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Abstract

The uterine muscle (the myometrium) plays its most evident role during

pregnancy, when quiescence is required for adequate nourishment and

development of the foetus, and during labour, when forceful contractions

are needed to expel the foetus and the other products of conception. The

myometrium is composed of smooth muscle cells. Contraction is initiated

by the spontaneous generation of electrical activity at the cell level in the

form of action potentials. The mechanisms underlying uterine quiescence

during pregnancy and electrical activation during labour remain largely

unknown; as a consequence, the clinical management of preterm contrac-

tions during pregnancy and inefficient uterine contractility during labour

remains suboptimal. In an effort to improve clinical management of uter-

ine contractions, research has focused on understanding the propagation

properties of the electrical activity of the uterus. Different perspectives

have been undertaken, from animal and in vitro experiments up to clini-

cal studies and dedicated methods for non-invasive parameter estimation.

A comparison of the results is not straightforward due to the wide range

of different approaches reported in the literature. However, previous

studies unanimously reveal a unique complexity as compared to other

organs in the pattern of uterine electrical activity propagation, which nec-

essarily needs to be taken into consideration for future studies to be con-

clusive. The aim of this review is to structure current variegated

knowledge on the properties of the uterus in terms of pacemaker

position, pattern, direction and speed of the electrical activity during

pregnancy and labour.

Keywords conduction velocity, pregnancy, electrohysterography, myome-

trium, smooth muscle, uterine electromyography.

Although intermittently active throughout the whole

reproductive life of a woman, for instance, during the

menstrual cycle, the uterus exerts its most evident

function during pregnancy and labour. During preg-

nancy, quiescence of the uterus is required to maintain

pregnancy and allow adequate nourishment and devel-

opment of the foetus. Towards the end of pregnancy,

the uterus becomes increasingly contractile and reac-

tive to excitatory agents until it eventually reaches a

state in which it expels the foetus and other products

of conception. This contractile state (labour) is

achieved when contractions of different regions

become stronger, more frequent, and synchronous

(Norwitz & Robinson 2001). Coordination of these

contractions is believed to be required for normal pro-

gression of parturition (Garfield & Maner 2007).

While some mild uterine activity can always be pres-

ent during pregnancy without posing any risk for the
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progress of gestation, painful uterine contractions pre-

senting before completing the 37th week of gestation

in a coordinated and forceful fashion can be the first

threat of a preterm delivery (Norwitz & Robinson

2001). Preterm delivery still represents a leading cause

of infant mortality and long-term morbidity and,

despite major efforts to develop dedicated interven-

tions, it remains difficult to predict and prevent (Gar-

field et al. 1998, Norwitz & Robinson 2001,

Goldenberg et al. 2008).

The contractile element of the uterus is the myome-

trium, which is composed of smooth muscle cells. A

mechanical contraction is initiated, similarly to other

muscle tissues, by the generation of electrical activity

at the cell level (Marshall 1962, Garfield et al. 1977,

Garfield et al. 1987, Kao 1989, Miller et al. 1989).

Although other complementary signalling mechanisms

have been postulated (Young & Hession 1996, 1997)

and experiments revealed a possible role of mechano-

transduction, that is functional interaction by mechan-

ical mechanisms, in uterine coordination at the organ

level (Young 2011), propagation of electrical activity

in the form of action potentials is unanimously

accepted as the basic mechanism responsible for force

production, at least at the tissue level (Marshall 1962,

Garfield et al. 1977, Garfield et al. 1987, Kao 1989,

Miller et al. 1989). Nevertheless, the exact mechanism

underlying uterine quiescence during pregnancy and

myometrial electrical activation during labour remains

largely unknown (Lammers 2013).

In an effort to improve the clinical management of

uterine contractions during pregnancy and labour, sig-

nificant attention has been dedicated to the electrical

activity of the uterus as the primary cause of contrac-

tions and to the analysis of the associated signal,

referred to as electrohysterogram (EHG) (Figueroa

et al. 1987, Maul et al. 2003, Rabotti et al. 2008b,

Jacod et al. 2010, Rooijakkers et al. 2014a). Note-

worthy, although the term EHG is commonly used to

distinguish measurement of uterine electrical signal

from the electromyogram (EMG), its counterpart sig-

nal recorded in skeletal muscles, some authors still

refer to it as uterine EMG, especially for invasive mea-

surements (Devedeux et al. 1993, Lucovnik et al.

