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Supplementary note 1: Optical Setup for Label-Free Imaging and Holographic Stimulation 16 

The complete optical setup is visualized schematically in supplementary figure S1a. The 17 

stimulation path is highlighted in yellow, while the imaging path is visualized in red. To realize 18 

holographic stimulation of the f-Chrimson1 modified human cardiomyocytes, a fiber-coupled 19 

(Thorlabs P5-405BPM-FC-2; Thorlabs PAF2A-18A) laser (MPB Communications 2RU-VFL-20 

Series, λ=589 nm; 200 mW) is used. The collimated beam is expanded by the lenses L1 (Thorlabs 21 

AC254-030-A) and L2 (Thorlabs AC508-150-A) to illuminate a fast binary ferroelectric SLM 22 

(Forth Dimension Displays QXGA-3DM M175). The half wave plate λ/2 (Thorlabs WPH10M-23 

588) is used to ensure the SLM is illuminated in its preferred polarization angle. Pinhole PH1 24 

(Thorlabs VRC4CPT) acts as spatial frequency filter located in the Fourier plane between lenses 25 

L1 and L2. The SLM displays binary phase only Fourier computer-generated holograms (CGHs), 26 

generated as described in the Methods section of this paper. The holograms’ first diffraction order 27 

is selected as the stimulation source of the sample using a rectangular aperture A (homebuilt, 0-28 

3 cm × 0-4 cm). The binary SLM allows polarization shifts of approx. 60°. The linear polarizer LP 29 

(Thorlabs LPVISE200-A) is used to project the polarization of the light coming from the SLM 30 

onto its polarization axes, yielding a binary 180° phase modulation. The lens L3 (Thorlabs 31 

ACT508-250-A) performs the transformation of the holograms from the Fourier domain. The 32 

resulting stimulation pattern is magnified and projected onto the sample S by the lenses L4 (lens 33 

combination of Thorlabs AC508-080-A and Thorlabs LC1611-A) and L5 (Thorlabs AC508-150-34 

A). To acquire widefield images of the cardiomyocytes, a 660 nm LED (Thorlabs M660L4) 35 

together with lens L6 (Thorlabs AC254-030-A) is integrated into the setup. The beam is aligned 36 

with the stimulation beam on the optical axis by a dichroitic mirror DM (Thorlabs DMSP605R). 37 

To realize the tracking of contraction wavefronts label-free, a 660 nm laser source (Quantum 38 

MPC6000 IGNIS 660) is coupled into a fiber (Thorlabs S1FCA, Thorlabs FT030-Y), whose output 39 

is obliquely mounted above the sample (see Fig. S1b). In front of the fiber output a diffusor D 40 

(Thorlabs DG10-600) is mounted to realize homogenous illumination of the sample in the FOV. 41 

The oblique laser illumination results in speckle patterns, changing with the contractions of the 42 

sample. These speckle patterns are projected onto the camera C (IDS uEye UI-3040SE-M-GL) by 43 

the lenses L7 (Thorlabs AC508-150-A) and L8 (Thorlabs AC508-075-A). The pinhole PH2 44 

(Thorlabs ID25) allows for spatial filtering in the Fourier plane. To stop stimulation light from 45 

reaching the camera, a laser line filter LF (2x Thorlabs NF594-23) is mounted in front of the 46 



4 

camera. All mirrors are Thorlabs PF10-03-F01 or Thorlabs PF20-03-F01. The PC used for 47 

executing closed loop control and data analysis uses an Intel Core i5-9500 CPU at 3.00 GHz as 48 

well as 16 GB of RAM at 2667 MHz. 49 

 50 

Supplementary Figure S1 Setup and exemplary images for data acquisition and conduction of experiment. 51 

(a) Schematic of the complete setup. The schematic was created using assets from the Optical Components 52 

Pack v1 by Ryo Mizuta Graphics. (b) Representative image of the samples in the incubator during an 53 



5 

experiment. (c) Widefield image of LED-illuminated cardiomyocyte monolayer. (d) Speckle pattern resulting 54 

from oblique laser illumination at the same center wavelength. (e) desired stimulation pattern, the angled black 55 

bar denotes the illuminated area. (f)  Computer-generated binary phase hologram to create the pattern shown 56 

in (d). All insets magnified from the small framed areas. Scale bars: 2 mm. 57 

 58 

 The all-optical tracking of contraction wavefronts relies on contraction-induced local 59 

changes of the intensity of speckles created by 660 nm laser light passing the investigated cell 60 

networks, an approach similar to temporal difference speckle methods2. As shown in 61 

supplementary figure S1c, widefield illumination with 660 nm provides little contrast for 62 

contractions, especially for increasing FOVs, since intensity changes get mapped to ever less 63 

pixels. Supplementary figure S1d shows an example of the speckle contrast achieved with our 64 

setup for the same location on the same sample as in supplementary figure S1c, resulting in better 65 

dynamic range of intensity changes on the camera. Experiment-specific stimulation patterns are 66 

generated as images denoting the desired locations for stimulation marked in black as in 67 

supplementary figure S1e. For the calculation of the wavefront-shaping holograms, these images 68 

are converted to complex matrices by adding a random phase to each pixel. Then, images are 69 

transformed according to Eq. 3, taking into account the physical properties of our setup, and then 70 

Fourier-transformed and binarized. This process results in a computer-generated hologram as in 71 

panel f in supplementary figure S1, where the inset shows a magnified portion of the hologram. 72 

Scale bars for all marked images represent a distance of 2 mm. 73 

  74 
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Supplementary note 2: Characterization of Optical Stimulation Efficiency 75 

We first characterized the stimulation efficiency of cardiomyocytes by exposing a round culture 76 

patch of 𝐴stim = 0.56 mm2 for 𝑡stim = 100 ms to increasing levels of intensity 𝐼stim from 0 to 77 

5 mW/mm2, measured at the sample plane, which resulted in guaranteed contractions starting from 78 

3.75 mW/mm2. Similarly, we tested the dependency of the contraction on the duration of the 79 

stimulus 𝑡stim by exposing 0.56 mm2 culture patches to increasing durations of 3.75 mW/mm2 80 

light stimuli ranging from 10 ms to 200 ms, resulting in guaranteed contractions starting from 81 

