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Abstract

Coordinated uterine contractions at the end of gestation are essential for delivering viable
offspring in mammals. Contractions are initiated by an electrical signal at the plasma membrane
of uterine muscle cells, leading to voltage-dependent calcium entry, and subsequent activation
of the intracellular contractile machinery. In contrast to other visceral smooth muscles, it is
not known where excitation within the uterus is initiated, and no defined pacemaking region
has hitherto been identified. Using a combination of multi-electrode array recordings and
high-resolution computational reconstruction of the three-dimensional micro-structure of late
pregnant rat uterus, we demonstrate that electrical potentials are initiated in distinct structures
within the placental bed of individual implantation sites. These previously unidentified structures
represent modified smooth muscle bundles that are derived from bridges between the longitudinal
and circular layers. Coordinated implantation and encapsulation by invading trophoblast give
rise to isolated placental/myometrial interface bundles that directly connect to the overlying
longitudinal smooth muscle layer. Furthermore, the numerous bridge structures co-localise with
the vascular network located between the longitudinal and circular layers. Taken together, these
observations imply that the anatomical structure of the uterus, combined with site-specific
implantation, gives rise to emergent patterns of electrical activity that drive effective contractility
during parturition. The identification of the pacemaking zones of the uterus has important
consequences for the treatment of disorders of parturition such as preterm labor, postpartum
hemorrhage and uterine dystocia.
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Introduction 1

Myometrial smooth muscle is capable of generating phasic contractions in the absence of 2

stimuli from the central nervous system or circulating hormones [16]. As in all visceral muscles, 3

contractions require the generation and propagation of electrical signals at the plasma membrane 4

of cells, which are arranged in an electrotonically connected syncytium [15]. Tissues such as 5

the heart and the stomach orchestrate electrical activity via dedicated anatomical structures 6

that generate pacemaking potentials [29]. In contrast, the small intestine and bladder generate 7

excitatory potentials at distinct but anatomically variable sites throughout the tissue [22,27]. 8

To date, no pacemaker regions with specific anatomical features have been described in the 9

mammalian uterus, which is perhaps surprising given that coordinated forceful contractions are 10

essential to parturition. Multi-electrode recordings of rat uteri demonstrated that potentials 11

tend to initiate either at implantation sites on the mesometrial border, or near the ovarian 12

end [28]. 13

To shed light on the processes underlying activation in the rat myometrium, we established 14

a three-step procedure that combines isochronal analysis of multi-electrode recordings with 15

scans of histological slides of the same tissue specimens and automated image processing based 16

on detection of cell nuclei, followed by 3D tissue reconstruction. This analysis enabled the 17

correlation of the kinematics of reconstructed wavefronts of electrical activity propagating along 18

the myometrium with a detailed reconstruction of tissue microarchitecture, at an unprecedented 19

resolution level of 10 µm for an entire organ measuring ∼5 cm in length [30]. Using this strategy, 20

we identified a defined histological structure in which electrical potentials are triggered by the 21

integration of fetal and maternal stimuli, the “myometrial-placental pacemaker zone” (MPPZ). 22

Results 23

In order to correlate electrical activity with anatomical structure, we first recorded electrical 24

potentials from the serosal surface of rat myometrium as described previously [28]. After 25

recording three representative one-minute time series of spontaneous activity per preparation, 26

each taken from a different animal, the tissues were processed to capture the 3-dimensional 27

histological microarchitecture as described previously [30]. Histological structure and electrical 28

activity were subsequently collated to identify the anatomical sites where electrical excitation 29

originates (Fig. 1). 30

Uterine Structure 31

The general higher-order structure of all samples analysed was consistent with that of a highly 32

ordered inner circular layer of myometrial smooth muscle, which surrounds the decidualized 33

stromal cells lining the lumen. The outer, sub-serosal, layer of the myometrial smooth muscle 34

has a longitudinal orientation and is separated from the inner circular layer by connective tissue 35

and vasculature. 36

In rodents, this general structure is well described, and is patterned during early post-natal 37

development [4]. In silico tissue reconstruction visualises and charts 3-dimensional fibrous 38

structure at high resolution [30], allowing us to discover novel anatomical features of the 39

myometrium of functional significance. Detailed analysis revealed bridge-like structures that 40

formed direct connections between the longitudinal and circular layers of the myometrium 41
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Figure 1. A: Three rat uteri were cut along the anti-mesometrial border (AMB) and pinned
with the serosal side facing upwards, positioning the mesometrial border (MB), along with
the implantation sites (IS), in the centre of the tissue. B: Each uterus was fixed in formalin,
embedded in paraffin, sectioned into 5 µm serial sections, and stained with haematoxylin and
eosin. C: Detailed in silico reconstructions of the uteri were generated from these serial sections
using a semi-automated image analysis pipeline. D: Multi-electrode array recordings were
performed prior to fixation, which were processed to generate isochrone maps that represent the
spread of electrical activity. These isochrone maps were compared to the reconstructed tissue
to identify structural features in the tissue that affect the initiation and termination of the
excitation waves. Colours in the isochrone map correspond to the time at which the excitation
wave reaches the given area in the tissue (colour key on the left). All images representing tissue
have the ovarian end of the tissue on the left. Scale bars represent 5 mm.
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Figure 2. A: The three-dimensional reconstruction of the tissue in close proximity to the
mesometrial border observed from a lateral viewpoint shows bridges joining the circular and
longitudinal myometrium (arrows). B: These bridges can also be observed in the histological
sections (haemotoxylin and eosin), appearing at multiple points along the length of A. C–E:
locations of bridges (yellow) observed in a representative sample of histological slides. This
demonstrates that these bridges are not exclusive to the mesometrial border. Subsequent analysis
of fully resolved bridges revealed all structures were adjacent to vasculature. L: longitudinal
myometrium; C: circular myometrium. Black scale bars represent 500 µm, red scale bars
represent 5 mm.
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throughout the tissue (Fig. 2). Bridges were invariably associated with the vascular bed 42

interspersed between the longitudinal and circular layer (Fig. 2C–E). 43

Electrode array recordings and identification of myometrial placental pace- 44

maker zones 45

We analyzed the spatio-temporal electrode array data in combination with the anatomical data 46

to determine where electrical activity was originating. The electrode-array data were processed 47

using a bespoke algorithm (see materials and methods), which identified similarities in the 48

waveform of a train of action potentials that were used to cross-correlate signals at different 49

locations in the array, allowing a given activation event to be tracked in time and space. Figure 3 50

presents the results as isochrone maps, superimposed on in silico reconstructions of the uteri. 51