2011b,a). Several investigators have recently turned to

understanding the propagation of the uterine electrical

activity and elucidated its role in the onset of labour

(Rabotti et al. 2009, Lucovnik et al. 2011b, Lammers

2013, de Lau et al. 2013a, de Lau et al. 2014). Differ-

ent perspectives have been undertaken, from animal

and in vitro experiments up to clinical studies and

dedicated methods for parameter estimation (Devedeux

et al. 1993, Rabotti et al. 2010b). Due to the wide

range of different approaches reported in the literature,

a comparison of the results is not straightforward.

Nevertheless, previous studies unanimously reveal a

unique complexity in the pattern of uterine electrical

activity propagation, which necessarily needs to be

taken into consideration for future studies to be con-

clusive.

The aim of this review is to integrate current

knowledge on the properties of electrical activity

propagation during pregnancy and labour. A number

of extensive review papers have been published on

uterine electrical activity, addressing the underlying

anatomy and physiology (Csap 1959, Csapo 1962,

Devedeux et al. 1993, Wray et al. 2001, Maul et al.

2003, Blanks et al. 2007, Lammers 2013), as well as

its potential clinical role (Garfield et al. 1998, Garfield

& Maner 2007, Vinken et al. 2009, Lucovnik et al.

2011a). With the aim of quantifying some reference

physiological parameters, for example the speed of

electrical activity propagation, and providing to future

research some general indications for the study design,

previous works based on electrophysiological measure-

ments of the uterus during pregnancy are reviewed

focusing on the methodological aspects. As the cellular

electrophysiology underlying uterine contractility is

reviewed in depth in another contribution of this issue

by S. Wray et al., we only briefly touch the physiolog-

ical background and concentrate on aspects related to

pacemaker activity, pattern of propagation and propa-

gation speed.

Pacemaker

During pregnancy, uterine contractions are character-

ized by a slow cyclic pattern of bursts of action poten-

tials followed by a period of quiescence (Marshall

1962, Kleinhaus & Kao 1969, Kao 1989, 1959). The

uterus is a myogenic organ, which means that, the

myometrium is able to contract without nervous or

hormonal inputs (Wray 1993, Shmygol et al. 2007)

and the electrical activity is controlled by changes in

the membrane potential of the smooth muscle cell

(Kuriyama & Suzuki 1976, Ohya & Sperelakis 1989,

Wray 1993). Slow variations in the membrane poten-

tial preceding the action potential, called pre-poten-

tial, similar to that of the cardiac sinus node

(Marshall 1962), are responsible for periods of alter-

nating quiescence and activity (Marshall 1962, Klein-

haus & Kao 1969, Lammers et al. 1994). However, it

is not clear yet whether an exact pacemaker mecha-

nism exists and whether pacemaker activity concerns

only dedicated cells or areas.

In some types of smooth muscle, such as gastroin-

testinal (Sanders 2000) and urethra (Sergeant et al.

2000), a specialized type of cells called interstitial cells

of Cajal (ICC) have been found, that constitute a

pacemaking mechanism. ICC-like cells have recently
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been found in the human and rat myometrium (Cion-

tea et al. 2005), but a clear functional role for these

cells remains elusive (Duquette et al. 2005).

In order to gain understanding of the electrical

activity underlying uterine contractions, many studies

focused on locating the pacemaker area of the uterine

muscle. Experiments in the isolated preterm pregnant

rat myometrium revealed a dominant pacemaker area

at the ovary side of the preparation (Lammers et al.

1994). By identifying pacemaker activity with the

characteristic pre-potential, specific pacemaker areas

of 2 9 4 mm where found in the isolated uterus of

the pregnant rat (Lodge & Sproat 1981). In isolated

fibres of the rat uterus under the dominant effect of

oestrogen, slightly smaller pacemaker areas (2–

3 mm2) were found near the mesenteric attachment of

the uterus (Marshall 1962). During labour, the ovar-

ian end of the horn was the dominant pacemaker area

in the rat (Fuchs & Poblete 1970), and often, contrac-

tions have been found to start in the uterine fundus

(Caldeyro-Barcia & Alvarez 1952, Fuchs 1969). How-

ever, uterine pacemakers have been mostly observed

to arise at random throughout the tissue and change

location during the course of a single contraction or

several successive contractions also in labour (Mar-

shall 1959, Kuriyama 1961, Parkington et al. 1988,

Lammers et al. 1994).