150 ms. Both experiments can be summarized using the radiant exposure 𝐻stim =82 

𝐼stim ∙ 𝑡stim 𝐴stim⁄  required to elicit contractions, as can be seen in supplementary figure S2a. Both 83 

data agree well with an inverse exponential fit, suggesting that in the investigated regime the 84 

energy supplied to the cells is the crucial parameter. According to the fit, a 95 % probability to 85 

stimulate contraction can be achieved by illuminating cell cultures with a radiant exposure of 86 

approx. 380 µJ/mm2. 87 

Further, we determined rheobase and chronaxie of our cell cultures3,4. Rheobase is defined as the 88 

“minimal [impulse strength] of infinite duration leading to excitation”. Chronaxie is the excitation 89 

pulse duration resulting in an excitation for a pulse strength of twice the rheobase (both from 90 

Ref. 3). We determined these parameters by increasing the stimulation intensity for each 91 

stimulation time (stimulation frequency fstim = 1 Hz) until we elicited a response in N=6 samples. 92 

Here, an illumination area of 3.14 mm2 was used. The results of these experiments can be seen in 93 

supplementary figure S2b as mean ± standard deviation indicated in blue. The minimum and 94 

maximum stimulation intensity for each stimulation time is indicated by the gray-shaded area. 95 

Fitting a Weiss-Lapicque-curve 𝐼stim = 𝐼rheo(1 + 𝜏/𝑡stim)  to the data3,4, we can extract the 96 

rheobase 𝐼rheo = 54.5 µW/mm2 and chronaxie 𝜏 = 123.3 ms. 97 
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 98 

Supplementary Figure S2 Characterization of contraction response as a function of optical stimulation 99 

strength. (a) Probability of eliciting cell contraction as a function of radiant exposure used for stimulation, 100 

summarizing two independent experiments altering the stimulation power and duration, respectively, for a 101 

constant size of the illuminated area of 0.56 mm2. Dots show constant power data with the time being varied; 102 

crosses show constant time data with power being varied. Red line shows an inverse exponential fit to which 103 

all data agree well (mean squared error MSE = 2.5 ∙ 10−3). (b) Stimulation intensity 𝐼stim over stimulation time 104 

𝑡stim for the determination of rheobase 𝐼rheo  and chronaxie 𝜏 of Chrimson-expressing human cardiomyocyte 105 

monolayers. Blue dots and error bars indicate mean and standard deviation measured over N=6 samples. 106 

Minimum and maximum stimulation intensities required for each stimulation time are indicated by gray 107 

shading. Orange curve represents the fit of the Weiss-Lapicque-curve 𝐼stim = 𝐼rheo(1 + 𝜏/𝑡stim). All 108 

experiments were conducted using an illumination area of 3.14 mm2. 109 

 110 

 We further investigated the effect of varying stimulation frequencies on the ability to elicit 111 

cell contractions sequences (see supplementary figure S3). Here, stimulation frequencies 𝑓stim 112 

were selected as multiples of the spontaneously occurring contraction frequency 𝑓nat of the 113 

respective cell culture. Across N=141 experiments, we observed spontaneous contraction 114 

frequencies ranging from 0.16 Hz to 2 Hz with a median of 0.85 Hz. Supplementary figure 3 shows 115 

the elicited contraction frequency 𝑓con over the stimulation frequency, both normalized to the 116 

spontaneous frequency. All cultures following the linear function 𝑓con 𝑓nat⁄ = 𝑎 ∙ 𝑓stim 𝑓nat⁄ + 𝑏 117 

with 𝑎 = 1 and 𝑏 = 0 show a 1:1 coupling of reaction to stimulation, whereas data on the function 118 

with 𝑎 = 0 and 𝑏 = 1 do not react to stimulation at all. As can be seen, stimulation below the 119 

spontaneously occurring contraction frequency is largely ineffective. However, for very low 120 
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spontaneous frequencies, some cultures react to every second (𝑎 = 1 2⁄ ) or third (𝑎 = 1 3⁄ ) 121 

stimulus, see supplementary figure S3a. 122 

 123 

Supplementary Figure S3 Characterization of contraction response as a function of stimulation frequency. 124 

(a) Observed contraction frequency 𝑓con over stimulation frequency 𝑓stim, both normalized to the 125 

spontaneously occurring contraction frequency 𝑓nat. Color codes the stimulation frequency in Hz. 126 

(b) Magnified section of (a), visualized by the black box in (a). Several separate regimes can be observed, 127 

divided into four regimes following linear functions 𝑓con 𝑓nat⁄ = 𝑎 ∙ 𝑓stim 𝑓nat⁄ + 𝑏: Cultures following every 128 

stimulation (𝑎 = 1; 𝑏 = 0), every second (𝑎 = 1 2⁄ ; 𝑏 = 0) or every third (𝑎 = 1 3⁄ ; 𝑏 = 0) stimulus and 129 

cultures not following stimulations at all (𝑎 = 0; 𝑏 = 1). For all experiments an 𝐻stim = 195 μJ mm2⁄  was 130 

used. Note that this low radiant exposure level may be the explanation why not all datapoints lay on the straight 131 

lines with positive slopes for 𝑓stim 𝑓nat⁄ > 1. 132 

 133 

 Chrimson and its variants have, to the day of the writing of this manuscript, a more 134 

widespread application as a tool for the manipulation of neural populations with a recent increase 135 

in use in cardiology, in some instances combined with other tools for simultaneous stimulation and 136 

inhibition1,5-12. Stimulus response observation methods vary between direct observation of action 137 

potentials1,6,9,10 and indirect macroscopic responses like muscle contractions7,8, which, in addition 138 

to the varying Chrimson variants with different kinetics, complicates a direct comparison with the 139 

results of this study. Compared to directly stimulated neurons (0.75 µJ/mm2 to 100 µJ/mm2), 140 

f-Chrimson-activated cardiomyocytes in our study require higher energies to elicit 1:1 pacing. In 141 

comparison to indirectly activated muscle tissue, our samples required either comparable radiant 142 

exposure, around 300 µJ/mm2 (Ref. 8), or less, as values up to 500 mJ/mm2 have been reported for 143 

indirect activation7. Studies also investigating the direct optical stimulation of f-Chrimson found 144 

much lower requirements with 0.1 µJ/mm2 using atrial-engineered human myocardium11. Other 145 

studies using the opsin Channelrhodopsin-2 (ChR2) found that stimulating larger areas of samples 146 
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results in comparably lower required stimulation intensities13, a fact which is reflected by our 147 

results shown in supplementary figure S2. This suggests that in future experiments, larger areas 148 

could be illuminated to lower response thresholds, if necessary, i.e. to limit possible effects of 149 

phototoxicity. Regarding the chronaxie of our monolayers, the values we find are approximately 150 

two to three times as high as reported for Chrimson as expressed in the construct BiPoles in human 151 

cardiomyocyte monolayers14. Compared to Ref. 11, the rheobase value we find is half as high 152 

