TTD<7d vs. TTD>7d and TTD<14d 277 

vs. TTD>14d by the Wilcoxon ranked test (α=0.05). The number of elements of the average 278 

efficiency matrix ( Cij , j=1…12 and j≠i) that presented significant differences for discriminating 279 

labor in less than 7/14 days was noted for each bipolar recording channel (row or column) i, the 280 

maximum number being 11 (See Figure 3B). 281 

Based on the results of this procedure, a simplified EHG recording protocol was proposed with a 282 

reduced number of bipolar records for distinguishing labor in less than 7/14 days. The discrimination 283 

capacity of this reduced set of recording channels was also tested. 284 
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 285 

Figure 3: (A) Explanatory diagram of the average efficiency matrix ( Cij ) estimation method for 286 

each register, where Ck
ij is 12x12 efficiency matrix obtained from kth uterine contractile event 287 

embedded in a recording session, sub-indexes i = 1…12 and j = 1…12 represent every bipolar 288 

record. (B) Statistical analysis of { Cij } between groups according to TTD for each pair of bipolar 289 

recordings, where { Cij } is the average efficiency index of all patients who belong to the same group 290 

and for a certain combination of bipolar records i and j, n is the number of patients who delivered in 291 

less than 7/14 and m represents the number of patients who delivered in more than 7/14 days. 292 
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3. RESULTS 293 

Figure 4 shows 250 s of EHG signals recorded during pregnancy (left) and labor (right) from two 294 

different patients. Two uterine contraction events can be clearly appreciated in all the bipolar records 295 

in the labor register, and high amplitude EHG-bursts(≈ 260 µV) can be clearly identified in various 296 

bipolar signals (right image Figure 4). In contrast, in the pregnancy register (left image Figure 4), 297 

even though some EHG-bursts can be clearly seen in bipolar signals B9 and B12, in the other bipolar 298 

signals they have really small amplitude values (≈ 100 µV). The fact of clearly observing the same 299 

contractile events in a large number of channels for the labor recording means that uterine electrical 300 

activity is a more global and coordinated phenomenon during labor than during pregnancy, when it is 301 

seen as a poorly coordinated or local activity. 302 

 303 

Figure 4: Twelve-channel preprocessed bipolar EHG registers of two different patients: (left) during 304 

pregnancy (22 days to labor); (right) during labor. 305 

Figure 5 represents the different evolution of the MEI’s efficiency indexes throughout pregnancy in 306 

the form of violin plots. It can be seen that both MEIMC_IEI and MEINPCMI, show monotonic increasing 307 

trends as labor approaches. However, although MEIMC_EEI and the other single-phenomenon 308 

efficiency indexes (MEICOR, MEIiCOH and MEIPLV) tend to have higher values for the two groups 309 

close to labor, they show subtle increasing or even parabolic trends, while the MEIs of the four 310 
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global efficiency indexes tend to increase as labor approaches and present similar monotonic 311 

increasing trends. 312 

 313 

Figure 5: Violin plots of the different efficiency indexes’ MEIs according to time-to-delivery. IEI: 314 

intensity efficiency indexes; EEI: excitability efficiency index; GEI1, GEI2, GEI3 and GEI4 are 315 

Global efficiency indexes using COR, iCOH, PLV and NPCMI as synchronization index (eq. 16-19). 316 

The mean and standard deviation values of the different uterine MEIs are shown in Table 1. Most of 317 

the single-phenomenon MEIs (MEIMC_IEI, MEIMC_EEI, MEICOR, MEIiCOH, MEIPLV, MEINPCMI) show 318 

higher values for women who delivered less than 7/14 days after the recording session than those 319 

who delivered after this time. 320 

Single-phenomenon Efficiency Indexes 

TTD (days) <7 >7 <14 >14 

MEIMC_IEI (µV) 6.67 ± 4.63 4.94 ± 3.23 6.35 ± 4.18 4.75 ± 3.19 
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MEIMC_EEI (Hz) 0.453 ± 0.032 0.448 ± 0.03 0.450 ± 0.03 0.448 ± 0.031 