Pattern of propagation

The functional basis of contractions at the cellular

level is the action potential. Action potentials in the

myometrium occur in fast sequences referred to as

bursts. When studying electrical activity propagation

in the myometrium, it is important to differentiate the

propagation of a burst from the propagation of single

action potentials (also referred to as spikes in electro-

physiological recordings) as different mechanisms

underpin the two phenomena.

Studies on the propagation of the uterine electrical

busts on women in labour reveal, similar to the propa-

gation of the pressure wave (Caldeyro-Barcia & Alv-

arez 1952), a predominantly downward propagation

and a preferred origin of the burst in the upper/ovar-

ian region of the uterus in women as well as in the

guinea-pig (Planes et al. 1984, Norwitz et al. 1999,

Lammers et al. 2008, Rabotti et al. 2009, Mikkelsen

et al. 2013). However, in women, upward and multi-

directional propagation patterns, including simulta-

neous upward and downward propagation, have also

been frequently reported while analysing the myome-

trial electrical burst (Rabotti et al. 2009, Mikkelsen

et al. 2013, Lange et al. 2014). Analysis of the centre

of uterine activity, obtained by a Gaussian fitting of

the spatial distribution of the burst energy along a

two-dimensional grid of electrodes, revealed that

women who delivered successfully vaginally, in con-

trast to those who had arrested labour, had a predom-

inant upward direction of the uterine activity centre

(Buhimschi 2009, Euliano et al. 2009).

Recent clinical studies suggest that the propagation

of single spikes is more relevant to the prediction of

labour than the analysis of the whole burst (Lucovnik

et al. 2011b). Before labour and in the uterus of non-

pregnant females, inhomogeneous conduction and

spontaneous variations in the speed and direction of

propagation of individual action potentials within a

burst may play a key role in avoiding forceful and

coordinated contractions (Melton & Saldivar 1964,

Miller et al. 1989, Lammers et al. 1994, Lammers

1997).

Within a burst, a progressive recruitment phenome-

non has been described for individual spikes, that is,

the area excited by a spike progressively enlarges

within the burst, as evidenced by the number of acti-

vated electrodes (see Fig. 1). Using a two-dimensional

high-density grid, progressive recruitment was

observed in the isolated preterm rat myometrium

(Lammers et al. 1994) and in the intact guinea-pig

uterus at term, where, on average, it took

22.9 � 12.6 s for the front to excite about 10 cm2

(Lammers et al. 2008). At the end of the burst, the

reverse of the recruitment phenomenon can also be

observed (Lammers et al. 1994). Progressive recruit-

ment has been reported by studies on rat uterine strips

only in the axial direction preterm and not at term

when an array of six extracellular glass-pore surface

electrodes (3 mm apart) was used (Miller et al. 1989).

In these experiments, the small surface covered by the

electrode array (15 mm) might not have been suffi-

cient to appreciate progressive recruitment at term. In

fact, spikes propagate further and at higher velocity at

parturition than during gestation in both axes when

evoked by electrical stimulation and in the axial direc-

tion when spontaneous activity is observed (Miller

et al. 1989). On the other hand, studies on the intact

uterus of pregnant ewes using pairs of stainless-steel

wires sewn into the myometrium suggest that individ-

ual spikes, whether occurring spontaneously or evoked

by electrical stimulation, do not propagate among

electrodes that are spatially separated over 3 cm apart

along the longitudinal as well as along the circumfer-

ential layer of the myometrium (Parkington et al.

1988).

In the myometrium, the propagation of individual

spikes is highly unpredictable and variable and, even

within the same burst, numerous occasions of abrupt

change of direction of propagation and colliding

waves have been described (Lammers et al. 1994). As

shown in Fig. 1 for the pregnant rat, individual action
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potentials can even propagate spontaneously in a cir-

cular fashion similarly to the heart (Lammers 1997,

Lammers et al. 2008). While during gestation, circular

propagation is not necessarily detrimental (Lammers

et al. 1994), it might play a role in premature or dys-

functional labour (Goldenberg et al. 2008, Kao et al.

