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Abstract. The intrinsic motion of the human uterus is key both for
healthy physiology and for the etiology of diseases such as endometriosis
and adenomyosis. However, non-invasive characterization remains a ma-
jor challenge due to the location of the uterus, low signal-to-noise and
overlapping motion from adjacent organs. Electrohysterography (EHG)
is a method for monitoring uterine contractility using a surface elec-
trode array. Previous studies that combined EHG and Magnetic Reso-
nance Imaging (MRI) to analyze uterine peristalsis assumed an empty
bladder, neglecting the influence of bladder filling. The overlap of uter-
ine and bladder frequency ranges results however in frequency filtering
alone being insufficient for uterine signal isolation. We introduce a novel
multi-cluster beamforming framework based on simultaneous EHG and
MRI to separate uterine and bladder electrical activity. Subject-specific
3D segmentations of the uterus, bladder, and electrodes enabled the
generation of volumetric lead-field dictionaries, cluster-geometry-based
DOA vectors, and spatially coherent organ-specific clusters. These clus-
ters defined uterus-pass and bladder-null constraints in a multicluster lin-
early constrained minimum-variance (LCMV) beamformer with Bayesian
covariance shrinkage, followed by overlap-add reconstruction of organ-
resolved time series. Paired T1-weighted 3D whole abdomen MRI and
multi-channel EHG data from 10 volunteers (7 females and 3 males),
including longitudinal data from 3 women across menstrual phases was
acquired. Raw EHG signals showed activity in the [5,50] mHz band; in
men only bladder components [25,41] mHz were present, while female
datasets exhibited uterine and bladder contributions. Across female vol-
unteers, uterus—bladder separation angles varied (13°-38°), but cluster
compactness strongly predicted beamformer stability (Pearson r = 0.91;
Spearman p = 0.89). Leakage subtraction consistently improved blad-
der isolation. The proposed anatomy-guided multicluster LCMV enables
robust uterus—bladder signal separation in low-channel EHG.

Keywords: Uterine Peristalsis - Electrohysterography - Beamforming -
MRI.
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1 Introduction

Electrohysterography (EHG) is a non-invasive technique for recording myome-
trial electrical activity [4, 7], particularly during uterine muscular activity. This
activity, often referred to as uterine peristalsis, exhibits distinct variations in
frequency, intensity, and directionality throughout the menstrual cycle [3, 8, 13].
Peristalsis is fundamental to reproductive health, concretely to physiological
processes including menstruation, sperm transport, and implantation [9]. Fur-
thermore, deviations from established patterns can carry significant clinical im-
plications [11]. Abnormal uterine contractility, specifically hypercontractility, is
frequently linked to pathologies such as adenomyosis, endometriosis, and leiomy-
oma [5-7]. Unlike invasive intrauterine pressure catheters or imaging modalities
with limited temporal accessibility, EHG offers a viable pathway for continuous,
non-invasive monitoring [4, 5|, resulting in growing research interest [1, 10, 13].
Electrical source imaging techniques and inverse methods from magnetoen-
cephalography (MEG) have been adapted to reconstruct uterine activity dur-
ing pregnancy [15,16]. Leveraging the strong, synchronized, and spatially ex-
tended pregnancy contractions thereby facilitates inverse reconstruction despite
the ill-posed nature of the problem. More recently, electromyometrial imaging
(EMMI) has been adapted to the non-pregnant uterus, using high-density surface
recordings combined with patient-specific geometry to reconstruct 3D activation
patterns [12, 13]. However, contamination from adjacent organs—particularly the
bladder, which occupies a nearly identical low-frequency band—remains a key
limitation. This spectral overlap makes frequency filtering insufficient and mo-
tivates the use of Linearly Constrained Minimum-Variance (LCMV) beamform-
ing. Although widely applied in neuroscience and cardiac electrophysiology, such
beamformers have not yet been adapted to the anatomical complexity and depth
of the female pelvis. Advanced Bayesian frameworks, including Bayesian Prin-
cipal Component Analysis [14] and Bayesian adaptive beamformers [2], further
provide robust covariance regularization for isolating overlapping generators.
In this work, we introduce the first anatomy-guided multicluster beamform-
ing framework to separate uterine and bladder electrical activity using simulta-
neous EHG and MRI. The contributions are threefold: (1) we construct subject-
specific, volumetric lead-field and direction-of-arrival (DOA)-based steering dic-
tionaries from 3D MRI; (2) we design a multi-cluster LCMV beamformer with
organ-specific pass and null constraints, combined with Bayesian covariance
shrinkage; and (3) we perform in-vivo validation in 10 participants demonstrat-
ing reliable uterus—bladder separation under an 8-channel EHG configuration.