For each activation event, the electrode in closest proximity to the putative initiation point was 52

identified and the local anatomical area was examined for common features that were confirmed 53

for direct connectivity. In eight of the nine recordings, excitation was initiated in close proximity 54

to an implantation site, with subsequent activity spreading along the mesometrial border. The 55

final recording in the third tissue sample (bottom right in Figure 3) exhibited a different pattern 56

of excitation, with activity initiated at the ovarian end of the tissue and spreading away from the 57

mesometrial border; such excitations, though rarer than placental bed events, have been observed 58

previously in these preparations [28]. Investigation of the histological slides at these initiation 59

points revealed myometrial bundles in the placenta that were contiguous with the longitudinal 60

layer (Fig 4). High-resolution 3-dimensional reconstructions of these structures revealed finger- 61

like projections of myometrium in close proximity to placenta. The myometrial smooth muscle 62

cells within these regions were distinguished by their stellate morphology from cells within 63

the same bundle but situated outside of the placenta. These bundles appear to be modified 64

bridge-like structures that have been captured by the invading placenta. Combination of the 65

electrical recordings with the anatomical structure of the MPPZs and surrounding myometrial 66

smooth muscle cell network allowed reconstruction of each event, demonstrating a distinct path 67

of excitation from the MPPZ to the longitudinal fibres (Fig 5). 68

Discussion 69

Parturition in the rodent is initiated by a combination of endocrine and paracrine signals. Central 70

to the onset of labor is the systemic withdrawal of progesterone caused by prostanoid-induced 71

collapse of the corpus luteum [2,21,41]. The fall in circulating progesterone levels, combined 72

with increased local progesterone resistance [10, 39], activates genes that encode for contraction 73

associated proteins, such as connexin 43 [17] and oxytocin receptor [13,14], that render the 74

myometrium both responsive to excitation stimuli and synchronize contractions. Concomitant 75

with alterations in susceptibility to stimulation, decidual senescence [7, 23] and fetal signals [9] 76

increase prostanoid synthesis promoting electrical excitation, voltage-gated calcium entry, and 77

contraction [36] but the precise site of activation has, until now, remained unknown. 78

In this study, we combined multi-electrode recordings with high-resolution anatomical re- 79

construction to demonstrate that electrical potentials predominantly originate at specialised 80

interfaces of the myometrium and placenta. Moreover, our results suggest that these myometrial- 81

placental pacemaker zones (MPPZs) form a conduit between each implanted feto-placental unit 82

and the broader myometrial smooth muscle network. 83
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Figure 3. Isochrone maps generated from the multi-electrode array recordings in each of the
uteri, superimposed onto the in silico reconstructions of the tissue. Each row shows isochrone
maps of recordings taken from each of the rat uteri, where each recording covers one minute of
activity, and consecutive recordings are separated by ∼10 minutes. Isochrones are coloured based
on the time that the excitation wave reached the given area according to the key shown, with
each isochrone representing a 200ms time band. The electrode where the excitation wave was
initiated in each recording was identified by eye and is indicated by a white star. Initiation points
all lie along the mesometrial border in close proximity to the implantation sites. Excitation waves
propagate along the mesometrial border in all but one recording (exception shown bottom-right).
All recordings show excitation confined to one side of or along the mesometrial border, with
many exhibiting excitation spreading across the implantation sites. Uteri are shown here with
the ovarian end at the top of the image. Scale bars represent 5 mm.
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Figure 4. A: Three-dimensional reconstruction of myometrial bundles (arrows) present in
the placental bed, observed from the serosal side of the tissue. B: The same bundles (arrows)
viewed from the cervical end of the tissue, with the approximate boundaries between the
longitudinal (L) and circular (C) layers indicated by a green dashed line, showing that the
bundles are attached to the longitudinal myometrium. C: Comparison of reconstructed tissue
(A & B) and histological slides (D &E). D & E: histology of bundles shown in A & B,
with the points of attachment to the longitudinal myometrium and farthest extension into the
placenta indicated by arrows. Insets show more detail of the boxes indicated, in each case
revealing that the cells in these structures have a stellate morphology. The initiation points for
electrical activity in this uterus occur consistently in close proximity to the structure shown
in D. All images (excluding B) are oriented with the ovarian end of the tissue at the top of
the image. L: longitudinal myometrium, C: circular myometrium, P: placenta. Red scale bars
represent 1 mm, black scale bars represent 500 µm.
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Figure 5. MPPZs associated with excitation activity in relation to the surrounding recon-
structed tissue. A, E, & I: Location of the placenta containing the MPPZ. B, F, & J: High-
resolution reconstruction of the myometrium adjacent to the placenta containing the MPPZ.
The MPPZ is shown in B, having been identified in the reconstruction algorithm (see also
Fig 4). C, G, & K: MPPZ (yellow) with reconstructed tissue shown at reduced opacity for
clarity. The proposed path of excitation (blue) is shown in C & K with the proposed direction
of excitation (arrows). The proposed path is omitted from G in order to show the MPPZ clearly.
D, H, & L: MPPZ (yellow), proposed path of excitation (blue), and the location of electrodes
identified as initiation points in the recordings (green circles). Longitudinal myometrium was
present superficial to the MPPZs; it was therefore necessary to identify the path that an
excitation wave follows from the MPPZ to the serosal surface, where the electrodes were situated.
The proposed paths of excitation were obtained by visual inspection of the histological slides,
using the 3-dimensional reconstructions to identify corresponding bundles between slides. The
proposed path in the third sample (K & L) is restricted to the bundle connecting the MPPZ to
the myometrium and the shortest unbroken path from this bundle to two adjacent electrodes;
adjacent bundles are connected to these bundles, but have been omitted for clarity. Red scale
bar represent 5 mm, black scale bars represent 2 mm.
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The spatial organisation of the bundles of myometrial smooth muscle in the area of vascular 84

and connective tissue between the longitudinal and circular layers appears to be of particular 85

significance. Bridge-like structures that apparently occur randomly across the tissue, but 86

always in close proximity to the vasculature, form connections between the inner circular 87

myometrium and the outer longitudinal myometrium. The mesometrial-antimesometrial axis 88

governs orientation in rodents; implantation into the anti-mesometrial lumen on day 4 after 89

formation of the vaginal plug orientates the blastocyst for placentation into the mesometrial 90

border [11]. The asymmetry of implantation is encoded by a Wnt5a gradient across the 91

uterine lumen that creates a timed evagination and subsequent implantation crypt [8]. The 92

regular spacing of the implantation crypts is directed by planar cell polarity signalling, as mice 93

deficient in the non-canonical Wnt intermediary Vangl2 exhibit defective crypt formation and 94

severely compromised pregnancy outcomes [46]. Our data suggests that the asymmetry of 95

patterning, combined with the association of bridges with vasculature, promotes co-localisation 96

of implantation with the vascular supply of the mesometrial axis, and the bridge-like structures 97

of myometrium that provide electrical access to the entire myometrial network. It remains 98

unclear whether the bridge-like structures are formed postnatally concurrently with the circular 99

and longitudinal layers [4] or at the same time as the crypt structures of the lumen [8,11,46]. 100

However, as the vascular network forms before the circular and longitudinal layers [4] we surmise 101

that bridges form postnatally through the paths created by the vascular bed. Our computational 102

reconstructions of the MPPZ bundles suggest that they originate from the invading trophoblast 103

gaining access to, and surrounding, the bridge-like structures of the interconnecting layer. 104

