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Abstract 38 

The intracellular calcium handling system of cardiomyocytes is responsible for controlling 39 
excitation-contraction coupling and has been linked to pro-arrhythmogenic cellular phenomena in 40 
conditions such as heart failure. SERCA2a, responsible for intracellular uptake, is a primary 41 
regulator of calcium homeostasis and remodelling of its function has been proposed as a causal 42 
factor underlying cellular and tissue dysfunction in disease. Whereas adaptations to the global (i.e. 43 
whole-cell) expression of SERCA2a have been previously investigated in the context of multiple 44 
diseases, the role of its spatial profile in the sub-cellular volume has yet to be elucidated.  45 

We present an approach to characterise the sub-cellular heterogeneity of SERCA2a, and apply this 46 
approach to quantify adaptations to the length-scale of heterogeneity (the distance over which 47 
expression is correlated) associated with right-ventricular heart failure. These characterisations 48 
informed simulations to predict the functional implications of this heterogeneity, and its 49 
remodelling in disease, on excitation-contraction coupling, the dynamics of calcium-transient 50 
alternans, and the emergence of spontaneous triggered activity. Image analysis reveals that right-51 
ventricular heart failure is associated with an increase in length-scale and its inter-cellular variability; 52 
simulations predict that this increase in length-scale can reduce excitation-contraction coupling 53 
and critically modulate the vulnerability to both alternans and triggered activity.  54 

1 Introduction 55 

The intracellular calcium (Ca2+) handling system of cardiomyocytes links cellular electrical and 56 
mechanical function [1], referred to as excitation-contraction coupling (ECC). Ca2+ homeostasis is 57 
regulated by the balance of intracellular Ca2+ fluxes through specialised ion channels and 58 
transporters. Maintaining normal Ca2+

 homeostasis is critical to the contractile performance of the 59 
heart, ensuring a stable cardiac output able to meet the body’s dynamic physiological demands 60 
[2,3], as well as preventing Ca2+-overload which can lead to cell death and other pathophysiological 61 
phenomena.  62 

Ca2+ homeostasis is initially conferred in the dyadic cleft by the process of Ca2+-induced-Ca2+-63 
release (CICR), wherein a Ca2+ influx through the sarcolemmal L-type-Ca2+-channels (LTCCs) 64 
during electrical excitation triggers the type-2 ryanodine receptors (RyRs) to release Ca2+ from the 65 
intracellular Ca2+ store, the sarcoplasmic reticulum (SR). Diastolic Ca2+ concentrations are restored 66 
by the Na+-Ca2+ exchanger (NCX), responsible for extracellular efflux, and the SR-Ca2+-pump 67 
(SERCA2a), responsible for refilling the SR in preparation for the next systolic cycle. 68 
Abnormalities in Ca2+ homeostasis have been linked to deficiencies in SERCA2a function[4] and 69 
aberrations in ECC are associated with the development of pro-arrhythmogenic cellular dynamics, 70 
including Ca2+-transient alternans and arrhythmia triggers[3,5]. Dissecting the multi-scale 71 
mechanisms underlying these pathophysiological dynamics is crucial to understanding the 72 
development of cardiac arrhythmias.  73 

The general mechanisms of ECC are well documented and understood [1,2]. However, recent 74 
studies highlight gaps in our understanding of the relationships between sub-cellular structure (i.e. 75 
the spatial arrangement and co-localisation of the multiple Ca2+ transporters) and the function of 76 
the intracellular Ca2+ handling system [6,7]. Heterogeneity in the expression of RyR, SERCA2a 77 
and NCX throughout the sub-cellular volume has been indicated in multiple experimental imaging 78 
studies [8–10]; the role and importance of this heterogeneity in maintaining normal function has 79 
yet to be elucidated. Moreover, many cardiac conditions such as heart failure (HF) are associated 80 
with remodelling of the expression of these Ca2+ transporters as well as sub-cellular structure [10–81 
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13], most notably the transverse and axial tubular system (T-system), responsible for delivering the 82 
electrical action potential (AP) to the cell interior to induce cell-wide and uniform CICR. It is 83 
unclear whether concomitant remodelling of the sub-cellular heterogeneity in the Ca2+ transporters 84 
occurs and, if so, whether such remodelling is pro-arrhythmogenic or protective.  85 