2 Methods

2.1 Setup and Acquisition Protocol

Anatomic uterine MRI was acquired using a 0.55T MAGNETOM Free.Max MRI
(Siemens Healthineers, Germany) with a 9ch contour coil while recording syn-
chronized transabdominal EMG signals at a sampling rate of 5 kHz via an 8ch
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BrainAmp ExG MR with special MRI-conditional multirode bipolar electrodes
(Brain Products, Germany). The surface coil was placed above the electrodes,
keeping the BrainAmp ExG MR outside the bore. Skin preparation was per-
formed with abrasive gel to reduce electrode impedance below 10k€). Basic de-
mographic information was provided.
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Fig. 1. Proposed pipeline. I. Simultanecous EHG and T1-weighted MRI provide
time-, frequency-, and spatial-domain information. IT. Conceptual illustration of cor-
related sources of abdominal EHG. ITI. The MRI-derived forward model generates
steering vectors, and geometry-based DOA clustering identifies multi-cluster organ-
specific candidates. Windowed LCMV beamforming with organ-specific null con-
straints. Time-domain signals are reconstructed using Hann overlap-add.

2.2 Multi-constraint LCMYV beamformer and signal reconstruction

EHG recordings contain a mixture of uterine and bladder activity whose ul-
tra—low—frequency components overlap. In a linear mixing model x(t) = As(¢)+
e(t) with source vector s(t) and forward matrix A, overlapping spectra imply
that any frequency mapping @(x(t)) satisfies P(As(t)) ~ P(x(t)), leaving the
origin of each component ambiguous. Since frequency-domain criteria provide
no reliable separation, spatial structure must constrain the inverse problem:

MRI-Derived Forward Model: 3D organ meshes and electrode array geom-
etry are obtained from segmented 77 MRI datasets. The anatomical vertices of
the meshes define the candidate source locations Gy and G g, respectively. Given
electrode locations r; € R? and a vertex r € R3 on a segmented organ mesh, the
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steering vector assigned to each vertex follows a quasi-static bio-electric conduc-
tion model as a;(r)  ||r; — r||7? € CM with p € [1,2]. After {3-normalization,
stacking these vectors yields uterus and bladder steering dictionaries Dy =
[a(x]) - a(xf )] € CM*P and Dp = [a(rf)---a(rg,)] € CM*F5. The M-
channel EHG at time t is defined as a linear superposmon of anatomy plus noise
x(t) = >, a(rg)sk(t) + e(t) € RM which undergoes band-limited processing in
uterus [5 — 50)mHz and bladder [25 — 41]mH z ranges [13].

Multi-cluster Candidate Selection: Directional hypotheses arise from map-
ping each anatomical vertex to a unit DOA vector as d(r) = (r — Carray)/||T —
Carray|| € R3 where Carray € R3 is the electrode array geometric center. Direc-
tional clustering separate uterus and bladder DOAs into groups. Each cluster
centroid takes the form ¢, = (3 4,cc, di)/HZdiECk d;|| € R® and represents a
dominant organ-specific propagation direction. Normalized averaging of member
steering vectors maps each cluster C back to sensor space to produce represen-
tative steering vectors