This implies that poor implantation, or implantation outside of the mesometrial axis (i.e. 105

not associated with the vascular bed), would lead to poor pregnancy outcomes, as has been 106

demonstrated experimentally in several genetic mouse models [40, 42, 45]. The anatomical 107

restructuring of the myometrium and the formation of the MPPZs described in this study 108

precedes the gestation-dependent alteration in electrical excitability that is conserved across 109

all mammals [6, 35]. These changes are mediated by the expression of different classes of 110

potassium channel [3], some of which control resting membrane potential [32] whilst others 111

modulate the action potential waveform to allow for more forceful contractions of longer 112

duration [1,20,25,26,34,37]. Thus, the timely activation of the MPPZ at each feto-maternal 113

interface, in a coupled and excitable electrical network, provides an elegant solution for driving 114

contraction from the implantation site towards the cervix to facilitate delivery of multiple 115

fetuses in a polytocus uterus. In conclusion, we have shown that MPPZs represents a thus-far 116

un-recognized structure essential for the coordinated initiation of contractile activity in the rat 117

myometrium. 118

Materials and Methods 119

Experimental preparation 120

Virgin Wistar rats (n=3) were time-mated, and pregnancy dated as day 0 of gestation if the 121

sperm cells were observed in the vaginal lavage the next morning. Rats were euthanized (D19-20) 122

by graded CO2 inhalation, and the uterine horns were rapidly excised via a midline incision 123

of the abdomen (institutional ethical approval: AE/03/30). The uterine horns were opened 124

longitudinally along the mesometrial border and embryos removed and pinned with the serosal 125

side facing upwards, to a final dimension of approximately 20 mm×50 mm. The tissue was then 126
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Figure 6. An example of an action potential in an electrogram, both before (A) and after (B)
smoothing.

perfused in modified Tyrode’s solution (mmole/L: 130 NaCl, 4.5 KCl, 2.2 CaCl2, 0.6 MgCl2, 127

24.2 NaHCO3, 1.2 NaH2PO4 and 11 glucose, saturated with carbogen (95% O2/5% CO2) pH 128

7.35 ± 0.05, 37 ± 0.5◦ C) at a rate of 100 ml/min. 129

Electrophysiology 130

The electrophysiological experiments were performed as described in detail by Lammers et al. [28]. 131

Electrical recordings were made using a custom rectangular 240-electrodes array (24×10; 2 mm 132

inter-electrode distance), which covered the entire preparation. The electrodes consisted of Teflon- 133

coated silver wires (0.3 mm diameter, Cooner Wire). Unipolar electrograms were recorded from 134

each individual electrode, with a silver plate located in the tissue bath serving as the common 135

reference electrode. All electrodes were connected through shielded wires to 240 AC amplifiers 136

where the signals were amplified (4000×), filtered (bandwidth 2–400 Hz), digitized (8 bits, 1 KHz 137

sampling rate) and stored on a PC. Recordings were performed for 30 consecutive minutes. 138

After the experiments, signals were digitally filtered (using a 20-point moving average) and 139

displayed on screen. The beginning of every burst was located in time and the location of the 140

first electrical signal in every burst noted. 141

Processing multi-electrode array electrograms 142

The first step is to the determine the characteristics of electrical activity in the tissue from the 143

recordings at each electrode. For each electrode, activity was recorded as a time sequence of 144

voltage values, which is referred to in the following as an electrogram. The digitisation described 145

above fixed the time difference between subsequent values as 1 ms. Accordingly, the following 146

shall assume that time is integer-valued, with each time-step equivalent to 1 ms. 147

An action potential appears in the electrogram as a rapid deflection in the negative direction 148

immediately followed by a rapid deflection in the positive direction, creating a trough-peak 149

pair, as illustrated in Figure 6A [24]. For this reason, it was deemed appropriate to use the 150

difference between a trough and the subsequent peak, known as the peak-to-peak difference [19], 151

to identify action potentials. The peak-to-peak differences were subjected to a thresholding 152

procedure to obtain the timing of each action potential. These action potentials were grouped 153

together to determine the location in time of activity bursts for each electrogram. 154

10/32

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2017. ; https://doi.org/10.1101/152678doi: bioRxiv preprint 

https://doi.org/10.1101/152678


Obtaining peak-to-peak differences 155

In order to reduce noise, a Gaussian filter was applied to the electrogram [5]. The filter used to 156

smooth the data had standard deviation 10 ms and radius 20 ms; these values ensured local 157

smoothing of the electrogram while preserving the general shape of the curves. An example 158

of this smoothing is shown in Figure 6B. Although the smoothing can displace the troughs 159

and peaks slightly, this movement is invariably within the bounds of the filter radius, which is 160

sufficiently small to be contained within the width of a peak or trough representing an action 161

potential. Applying this filter to the electrogram yielded a time series of smoothed values which 162

will be denoted by g(t). 163

The peaks and troughs of a smoothed electrogram were located by numerically approximating 164

the first derivative. Numerical differentiation is inherently unstable; to control this instability, 165

a seven-point derivative formula was used [5]. The application of this filter to g(t) produced 166

the estimated derivative d(t). A time t with derivative d(t) was defined to be a turning point 167

if d(t− 1) 6= 0 and 168

d(t)d(t− 1) ≤ 0.

Each turning point was categorised as being either a peak or a trough. To determine whether 169

the turning point was a peak or trough, the second derivative was used. The second derivative 170

was approximated by applying the derivative filter a second time. While it is possible to use 171

a second derivative filter to obtain a more precise estimation of this value [5], a high level of 172

precision is not necessary here and accordingly the second application of the first-derivative 173

filter was used for convenience. Each turning point was categorised as being a trough if the 174

second derivative was less than zero, otherwise it was categorised as being a peak. The Gaussian 175

smoothing, combined with the sharp turning points associated with peaks and troughs from 176

action potentials, ensure that the second derivative is of a sufficiently high magnitude at these 177

points to prevent the error in the derivative estimation from affecting this categorisation. This 178

categorisation includes points of inflection in the peaks. This distinction does not affect the 179

ensuing analysis, because points of inflection are not relevant to action potentials and therefore 180

are generally only present at points which are not part of an action potential. 181

Each action potential is characterised by a trough followed by a peak. Accordingly, each 182

trough was paired with the next peak to be detected in the time sequence to obtain all possible 183

times at which an action potential may have occurred. A sequence {pi = p(ti)} of peak-to-peak 184

differences was thus generated, where each ti is the time at which a trough occurred, and 185

p(ti) := g(si)− g(ti)

where si is the time of the peak paired to the trough at ti. The effect of this pairing is shown in 186

Figure 7. A thresholding algorithm was applied to this sequence to obtain the action potential 187

times, as described in the following section. 188

Identifying action potentials 189

The peak-to-peak differences that represented action potentials varied in amplitude between 190

electrodes, and therefore the threshold values used to detect the action potential had to be 191

selected separately for each electrode to reflect this amplitude variation. Furthermore, action 192

potential amplitude varied with time in an electrogram, which necessitated the introduction of 193

time-dependent threshold values. 194
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Figure 7. The peak-to-peak difference used to identify action potentials. A: A 10-second
interval of an electrogram displaying bursting behaviour. B: The peak-to-peak differences, with
each value placed at the time of the trough’s minimum.

A B
Potential (µV) Potential (µV)

Figure 8. The identification of action potentials from peak-to-peak differences using localised
thresholding. Blue represents the smoothed electrogram, red represents peak-to-peak differences,
and green represents the peak-to-peak differences greater than the threshold. A: The applica-
tion of a coarse threshold to the peak-to-peak differences removes low-amplitude noise, while
maintaining high-amplitude differences. B: Action potentials frequently contained multiple
high-amplitude peak-to-peak differences, and therefore a refined threshold, based on Otsu
thresholding, was required to select a single peak-to-peak difference to represent the action
potential.