Computational modelling is a powerful tool to dissect the mechanisms underlying cardiac function 86 
in health and disease, through enabling the isolation of  individual components and specific 87 
changes within a system [14,15]. Sophisticated models of spatiotemporal Ca2+ handling have been 88 
developed over the last decade, for example, accounting for the spatial distribution of cardiac 89 
dyads, gating stochasticity in RyRs and LTCCs [7,9,16–18], heterogeneous expression in dyadic 90 
properties[19], and realistic sub-cellular structure [7,18,20]. These recent advances enable image-91 
based modelling to be performed, bridging the gap between experiment and simulation and 92 
revealing the underlying details of the governing structure-function relationships.  93 

Previous quantification of heterogeneous expression in SERCA2a has been limited, both in normal 94 
and in remodelled hearts. In this study, a novel technique [21] to quantify heterogeneous SERCA2a 95 
expression in the sub-cellular volume was applied to analyse previously collected imaging data 96 
from healthy and failing cardiomyocytes. Image-based computational modelling was then applied 97 
to assess the implications of observed heterogeneity, and its remodelling in disease, on cellular 98 
function and inter-cellular variability.  99 

2 Methods 100 

2.1 Image-analysis 101 

Previously-published [22] and unpublished confocal resolution microscopy images of SERCA2a 102 
expression in rat ventricular myocytes were analysed. The animal models followed a well-103 
established protocol for monocrotaline-induced pulmonary hypertension [23–25]. Adult male 104 
Wistar rats weighing 180-215 g were administered an intraperitoneal injection of either saline 105 
solution (140 mM NaCl) or monocrotaline (Sigma Aldritch, 60 mg/kg). The development of right-106 
ventricular hypertrophy over the course of four weeks leads to right-ventricular heart failure [26]. 107 
Animals underwent schedule 1 (euthanasia) by concussion followed by cervical dislocation when 108 
signs of heart failure were evident. Control animals were taken as day-matched for the 109 
monocrotaline-treated animals. 110 

Following cell isolation, myocytes were fixated in situ, permeabilised with 0.1% Triton X-100 and 111 
blocked with 10% NGS in phosphate buffer saline (PBS) at room temperature, labelled for 112 
SERCA2a, then imaged using a LSM880 Inverted microscope (Carl Zeiss, Jena; full description in 113 
Online Supplement). Quantifying the spatial profile of SERCA2 from these microscopy data 114 
required the construction of a semi-automatic pipeline which processed the data into a suitable 115 
format for analysis, and a method of fitting the processed data to some spatial covariance function 116 
[27]. The aim of this analysis is to extract the length-scale, λ, which describes the distance over 117 
which expression is correlated. A long length-scale means that expression is correlated over large 118 
distances, corresponding to smooth spatial variation between large regions of high and low 119 
expression; a short length-scale means that expression is not correlated over large distances, 120 
corresponding to spatially rapid gradients between small regions of expression. We are interested 121 
in how the expression of SERCA2a varies between different regions of the cell, rather than super-122 
resolution features such as co-localisation distances, and hence consider distances at 1 micron or 123 
larger, by averaging SERCA2a expression over 1-micron voxels. A length-scale of 1 µm therefore 124 
corresponds to no-spatial correlation, where the expression in each 1-micron voxel is independent 125 
of its neighbours. This down-sampling is also necessary due to the requirement for continuous 126 
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spatial data: SERCA2a follows the structure of the SR, and so it is not spatially continuous at the 127 
high resolution of the original images. More sophisticated analysis methods would need to be 128 
developed in order to extract the length-scale along the SR structure. Down-sampling removes this 129 
structure and leaves only the average, continuous expression in 1-micron voxels, enabling the 130 
length-scale to be accurately extracted above these distances.   131 

Each cell was orientated such that the z-lines were orthogonal to the transversal axis. The most 132 
suitable section of the image was selected such that the analysis excluded any image background, 133 
fragments or nuclei, before being down-sampled to a resolution of 1 µm (Fig. 1A). The same 134 
processing parameters were applied to each cell within the stack before the images are integrated 135 
over the z-axis (cell depth), condensing the data into a 2D image for the experimental variogram 136 
fitting procedure (Fig. 1B). 137 

An empirical variogram was estimated for each of these processed datasets using an algorithm 138 
which calculated the following equation: 139 