MEICOR 0.250 ± 0.091 0.234 ± 0.133 0.239 ± 0.102 0.235 ± 0.137 

MEIiCOH 0.197 ± 0.054 0.179 ± 0.048 0.193 ± 0.054 0.178 ± 0.046 

MEIPLV 0.328 ± 0.033 0.322 ± 0.046 0.325 ± 0.039 0.319 ± 0.046 

MEINPCMI 2.85 ± 0.39 2.77 ± 0.36 2.85 ± 0.41 2.76 ± 0.35 

 Global Efficiency Indexes 

TTD (days) <7 >7 <14 >14 

MEIGEI1 (µV·Hz) 0.751 ± 0.619 0.520 ± 0.438 0.678 ± 0.589 0.513 ± 0.418 

MEIGEI2 (µV·Hz) 1.440 ± 0.992 0.976 ± 0.705 1.332 ± 0.858 0.938 ± 0.73 

MEIGEI3 (µV·Hz) 1.066 ± 1.037 0.747 ± 0.533 0.962 ± 0.879 0.738 ± 0.541 

MEIGEI4 (µV·Hz) 8.36 ± 5.728 5.89 ± 3.76 7.78 ± 4.89 5.70 ± 3.90 

 321 

Table 1: Mean and standard deviation of the different uterine efficiency indexes for women who 322 

delivered in less than 7/14 days when using 4x4 matrix electrode. 323 

  324 
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 325 

Figure 6: p-Value associated with separation of labor in less than 7/14 days of each type of 326 

parameter computed in the single channel and multichannel approaches, for the complete recording 327 

set (A) and for the reduced recording set (B).Grey area indicates p-value <0.05. 328 

Figure 6 represents the p-values obtained to separate labor in less than 7/14 days for the efficiency 329 

indexes  computed in a single channel (SC_IEI and SC_EEI) and multichannel approaches (MEIMC_IEI, 330 

MEIMC_EEI, MEICOR, MEIiCOH, MEIPLV, MEINPCMI, MEIGEI1, MEIGEI2, MEIGEI3, MEIGEI4) for the complete 331 

recording set (frame A). For single-phenomenon parameters, only intensity parameters present 332 

significant differences (p <0.05). Multichannel approach (MEIMC_IEI) yielded lower p-values than 333 

single channel except for one case (B7, labor >7d vs.>7d).When IEI and the EEI are combined with 334 

synchronization indexes to bring out global efficiency indexes (MEIGEI1, MEIGEI2, MEIGEI3 and 335 

MEIGEI4), the results show that all of them present statistically significant differences, except MEIGEI1 336 

(labor <14d vs.>14d). Moreover, the p-values of global indexes are clearly lower than single-337 

phenomenon for MEIGEI2 and MEIGEI4. This latter shows the lowest p-values for detecting subjects 338 

who delivered in less than 7/14 days, which indicates better labor prediction for this efficiency index 339 

than the others. 340 
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The evolution of the GEI4 average efficiency matrix was also analyzed, i.e. the mean values of every 341 

bipolar recording combination for each group (labor, TTD<7d, TTD∈[7, 14[d, TTD∈[14,30[d, 342 

TTD>30d) according to time-to-delivery (see Figure 7). It can be clearly seen how GEI4 values tend 343 

to increase in all the elements of the matrix (bipolar recording combinations) for the TTD <7d group 344 

and reach their maximum values in the labor group. 345 

 346 

Figure 7: Evolution of mean GEI4 average efficiency matrix according to time-to-delivery. 347 

Since GEI4 showed the most significant differences in detecting labor in less than 7/14 days it was 348 

chosen for inclusion in the simplified EHG data set. The number of elements (other bipolar recording 349 

channels) was computed of the GEI4 average efficiency matrix ( Cij , j = 1…12 and j≠i) that 350 

presented significant differences for differentiating subjects who delivered in less than 7/14 days (see 351 

Figure 8, where black dots represent electrodes, and rectangles the corresponding bipolar signals). 352 