1
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S =
laCrs)ll2 |
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Collecting uterus (pass) and bladder (null) cluster representatives produces

s — [gU) SEKUU)] (CMXKU’ S(B) _ [gB) ngB] CMxKs

Windowed LCMYV with Null Constralnts Band-limited data segments de-

fine the window w with samples x[n } n—1, the sample covariance and a shrinkage-
regularized version are

s
G CMXM

R, = (1-B)R, + fBdiag(Ry) € CM*M g e0,1]

Constraints enforce unity gain along uterus directions and zero gain along blad-
der directions. Constraint matrix incorporates uterus-pass and bladder-null di-
rections as C = [SI(DZEQb Qflfl)l] € CM*L with targets f = [1,0,...,0]T € CL. The

LCMYV solution for window w follows the standard form:

w, = R;'C(C'R;'C) 'feC”, Clw, =

A symmetric bladder beamformer wZ is solved with swapped pass/null roles
(CP = [spaSS Qnul]]) denoting the uterus weights w(, band-limited outputs
are y¥[n] = (W{)Pxp[n] and y%[n] = (wB)Hxg[n]. Constramts verifications are

possible by § = C"w,, — f and monitoring its infinity norm [|§||o. Since the
uterus pass response is normalized to unity, keeping ||6||.c < 1 guarantees that
deviations from the desired spatial response remain negligible relative to the
target gain.
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Overlap—Add Reconstruction: Each windowed output undergoes tapering
by h[n] and aligns to its temporal offset ¢,, to form continuous uterus and bladder
reconstructions

guln) = Syl - tlhln —tul, sl = S ysln — tu hln — 1.

Bladder beamformer output may retain a small contribution from the uterus
due to imperfect nulling. A scalar leakage subtraction reduces cross-talk in the
bladder trace. The leakage coefficient o = median,((y%, yi0)/(yy, yi4)) esti-
mates the uterus component. Subtraction (§p[n] — agy[n]) removes only the
coherent uterus-like contamination while preserving the intrinsic bladder-band
activity. Using a complex Morlet CWT to derive uterine scalograms Sy (f,n) =
‘WU(af,n)‘Q, Sp(f,n) = |WB(le,n)|2. Wy and Wg denote the CWT of gy and
B respectively, ay is the scale corresponding to frequency f. Band-powers are

PU[n] - Z SU(fan)a PB[n] - Z SB(fan)a (1)

f€By feBs

and a separation metric is given by the ratio p[n] = Py[n]/(Pg[n]+¢), € >0.
Geometric (separation, compactness), constraint (pass/null gains, residuals), and
reconstruction (continuity) metrics quantify performance across volunteers.

Implementation parameters: Electrode centroids were extracted via DB-
SCAN (e=0.47 cm, min_ samples =5). Frequency bands were isolated with a
first-order zero-phase Butterworth filter. Spherical k-means (Ky=Kp=3, 60 iter-
ations) defined the organ clusters; the first =2 raw cluster vectors per opposing
organ served as null columns. Shrinkage was set to $=0.10 with additional di-
agonal loading 1073tr(R,,)/M. Overlap-add used 120s Hann-tapered windows
with 30s steps (75% overlap).

3 Experiments and Results

The resulting dataset comprises ten paired abdominal EHG-MRI datasets (7 fe-
male and 3 male volunteers, 3 longitudinal recordings). In a cohort-level compar-
ison of normalized PSDs between women and men, women exhibited consistent
low-frequency uterine activity with well-defined components within the uterus
band [5, 50] mHz, while bladder-band activity [25,41] mHz appeared weaker and
located within the broader uterine spectrum. In men, prominent peaks occurred
in bladder-related and non-uterine regions. These sex-specific spectral patterns
support applying uterus-bladder separation in women (Fig. 2 I).