(54 µW/mm2 vs. 118 µW/mm2) at much higher chronaxie (123 ms vs. 5 ms), which is likely due 153 

to differences in the number of stimulated cells15. 154 

 Since our setup for the optical detection of contraction waves uses 660 nm light, there is an 155 

overlap with the action spectrum of Chrimson at roughly 20 % of the maximum (extrapolated from 156 

Ref. 1 and Ref. 9) which might lead to subthreshold excitation of our samples. As a consequence, 157 

stimulation thresholds reported here might be too low and refractory periods of the cells are 158 

possibly higher than without illumination16, possibly leading to lower achievable maximum 159 

stimulation frequencies. 160 

 161 

 162 

  163 
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Supplementary note 3: Monitoring of the Contraction Activity and Beating Frequency 164 

Measurement 165 

The contraction activity of the cell cultures was measured by extracting a one-dimensional time 166 

signal from videos of contraction-induced temporal speckle fluctuations. The procedure is 167 

summarized in supplementary algorithm A1. It relies on evaluating the difference between each 168 

video frame 𝐹 and a slowly varying background 𝐵, which is computed as the temporal mean within 169 

a window of size (2 ∙ 𝐿BG + 1) to account for general intensity changes. We set 2 ∙ 𝐿BG + 1 =170 

101, corresponding to 1683 ms in our configuration. The absolute difference to the background 171 

𝐴𝐷 is summed up over all pixels to obtain values of the time trace 𝐼raw. A Tukey apodization 172 

window 𝑇𝑊 (75 % taper width) is applied to 𝐼raw, yielding the windowed signal 𝐼win. The signal 173 

is then transformed into the frequency domain, denoted by a hat (𝐼win), where a second-order 174 

Butterworth bandpass filter 𝐵𝑃 is applied to remove low- and high- frequency artefacts unrelated 175 

to cardiomyocyte contractions. The filter was parametrized with a lower cutoff frequency of 0.2 176 

Hz and an upper cutoff frequency of 3 Hz. 177 

Supplementary algorithm A1: Contraction activity extraction from speckle patterns 

Input: video recording of speckle pattern 𝐹 

Output: normalized time signal 𝐼 corresponding to the contraction activity of the monolayers 

1 FOR each video frame 𝐹(𝑚, 𝑛, 𝑖)  

2      update background:   𝐵(𝑛𝑥 , 𝑛𝑦, 𝑖) =
1

2∙𝐿BG+1
∑ 𝐹(𝑛𝑥, 𝑛𝑦, 𝑖)

𝑖+𝐿BG
𝑖−𝐿BG

 

3      calculate absolute difference:   𝐴𝐷(𝑛𝑥 , 𝑛𝑦, 𝑖) = |𝐹(𝑛𝑥, 𝑛𝑦, 𝑖) − 𝐵(𝑛𝑥, 𝑛𝑦, 𝑖)| 

4      sum up all pixels:   𝐼raw(𝑖) = ∑ 𝐴𝐷(𝑛𝑥, 𝑛𝑦 , 𝑖)∀(𝑛𝑥,𝑛𝑦)  

5 ENDFOR  

6 apply Tukey window:   𝐼win(𝑖) = 𝐼raw(𝑖) ∙ 𝑇𝑊(𝑖) 

7 transform into frequency domain:   𝐼win(𝑓) = ℱ{𝐼win(𝑖)} 

8 apply bandpass filter:   𝐼filtered(𝑓) = 𝐼win(𝑓) ∙ 𝐵𝑃(𝑓) 
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9 inverse transformation into time domain:   𝐼filtered(𝑖) = ℱ−1{𝐼filtered(𝑓)} 

10 normalize signal:   𝐼(𝑖) = norm
∀𝑖

[𝐼filtered(𝑖)] 

Algorithm 1: Contraction activity extraction from speckle patterns. 𝑖 denotes a discrete time 

stamp, 𝑓 a frequency component, and 𝑛𝑥 and 𝑛𝑦 denote the horizontal and vertical pixel indices 

within a frame. 

 178 

This procedure enables the extraction of the contraction activity as can be seen exemplarily in Fig. 179 

1d. Since the shape of the contraction peaks may vary, we calculated the beating frequency not 180 

from the maxima but based on the temporal distance between the maxima of the temporal 181 

derivative of the time signal 𝐼, which is plotted in Fig. 1e. 182 

  183 
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Supplementary note 4: Contraction Wavefront Visualization and Activity Map Generation 184 

The image processing procedure for visualizing contraction wavefronts using our label-free 185 

imaging approach is summarized in supplementary algorithm A2. The goal is to derive a map of 186 

isochrones showing the progress of a contraction wave in the FOV during each contraction-187 

relaxation-cycle. Each pixel of the map represents the time of the first passing of the wavefront at 188 

this location. To generate these maps, first, video frames 𝐹 are divided into square boxes of 189 

20 pixel in width. From each box, a time signal 𝐼box is extracted following supplementary 190 

algorithm A1. Aggregating pixels into larger boxes increases the likelihood of capturing 191 

representative local intensity changes while reducing the influence of unresponsive or noisy pixels. 192 

The temporal derivative of each box’s time signal, denoted 𝐷box, is approximated using a fourth-193 

order central finite difference scheme. Negative values are suppressed through thresholding to 194 

isolate contraction events (𝐷box > 0), yielding 𝐷box
+ . The result is a set of frames of derivatives 195 

𝐹der of local intensity changes. Next, the frames are smoothed in the spatial domain using a 196 

Gaussian kernel 𝐺 with a full width at half maximum (FWHM) of 35 pixels. Finally, the smoothed 197 

frames 𝐹smo are normalized to the range [0 , 1] over the last 𝐿norm = 140 values, resulting in 𝐹res, 198 

which visualizes the cardiac contraction wavefronts. 199 

Supplementary algorithm A2: Contraction wavefront visualization based on contraction 

induced intensity changes 

Input: video recording of speckle pattern 𝐹 

Output: video with visible contraction wavefronts 𝐹res 

1 subdivide video frames 𝐹(𝑛𝑥, 𝑛𝑦 , 𝑖) into 

boxes 

 

2 FOR each box  

3      apply algorithm 1  𝐼box(𝑖) 