Two forms of thresholding on the peak-to-peak differences were used to determine the action 195

potential times. Both thresholds varied over the duration of the electrogram, with the threshold 196

determined at each point by considering the data within a fixed time interval around the point. 197

The first threshold was a coarse threshold with a large associated time interval to remove low 198

level noise from the peak-to-peak differences, as illustrated in Figure 8A. The second threshold 199

refined the set of action potentials by using a localised form of Otsu thresholding [33] with a 200

smaller associated time interval, which removed excess high-amplitude peak-to-peak differences 201

detected over the duration of an action potential, as illustrated in Figure 8B. 202

The coarse threshold was determined by computing the interquartile range of portions of 203

the smoothed electrogram. The aim is to identify extreme peak-to-peak differences, which 204

correspond to action potentials. The set S(t) of times used to calculate the interquartile range 205

for a time t is given by 206

S(t) := [t− 2500, t+ 2500] ∪ S0,
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Figure 9. The effect of applying the coarse threshold to an electrogram with no bursting
behaviour. A: An electrogram with no bursting behaviour, with the first and fourth quartiles
of S(t) marked in red (see text for details). B: The peak-to-peak differences, with the threshold
equal to three times the interquartile range of S(t) marked in red. The threshold remains within
a range of ∼ 10 µV, which reflects the homogeneity of the input signal. C: The result of applying
the threshold to B. While a few peaks remain, they are not sufficient in number to constitute
bursting behaviour, and will therefore be discarded when the bursting behaviour is analysed in
a later step.

A B C
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Figure 10. The effect of applying the coarse threshold to an electrogram displaying bursting
behaviour. A: A 20 s portion of an electrogram showing bursting behaviour, with the first an
fourth quartiles of S(t) marked in red. B: The trough-peak pairing, with the threshold equal to
three times the interquartile range of S(t) marked in red. The threshold is increased during a
burst, which serves to reduce the level of noise in the output. C: The result of applying the
threshold to B. This threshold removes much of the noise from the bursting activity, but a more
refined thresholding technique, based on Otsu thresholding, is required to isolate the action
potentials.

where S0 is a 5000 ms time interval containing no excitation activity. The inclusion of S0 in 207

this set provides a baseline for the level of noise, and prevents the threshold from becoming 208

too large in time periods with action potentials of varying amplitudes. The baseline set S0 was 209

determined for all electrodes by inspecting the beginning and ends of the electrograms: for 210

recordings where all excitation activity occurred after the first 5000 ms at all electrodes, S0 211

was set to [0, 5000]. For recordings where excitation activity was observed prior to 5000 ms, 212

S0 was set to the last 5000 ms of the recording, which contained no activity in all such cases. 213

The threshold at t was set to be three times the interquartile range of S(t). For electrograms 214

with no activity (Figure 9) this threshold was roughly constant and removed the majority of 215

spurious peak-to-peak differences. The threshold varied in electrograms containing bursting 216

activity (Figure 10), and removes small peak-to-peak differences, which correspond to noise, 217

while maintaining the larger differences, which correspond to action potentials. 218

The second threshold to be applied to the peak-to-peak differences was determined by 219

applying a localised form of Otsu thresholding [33], which is a general method of determining a 220

threshold that separates foreground from background in image processing [33]. This technique is 221
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equally applicable to signal processing, as it does not explicitly rely on spatial data to determine 222

the threshold. The aim of Otsu thresholding is to separate the set S = {pi} into two sets such 223

that the combined spreads of the two sets is minimal. For a threshold value m, the sets S0(m) 224

and S1(m) are given by 225

S0(m) = {pi ∈ S | pi ≤ m}
226

S1(m) = {pi ∈ S | pi > m}.

The intra-class variance σ2w(m) is defined to be 227

σ2w(m) := w0(m)σ20(m) + w1(m)σ21(m),

where σ2i (m) is the variance of Si(m) and wi(m) is the proportion of points belonging to Si(m), 228

given by 229

wi(m) :=
|Si(m)|

|S0(m)|+ |S1(m)|
.

The value of m which minimises σ2w(m) is the point at which the weighted average of the 230

distribution of points in the sets Si(m) is smallest. This minimising value of m therefore 231

represents the most likely boundary between two separate distributions of points. Minimising 232

the intra-class variance is equivalent to maximising the inter-class variance σ2b (m) [33], given by 233

σ2b (m) = w0w1(µ1(m)− µ0(m))2

where µi(m) is the mean of Si(m). This equivalence is apparent from the following relation: 234

σ2b (m) + σ2w(m) = σ2

where σ2 is the variance of S. The optimal threshold is the value m which minimises σb, and 235

this threshold is selected to be the threshold applied to the set S. 236

While this procedure is capable of finding the optimal threshold for the general separation 237

of foreground and background, the problem at hand requires a modified version. The values 238

of {pi} corresponding to action potentials vary during the burst, as can be seen in Figure 7. 239

In particular, action potentials in one region of the electrogram are not necessarily greater in 240

magnitude than background levels in other regions. For this reason the threshold was set locally, 241

which was achieved in the following way. The time variable was divided into bands of 100 ms, 242

with the threshold calculated separately for each band. For each time band, the set of points 243

used to determine the Otsu threshold was given by points pi such that ti was within 200 ms 244

from the time band, as illustrated in Figure 11. This localisation enabled the threshold to be 245

precisely tuned for a short time period, while the extended radius sufficiently increased the 246

sample size to give an accurate threshold value. Using this extended set of values, the threshold 247

in each time band was determined using the Otsu thresholding procedure detailed above. 248

The modified Otsu thresholding procedure produced a set of localised thresholds as illustrated 249

in Figure 12. This localised thresholding procedure yielded an accurate set of action potential 250

times for each electrogram. These times were used to determine the bursting behaviour of the 251

system as described in the following section. 252

14/32

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2017. ; https://doi.org/10.1101/152678doi: bioRxiv preprint 

https://doi.org/10.1101/152678


Potential (µV)

Figure 11. An example of a time interval used to calculate the Otsu threshold of a given time
band. The time band marked in green is subject to the Otsu threshold based on values in the
interval marked in red.

A B C
Potential (µV) Potential (µV)Potential (µV)

Figure 12. The effect of applying the Otsu threshold to an electrogram displaying bursting
behaviour. A: A 10-second interval of an electrogram showing bursting behaviour. B: The
trough-peak pairing, with the Otsu threshold values marked in red. C: The result of applying
the threshold to B. This threshold is adapted to the local peak-to-peak differences, which enables
the removal of lower magnitude differences while retaining the differences representing action
potentials.

Determining bursting behaviour 253

The action potentials detected by the electrode array occur in the form of sustained bursts, 254

as illustrated in Figure 13A. A burst can be defined as a set of action potentials occurring 255

in rapid succession [31]. Accordingly, to identify bursting activity from the action potential 256

times a minimum frequency, a maximum time difference, and a minimum time interval were 257

selected. For each electrode with an associated sequence of action potential times {ti}ni=0, the 258

electrode was said to be recording bursting between the action potential times ti0 and ti1 if the 259

subsequence S = {tj}i1j=i0 satisfied 260

|S|
max{(ti1 − ti0), Tmin}

≥ Fmin

261

min
i0≤i<i1

(ti+1 − ti) ≤ Dmax,

where Tmin is the minimum time interval, Fmin is the minimum frequency, and Dmax is the 262

maximum time difference between action potentials, as listed in Table 1. This definition of 263
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Parameter Value

Fmin 2 Hz
Dmax 1000 ms
Tmin 5000 ms

Table 1. Burst detection parameter values.