𝛾(𝑟$) =
1

2𝑁(𝑟$) * +𝑧(𝑥.) − 	𝑧(𝑥.1)23
4(56)

.78
	 (𝐸𝑞𝑛. 1) 140 

Where N(rk) is the total number of bins, z(x) is the value of the field at point x, and γ(rk) is the 141 
empirical semi-variance computed using the distance bins, rk, a measurement of the spatial 142 

dependency between all sets of two points (𝑥, 𝑥1) at some distance 𝑟, and the bins are given by 143 

𝑟$ ≤ ‖𝑥. − 𝑥.1‖ 	< 𝑟$B8. The estimated variogram was then fitted using some covariance function 144 
to estimate correlation length-scales (Fig. 1B) [28]. This is given by the general formula 145 

𝛾(𝑟) = 	𝜎3 ∙ +1 − 𝑐𝑜𝑣(𝑟)2 + 𝑛	 (𝐸𝑞𝑛. 2) 146 

where 𝛾(𝑟) is the general semi-variance for a distance r, 𝜎3 is variance, and 𝑛 is the nugget, the 147 

height of discontinuity at the origin, representing a non-zero variance at 𝑟 = 1 (Fig. 1B) and 148 

𝑐𝑜𝑣(𝑟) is replaced by the specific covariance function. We used the squared exponential 149 
covariance function (also known as the Gaussian or SE kernel) as it is well suited to imaging studies 150 
due to its stationarity and simplicity, this is given by: 151 

𝑐𝑜𝑣(𝑟) = 𝑘JK(𝑥, 𝑥1) = 𝜎3𝑒M
+NMNO2P
3QP 	 (𝐸𝑞𝑛. 3) 152 

Where this expression replaces 𝑐𝑜𝑣(𝑟) in Eqn. 2, kSE is the squared exponential (or Gaussian) 153 

kernel, and 𝜆 is the correlation length-scale. The Gaussian kernel requires a smooth sample path 154 
to estimate this length-scale reliably, which is provided already through the process of down-155 
sampling. This fitting was successfully performed a minimum of 50 times for three separate 156 
processed regions of each cell using a set of suitable binning parameters based on the final 157 
dimensions of the processed dataset. The results from each of these fittings in all three regions 158 
were used to produce a final quantification of a cell’s spatial parameters.  159 
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160 
Figure 1: Image processing and experimental-simulation framework. A - Original microscopy images 161 
are semi-automatically processed into a form suitable for a variogram fitting protocol, rotating the 162 
longitudinal axis to match the x-axis, cropping, and down-sampling. Scale bar illustrates 10 µm for all panels. 163 
B – The spatial variation across pairs of points in the integrated 2D dataset are plotted as a function of 164 
distance (a variogram) to measure the length-scale of correlation in the spatial data. Outputs are a statistical 165 
summary of > 50 successful fits. C – Examples of 2D Gaussian Random Field (GRF) maps produced at 166 
different length-scales (left) and an illustration of a full 3D GRF map (right). D – Fundamental structure 167 
of the 3D spatiotemporal Ca2+ handling model in the MSCSF [29], illustrating the compartments for each 168 
calcium release unit (CRU) of the dyadic cleft (DS), reduced-buffering subspace (RBSS), bulk cytoplasmic 169 
space (CYTO), and junctional and network SR (JSR and NSR, respectively), as well as the primary Ca2+ 170 
fluxes. The GRF map determines the local scale factor for the maximal flux-rate, Jup

max, representing 171 
SERCA2a expression in each CRU.   172 
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2.2 Computational Models 173 

This study utilised a simplified version of O’Hara-Rudy dynamic human ventricular model [29–174 
31], integrated into our Multi-Scale Cardiac Simulation Framework (MSCSF) compartmentalised 175 
Ca2+ dynamics model [29]. SERCA2a expression heterogeneity was imposed by applying a local 176 
scale factor to the maximal pump-rate for intracellular uptake, Jup

max, in each Calcium Release Unit 177 
(CRU).  178 

Given the distribution of SERCA2a expression observed (see Results, Fig. 2), we assume that the 179 
spatial profile of SERCA2a within a cardiomyocyte can be modelled as a spatial random field - a 180 

function f(x) over a multi-dimensional space in which each point x ∈ ℝn  takes some random value 181 
from a domain of real numbers [32,33]. A distribution function, such as the Gaussian probability 182 
density function, may be applied to a spatial random field (Gaussian random field, GRF) to impose 183 
constraints on variance, σ, and correlation length-scale, λ, to reflect physiological boundaries on 184 
these parameters [34]. Thus, the length-scales extracted from the imaging data can directly inform 185 
the parameters of these randomly generated 3D spatial fields (Fig. 1C), which can be produced at 186 
a discretisation resolution corresponding to that of the 3D computational model: each voxel (Ntotal 187 
= 19500, NX = 15, NY = 20, NZ = 65) of the spatial map represents one CRU, and the local Jup

max 188 
scale factor is given by the associated value in the expression map (Fig. 1D). 189 