1989, Lammers 2013, Sergeant 2000).

Regional variations in spike propagation have not

been specifically reported with the exception of the pla-

cental region, where, in the rat myometrium, weaker

potentials, slow propagations, and a shorter length con-

stant were found in microelectrode recordings (Kanda

& Kuriyama 1980). Sparse and fractionated spike prop-

agation was reported in the intact uterus of the guinea-

pig at term (Lammers et al. 2008) along the mesometri-

al border, where the placenta was located. In the preg-

nant cat, extracellular recordings showed that the

placental region was less excitable and showed little or

no spontaneous activity (Daniel & Renner 1960).

Speed of propagation

The velocity at which an action potential propagates

along a fibre or a tissue is referred to as conduction

(or propagation) velocity. In physics, the term velocity

usually indicates a vector, identifiable by amplitude

and angle. In the myometrium, the direction of con-

duction velocity is a priory unknown and often, the

component of velocity along the connection between

the recording electrodes is derived, without identifica-

tion of the whole velocity vector. To stress that the

figures that are reported here are scalar quantities, the

term speed of propagation will be used in the follow-

ing to refer either to projection of the conduction

velocity vector on the arbitrary direction connecting

two electrodes or on the estimated direction of propa-

gation, depending on the study.

Defining a speed of propagation underlies the

assumption that the signal actually propagates

Figure 1 Example of circular propagation in high-density multi-channel recordings of the isolated pregnant rat myometrium

(Lammers 1997). Top panels: propagation maps and local activation times. Numbers indicate which spike of the burst the map

refers to. In the top left panel, letters indicate electrodes as reported in the bottom panel. In the top centre and top right panel,

the local activation times are indicated at each electrode location. Bottom: time evolution of uterine activity in a selection of

electrodes from the grid (indicated by letters). Spikes are numbered progressively as they appear at electrode j. At the beginning

of the burst, a progressive recruitment phenomenon can also be noticed.

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.124244

Electrical activity propagation in the uterus · C Rabotti and M Mischi Acta Physiol 2014



linearly, which implies that similar signals can be

detected at different locations after a certain delay.

The literature is not unanimous about the validity of

this hypothesis for the myometrium. Due to a lack of

evidence, many authors concluded that no classical

linear propagation of single action potentials, similar

to the myocardium, could be assumed for the myome-

trium; only propagation of the whole burst could be

measured (Duchene et al. 1990, Devedeux et al.

1993) while synchronization of uterine electrical activ-

ity should be regarded as non-linear (Hassan et al.

2010, 2013).

Recently, however, an increasing number of studies

on animals and women, using high-density grids either

placed directly on the uterine surface or on the abdo-

men, clearly show that also for the myometrium, simi-

lar to the myocardium, linear propagation of single

electrical spikes occurs and that the speed of propaga-

tion can be measured (Lammers 1997, Lammers et al.

1999, 2008, 1994, Rabotti & Mischi 2010, Lucovnik

et al. 2011b).

Table 1 provides an overview of the literature

reporting values of propagation speed for single elec-

trical spikes in the uterus during pregnancy. Unless

clearly specified, spontaneous activity was measured

and unipolar derivation used for the recording elec-

trodes, that is the measured potential was referred to

a common electrode placed in a neutral position or

far from the electrophysiological source (Van Ooster-

om 1989).

The propagation speed of electrical spikes in the

uterus was for the first time quantified in (Bozler

1938) in longitudinal uterine strips of the guinea-pig,

the rabbit and the cat, following an unspecified

recording protocol. Slightly higher values than (Bozler

1938) were found in the cat, both in vivo and in vitro,

by six to seven wire electrodes (Daniel & Renner

1960).

On isolated uterine strips of the rat, values of speed

in the order of few centimetres were found in the lon-

gitudinal layers (Goto et al. 1961, Kanda & Kuriyama

1980, Miller et al. 1989, Lammers et al. 1999).