4      approximate temporal derivative:  𝐷box(𝑖) ~ 𝐼box(𝑖 − 2) − 8 ∙ 𝐼box(𝑖 − 1) 

                 +8 ∙ 𝐼box(𝑖 + 1) − 𝐼box(𝑖 + 2) 
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5      eliminate negative values:  𝐷box
+ (𝑖) = max

∀𝑖
[𝐷box(𝑖) , 0] 

6      assign to spatial position  𝐹der(𝑛𝑥, 𝑛𝑦, 𝑖) 

7 ENDFOR  

8 FOR each derivative frame 𝐹der(𝑚, 𝑛, 𝑖)  

9      spatial smoothing:  𝐹smo(𝑛𝑥, 𝑛𝑦, 𝑖) = 𝐺(𝑛𝑥 , 𝑛𝑦) ∗ 𝐹der(𝑛𝑥, 𝑛𝑦, 𝑖) 

10 ENDFOR  

11 normalization:  𝐹res(𝑛𝑥, 𝑛𝑦, 𝑖) = norm
𝑖−𝐿norm≤𝑖′≤𝑖

[𝐹smo(𝑛𝑥, 𝑛𝑦, 𝑖′)] 

Supplementary algorithm A2: Contraction wavefront visualization based on contraction 

induced intensity changes. 𝑖 denotes a discrete time stamp, and 𝑛𝑥 and 𝑛𝑦 denote the horizontal 

and vertical pixel indices within a frame. 

 200 

To reduce the computational effort of the following steps, only frame stacks from the processed 201 

video 𝐹res containing contraction events were analyzed. The mechanical activity was determined 202 

using supplementary algorithm A1, and the start and end points of each contraction were identified 203 

from the extrema of its temporal derivatives. For each contraction stack, an activity map was 204 

generated as outlined in supplementary algorithm A4. First, the frames were binarized 205 

(supplementary figure S4a). If the total excited area in one frame did not exceed a predefined 206 

threshold (described below), the content of this frame was merged with the next one. Connected 207 

pixel regions (“objects”) were then identified, their areas calculated, and sorted in descending order 208 

(supplementary figure S4b). To limit computation, only the 20 largest objects were retained. From 209 

these, only upper outliers exceeding a minimum area threshold defined as 𝐴obj ≥ 𝐴mean +210 

1

3
[𝐴max − 𝐴mean] were considered as part of the wavefront, where 𝐴mean is the mean area and 211 

𝐴max the maximum area within this subset (supplementary figure S4c,d). When the total excited 212 

area exceeded a threshold, morphological dilation (disk-shaped structuring element, radius = 4 px) 213 

was applied to connect wavefront segments (supplementary figure S4e). Holes within the 214 

wavefront were filled (supplementary figure S4f), and the inverse image was also filled to remove 215 
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residual artefacts not connected to the wavefront (supplementary figure S4g). The result was 216 

smoothed using a Gaussian kernel (FWHM = 40 px). If regions of the FOV had not previously 217 

 218 

Supplementary Figure S4 Image processing steps for wavefront shape extraction. (a) Processed frame 𝐹res 219 

after binarization. (b) Identified objects in the binarized frame labeled in different colors. (c) Distribution of 220 

the areas of the objects from (b); retained large-area objects are highlighted in green; for demonstration 221 

purposes, additional retained objects are highlighted in yellow; discarded objects are highlighted in red. (d) 222 

Remaining objects in frame after area-thresholding. (e) Frame after dilation. (f) Frame after filling operation. 223 

(g) Frame after removal of the filled inverse. (h) Smoothed wavefront shape. 224 

 225 

been active, the corresponding time stamp was written to the respective location in the isochrone 226 

map (supplementary figure S4h). This process was repeated for each frame in the contraction stack, 227 

yielding a temporary map (supplementary figure S5a). 228 

 229 

Supplementary Figure S5 Image processing steps for isochrone map generation. (a) Superposed isochrone 230 

map extracted from a frame stack corresponding to a single contraction peak. (b) Regions with high local 231 

standard deviation are marked in white. (c) Isochrone map after removal of the regions identified in (b). (d) 232 

Final isochrone map. 233 

 234 

 In this map, pixels with a local standard deviation greater than 5 ⁄ 𝑓cam were removed, where 235 

𝑓cam denotes the camera frame rate (supplementary figure S5b,c). The local standard deviation 236 

was calculated within an 11 × 11 px window. This threshold reflects the assumption that 237 

wavefronts propagate continuously, with each sampling step (1 ⁄ 𝑓cam) yielding a follow-up image 238 
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of the wavefront located alongside the previous one. Remaining artefacts smaller than a minimum 239 

area threshold were removed. Pixels with missing values were finally filled by extending the 240 

borders of neighboring wavefronts into the corresponding regions (supplementary figure S5d), 241 

yielding the final activity map of the contraction event. 242 

Supplementary algorithm A3: Creation of activity maps 

Input: videos with visualized wavefronts 𝐹res and time signal with mechanical activity signal 𝐼 

Output: activity maps depicting contraction timing within the FOV for each contraction 

1 calculate temporal derivatives of 𝐼  

2 find extrema in derivatives  

3 derive frame stacks within a contraction event 

4 FOR each frame stack  

5      FOR each frame within stack  

6           binarize video frames 𝐹res  

7           (optional: cumulate with last frame)  

8           identify connected pixels (objects)  

9           FOR each object  

10                calculate area  

11           ENDFOR  

12           sort objects by area  

13           consider 20 largest objects  

14           search for upper outliers and remove other objects  

15           IF total excited area < minimal excited area  

16                cumulate with next frame  

17           ELSE  
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18                dilate objects  

19                filling operation  

20                remove artefacts, not connected to the wavefront  

21                spatial smoothing  

22                insert wavefront in temporary map with corresponding time stamp 

23           ENDIF  

24      ENDFOR  

25      localize pixels with high local standard deviation in temporary map and replace 

     them with NaNs 

 

26      FOR each wavefront in temporary map  

27           calculate area of the wavefront  

28           IF area < minimal structure size  

29                remove wavefront and replace with NaNs  

30           ENDIF  

31      ENDFOR  

32      interpolate areas of NaNs  

33      save final map of contraction activity  

34 ENDFOR  

Supplementary algorithm A3: Creation of activity maps. Note that in case of a rotating 

contraction frame stacks are derived from a local mechanical activity. 