A B
Potential (µV) Potential (µV)

Figure 13. Detection of bursting activity in an electrogram. Blue represents the original
electrogram, green represents the peak-to-peak differences of detected action potentials, and
red indicates intervals of detected bursting activity. A: A burst detected in full as a continuous
interval of bursting activity. B: A burst partially detected as a set of bursting intervals. This
situation occurred when a portion of the electrogram contained action potentials with a reduced
amplitude. In this case the complete burst time was taken to be the interval between the first
and last times of detected bursting activity.

bursting behaviour allows multiple bursts to be identified in each electrogram. However, no 264

electrograms showed evidence of multiple burst upon visual inspection. Thus, in the following 265

all electrograms are assumed to contain at most one burst. These criteria were used to identify 266

a burst in the sequence of action potentials in an electrogram, as shown in Figure 13A. In some 267

electrograms, a sequence of low-amplitude action potentials within a burst led to the burst being 268

erroneously separated into multiple bursting intervals (Figure 13B). In these instances the burst 269

was identified as the subsequence from the start of the first detected burst to the end of the last 270

detected burst. 271

Determining propagation behaviour 272

The bursting activity determined using the process described in the previous section yielded a 273

time sequence of action potentials for each electrode in the multi-electrode array. The next step 274

is to determine how the signal propagates through the tissue on the basis of the bursting data at 275

each electrode. The main challenge is determining which electrodes have recorded bursts from 276

the same propagating wave. To solve this problem, all pairs of electrodes were compared to 277

determine if the bursting behaviour of the given pair is sufficiently similar to be part of the same 278

wave. This requires a suitable quantification of similarity. This pairing of electrodes created a 279

graph of matched electrodes, with each connected component of the graph representing a group 280

of electrodes with a common origin. 281

It was assumed that if two bursts are part of the same propagating wave, the bursting 282

behaviour in one electrode will be exhibited at a later time point in the other electrode. This 283
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similarity may be due to a direct propagation from one electrode to another or from a common 284

origin where the wave has reached one point before the other. The similarity measure, to be 285

detailed below, specifically compared the sequence of action potential times in the respective 286

electrograms. In the following, it is assumed that the excitation waves maintain the same 287

propagation direction for the duration of the recording. For this reason, the comparison measure 288

of electrodes also includes an assumed direction of transmission between the electrodes, and 289

therefore each pair of electrodes was compared in each direction. 290

The electrogram of an electrode was compared to that of a reference electrode by comparing 291

time intervals of 2000 ms. This time interval was selected to include a sufficient number of action 292

potentials for comparison, while remaining sufficiently short to ensure that any distorting effects 293

of time-dependent changes were minimised. The idea is to slide the action potentials detected in 294

a given time interval backwards in time to compare with the action potentials detected by the 295

reference electrode. The range of times that the interval can be projected back was restricted 296

to the range [50d, 1000d] ms, where d is the distance between the electrodes in cm. This range 297

of times represents a propagation speed within the range 1 cm s−1 to 20 cm s−1, which was 298

selected based on previous observations [38]. Comparison was performed between electrodes 299

that were at most 1 cm apart, to limit the range of projection times and thereby reduce the 300

chance of erroneous matching. 301

The first step in matching electrodes is to determine if, for a time interval I = [t0, t1] and 302

projection time tP , the electrogram of an electrode during I resembles the electrogram of a 303

reference electrode during the projected time interval [t0 − tP , t1 − tP ]. Let a0(t) be the time 304

sequence representing action potentials in a reference electrode e0 such that 305

a0(t) :=

{
1 if an action potential was detected at t

0 otherwise

and let a1(t) be defined similarly for an electrode e1 being compared to the reference electrode. 306

A time t is said to be matched for the projection time tP from e1 to e0 if 307

a1(t) = 1
308

a0(s) = 1 for some s ∈ [t− tP − 10, t− tP + 10].

The interval of width 20 ms was selected to allow for any time displacement incurred by the 309

Gaussian smoothing. Similarly, a time t is said to be reverse matched for the projection time tP 310

from e1 to e0 if 311

a0(t) = 1
312

a1(s) = 1 for some s ∈ [t+ tP − 10, t+ tP + 10].

Let I = [t0, t1] be a time interval containing N action potentials in a1(t), and the interval IP = 313

[t0 − tP , t1 − tP ] be the projected time interval containing NP action potentials in a0(t). Then I 314

is said to be a matched for the projection time tP from e1 to e0 if N,NP ≥ (t1 − t0)/500 and 315

|{t ∈ I : t is matched for tP }| > 0.7N
316

|{t ∈ IP : t is reverse matched for tP }| > 0.7NP .

This bound depends on the frequency of action potentials in I; action potential frequency 317

is bounded above by approximately 5 Hz, which corresponds to N = 10. Thus the above 318
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limit permits an interval to be matched with at most 2 action potentials unmatched in each 319

direction at high frequencies (3.5–5 Hz), and at most 1 action potential in each direction at 320

low frequencies (2–3 Hz). For the given range of projection times R, an interval I is deemed to 321

be a matched interval for an electrode e1 and reference electrode e0 if it is matched for some 322

projection tP ∈ R from e1 to e0. 323

This definition of a matched interval was used to determine if an electrode was matched to a 324

reference electrode as follows. The sequence of time intervals {Ik} was defined as follows: 325

Ik := [100k, 100k + 5000].

An electrode e1 was said to be matched to a reference electrode e0 if the number N of matched 326

intervals in this sequence satisfied 327

N > Tb/400,

where Tb is the length of the burst detected at the electrode e1. 328

This process of matching electrodes produced a graph of the electrodes, where each edge of 329

the graph represents a matched pair of electrodes, as illustrated in Figure 14A. These graphs 330

were used to generate isochrone maps, as follows. Each electrode ei represented in a graph was 331

also identified as exhibiting bursting activity, and therefore has a time ti at which the burst 332

reached the electrode. These times were coarse-grained into 200 ms bands by assigning an 333

integer value ci ≥ 0 to each electrode, defined by 334

ci := b(ti − ti0)/200c,

where ti0 is the minimum time ti and b∗c rounds down to the nearest integer. Each connected 335

component of the graph containing more than two nodes was taken to be a collection of electrodes 336

which exhibit bursting behaviour as part of a common excitation wave. For each connected 337

component of the graph, a closed curve was drawn for each integer c > 0 such that 338

(i) all electrodes ei in the connected component with ci ≤ c are contained within the curve; 339

(ii) all points within 1 mm of an electrode given in (i) are contained within the curve; 340

(iii) the area enclosed by the curve is minimal subject to (i)–(ii). 341

This line is the isochrone for time 200c ms. Criterion (iii) serves to prevent the isochrone from 342

including portions of the tissue which are not excited before the given time. The areas enclosed 343

by these isochrones were colour-coded, as shown in Figure 14B. These isochrone maps visualise 344

the spread of excitation, and were compared to three-dimensional reconstructions of the tissue 345

to identify structures associated with initiation and termination of the excitation waves. 346

The methods detailed in this section provide the tools for automated analysis of multi- 347

electrode array recordings. The processing of each electrogram provides a representation of the 348

times at which action potentials occur, and whether the electrogram exhibits bursting behaviour. 349

The analysis of the array as a whole enables the generation of isochrone maps, which show 350

initiation points of propagating bursts, along with locations where propagation is blocked. To 351

ensure accuracy of these isochrone maps, all recordings were visually inspected and the isochrone 352

maps amended where necessary. 353
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Figure 14. A: A graph representing the electrode matching. Each node is positioned at an
electrode that has been matched to another electrode, and edges represent these matches. B: The
isochrone map generated from network shown in A. The isochrones are coloured according to
the time at which the burst is first detected by the electrode, with red corresponding to earliest
and yellow corresponding to latest.