Lower figures were reported in the circumferential

direction (Miller et al. 1989, Lammers et al. 1999)

and in the transversal (Lammers et al. 1999), although

in the transversal segments estimation of velocity may

be complicated by the complex shape and broad peaks

of the spikes (Miller et al. 1989). For completeness, it

may be interesting to notice that no significantly dif-

ferent figures were found after exposure to oxytocin

(Lammers et al. 1999). Still in rats, during the pro-

gress of gestation, Kanda & Kuriyama (1980)

observed an increase of propagation speed; as a pro-

gressive displacement of the circumferential muscle

layer from the placental region was observed, they

concluded that motility of this region is mainly

controlled by the longitudinal muscle layer (Kanda &

Kuriyama 1980).

Also in the intact uterus of pregnant ewes, Parkington

et al. (1988) found that the values of speed in the lon-

gitudinal direction significantly increased from preterm

to labour. As in (Parkington et al. 1988) an evoked

response could not be recorded in more than one pair

of the electrodes in the circumferential orientation, the

authors concluded that propagation may occur more

readily in the longitudinal orientation rather than cir-

cumferentially and a consistent direction of propaga-

tion could not be found (Parkington et al. 1988). This

hypothesis is further reinforced by the higher values

found in the longitudinal rather than in the circumfer-

ential direction measured by two-dimensional high-

density recordings on the intact uterus of guinea-pigs

at term (Lammers et al. 2008).

Speeds in the 1–2 cm s�1 range were reported for

human muscle strips dissected by biopsies collected

during Caesarean sections (Wikland & Lindblom

1985). On women in labour, using electrodes attached

to a catheter and placed in direct contact with the

endometrium, from a single bipolar channel, Wolfs &

van Leeuwen (1979) estimated a slightly higher propa-

gation speed assuming biphasic spikes and linear

propagation.

High-density measurements for the non-invasive

estimation of uterine spike propagation velocity dur-

ing labour contractions were first described on preg-

nant women using a two-dimensional flexible grid

comprising 64 channels (Rabotti et al. 2010b, Rabotti

et al. 2010, Rabotti et al. 2008, de Lau et al. 2013,

Mischi et al. 2009, Rabotti et al. 2011). An example

of the recording is reported in Fig. 2. for one electrode

column. On women in labour, visual selection of

spikes leads to average values of propagation speeds

similar to those observed in animal experiments (Rab-

otti et al. 2010b). Aiming at an automatic estimation

of myometrial spike propagation velocity for clinical

application, using the same high-density grid as in

(Rabotti et al. 2010b), analysis of the propagation

velocity has been performed in sliding windows. After

neglecting propagation speeds above 30 cm s�1 in

order to exclude artefacts and not propagating activ-

ity, values of speed in the same range as by visual

spike selection and higher than at preterm were found

during labour (de Lau et al. 2013a).

On a larger population of pregnant women, much

higher figures of speed than the aforementioned stud-

ies have been reported in (Lucovnik et al. 2011b). In

this study, however, measurements were performed

using only two couples of standard bipolar surface

electrodes, that is the active electrode and the refer-

ence were close to each other and placed over the
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Table 1 Overview of previous studies reporting figures of speed for individual electrical spikes in the uterus during pregnancy

Article Species Preparations Recording method Speed (cm s�1)

Bozler (1938) Guinea-pig

Rabbit

Cat

Uterine strips

Longitudinal

Electrical stimulation

Unspecified

recording details

Guinea-pig: 0.1–0.3 cm s�1

Rabbit: 1 cm s�1

Cat: 6 cm s�1

Daniel &

Renner

(1960)

Cat (pregnancy

and labour)

In vivo: implanted

electrodes

In vitro: uterine

strips

6/7 electrodes

In vivo: 1 mm

diameter

In vitro: 0.2 mm

In vivo: 9–10 cm s�1

In vitro: 8–12 cm s�1

Goto et al.

(1961)

Rat

(pregnancy)

Uterine strips Intracellular

microelectrodes

10.2 � 0.41 cm s�1

Miller et al.