Bipolar records B1, B4, B6, B7, B8, B9 and B11 show the largest number of significant differences 353 

with the other bipolar records. Bipolar signals B7, B8 and B9 (highlighted in dark blue in Figure 2) 354 

were selected for the simplified electrode configuration to discriminate between subjects liable to 355 

start labor in less or more than 7/14 days. 356 
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 357 

Figure 8: Representation of the number of elements with significant differences obtained by GEI4 in 358 

every bipolar record for the (A) TTD <7d vs TTD >7d and (B) TTD <14d vs TTD >14d 359 

comparisons. 360 

Efficiency indexes were then worked out considering only this small number of bipolar records. The 361 

efficiency indexes’ mean MEI values and standard deviations of the subjects who delivered in less 362 

than and more than 7/14 days are shown in Table 2. It can be seen that, as for the 4x4 electrode 363 

matrix, the MEIs tend to increase with higher values for labor in less than 7/14 days and lower values 364 

for labor in >7/14 days. Indeed, for the reduced recording set (only Channels B7-B8-B9) the p-values 365 

obtained were similar to those of the complete recording set (see Figure 6). Again, MEIGEI2 and 366 

MEIGEI4 indexes had the lowest p-value for separating subjects who delivered in less than 7/14 days. 367 

Single-phenomenon Efficiency Indexes 

TTD (days) <7 >7 <14 >14 

MEIMC_IEI(µV) 6.10 ± 3.81 4.931 ± 3.325 6.08 ± 3.71 4.66 ± 3.21 

MEIMC_EEI(Hz) 0.452 ± 0.036 0.443 ± 0.031 0.451 ± 0.034 0.447 ± 0.03 

MEICOR 0.241 ± 0.112 0.238 ± 0.154 0.234 ± 0.118 0.229 ± 0.159 

MEIiCOH 0.203 ± 0.066 0.178 ± 0.051 0.195 ± 0.061 0.177 ± 0.052 

MEIPLV 0.327 ± 0.042 0.321 ± 0.052 0.322 ± 0.045 0.323 ± 0.053 

MEINPCMI 2.84 ± 0.41 2.746 ± 0.389 2.80 ± 0.425 2.736 ± 0.36 
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 Global Efficiency Indexes 

TTD (days) <7 >7 <14 >14 

MEIGEI1 0.681 ± 0.527 0.520 ± 0.472 0.716 ± 0.61 0.463 ± 0.365 

MEIGEI2 1.342 ± 0.895 0.953 ± 0.645 1.332 ± 0.821 0.867 ± 0.603 

MEIGEI3 1.006 ± 0.949 0.759 ± 0.606 1.021 ± 0.953 0.679 ± 0.449 

MEIGEI4 7.53 ± 3.80 5.67 ± 3.66 7.29 ± 4.07 5.51 ± 3.75 

 368 

Table 2: Mean and standard deviation of the different uterine efficiency indexes for women who 369 

delivered in less than 7/14 days when using the reduced electrode set (electrodes 9-12: B7, B8 and 370 

B9 records). 371 

4. DISCUSSION 372 

Labor prediction is of particular importance not only in women at risk of preterm labor but also in 373 

other obstetrical situations such as pharmacological labor induction, when accurate diagnosis could 374 

improve maternal-fetal wellbeing. A reliable system of predicting labor within 7 or even 14 days 375 

would permit the choice of the appropriate treatment, avoid unnecessary hospitalizations, and reduce 376 

healthcare costs. Accurate labor prediction is still one of the most challenging goals in obstetrics. 377 

Labor is associated with a change in the myometrial contractility pattern, which changes from 378 