High-resolution reconstruction of myometrial smooth muscle 354

Two types of structures were identified in histological slides taken from pregnant rat uteri, 355

namely bridge-like structures between the circular and longitudinal layers of the myometrium, 356

referred to as bridges, and fibrous structures in the placenta associated with pacemaker activity, 357

referred to as myometrial-placental pacemaker zones (MPPZs). In order to study the architecture 358

of these structures at the requisite level of detail, it was necessary to generate a high-resolution 359

three-dimensional reconstruction of the tissue. Methods described in a previous publication [30] 360

constitute an image analysis pipeline for generating a three-dimensional reconstruction of the 361

myometrium from serial sections at a resolution of ∼ 50 µm per voxel length. The structures 362

observed in the present paper are generally finer than this, with widths as small as 20 µm, and 363

accordingly precise rendering of such structures requires a higher resolution. The reconstruction 364

techniques described previously [30] specifically identify nuclei in the histological sections. 365
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The methods described in the following exploit the orientation of these nuclei to generate a 366

reconstruction of the myometrium at a resolution of 10 µm per voxel length. This reconstruction 367

allows the visualisation of the connectivity between the longitudinal and circular layers and, 368

with some manual adjustment, the MPPZs. 369

The histological slides used to generate this high-resolution three-dimensional reconstruction 370

were registered and the nuclei identified as previously documented [30]. The slides were obtained 371

by slicing the tissue sample into serial sections 5 µm thick and discarding any slides that were too 372

severely distorted by sectioning to register properly (58%–72% depending on the tissue block), 373

yielding an unevenly-spaced stack of useable slides. In each slide the nuclei were automatically 374

identified and the position, size, and orientation were recorded. These slides were registered to 375

obtain a three-dimensional record of the nuclei in the tissue, with maximal z-resolution 5 µm 376

and planar resolution ∼ 0.5 µm (here, ‘planar’ refers to the plane of the slides, identified as (x, y) 377

with z being the axis perpendicular to this plane. 378

Generating high-resolution reconstructions 379

The high-resolution reconstruction of myometrial smooth muscle tissue was obtained by identify- 380

ing which nuclei were contained in smooth muscle tissue, as opposed to surrounding tissues, and 381

generating a representation of the fibrous structure based on the position and orientation of these 382

nuclei. In particular, the algorithm was designed to differentiate between smooth muscle nuclei 383

and nuclei contained in the placental and connective tissues. These tissue types were filtered out 384

because they tend to be present in close proximity to the features to be identified; placental tissue 385

surrounds the MPPZs, while bridges between circular and longitudinal myometrium are located 386

in the connective tissue between the layers. Vasculature is also present between the layers of the 387

myometrium [4] but was not filtered out of the reconstruction, which motivated an additional 388

precautionary step in which any bridges between the layers observed in the reconstruction 389

were also identified in the histological slides to rule out the possibility that they are in fact 390

vascular structures. The filtering of the nuclei was achieved by considering the local homogeneity 391

of nuclear direction and nuclear density in the area surrounding each nucleus; local nuclear 392

direction is more homogeneous in smooth muscle than in the other tissue types, while the shape 393

of the smooth muscle cells imposes constraints on the local density, as shown in Figure 15. 394

The procedure for generating a high-resolution reconstruction from the input stack is as 395

follows. Each slide was mapped onto an image representing the nuclear direction, with each pixel 396

representing a 10 µm × 10 µm area of the slide. These angle images were filtered to remove 397

nuclei that did not satisfy the density and homogeneity criteria for smooth muscle tissue. Each 398

of these remaining nuclei was assigned a score (defined below), and the fibrous structure was 399

marked in each slide based on the position, orientation, and score of each nucleus, yielding a 400

visual representation of the smooth muscle tissue. MPPZs were identified in each slide by visual 401

comparison with the histological slides. The fibrous structure and manually-identified MPPZs 402

from each slide were combined to produce a volume representing the tissue, with resolution 403

10 µm per voxel length. 404

Generating angle images 405

Each slide in the stack was coarse-grained to generate an angle image A with pixels corresponding 406

to a grid of 10 µm × 10 µm areas in the slide. The nuclei in the slide were filtered by size, 407

with maximum and minimum nuclear size given in Table 2. Let AS(p) be the area in the slide 408
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A

C D

B

Figure 15. Nuclei in smooth muscle, placental, and connective tissue. The orientation of
nuclei in smooth muscle tissue is locally homogeneous, which is generally not the case in
placental (A & B) and connective tissue (C & D). This local homogeneity is also present in
MPPZs (Arrows in A & B) and bridges (Arrows in C & D). Additionally, nuclear density is
more variable in the placenta and connective tissue than in smooth muscle tissue. Black lines
in B & D represent the approximate boundary of the smooth muscle tissue. A: Histological
image of smooth muscle and placental tissue. B: Nuclei present in A. C: Histological image of
smooth muscle and connective tissue. D: Nuclei present in C. Scale bars represent 200 µm.

corresponding to the pixel p. If AS(p) contains one or more nuclei, then let θ(p) ∈ [0, 180) be 409

the angle that a randomly selected nucleus in AS(p) makes with the x-axis. We define 410

A(p) :=

{
θ(p) if one or more nucleus is present in AS(p),

−1 if no nuclei are present in AS(p).

At a resolution of 10 µm × 10 µm, it is unlikely that more than one nucleus is present in any 411

given area AS(p), and therefore the information discarded in the mapping of such areas onto A 412

was minimal. Thus, in the following, the cases where multiple nuclei are present in AS(p) are 413

ignored and a pixel p is said to correspond to a nucleus if A(p) ≥ 0. The pixel value of −1 414

represents empty areas; this value was only used as a marker and not included in any numerical 415

calculations. 416
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Parameter Value

Minimum nuclear size 10.4 µm2

Maximum nuclear size 62.1 µm2

dmax 1 pixel lengths
λmax 15 pixel lengths
Homogeneity score threshold 0.90
Maximum density 0.33
Minimum density 0.10
lr 6 pixel lengths
tr 1 pixel lengths
zr 1 pixel lengths
Smooth score threshold 0.05

Table 2. Parameter values used to generate high-resolution reconstructions.