(1989)

Rat

(pregnancy)

Uterine strips

Spontaneous and

electrical

stimulation

6 glass-pore surface

electrodes

3 mm distance

Longitudinal, spontaneous: 7.9 � 3.0 cm s�1

Longitudinal, stimulation: 9.2 � 0.8 cm s�1

Circumferential, stimulation:

2.3 � 0.7 cm s�1

Rat (labour) Uterine strips

Spontaneous and

electrical

stimulation

6 glass-pore surface

electrodes

3 mm distance

Longitudinal, spontaneous: 13.5 � 4.2 cm s�1

Longitudinal, stimulation: 10.5 � 1.3 cm s�1

Circumferential, stimulation:

4.0 � 0.8 cm s�1

Kanda &

Kuriyama

(1980)

Wister/King

rats

Uterine strips

Non-placental

region

Electrical

stimulation

Glass

microelectrodes

Longitudinal, 7 days gestational age (GA):

6.6 � 2.2 cm s�1

Longitudinal, 15 days GA:

12.3 � 3.2 cm s�1

Longitudinal, 22 days GA:

33.4 � 4.1 cm s�1

Uterine strips

Placental region

Electrical

stimulation

Glass

microelectrodes

Longitudinal, 15 days GA: 1.3 � 0.4 cm s�1

Longitudinal, 22 days GA:2.0 � 0.9 cm s�1

Parkington

et al. (1988)

Ewe

(pregnancy

and labour)

Intact uterus Wire bipolar

electrodes

3 mm apart

1–2–3 cm from

stimulation

Longitudinal, pregnancy: 7.2 � 0.3 cm s�1

Longitudinal, labour: 13.3 � 0.7 cm s�1

Lammers

et al. (1999)

Rats Serosal surface of

dissected segments

240 (15 9 16)

electrodes –

0.3 mm diameter

1 mm distance

Longitudinal: 4.9 cm s�1

Oblique: 3.2 cm s�1

Circumferential: 2.6 cm s�1

Lammers

et al. (2008)

Guinea-pig (at

term)

Intact uterus 240 (10 9 24)

electrodes

0.3 mm diameter

2 mm distance

Longitudinal: 6.8 � 2.4 cm s�1

Circumferential: 2.8 � 1.0 cm s�1

Wikland &

Lindblom

(1985)

Human

(labour)

Biopsies of the

myometrium

2 suction electrodes

1 cm distance

Range: 1–2 cm s�1

Wolfs & van

Leeuwen

(1979)

Human

(labour)

Intra-uterine Two platinum poles

2 mm diameter

1 cm distance

Range: 2.5–5 cm s�1

Rabotti et al.

(2010b)

Human

(Labour)

Abdominal

Selected spikes

64 electrodes

(8 9 8)

1 mm diameter

4 mm distance

Vertical: 3.68 � 3.24 cm s�1

Horizontal: 3.76 � 3.21 cm s�1

Speed range: 0.5–13 cm s�1

de Lau et al.

(2013a)

Human

(pregnancy

and labour)

Abdominal

Automatically

selected segments

64 electrodes

1 mm diameter

4 mm distance

Pregnancy: 5.30 � 1.47 cm s�1

Labour: 8.65 � 1.90 cm s�1

Lucovnik

et al. (2011b)

Human

(pregnancy)

Abdominal

Selected spikes

2 bipolar leads

2.5 cm distance

Delivery within 7 days: 52.56 � 33.94 cm s�1

Delivery after 7 days: 11.11 � 5.13 cm s�1
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abdomen. Such high values of speed, which cannot be

attributed to artefacts or not propagating activity due

to the prior visual selection of the spikes, could be

due to the unknown origin and direction of signal

propagation. In fact, the speed calculated by only two

electrodes is just the component of the velocity vector

along the direction indicated by the line connecting

the two electrodes (Wolfs & van Leeuwen 1979,

Rabotti et al. 2011b).

Overall, relative to single spike propagation, lower

speed figures have been reported for the whole burst

(Lammers et al. 2008). For the burst, high-density

recording directly on the intact uterus of guinea-pigs

at term lead to values of 0.6 � 0.4 cm s�1 (Lammers

et al. 2008). In humans, non-invasive measurements

of burst propagation during delivery using two elec-

trodes placed 6 cm apart led to values equal to

2.18 � 0.98 cm s�1 (Planes et al. 1984). Values of

speed with the same average and similar variability,

equal to 0.68 cm s�1, have been found using a two-

dimensional 16-channel grid in six women in active

labour at term (Lange et al. 2014). On a comparable

number of subjects in labour, eight channel recordings

also lead to estimated values of burst propagation

speed in the 4–5 cm s�1 range (Rabotti et al. 2009).