“irregular contractions” (long lasting, low-frequency activity) to “regular contractions (high-379 

intensity, high frequency activity, higher synchronization) [46]. However, the factors responsible for 380 

the onset of labor are still poorly understood, making the diagnosis of true labor difficult. It has been 381 

reported in the literature that EHG parameters provide better labor predictions than obstetrical 382 

indicators such as the Bishop Score or cervical length [10,47]. However, there are a number of 383 

barriers that must be overcome before EHG recordings can be used in clinical practice, for instance, 384 

the need for robust and easily interpretable EHG indexes. We thus propose a new global index based 385 

on the physiological phenomena (intensity, excitability and synchronization) of uterine activity 386 
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which clinicians will find easy to interpret. This index has certain similarities in its conception with 387 

the Bishop Score, a parameter traditionally used in clinical practice, which combines information 388 

from different obstetrical features to obtain a single indicator of labor proximity [33]. On the other 389 

hand, these indexes combine information from different channels for robust estimations of the 390 

condition of the whole range of uterine myoelectrical activity. 391 

As labor approaches, uterine contractions intensify so that EHG-burst amplitude increases and the 392 

signal spectral content is shifted to higher frequencies[48]. In our bivariate approach, this is reflected 393 

in an increase of the MC_IEI and MC_EEI, respectively. Since the computation of these indexes 394 

involves information embedded in pairs of bipolar records, they also inherently contain information 395 

on the degree of EHG coupling. The MEIMC_IEI was found to show significant differences in the 396 

comparisons between TTD <7d vs. TTD >7d (p: 0.022) and TTD <14dvs. TTD >14d (p: 0.007). 397 

These results agree with previous findings of significant differences between the RMS amplitude 398 

values of patients who gave birth in more or less than 14 days [6]. However, although MEIMC_EEI 399 

showed a slight increase as labor approaches, in line with previous studies [49,30], it does not seem 400 

to provide relevant information on predicting labor onset as reported by other authors who also 401 

performed a whole EHG register analysis [25]. Some studies reported that the spectral content shifts 402 

toward higher frequencies around 24h before labor, while others found a shift towards lower 403 

frequencies 10 days before delivery [50]. These results agree with the parabolic trend shown by the 404 

EEI in the present study. 405 

It has also been shown that signal synchronization increases as labor approaches [16,18]. In the 406 

present work we studied the performance of different synchronization indexes (COR, iCOH, PLV 407 

and NPCMI) to assess the evolution of EHG-burst synchronization in late pregnancy. The single-408 

phenomenon efficiency values tend to increase as labor approaches, showing that the uterine 409 

electrical activity becomes more intense and coordinated due to an increase of gap junctions between 410 

the myometrial cells [51]. Our COR, iCOH and PLV results agree with previous findings that also 411 
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reported higher synchronization index values for higher degrees of coupling [18,44]. NPCMI, which 412 

provided promising results in EEG applications, has never been used to estimate the degree of 413 

synchronization of EHG signals. The results obtained by the NPCMI point in the same direction as 414 

the other above-mentioned synchronization indexes, suggesting stronger synchronization between 415 

multichannel EHG signals as labor approaches. According to the results obtained, the 416 

synchronization indexes by themselves do not seem able to predict the onset of labor in the 7/14-day 417 

intervals studied. 418 

The GEIs, which combine estimators of signal intensity, cell excitability and signal synchronization, 419 

could be useful in distinguishing between different time-to-delivery horizons. To the authors’ 420 

knowledge, there are no existing studies of EHG global efficiency indexes that take into account the 421 

three phenomena involved in uterine contractility. Again, the four GEIs were found to increase as 422 

labor approaches. It should be noted that these trends are monotonic, in contrast to those found in the 423 

single-phenomenon synchronization indexes, which may present parabolic trends (COR and PLV), 424 

which is not in accordance with the myoelectrical activity efficiency concept. Furthermore, when 425 

using a 4x4 matrix electrode, all the GEIs defined in this work, except GEI1, showed significant 426 

differences for distinguishing labor in less than 7/14 days and had lower p-values than single-427 

phenomenon efficiency indexes computed in just one channel. This may suggest that myoelectrical 428 

activity efficiency is mainly due to signal amplitude, although the interaction with cell excitability 429 

and synchronization measurement could truly contain relevant complementary information on labor 430 

onset and provide promising results for predicting labor in less than 7/14 days. 431 