It was observed (Supplemental Figure S1) that whereas some small inter-cell variation in relative 190 
whole-cell SERCA2a expression was present, the significant difference was in correlation length-191 
scales. In order to isolate the impact of length-scale only, isotropic maps (i.e., the same length-192 
scale in the longitudinal and transverse directions) were generated with the same whole-cell mean 193 
SERCA2a expression and whole-cell input variance, σ2 = 1, at four correlation length-scales (λ = 194 
1, 3, 5, 10 µm; e.g. Fig. 1C). Any number of unique GRFs may be produced using the same 195 
parameter set, enabling an assessment of the impact of structural arrangement on Ca2+ handling 196 
dynamics; except where otherwise stated, three independent maps were generated and 197 
implemented at each length-scale.  198 

It is important to note that the length-scale and the total degree of heterogeneity/variation are 199 
independent of each-other; the length-scale determines the spatial correlation of the values within 200 
the range defined by the total variation of the distribution. The degree of heterogeneity can be 201 

controlled by the standard deviation (σ) of the distribution (with a mean of 1.0, as we are interested 202 

in scale factors rather than absolute expression) or, equivalently, by the range defined by ±3σ.	In 203 

the present study, a σ of 0.3 was implemented for all simulations at all length-scales, corresponding 204 

to the ±3σ range of 0.1-1.9. Note that this rescaling was applied after the normalised (σ2 = 1) GRF 205 
was produced.  206 

2.3 Experimental and Simulation Protocols 207 

In this study, we quantified the length-scales describing the sub-cellular distribution of SERCA2a 208 
in rat healthy and right-ventricular-failure myocytes. Simulations were then performed to assess 209 
the impact of different heterogeneity parameter profiles on the intracellular Ca2+ transient (CaT) 210 
under normal pacing and pro-arrhythmogenic conditions, corresponding to CaT alternans and 211 
spontaneous-Ca2+-release events (SCRE).  212 
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2.3.1 Normal pacing and rate-dependence 213 

Expression maps were loaded into the MSCSF [29] and paced for 60 beats at steady state at rates 214 
of 60, 75, 120, 133 and 150 beats per minute (bpm). At each of the selected correlation length-215 
scales (λ = 1, 3, 5, 10 µm) three maps were used for a total of 12 heterogeneous maps and the 216 
homogeneous control.  217 

2.3.2 Rapid pacing, SR-loading and alternans 218 

Ca2+ transient alternans were studied by applying rapid pacing in combination with multiple 219 
parameter combinations which are known to promote alternans [7,35]: namely, a reduction to the 220 
activity of the LTCCs (through either a reduction to the channel expression, corresponding to 221 
number of channels per dyad, NLTCC, or a reduction to the channel open transition rate, LTCCPO) 222 
and SERCA2a (reduction to the global parameter for Jup

max), individually and combined. Global 223 
changes were applied consistently to both homogeneous and heterogeneous sub-cellular 224 
SERCA2a expression maps.  225 

In order to induce SR-Ca2+ loading which promotes the emergence of SCRE (and thusly pro-226 
arrhythmogenic triggers), rapid pacing (BCL = 400 ms) was applied in combination with a 227 
functional model of ISO which comprises enhanced LTCC activity (×2) and SERCA2a activity 228 
(×1.75) as well as enhanced K+-currents to maintain action potential duration (APD) [29]. Due to 229 
the importance of SERCA2a for SR-Ca2+ loading and the uncertainty in the degree of enhanced 230 
activity due to ISO, we also introduced a condition in which Jup

max was further up-regulated by a 231 
factor of 1.5 in combination with ISO. To enable statistical analysis, 20 simulations were 232 
performed for each heterogeneous map for each condition, and 50 simulations were performed 233 
with the homogeneous, control map.  234 