 243 

  244 
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Supplementary note 5: Real-Time Contraction Rhythm Extraction from Sparsely Sampled 245 

Mechanical Activity 246 

To reduce computation time and enable real-time operation, time signals are extracted only from 247 

a limited set of predefined regions of interest (ROIs) within the field of view. Recorded videos are 248 

hardware-binned by a factor of two to further decrease processing load. The general principle of 249 

signal extraction follows the fundamental procedure described in Algorithm 1 and is summarized 250 

here in supplementary algorithm A4. For each ROI 𝑝 of the currently recorded camera frame (𝑖), 251 

the corresponding image segment  𝐹𝑝 is extracted from the speckle pattern. This segment is then 252 

used to update the background estimate 𝐵𝑝 for every ROI. Unlike in the offline approach, only 253 

preceding frames are available in the real-time setting. Therefore, a cumulative mean is employed 254 

for background estimation. Once 𝐵𝑝 is estimated, the current value of the time signal 𝐼𝑝,raw is 255 

computed as the pixelwise sum of absolute differences with respect to the background. Due to the 256 

sensitivity of the laser-speckle-based label-free imaging approach to externally induced motion—257 

particularly external vibrations—the extracted signals are smoothed, yielding 𝐼𝑝,smo. This is 258 

achieved through an online convolution using a boxcar kernel 𝐵𝐶 of length 𝐿conv, which 259 

introduces a temporal delay between contraction activity and its detection of (𝐿conv − 1) 2⁄  frames 260 

(assuming 𝐿conv is odd). A kernel length of 19 frames was selected, resulting in a delay of 150 ms. 261 

Following smoothing, the resulting signal 𝐼𝑝 is obtained by normalizing 𝐼𝑝,smo to the range [0 , 1] 262 

relative to the preceding 𝐿norm = 180 frames. The binary activity state of each ROI is then 263 

determined by thresholding the normalized signal at 𝐼th = 1 2⁄ . The timestamps of positive 264 

threshold crossings 𝑡𝑝 are extracted and further used to analyze the propagation of the contraction 265 

wavefront. 266 

Supplementary algorithm A4: Real-time capable signal extraction from ROIs 

Input: current frame 𝐹, captured by the camera, activity threshold 𝐼th 

Output: time signals 𝐼𝑝 corresponding to the mechanical activity and contraction times 𝑡𝑝 for 

each ROI 

1 FOR each ROI 𝑝   
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2      extract ROI image segment from 𝐹  𝐹𝑝(𝑛𝑥, 𝑛𝑦, 𝑖) 

3      update background: 
 𝐵𝑝(𝑛𝑥, 𝑛𝑦, 𝑖) =

1

𝑖
[

𝐵𝑝(𝑛𝑥,𝑛𝑦,𝑖−1)

𝑖−1
+ 𝐹𝑝(𝑛𝑥, 𝑛𝑦, 𝑖)] 

4      extract time signal:  𝐼𝑝,raw(𝑖) = ∑ |𝐹𝑝(𝑛𝑥, 𝑛𝑦, 𝑖) −∀(𝑛𝑥,𝑛𝑦)

𝐵𝑝(𝑛𝑥, 𝑛𝑦, 𝑖)| 

5      smooth signal:  𝐼𝑝,smo(𝑖) = 𝐼𝑝,raw(𝑖) ∗ 𝐵𝐶(𝐿conv) 

6      normalize signal:  𝐼𝑝(𝑖) = norm
𝑖−𝐿norm≤𝑖′≤𝑖

[𝐼𝑝,smo(𝑖′)] 

7 ENDFOR  

8 threshold signals with 𝐼th  𝑡𝑝 

Supplementary algorithm A4: Real-time capable signal extraction from ROIs. 𝑖 denotes a 

discrete time stamp, and 𝑛𝑥 and 𝑛𝑦 denote the horizontal and vertical pixel indices within a 

frame. 

 267 

  268 
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Supplementary note 6: Quantitative Real-Time Analysis of Planar Wavefronts Based on 269 

Sparsely Sampled Mechanical Activity 270 

Supplementary algorithm 4 enables the acquisition of time stamps of contraction at distinct spatial 271 

locations. By modeling the contraction propagation as a plane wave, this enables the determination 272 

of characteristics, like propagation angle and wavefront velocity. If the wavefront passes through 273 

two ROIs 𝑝 and 𝑞, located at 𝑟𝑝 and 𝑟𝑞, at times 𝑡𝑝 and 𝑡𝑞 with the velocity 𝑣𝑐 the temporal lag 274 

∆𝑡𝑝,𝑞 = [𝑡𝑝 − 𝑡𝑞] fulfills: 275 

𝑘⃗⃗ ∙ [𝑟𝑝 − 𝑟𝑞] = 𝑣𝑐 ∙ |𝑘⃗⃗| ∙ ∆𝑡𝑝,𝑞 , (S1) 

where 𝑘⃗⃗ denotes the wave vector. Using multiple ROIs, a linear system of equations,  276 

𝐴 ∙ 𝑏⃗⃗ = 𝑐   ,   with: (S2a) 

𝐴 = [

𝑟1 − 𝑟2

⋮
𝑟𝑝 − 𝑟𝑞

⋮

] , 𝑏⃗⃗ =
𝑘⃗⃗

|𝑘⃗⃗|
∙

1

𝑣𝑐
  and  𝑐 = [

∆𝑡1,2

⋮
∆𝑡𝑝,𝑞

⋮

] , (S2b) 

is created, where 𝑏⃗⃗ is estimated by a minimum-norm least squares solution, yielding the 277 

propagation direction tan(𝜗) = 𝑏𝑦 𝑏𝑥⁄ . The velocity of the wavefront 𝑣𝑐 is then obtained from: 278 

𝑣𝑐 =
𝑠𝑝,𝑞

∆𝑡𝑝,𝑞
   ,   with:   𝑠𝑝,𝑞 = (𝑟𝑝 − 𝑟𝑞) ∙ (

cos(𝜗)

sin(𝜗)
) , (S3) 

where 𝑠𝑝,𝑞 is the projection of the inter-ROI distance onto the propagation direction. 279 

  280 
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Supplementary note 7: Simulation of the Optical Setup for Label-Free Imaging 281 

To systematically validate and assess limitations of the ROI-based sparse sensing 282 

approach (described in detail in section ”Wavefront Characteristics from Sparsely Sampled 283 

Mechanical Activity”, supplementary note 5 and 6), we simulated the optical setup described in 284 

supplementary note 1. The general idea is to simulate motion-induced intensity changes in the 285 

recorded speckle patterns based on predefined regions representing areas of cellular contraction. 286 