Generating score images 417

For each pixel p corresponding to a nucleus, a rectangle Rp of length 30 pixels (300 µm) and 418

width 3 pixels (30 µm) was drawn along the pixel direction, centred at p, as illustrated in 419

Figure 16. More formally, for a line Lp(λ) given by 420

Lp(λ) = p+ λ(cosA(p), sinA(p)),

let 421

Rp = {Lp(λ) + (x, y) : x, y ∈ [−dmax, dmax], λ ∈ [−λmax, λmax]},

where dmax and λmax are given in Table 2. The homogeneity score H(Rp) of the rectangle was 422

calculated as follows: 423

H(Rp) :=
1

|rp|
∑
q∈rp
| cos(A(p)−A(q))|,

where rp is the set of all pixels in Rp that correspond to cell nuclei. This quantity is the average 424

scalar product of nuclear direction with the direction at p, and represents how well the nuclei 425

in Rp align with the nucleus corresponding to p. The density of Rp is given by 426

D(Rp) :=
|rp|
|Rp|

.

Threshold values for H(Rp) and D(Rp) are listed in Table 2. If the value of H(Rp) was above 427

the given score threshold and the value of D(Rp) was within the given density range, then the 428

rectangle Rp was deemed to represent smooth muscle tissue with bundle direction approximated 429

by the direction at p, as illustrated in Figure 16A. The set R of all such rectangles was used 430

to create a homogeneity score image as follows. Each pixel q corresponding to a nucleus and 431

contained in at least one rectangle in R was assigned the score 432

s(q) := max
Rp∈R,q∈Rp

| cos(A(p)−A(q))|.

This score represents how well the given nucleus is aligned with a rectangle identified as being 433

aligned with the direction of the local bundle of smooth muscle tissue, and therefore is a measure 434
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of how well the nucleus fits into the category of smooth muscle tissue, as shown in Figure 16B. 435

This scoring function was used to generate the score image I: 436

I(q) :=

{
s(q) if q corresponds to a nucleus and q ∈ Rp for some Rp ∈ R,

0 otherwise.

This score image highlights pixels corresponding to nuclei identified as belonging to a smooth 437

muscle bundle, with each pixel assigned a value in [0, 1] representing how closely the orientation 438

of the corresponding nucleus aligns with the local bundle direction. This representation also 439

highlights pixels corresponding to nuclei in MPPZs and bridges: both of these structures have 440

locally homogeneous nuclear direction and similar density to smooth muscle bundles (Figure 15). 441

Additionally the rectangles were constructed such that their width (3 pixels) is similar to the 442

minimum width of these structures (∼ 2 pixels), which ensures that a rectangle corresponding 443

to a nucleus in one of these structures is generally contained within the structure. 444

A B

Figure 16. Rectangles used to generate score images. A: The initial selection of valid areas.
Rectangles are placed over each nucleus along the direction given by the nucleus. The blue
rings indicate the two nuclei that correspond to the rectangles shown. The green rectangle
contains nuclei that closely approximate the direction of the central nucleus, so this rectangle is
categorised as being within smooth muscle tissue. Conversely the red rectangle contains nuclei
that show little similarity in terms of orientation to the central nucleus, so this rectangle is
not categorised as being within smooth muscle tissue. B: Scoring valid nuclei. For a given
nucleus, the rectangles that contained this nucleus and were deemed to represent fibrous tissue
by the process illustrated in A were compared to the nucleus. The rectangle with the closest
orientation to the nucleus was selected to generate the score of the nuclei (see text). In this
example, the nucleus (blue ring) is closer in orientation to the green rectangle than the red, and
thus the green rectangle is used to generate the score.

Visualising smooth muscle cells 445

The score images are sparsely populated with positive values because positive values correspond 446

to a nucleus situated in a smooth muscle cell, and smooth muscle cell cross-sections in the slides 447

are typically 5–10 times larger than the area represented by an individual pixel. To visualise 448
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bundles, anisotropic Gaussian smoothing was applied [18]. The smoothing kernel G was defined 449

as follows: 450

G(l, t) := exp{−(l2/σ2l + t2/σ2t )/2}/Gk,

where σl is the longitudinal standard deviation of G and σt is the transverse standard deviation 451

of G, as given in in Table 2, l ∈ [−σl, σl] and t ∈ [−σt, σt] are integers, and Gk is a normalising 452

factor: 453

Gk :=

lr∑
l=−lr

tr∑
t=−tr

exp{−(l2/l2r + t2/t2r)/2}.

The aim is to rotate apply G at each point of a score image I such that the longitudinal length 454

of G is aligned with the local fiber direction. For a pixel p with an assigned angle θ, define the 455

image Ip as follows: 456

Ip(l, t) :=

{
I(p+ (l, [ml] + t)) if | sin θ| < | cos θ|,
I(p+ ([l/m] + t, l)) if | sin θ| ≥ | cos θ|,

where [·] rounds to the nearest integer, and 457

m :=

{
sin θ/ cos θ if cos θ 6= 0,

3lr if cos θ = 0.

This image is constructed to extend out from p at angle θ in the plane. The images Ip are only 458

defined for pixels corresponding to nuclei; to extend this definition to the entire image, each pixel 459

not corresponding to a nucleus was assigned the direction of the nearest pixel corresponding to 460

a nucleus. The smoothed image J is thus given by 461

J(p) := G ∗ Ip,

where ∗ represents convolution. 462

Finally, the stack of images were smoothed in the z-direction to improve the reliability of each 463

image. The sequence of smoothed score images {In} representing slides in the stack was taken to 464

be uniformly spaced slices through a score volume VS . This representation somewhat distorted 465

because the slides are not evenly spaced; however, this should not be considered to be a serious 466

problem given that the aim is to reinforce the visualisation for each image by smoothing with 467

images that are adjacent in the stack. A one-dimensional Gaussian filter with radius 1 voxel 468

and standard deviation 1 voxel was applied to VS in the z-direction, where 1 voxel represents 469

the separation of adjacent slides in the stack. The result is the smoothed volume V . 470

Visual identification of MPPZs 471

The detection of MPPZs required visual comparison to exclude any placental tissue that has 472

similar density and directionality properties to smooth muscle. For each implantation site, a 473

subvolume containing the implantation site and adjacent smooth muscle tissue of width and 474

height roughly twice that of the implantation site was used as the input for this procedure. 475

The aim is to create a set of possible MPPZs in the placenta and manually identify which of 476

these structures correspond to MPPZs in the histological slides. This method is advantageous 477

over identifying and highlighting each MPPZ manually, because it allows the whole three- 478

dimensional structure of an MPPZ to be identified from visual inspection of just one slide. This 479

24/32

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2017. ; https://doi.org/10.1101/152678doi: bioRxiv preprint 

https://doi.org/10.1101/152678


serves to reduce the time required to reconstruct the whole MPPZ, while also providing direct 480

correspondence between cross-sectional slices of an MPPZ located in multiple slides. 481

For a subvolume containing an implantation site, the voxels with positive score were reduced 482

to those connected to the myometrium adjacent to the implantation site. This was achieved by 483

separating voxels into sets Si of voxels that have score value above the smooth score threshold 484

value given in Table 2, and are connected by adjacency: for any two points p, q,∈ Si, there 485

exists a connected path represented by a sequence {p0 = p, p1, . . . , pn = q} ⊂ Si such that 486

|pj+1 − pj |∞ ≤ 1,

where | · |∞ is the maximal absolute component of a vector, and V (pj) is above the threshold 487

value for all j. Provided that the volume bounds around the placenta are sufficiently wide, the 488

largest of these sets Ŝ will include the smooth muscle outside the placenta and any potential 489