The anatomical properties extracted via DOA clustering showed substantial
inter-subject variability in the 10 processed datasets: uterus-bladder separa-
tion angles spanned approximately 13.1° to 37.6°, uterine cluster compactness
ranged from 0.019 to 0.194, and bladder compactness from 0.062 to 0.246. De-
spite this variability, the LCMYV pass constraint was consistently satisfied across
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Fig. 2. Group-level analysis. (I) Normalized PSD across 3 randomly chosen female
and 3 male volunteers, with uterine-band activity limited to females. (II) Uterus cluster
compactness vs. pass-gain variability (coefficient of variation, CV), with one color per
volunteer. (IIT) Median uterus-to-bladder energy ratio (|yU|/|yBeican|) after leakage
removal, showing stable organ-level separation.

sessions, with pass gains effectively at unity and subject-specific variability ob-
served in null gains (approximately 0.10-0.48). These outcomes are summarized
in Table 1 and demonstrate accurate pass-direction enforcement accompanied by
anatomy-dependent cross-organ suppression. Across all volunteers, uterus com-
pactness was strongly associated with pass-gain stability. Tighter uterus clusters
exhibited minimal pass-gain fluctuation across windows, whereas more dispersed
clusters produced higher variability. This relationship was strong and statisti-
cally significant (Pearson r = 0.91; Spearman p = 0.89). The three participants
with longitudinal measurements, each scanned across follicular and luteal men-
strual phases, aligned along the same region of the trend, confirming within-
subject consistency across cycle phases. This provides clear evidence that uterus
compactness, rather than separation angle, is the dominant geometric determi-
nant of beamformer stability (Fig. 2 II). Median uterus-to-bladder energy ratio
highlights inter-subject differences with stable within-subject behavior across
sessions (Fig. 2 ITI). Leakage analysis further corroborates effective organ disen-
tanglement. Across datasets, || remained < 0.5 for cases with compact uterine
clusters (UT compactness < 0.10), and rose only when clusters were more dis-
persed, where larger coefficients appeared. In all cases, the correlation change
after leakage subtraction Ar was negative and energy ratio (|yBeican|/|yB]|) was
< 1 (see Table 1), confirming the de-correlation of the bladder estimate of the re-
moved component. These observations show successful removal of uterus-related
contamination without compromising the bladder-band signal.
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Table 1. Geometry, beamforming constraint, uterus—bladder separation and leakage
metrics across all recordings. Values shown as mean4std or median.

Sub.|Phase|Separ. (°)|UT Comp. BL Comp. |Null Gain ||a|] |Ar |E Rat.
1 Follic. {35.8+£9.6 |0.070£0.005{0.105+0.006|0.210+0.049|0.28|-0.563|0.684
Luteal [37.6£6.8 |0.086£0.001|0.103+0.006|0.231+0.036|0.20|-0.582{0.787
9 Luteal {13.1£9.8 |0.019£0.001|0.097+0.010{0.102+0.014|0.16|-0.69 |0.650
Follic. [27.8£7.9 ]0.099+£0.006(0.133+0.012|0.115+0.016|0.32|-0.71 [0.677
3 Luteal {13.2£5.5 |0.034£0.004|0.062+0.008(0.238+0.007|0.13|-0.15 |0.961
4 Luteal |{19.8£7.8 |0.112£0.010|0.11740.007{0.483+£0.036|2.17|-0.30 |0.908
Follic. {25.3£7.0 |0.104£0.005|0.15940.014|0.256+0.016|0.58|-0.55 |0.663
5 Luteal |27.3£7.6 |0.092£0.007|0.2464+0.020{0.167+£0.056|0.36|-0.64 |0.729
6 Follic. {26.1£12.1 |0.194+£0.009|0.167+0.016|0.431+0.072|0.18|-0.23 [0.919
7 Follic. {34.9£11.2 |0.124+£0.008|0.21740.006|0.28740.025|0.34|-0.27 [0.920