Subsequently, time traces—forming the basis of the ROI-based measurement approach—will be 287 

extracted, and the measured parameters will be compared with the simulation input. The simulation 288 

environment for motion-induced changes in speckle patterns is illustrated schematically in Fig. S6. 289 

 290 

Supplementary Figure S6 Random phase values, 𝜑rand, are assigned within a circular region of diameter 𝐷. A 291 

Fourier transform is then used to generate a static speckle pattern in the sample plane, described by the input 292 

amplitude 𝐴in and phase 𝜑in. To simulate motion, the phase 𝜑in is locally modulated within a defined modulation 293 

area 𝐴m, with a maximum motion-induced phase change of 𝜑̂sig. Noise is introduced by adding random phase 294 

variations across the full field, with a maximum noise-induced phase change of 𝜑̂n. The resulting complex field in 295 

the sample plane, 𝐴s ∙ exp(j ∙ 𝜑s), including both motion-induced and noise-related phase variations, is propagated 296 

to the Fourier plane. In the Fourier plane, a circular pupil function 𝑃 is applied, yielding the complex field 𝐴fp ∙297 

exp(j ∙ 𝜑fp). This field is subsequently propagated to the camera plane, where the simulated camera intensity 298 

distribution 𝐼c is obtained. 299 

First, a static speckle pattern is created with the approach described in Ref. 17: A circle with a 300 

diameter 𝐷 = 500 px is filled with uniformly distributed random phase values 𝜑rand. The speckle 301 

pattern, corresponding to the intensity in the sample plane 𝐼in is then calculated as: 302 

𝐼in = 𝐸in ∙ 𝐸in
∗    with:   𝐸in = ℱ{𝑒j∙𝜑rand} . (S4) 

Here, 𝐸in = 𝐴in ∙ 𝑒j∙𝜑in denotes the initial simulated complex electrical field in the sample plane.  303 

The whole simulated plane has the dimensions (759 px) × (1012 px), where the FOV covers 304 

(543 px) × (724 px). To simulate motion within a defined area, a mask 𝐴m defining the area of 305 
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sample motion is used. The binary mask is smoothed using a gaussian kernel. The phase values of 306 

𝜑in where the smoothed mask has values greater than zero are varied and the difference to the 307 

initial phase value is scaled with the respective value of the smoothed mask. Further, all values of 308 

𝜑in are additionally varied to model different noise levels (see Eq. S6). The electrical field in the 309 

sample plane 𝐸s = 𝐴s ∙ 𝑒j∙𝜑s consists of: 310 

𝐴s = 𝐴in  , (S5) 

𝜑s = 𝜑in + [𝜑̂sig ∙ 2𝜋 ∙ 𝑈(0,1)]
|motion

+ 𝜑̂n ∙ 2𝜋 ∙ 𝑈(0,1) . (S6) 

The symbol 𝑈(0,1) denotes uniformly distributed random values between 0 and 1, and 𝜑̂sig and 311 

𝜑̂n indicate the maximum phase changes due to the movement (signal) and noise respectively. To 312 

eliminate numerical artefacts of later Fourier transforms, the phase is smoothed using a Gaussian 313 

kernel with a standard deviation of 1 px. The field 𝐸𝑠 is then propagated to the Fourier plane of 314 

the 4f-system, where the point spread function of the optical system is taken into account as 315 

multiplication with a circular pupil function 𝑃. Finally, the intensity distribution on the camera 𝐼c 316 

is calculated via the Fourier transform as: 317 

𝐼c = 𝐸c ∙ 𝐸c
∗   with:   𝐸c = ℱ {𝑃 ∙ ℱ{𝐸s}} . (S7) 

 To validate the simulation environment, spontaneous contractions in a cardiomyocyte 318 

monolayer are evaluated using both label-free and ROI-based sparse sensing approaches, with the 319 

aim of sufficiently reproducing the experimental results through simulation of the optical setup. In 320 

Fig. S7a,b is the speckle pattern recorded during the experiment (left) compared with the simulated 321 

speckle pattern (right). The main observable differences are the intensity gradient and certain 322 

structural features in the experimental image that are not included in the simulation. However, as 323 

these are sample-specific and as long as the ROIs are sufficiently illuminated, they do not affect 324 

algorithm performance, since time traces corresponding to the motion of the cardiomyocytes can 325 

still be extracted. The activation map, shown in Fig. S7c corresponds to a spontaneous contraction 326 

of the cardiomyocyte monolayer. 327 
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 328 

Supplementary Figure S7 Comparison of an experimentally recorded spontaneous contraction with a simulated 329 

plane wave propagation. (a) Speckle pattern, acquired with the optical system. (b) Simulated speckle pattern. (c) 330 

Activity map derived from experimental measurement. (d) Activity map obtained from a simulated contraction 331 

using experimentally measured parameters. White boxes indicate the positions of ROIs (e) ROI signals 𝐼1 to 𝐼4 332 

recorded during the experiment. (f) ROI signals obtained from the simulated setup. 333 

 334 

Wavefront parameters were measured based on time traces extracted from the ROIs indicated as 335 

white boxes in the activity map. The propagation angle 𝜗exp was measured as 265° and the 336 

wavefront velocity 𝑣c,exp as 91 mm/s from the temporal delay of the rising edges of the four ROI 337 
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signals, shown in Fig. S7e. To mimic the dynamics of the plane wave, 𝐴m was set to a stripe 338 

moving through the simulated FOV with speed 𝑣c,exp and orientation 𝜗exp. Then, the simulated 339 

speckle movement was processed using the same algorithm as for the experimental data. The 340 

resulting activity map is shown in Fig. S7d. As expected, the movement steps of the visualized 341 

wavefront are similar to the experiment, visualized in Fig. S7c. Only slight differences, originating 342 

from the assumption of an ideal plane wavefront can be seen, when comparing Fig. S7c with 343 

Fig. S7d. Also, time signals from the same ROIs were extracted from the simulation (Fig. S7f). 344 

Based on these time traces, the propagation angle and wavefront velocity were measured, yielding 345 

an orientation of the wavefront 𝜗sim = 263° and a velocity of 𝑣c,sim of 90 mm/s, showing only a 346 

little difference compared to the experiment. When comparing the simulated time traces with 347 

Fig. S7e, the experimental traces show slight differences in peak shape. In particular, time traces 348 