By analysing separately the upper and the lower uter-

ine segment, Mikkelsen et al. found similar average

values equal to 2.15 and 1.53 cm s�1, but with a

higher variability, between 0.66 and 13.8 cm s�1 and

between 0.58 and 6.7 cm s�1, for the upper and lower

uterine segment respectively (Mikkelsen et al. 2013).

In this study, three electrodes were placed along the

central medial axis of the abdomen and the centre of

mass of the EHG burst envelop was used as reference

for the calculation of the interchannel delay (Mikkelsen

et al. 2013).

Concluding remarks

Extensive research has focused on understanding the

electrical activity of the uterus and its propagation

properties in different species and under different con-

ditions. In this review of the literature, we focus on

previous works based on electrophysiological measure-

ments of the uterus during pregnancy and concentrate

on aspects related to pacemaker activity, pattern of

propagation and propagation speed.

Although thoroughly investigated in a number of

studies, location and mechanisms of pacemaker activ-

ity are not understood both during pregnancy and at

term. Propagation of electrical activity in the uterus

does not show a preferential direction; it seems

instead characterized by a highly unpredictable and

potentially complex propagation pattern of individual

spikes (Lammers et al. 1994, 2008). Interestingly, cal-

cium events measured in strips of myometrium have

been shown to spread and be as chaotic as the electri-

cal activity that they are reflecting (Burdyga et al.

2009). Less erratic patterns have been described for

the whole electrical burst, although simultaneous

upward and downward propagation have been fre-

quently reported (Rabotti et al. 2009, Mikkelsen et al.

2013, Lange et al. 2014).

There is evidence that conduction of electrical activ-

ity gradually improves as gestation progresses (Miller

et al. 1989). The basis of conduction of electrical

Figure 2 High-density (HD) grid measurements on women in labour. Schematic representation and dimensions of the squared

electrode grid (top left). Colour-coded propagation map in the selected time interval (bottom) and burst of electrical activity in

a selected column of the grid (top right). Each map represents the electrical signal recorded by the grid in a certain moment in

time. The colour is proportional to the signal intensity (red indicates high intensity, blue indicates low intensity) in the corre-

sponding electrode in the grid (de Lau et al. 2013a). For smoother visualization, amplitude values derived from contiguous elec-

trodes have been interpolated (Rabotti et al. 2010b).
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activity in the uterus lies in the cell-to-cell coupling by

gap junctions (Garfield et al. 1977). We could specu-

late that the increased number of gap junctions

observed prior to labour in many species plays a role

in the improved conduction of electrical activity and

could be reflected in higher conduction speeds towards

the end of gestation (Garfield et al. 1987). The speed

at which the spikes within a burst propagate in the

myometrium can therefore be a key parameter for the

distinction between pregnancy and labour contrac-

tions, possibly supporting the diagnosis of preterm

labour (Lucovnik et al. 2011b, Rabotti et al. 2011a,

de Lau et al. 2013b). However, the literature is not

unanimous about the occurrence of linear electrical

propagation in the myometrium and, therefore, the

possibility of measuring propagation velocity. Consid-

ering the recording methods of the studies supporting

the possibility of measuring linear propagation (Lam-

mers et al. 1994, 2008, 1999, Lammers 1997, Rabotti

& Mischi 2010, Rabotti et al. 2010b, Lucovnik et al.

2011b) and of those that failed measuring it (Duchene

et al. 1990, Devedeux et al. 1993), we may conclude

that only small interelectrode distances allow for

recording a linear propagation of electrical spikes.

Universally defining an optimal electrode distance for

recording spike propagation is however complicated,

as it might be highly dependent on the species (Kuriy-

ama & Suzuki 1976, Wikland & Lindblom 1985), on

the type of recording (Lammers et al. 1994, Rooijak-

kers et al. 2014b), on the placenta location (Kanda &

Kuriyama 1980) and, in case of external abdominal

recordings, on the properties of the volume conductor

(Rabotti et al. 2010a, Laforet et al. 2011).