A representative volunteer example illustrates the mechanism and robust-
ness in-depth (Fig. 3). Supplementary video shows the dynamic MRI acquisition
with the reconstructed uterus signal. The uterus beamformer exhibits strong
responses to uterus clusters and deep suppression to bladder clusters, while the
bladder beamformer shows the converse pattern. Figure 3 III reports mean cross-
organ nulls of approximately —155.5 dB for uterus—bladder and —158.7 dB for
bladder—uterus, reflecting stringent mathematical enforcement of the prescribed
spatial constraints. The practically relevant cross-organ attenuation is captured
by the null gain (0.10-0.48, Table 1), which reflects anatomy-dependent sup-
pression of the undesired organ’s contribution. Window-wise constraint residu-
als remain stable, with median pass residuals in the order of 107'2 and modest
null residuals (Fig. 3 IV), confirming appropriate enforcement of pass and null
constraints over time. Leakage diagnostics show a median |a| = 0.324, a me-
dian Ar = —0.709 (de-correlation after subtraction), and a bladder energy ratio
~ 0.68, indicating leakage subtraction improving the bladder estimate while
preserving organ-specific content. This aligns with the broader cohort behavior:
anatomical compactness supports stable pass-direction performance, organ-level
separability is primarily subject-specific, and leakage correction provides clean
bladder estimates even under cross-organ contamination.

4 Discussion

A new approach to disentangle uterus and bladder contributions in paired EHG-
MRI recordings with LCMV beamforming has been demonstrated. Despite wide
variation in uterus—bladder separation angles, null suppression did not depend on
macroscopic orientation. Instead, uterine cluster compactness strongly tracked
pass-gain stability, compact clusters yielded near-constant pass responses—while
dispersed clusters showed higher temporal variability— identifying subject-specific
compactness as the dominant driver of pass-direction robustness. A scalar leak-
age subtraction further improved bladder isolation without destabilizing the
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Fig. 3. Subject-level analysis. (I) Cluster labels for uterus (UT0-2) and bladder
(BL0O-2). (IT) Steering-magnitude heatmaps across 8 electrodes with distinct profiles.
(III) Beamformer response per cluster: targets near 0 dB, cross-organ clusters strongly
suppressed. (IV) Constraint satisfaction: pass residuals near zero; max null residual
tracks the largest remaining cross-organ response. (V) Low window-wise leakage and
reduced correlation after subtraction indicates cross-organ contamination removal.

beamformer; all sessions had Ar negative and bladder energy ratios < 1, and
larger || occurred only with less-compact clusters, consistent with greater resid-
ual cross-organ coupling. These findings have practical implications for EHG
system design. First, they suggest prioritizing electrode configurations and steer-
ing dictionaries that increase uterine cluster compactness—e.g., by individualiz-
ing sensor placement. Second, they support combining complementary explicit
cross-organ nulls with dedicated leakage subtraction. Finally, the demonstrated
performance with 8 channels indicates that constrained beamforming is feasible
even when the number of sensors M is far lower than the number of candi-
date directions G, provided anatomical priors and multi-cluster formulations
are used. Regarding computational cost, manual MRI segmentation requires ap-
proximately 3 hours per subject; once the anatomical model is available how-
ever, the automated pipeline completes in under 1min on a standard laptop.
Current limitations include the modest cohort size composed of healthy partic-
ipants and the opportunistic data acquisition with respect to menstrual-phase.
The reported metrics—pass/null gains, Ar , and energy ratios—quantify inter-
nal engineering consistency rather than independent physiological evidence of
organ-level separation; larger prospective datasets and validation against inde-
pendent references such as urodynamics or the concurrent EPI dynamic MRI
are needed. Future work should also assess compactness via biomechanically
informed surface metrics, evaluate adaptive electrode layouts, and investigate
stability in pregnancy and pelvic floor disorders. Together, these results indicate
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that anatomy-guided multicluster LCMV beamforming—augmented with leak-
age subtraction—provides a robust, subject-aware pathway for separating uterus
and bladder activity in low-channel EHG.

5 Conclusion

We presented an anatomy-guided multicluster LCMV beamforming framework
that disentangles uterus and bladder activity in paired EHG-MRI data. While
uterus—bladder separation angles varied, null suppression did not depend on
macroscopic orientation. Instead, uterine cluster compactness strongly predicted
pass-direction stability, and a scalar leakage subtraction further improved blad-
der isolation without destabilizing the beamformer. These findings inform sen-
sor placement and constraint design, showing feasibility with 8 channels when
anatomical priors are used.
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