𝐼1 and 𝐼3 exhibit a small decrease during the plateau phase whereas the simulated traces remain 349 

close to their maximum. The shape of these experimental time traces is related to the prolonged 350 

contraction of the cardiomyocytes. During this time, the monolayers remain tense and the 351 

difference relative to the ROI-specific moving background approximation may decrease. This can 352 

lead to the local minima or slight decreases of the time traces in Fig. S7e after the first maxima. 353 

This does not pose a problem for evaluating the performance of the ROI-based measurement 354 

approach with the simulation, since the measurement only relies on the rising edges of the recorded 355 

time signals which corresponds to the propagation of the contraction wavefronts (not relaxation). 356 

As can be seen from the comparison of the rising edges of the time traces, the inputs for the 357 

measurement, namely the activation order of the ROIs and the respective temporal differences, are 358 

well matched between simulation and experiment. Therefore, the simulation environment proves 359 

to be suited to investigate limitations of the proposed ROI-based techniques, as well as for general 360 

investigations that are described in section “Wavefront Characteristics from Sparsely Sampled 361 

Mechanical Activity”. 362 

 Further, we estimated the practically relevant amplitude ratios 𝜑̂n 𝜑̂sig⁄ . For this purpose, we 363 

analyzed no-contraction time windows in the experimentally recorded contraction-derived ROI 364 

signals, assuming that the remaining signal fluctuations during these intervals predominantly 365 

represent noise. We then compared the corresponding standard deviations with those obtained 366 

from simulations performed with defined noise amplitude ratios, as described above. For the 367 
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simulated signals, we found an approximately linear relationship between the imposed noise-to-368 

signal amplitude ratio and the resulting standard deviation 𝜎𝐼 of the time traces (𝑅2 = 0.97): 369 

𝜑̂n 𝜑̂sig⁄ (𝜎𝐼) = 8.681 ∙ 𝜎𝐼 − 0.016 . (S7) 

Using this regression model, we estimated the experimental noise-to-signal amplitude ratios from 370 

the standard deviations 𝜎𝐼 measured during no-contraction time windows in the experiments 371 

presented in Fig. 2. One of the 13 experiments was excluded from this analysis because the 372 

available no-contraction interval was very short, which would have resulted in a high uncertainty 373 

of the estimated 𝜎𝐼. Therefore, this analysis was performed with 𝑁 = 12 experiments. The 374 

resulting experimental noise-to-signal amplitude ratio was 𝜑̂n 𝜑̂sig⁄ = 0.23 ± 0.11 375 

(mean ± standard deviation).  376 
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Supplementary note 8: Phase Delay Measurement Error 377 

The maximum relative error in the phase delay measurement between two points 𝑝 and 𝑞, resulting 378 

from uncertainties in the detection of the respective activation times, can be derived from Eq. 1 379 

using standard error propagation: 380 

|
∆(𝜑̂𝑝,𝑞)

∆𝜑𝑝,𝑞
| =

1

|∆𝜑𝑝,𝑞|
[|

𝜕(∆𝜑𝑝,𝑞)

𝜕𝑡𝑝
∙ ∆𝑡̂𝑝| + |

𝜕(∆𝜑𝑝,𝑞)

𝜕𝑡𝑞
∙ ∆𝑡̂𝑞| + |

𝜕(∆𝜑𝑝,𝑞)

𝜕𝑇
∙ ∆𝑇̂|] , (S9) 

where hats (^) denote maximum possible errors. The maximum uncertainty in activation time 381 

detection is the same for both points (|∆𝑡̂𝑝| = |∆𝑡̂𝑞| = |𝑡̂|). The period 𝑇 is calculated as the time 382 

difference between two consecutive contractions at a single location and therefore doubly 383 

impacted by the error in activation time detection (|𝑇̂| = 2 ∙ |𝑡̂|), which is determined by the frame 384 

rate of the camera (|𝑡̂| = 1 𝑓cam⁄ ). Applying this and expressing |∆𝑡𝑝,𝑞| in terms of the projected 385 

distance between 𝑝 and 𝑞 in the direction of wave propagation and the wavefront velocity 𝑣𝑐, 386 

supplementary equation (S4) leads to the final formulation of the maximum relative error: 387 

|
∆(∆𝜑̂𝑝,𝑞)

∆𝜑𝑝,𝑞
| =

2

𝑓cam
∙ |

𝑣𝑐

𝑅𝑝,𝑞 ∙ cos(𝜗 − 𝛼𝑝,𝑞)
+

1

𝑇
|, (S10) 

where 𝑅𝑝,𝑞 is the Euclidian distance between 𝑝 and 𝑞, 𝜗 is the direction of wave propagation and 388 

𝛼𝑝,𝑞 the angle of the vector connecting 𝑝 and 𝑞. In supplementary equation (S5), the error of phase 389 

delay measurement is influenced, on the one hand, by the parameters 𝑣𝑐  and 𝑇, which arise from 390 

the biophysical properties of the cardiomyocytes. On the other hand, controllable factors such as 391 

the chosen alignment of the ROIs and, above all, the sampling rate also affect the error. The 392 

sampling rate is of particular importance, as the measurement error is inversely proportional to it. 393 

Therefore, 𝑓cam offers a powerful means to reduce uncertainty. Assuming our hardware and ROI 394 

alignment as shown in Fig. 2b, we set 𝑅1,2 = 4.7 mm, 𝛼1,2 = 127° and 𝑓cam = 60 Hz. For 395 

illustration we further use exemplarily values of 𝑣𝑐 and 𝑇 and |∆𝜑1,2| obtained from one 396 

experiment in Fig. 2g,h, yielding 𝑣𝑐 = 70 mm/s, 𝑇 = 3.57 s and |∆𝜑1,2| = 6.7 °. The 397 

corresponding propagation angle was 𝜗 = −39 °. Inserting all this in supplementary equation (S4), 398 

we get |∆(∆𝜑̂1,2)| = 3.36°. Although the relative error may appear large in comparison to 399 

|∆𝜑1,2| = 6.7 °, it is important to note that the primary objective is to distinguish planar and 400 

rotating waves, where phase delays typically exceed single-digit values. Another noteworthy 401 

aspect is that the maximum relative error approaches infinity when the planar wave propagates 402 
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perpendicular to the interconnection of ROIs 𝑝 and 𝑞. In this case, a phase delay may not be 403 

detected if |∆𝑡𝑝,𝑞| < 1 𝑓cam⁄ . However, this does not pose a practical limitation for wavefront 404 

classification: the phase delay |∆𝜑𝑝,𝑞| is then effectively treated as zero, leading to the correct 405 

identification of a planar wavefront within our framework. 406 

  407 
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Supplementary note 9: Validation of Phase Delay Measurements 408 