Since the use of 16 electrodes for EHG signal recording may not be acceptable in a clinical setting, a 432 

simplified 3 bipolar channel-based analysis was proposed, for which signal quality was one of the 433 

criteria for the selection of this subset of channels. Previous studies have shown that signals with 434 

better signal-to-noise ratios are usually obtained from the records of electrodes located in the uterine 435 

midline (fundus to pubic symphysis) and in the mid-central axis of the uterus [27,40]. In the present 436 
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work the horizontal line formed by bipolar records B1, B4 and B7 present almost the same number 437 

of cases with significant differences as the vertical line formed by B7, B8 and B9, although the latter 438 

was finally selected because it is aligned with the uterine median axis. In this location, the electrodes 439 

are closer to the uterus and the spectral content of the EHG has higher energy in the FWH, which 440 

would also provide higher discrimination [22]. Furthermore, only four electrodes are needed to 441 

obtain B7, B8 and B9 against the six required for B1, B4 and B7. The 3 channel subset associated 442 

with the simplified recording system proposed here has been shown to provide relevant information 443 

for labor prediction. When using only B7, B8 and B9, although not all the indexes improved their 444 

performance, the overall balance can be considered positive, since all the global efficiency indexes 445 

kept their discriminating ability. The multichannel efficiency indexes can identify subjects who will 446 

deliver in less than 14 days even better when combined with the simplified recording system, which 447 

indicates that channels with lower SNR could give slightly distorted information and do not improve 448 

the ability to separate the groups. 449 

When efficiency indexes are computed on multiple channels the results are better than those obtained 450 

by the individual single-channel approach, in which synchronization information is lost. These 451 

indexes can be used to analyze the uterine state in other obstetrical situations. Indeed, we have 452 

computed these indexes in the (3-channel) TPEHG data base to discriminate term from preterm labor 453 

and found that the preliminary results agree with the results given here. MEIGEI4 shows the lowest p-454 

values to discriminate both groups (term vs. preterm) when compared to single channel intensity and 455 

excitability indexes. The proposed global efficiency indexes and an adapted version of the proposed 456 

methodology could also be applied to other obstetrical scenarios, such as predicting successful labor 457 

induction [52,53]. 458 

On the other hand, even though significant differences were obtained by several efficiency indexes in 459 

predicting labor in less than 7/14 days, the small size of the database used could limit the 460 

extrapolation of the results to global populations. Bigger databases would also help to develop and 461 
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test machine learning classificatory tools to further evaluate the discriminatory capacity of the 462 

proposed parameters. 463 

Future work will involve more comprehensive databases to corroborate and provide greater 464 

generalization capacity. Non-linear parameters, such as sample entropy or time reversibility, which 465 

have shown positive results [25,54], will be considered. Furthermore, since labor is associated with 466 

more intense uterine dynamics and cervical ripening, the combination of EHG techniques (related to 467 

uterine contractile activity) and ultrasounds (for cervical length measurement) can be expected to 468 

give better preterm labor predictions. Besides cervical length, other traditional obstetric parameters, 469 

such as the Bishop score, length, maternal age, parity, etc. could also help to put EHG parameters 470 

into a subject-specific context and provide complementary information. 471 

5. CONCLUSIONS 472 

Although increased synchronization of myoelectrical activity was observed as labor approached, no 473 

significant differences were found in the associated single-phenomenon efficiency parameters for 474 

predicting labor, except in the case of the intensity efficiency index based on ARV. In contrast, the 475 

four proposed multichannel global efficiency indexes, which take into account information on the 476 

three key phenomena involved in myoelectrical activity efficiency (amplitude, spectral content and 477 

synchronization degree) showed a monotonic increasing trend with time-to-delivery and better ability 478 

to predict labor in less than 7/14 days than single channel and single phenomenon parameters. A 479 

reduced electrode set is also proposed, consisting of 4 electrodes aligned with the uterine median line 480 

between the fundus and pubic symphysis, which maintains the capacity to predict labor and also 481 

shows promise for being used in clinical practice. 482 
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