In the vast majority of reviewed studies which

reported conduction speed measurements unipolar

derivations were used. In fact, although bipolar mea-

surements provide a better signal-to noise ratio, due

to the a priori unknown pacemaker region and direc-

tion of propagation, unipolar recordings should be

preferred for the analysis of electrical propagation in

the uterus (Rabotti et al. 2007, 2008a, Hassan et al.

2011). Being the myometrium a smooth muscle, val-

ues of propagation speed in the order of few centime-

tres per second could be expected (Devedeux et al.

1993). While the majority of the reviewed studies,

independently on the investigated species, reports fig-

ures in this range (Bozler 1938, Daniel & Renner

1960, Goto et al. 1961, Wolfs & van Leeuwen 1979,

Kanda & Kuriyama 1980, Wikland & Lindblom

1985, Parkington et al. 1988, Miller et al. 1989, Lam-

mers et al. 1999, Lammers et al. 2008, de Lau et al.

2013a), higher values have also been measured

(Lucovnik et al. 2011b). Defining a reference physio-

logical range for the propagation speed is therefore

difficult.

Literature seems to agree that propagation occurs

more rapidly in the longitudinal direction and

more slowly in the transversal and circumferential

ones (Miller et al. 1989, Lammers et al. 1994).

Anisotropy was also occasionally observed in circular

propagation and re-entries (Miller et al. 1989, Lam-

mers et al. 1994, Lammers 1997). In general, it should

be kept in mind that when recording on the whole

organ or on the abdomen, interactions between the

longitudinal and circumferential layers of the myome-

trium may easily affect the overall conduction pattern

(Lammers et al. 1994). However, anisotropy alters the

radial pattern of propagation and the isochrones

around the pacemaker area follow an ellipsoidal pat-

tern rather than a circular one (Lammers et al. 1994).

As a consequence, the position of the sensor grid rela-

tive to the pacemaker location plays an important role

in the correct reconstruction of the propagation pat-

tern as predominantly longitudinal or transversal

(Lammers et al. 1994).

Noteworthy, when the direction of propagation is a

priori unknown, the actual physical value of speed

can be derived only by prior identification of origin

and direction of electrical propagation. For example,

when only two electrodes are used, the origin of elec-

trical propagation should be external and its direction

parallel to the line connecting the two electrodes

(Lammers et al. 2008, Rabotti et al. 2011b). Although

it is expected to be less critical for burst propagation

analysis than for spike analysis due to the less erratic

propagation pattern, this constraint is generally valid

for analysing the propagation of burst as well as of

single spikes. Many authors analysed the conduction

properties of the myometrium separately in the axial

and circumferential directions (Miller et al. 1989).

However, in general, for the analysis of myometrial

spikes, two-dimensional multi-channel recordings are

expected to provide a more accurate description of

propagation.

In this review, the propagation of electrical activity

has been mainly analysed in two dimensions.

Although with classical electrophysiological measure-

ments it is not immediate to extend the analysis to the

third dimension, it should be kept in mind that propa-

gation of electrical activity in the myometrium

involves functional interactions in the three dimen-

sions. Moreover, mechanical phenomena such as

changes in uterine wall thickness during contractions

and respiration-induced uterine wall movements can

affect the interpretation of the uterine electrical activ-

ity recorded on the abdomen and should therefore be

taken into account (de Lau et al. 2013b, Rabotti et al.

2013). Finally, mathematical modelling of uterine

electrical activity, especially when approached on a

multi-scale point of view and empirically validated,
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can significantly contribute to increase knowledge on

the link between non-invasive measurements, the

underlying physiology and the onset of labour and to

ensure reliable measurement by dedicated artefact

modelling and removal (Rihana et al. 2009, Aslanidi

et al. 2011, Laforet et al. 2011, Rabotti et al. 2013,

Sharp et al. 2013).

In conclusion, analysis of the electrical propagation

in the uterus offers a unique opportunity to under-

stand the mechanisms underlying uterine contractility

and may open the way to significant improvements in

the management of pregnancy and labour. However,

previous literature on the uterus unanimously reveals

a special complexity of its electrical propagation prop-

erties; this poses specific challenges for the measure-

ment and use of the uterine electrical features and

further studies are therefore necessary to clarify the

potential role of the EHG in clinical practice.
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