3 Results 235 

3.1 Length-scale of SERCA2a heterogeneity is increased in RV-HF 236 

In total, 29 datasets were analysed, including stacks and single images from both left ventricular 237 
(LV) and right ventricular (RV) rat cardiomyocytes taken from animals which underwent the 238 
control (saline injection; N myocytes = 5 LV and 11 RV) and monocrotaline (MCT; N = 6 LV 239 
and 7 RV) treatment. 240 

Correlation length-scales, λ, were observed (Fig. 2A) to range between 1-4 µm in control cells 241 
(mean =  2.277 ± 0.143 µm) and between 2-11 µm in MCT cells (mean =  4.930 ± 0.588 µm). A 242 
significant difference in λ of these cells was found (Fig. 2B; p < 0.001), thus the observed 243 
remodelling in HF [10–13] has the effect of increasing the spatial correlation of SERCA2a in the 244 
sub-cellular volume (larger length-scales) as well as increasing inter-cellular variability (larger range 245 
of length-scales). This significance is also present when isolating LV and RV cells (Fig. 2B): RV 246 
cells were observed to have a higher correlation length-scale in both control and HF-remodelling 247 
(Control: mean = 2.472 ± 0.176 µm; MCT: mean =  5.214 ± 0.864 µm; p < 0.001) than LV cells 248 
(Control: mean = 1.848 ± 0.155 µm; MCT: mean =  4.598 ± 0.864 µm; p < 0.05). Throughout 249 
this paper, an increase in length-scale is considered as an increase in heterogeneity, as it 250 
corresponds to larger patches of high/low channel expression, although we recognise that 251 
“increased heterogeneity” can be ambiguous in these cases. Thus, from herein, “increased 252 
heterogeneity” is synonymous with an increase in λ.  253 
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254 
Figure 2: SERCA2a heterogeneity in control and RC-HF cardiomyocytes. A – Comparison of cell-255 
average correlation length-scales, λ, in control (saline-treated) cells and monocrotaline (MCT) treated cells. 256 
Horizontal lines represent overall mean (full line) and standard deviation (dotted line) for control and MCT 257 
cells respectively. Vertical error lines are 95% confidence intervals. B – Comparison of mean λ in control 258 
and MCT-treated rat ventricular myocytes (upper) and in left ventricular (LV) and right ventricular (RV) 259 
cells (lower).  260 

3.2 Increased length-scale in SERCA2a heterogeneity reduces the magnitude and 261 

increases the spatial variation of the CaT 262 

The length-scale parameter input had a clear impact on the spatial properties of the 3D GRFs used 263 
to perform simulations (Fig. 3A), congruent with the expectations of correlation length-scales. In 264 
control pacing, whole-cell CaTs (obtained by averaging the local concentrations in each CRU 265 
across the cell) generally decreased in magnitude as length-scale increased (Fig. 3B) despite the 266 
maintained global expression of SERCA2a. The reduction in the CaT was ultimately attributable 267 
to the diastolic SR-Ca2+ load, which was significantly reduced compared to the homogeneous 268 
condition as length-scale increases (Fig. 3B). An increase in length-scale was also associated with 269 
an increase in inter-cellular variability of both the CaT magnitude and diastolic SR-Ca2+ load.  270 

The reduction in CaT magnitude associated with longer length-scales is accompanied by an 271 
increase in the spatial variation of the CaT throughout the cell, as a direct consequence of local 272 
SERCA2a function: regions of high/low SERCA2a spatially correlated with more rapid/slower 273 
decay of the CaT (Fig. 3C). This spatial variation, and its inter-cellular variability, was increased 274 
with length-scale.  275 

The spatial profile of SR-Ca2+ did not exhibit such a simple relation to local SERCA2a expression 276 
and was dependent on the time within the cycle (Fig. 4A; Supplemental Figure S2): during early 277 
refilling stages, the regions with high SERCA2a expression exhibited the most rapid refilling and 278 
thus larger local SR-Ca2+; however, by late-stage refilling towards the end of the cycle, regions of 279 
low SERCA2a expression exhibited the highest SR-Ca2+ load due to a combination of diffusion 280 
within the SR (from high to low SERCA2a regions) and continued uptake in these low-SERCA2a 281 
regions due to local cytosolic Ca2+ remaining high (Fig. 4A). The increased SR-Ca2+ load in these 282 
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regions should reduce the activity of Jup relative to this cytosolic Ca2+, providing a potential 283 
mechanism by which SR diffusion can reduce the overall activity of Jup in heterogeneous map 284 
conditions. 285 