MPPZs attached to it. Accordingly, all points outside this maximal set were assigned a score 490

of 0. This step serves to eliminate erroneously highlighted placental tissue and aid manual 491

selection of the MPPZs. 492

An MPPZ is represented in this reconstruction by a cluster of points in the set Ŝ that extends 493

from the myometrium into the placenta. The next step is to segment the points in Ŝ that are 494

situated in the placenta into discrete clusters, so that clusters corresponding to MPPZs can 495

be selected manually based on visual comparison with the histological slides (Figure 17). This 496

visual comparison only requires manual inspection of a sparse selection of slides: an MPPZ 497

intersecting multiple slides only needs to be identified in one slide. 498

The first step in this cluster segmentation is to identify the portion of space in the recon- 499

struction corresponding to placental tissue, which was achieved by identifying the area interior 500

to Ŝ in each slide. For a slide at position z given by the set of image points Iz and containing 501

the points Sz = Iz ∩ Ŝ, let T be the index set of connected components of Iz \ Sz: each T ∈ T 502

is connected by adjacency in the same manner as for Si above; for T1, T2 ∈ T with T1 6= T2: 503

|p− q|∞ > 1 for all p ∈ T1, q ∈ T2;

and 504⋃
T∈T

T = Iz \ Sz.

The interior Tz of Sz was defined to be the union of all sets Ti ∈ T that contained no points at 505

the edge of the image and had size greater than |Iz|/50. In some slides the interior may not 506

be well-defined due to a break in the smooth muscle tissue surrounding the placenta, as shown 507

in Figure 18. In these situations, most or all of the placental tissue will not be present in Tz, 508

and therefore Tz will be reduced in size. Such cases were identified as slides with |Tz| < |Iz|/8. 509

When this criterion was fulfilled, the interior of the nearest slide with a well-defined interior was 510

taken to be the interior of the given slide. The set of all interior points T in V was taken to be 511

the union of these interior sets: 512

T =
⋃
z

Tz.

The points in Ŝ that were contained within the placenta were found by dilating and eroding the 513

interior volume [43]. The set T was dilated to yield T ′: 514

T ′ := {p ∈ V : |p− q| < 20 for some q ∈ T}.
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A B

B

Figure 17. Manual selection of MPPZs. A: The user interface used to select MPPZs. The
upper panel displays segmented clusters in arbirtrary colours for the given slide; the lower panels
are used to write clusters selected by the user to generate the final volume. B: A small portion
of the implantation site in the given slide. The MPPZ that is indicated in B by the green
arrow corresponds to the cluster indicated by the red arrow in A, and is selected for the final
representation. All other clusters in the area corresponding to B do not correspond to discrete
well-organised structures, as can be seen in the histological image, and thus are not selected.
The clusters are three-dimensional: the highlighted cluster is part of a larger structure extending
through multiple slides. Therefore, manually identifying this structure in this one slide leads to
the automatic selection of the same structure in all other slides. This allows the human operator
to verify the MPPZs on a sparse selection of slides and use the clustering to interpolate the
overall structure.

This set was subsequently eroded to yield T ′′: 515

T ′′ := {p ∈ T ′ : p+ v ∈ T ′ for all v such that |v| ≤ 20}.

This corresponds to expanding and contracting the interior volume by ∼ 200 µm. Any cluster 516

in Ŝ extending into the interior volume of width less than ∼ 400 µm would be incorporated 517

into T ′ upon dilation, but remain in T ′′ after erosion. Thus, the points in C := Ŝ ∩ T ′′ were 518

taken to be the set of points corresponding to possible MPPZs. 519

Clusters of points in C were segmented using hysteresis thresholding: for any point p ∈ C 520

with value above the upper threshold tupper, the cluster Cp is the connected set in C with values 521

above the lower threshold tlower. These clusters represent possible MPPZs, and were visually 522

compared to the histological slides as follows. For a slide to be inspected, the cross-sections of 523

all clusters intersecting this slide were displayed in a Mathematica notebook [44], as shown in 524

Figure 17A. This image compared to the given histological slide (Figure 17B), and any cluster 525

identified as corresponding to an MPPZ in this comparison was highlighted in the reconstruction. 526
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Figure 18. An example where the interior of a structure cannot be identified. The outer
structure does not completely enclose the interior, with a gap in the smooth muscle indicated
by a red arrow. This means that the interior is not well-defined in this image.

Generating the reconstruction 527

The final step in the processing pipeline is to generate a volume with evenly-spaced voxels. Thus 528

far the volumes have been given by the sequence of slides, which have an uneven separation as a 529

result of some slides being discarded. This issue was solved by using linear interpolation to fill 530

the space between slides with separation greater than 10 µm. Let {In}n∈N be the sequence of 531

images representing slides, where N is an increasing sequence of integers representing the position 532

of the slides in the tissue: if two slides have positions n1 and n2, then the physical distance 533

between them in the tissue sample is 5|n1 − n2| µm. The aim is to generate a sequence {Ĩm} of 534

images representing 10 µm slices through the volume. Let n̂ be the maximum value in N , and 535

for an integer m ∈ [0, n̂/2], define 536

n−(m) := max{n ∈ N |n ≤ 2m}
537

n+(m) := min{n ∈ N |n ≥ 2m}.
This allows us to define Ĩm: 538

Ĩm :=

{
I2m if n−(m) = n+(m),

λ−In− + λ+In+ otherwise,
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where 539

λ− :=
2m− n−(m)

n+(m)− n−(m)
540

λ+ :=
n+(m)− 2m

n+(m)− n−(m)
.

This stack of images represents a volume with uniform voxel length of 10 µm, where each image 541

is either an image from the original stack or a weighted average of two slides in the stack. 542

The resulting volume provides a homogenised visual representation of the three-dimensional 543

microarchitecture of the myometrium, which can be used to identify MPPZs and bridges between 544

longitudinal and circular myometrium. 545

To determine if bridges were co-located with vasculature, each bridge within the histological 546

slide was scored accordingly. Any bridges absent of adjacent vasculature within the given 547

histological slide were tracked through the slides, guided by the 3-dimensional reconstruction, 548

to exhaustively inspect for the presence of vasculature. The proposed paths of excitation 549

marked out in Fig. 5 were identified as follows. For each MPPZ in close proximity to an 550

identified initiation event, the histological slides were examined to identify the point at which 551

the MPPZ attached to the longitudinal myometrium. The bundle at this location was tagged in 552

the reconstructed tissue and bundles were tagged in slides working outward from this initial 553

slide in a recursive manner: for the next slide in the stack, the tagged points in the previous 554

slide were marked in the reconstruction. If these marked points corresponded to myometrial 555

smooth muscle in the histological slide, the bundles containing marked points were noted. 556

Otherwise, the recursion terminated. High-resolution representations of these reconstructions 557

were used to visualise the connectivity in the myometrium and the pacemaker zones, as detailed 558

in the supporting information. All three-dimensional reconstructions were visualised using 559

3D Slicer [12] (www.slicer.org). 560
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