The phase delay ∆𝜑𝑝,𝑞 between two points 𝑝 and 𝑞 can be extracted from the temporal delay ∆𝑡𝑝,𝑞 409 

of a wavefront, passing these points (∆𝜑𝑝,𝑞 = 360° ∙ ∆𝑡𝑝,𝑞 𝑇⁄ ) relative to the contraction period 𝑇. 410 

This phase delay depends on several parameters. In the following, we describe the influence of 411 

both biological properties of cardiomyocytes and factors related to the ROI alignment. One 412 

influential parameter is the contraction period 𝑇, the inverse of the contraction frequency 𝑓con. 413 

Since ∆𝜑𝑝,𝑞 is calculated relative to 𝑇, a longer contraction period results in a smaller phase delay, 414 

and vice versa. In cardiac monolayers, the contraction period is strongly affected by environmental 415 

factors such as temperature. Importantly, although 𝑇 may vary, it is bounded from below by the 416 

effective refractory period (ERP) of the cardiomyocytes. Beyond the contraction frequency, the 417 

propagation velocity 𝑣𝑐 of the contraction wavefronts also influences the measured phase delay. 418 

Variations in 𝑣𝑐 may arise from sample inhomogeneities. Assuming that 𝑇 and the ROI alignment 419 

remain constant, an increase in 𝑣𝑐 reduces the measured phase delay between two points. The 420 

phase delay further depends on the interplay between biological properties and ROI alignment. 421 

Specifically, the relative angle between the straight line connecting ROIs 𝑝 and 𝑞 and the 422 

propagation angle 𝜗 − 𝛼𝑝,𝑞 has impact on ∆𝜑𝑝,𝑞. In addition, the spatial separation 𝑅𝑝,𝑞, which is 423 

directly determined by the ROI alignment, also affects the phase delay: greater spacing yields 424 

larger delays if all other parameters remain constant. These dependencies are summarized in the 425 

following table. 426 

Parameter Impact on phase delay 

period 𝑇 longer contraction period leads to a decrease of the phase delay, since: 

∆𝜑𝑝,𝑞~
1

𝑇
 . 

propagation 

velocity 𝑣𝑐 

higher propagation velocity leads to a decrease of the phase delay, since: 

∆𝜑𝑝,𝑞~∆𝑡𝑝,𝑞~1 𝑣𝑐⁄ |𝑠𝑝,𝑞=const. . 

angle difference 

𝜗 − 𝛼𝑝,𝑞 

change of the propagation direction affects the effective (projected) 

distance 𝑠𝑝,𝑞 between the observation points and therefore: 

∆𝜑𝑝,𝑞~∆𝑡𝑝,𝑞~𝑠𝑝,𝑞|
𝑣𝑐=const.

~ cos(𝜗 − 𝛼𝑝,𝑞) . 

spatial distance 

𝑅𝑝,𝑞 

increased distance between the observation points leads to an increase of 

the phase delay, since: 
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∆𝜑𝑝,𝑞~∆𝑡𝑝,𝑞~𝑠𝑝,𝑞|
𝑣𝑐=const.

~ 𝑅𝑝,𝑞. 

 427 

Although many parameters vary and influence the measured phase delay, a phase delay threshold 428 

for distinguishing planar and rotational waves remains reasonable, since the variation of these 429 

parameters is limited, especially of the period 𝑇 by the ERP. However, to validate the phase delay 430 

measurements between sparsely sampled signals across different experiments, a scaling of the 431 

measured phase delay with respect to the varying parameters is necessary. This scaled phase ∆𝜑𝑝,𝑞
∗  432 

can be derived as: 433 

∆𝜑𝑝,𝑞
∗ =

𝑇 ∙ 𝑣𝑐

𝑅𝑝,𝑞
∙ ∆𝜑𝑝,𝑞 = 360° ∙ cos(𝜗 − 𝛼𝑝,𝑞) , (S11) 

and is corrected with respect to the contraction wave parameters (𝑇, 𝑣𝑐) as well as the geometrical 434 

arrangement of the ROI (𝑅𝑝,𝑞), enabling the validation of measured contraction wavefront 435 

characteristics. The angle between the ROI 𝑝 and 𝑞 (Fig. 2a) is denoted by 𝛼𝑝,𝑞. We then plotted 436 

the scaled phase measurements against the measured propagation angle and compared it with the 437 

theoretical expectation (right side of Eq. S11). The result is shown in supplementary figure S8. 438 

Each group of four vertically aligned data points belongs to one experiment, where propagation 439 

angle, velocity, period, and phase delay for each ROI with respect to ROI 1 were measured. The 440 

close agreement between the data and the theoretical model (mean average error MAE = 18.16°, 441 

equivalent to 5 % of the scaled phase amplitude) confirms the validity of our measurement 442 

approach and the resulting data. 443 

 444 

Supplementary Figure S8 Scaled phase (see Eq. 11) for ROI pairs (𝑝, 𝑞) plotted as median ± standard 445 

deviation over the measured propagation angle, based on multiple contractions of one cell culture; error bars 446 
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denote standard deviation. Solid lines indicate theoretical model of scaled phase:  447 

∆𝜑𝑝,𝑞
∗ = 360° ∙ cos(𝜗 − 𝛼𝑝,𝑞). 448 

  449 
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Supplementary note 10: Maximum Distance of a Detectable Rotor Core Based on Phase 450 

Delay Measurements 451 

To quantify the detection limit of a rotational wave, we used a simple model, an uncurved 452 

wavefront rotating around (𝑥c|𝑦c). Due to the symmetry of the ROI placement (diamond shape, as 453 

described in the main section), it is sufficient to observe only one quadrant of the coordinate 454 

system. The maximum phase delay, 455 

∆𝜑𝑝,𝑞
max = max

𝑝,𝑞 ∈ ℳROI

|∆𝜑𝑝,𝑞| , with: ℳROI = {1, 2, 3, 4} , (S12) 

measured between two ROIs 𝑝 and 𝑞 as a function of the rotor core position (𝑥c|𝑦c), normalized 456 

by the maximum distance 𝑑max between any ROI and the central reference point (𝑥O|𝑦O) is 457 

visualized in Fig. 2i. 458 

 459 

  460 
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