286 
Figure 3: Ca2+ transient variability as a consequence of SERCA2a heterogeneity. A – Illustration of 287 
the Gaussian Random Field (GRF) maps, describing the local Jup

max scale factor, produced at different 288 
length-scales (upper). The value of the scale factor along a longitudinal linescan through the centre of the 289 
cell is shown for clarity (lower). Maps shown correspond to “map 1” of the three independent GRF maps 290 
used at each length-scale. B – Whole-cell Ca2+ transients (left) and SR-Ca2+ (centre) during normal pacing, 291 
for homogeneous control (white) and heterogeneous SERCA2a maps at each length-scale (1 µm – red; 3 292 
µm – blue; 5 µm – orange; 10 µm – yellow); three maps at each length-scale were used (solid, dashed and 293 
dotted lines). Right - summary of the CaT magnitude (upper) and diastolic SR-Ca2+ (lower) at each length-294 
scale and for each map. C – Space-time images of the Ca2+ transient in the longitudinal axis (through the 295 
centre of the cell) in the homogeneous and all heterogeneous map conditions, corresponding to the same 296 
normal pacing excitations as shown in panel B. Normalised whole-cell average CaTs are overlaid in white 297 
for context. Plots to the left of each space-time image show the SERCA2a scale factor along the same 298 
longitudinal linescan (as illustrated in panel A).  299 
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 300 
Figure 4: Mechanisms of heterogeneous and reduced SR-Ca2+. A – Cartoon illustration of the 301 
mechanisms by which low SERCA2a regions may exhibit the highest peak diastolic SR-Ca2+ during regular 302 
pacing. B – The relationship between the time-constant of intra-SR diffusion (τnSR-nSR,	shown on a log-303 
scale) in a single heterogeneous map and diastolic peak SR-Ca2+, normalised to the value in the 304 
homogeneous cell model under control conditions. C – The relationship between global Jup scale factor 305 
(SERCA2a expression) in homogeneous cell models and diastolic peak SR-Ca2+, normalised to the value in 306 
the homogeneous cell model under control conditions. The red marker indicates the mean across the scale 307 
factors.  308 

The impact of intra-SR diffusion on cell-averaged SR-Ca2+ (Fig. 4B) was evaluated by varying the 309 
time-constant of diffusion within the SR in a single heterogeneous SERCA2a map (map 1 at a 310 
length-scale of 5µm). Larger time-constants (i.e. slower diffusion) led to a smaller reduction in the 311 
SR-Ca2+ relative to the homogeneous model than smaller time-constants, supporting the feasibility 312 
of the above proposed mechanism. However, even at time-constants that effectively block SR 313 
diffusion within the time-scale of the cardiac cycle, the SR-Ca2+ load was still reduced compared 314 
to the homogeneous control, indicating that this mechanism alone does not fully explain the 315 
observations. Non-linearity in the dependence of Jup on both cytosolic- and SR-Ca2+ (Supplemental 316 
Figure S3) could also contribute. This was evaluated by assessing the diastolic SR-Ca2+ load in 317 
homogenous cell models with global expression of SERCA2a scaled (Fig. 4C): increasing 318 
SERCA2a expression led to a relatively smaller increase in diastolic SR-Ca2+ than the reduction 319 
that was observed when SERCA2a was reduced (Fig. 4C). Thus, averaging a normally distributed 320 
variation in SERCA2a would decrease the SR-Ca2+ load compared to the homogeneous, control 321 
condition; indeed, this is the case in the simulations where SR diffusion was effectively blocked. 322 
These two factors therefore combine to produce the overall observed reduction in SR-Ca2+ and 323 
consequently the CaT magnitude.  324 

3.3 Rate-dependence 325 

SERCA2a heterogeneity had a negligible impact on the rate-dependence of the AP (Supplemental 326 
Figure S4). Properties of the Ca2+ handling system were more substantially affected by pacing rate, 327 
with the differences between homogeneous and heterogeneous conditions generally enhanced at 328 
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rapid pacing rates compared to slower pacing rates (Supplemental Figure S5). The nature of the 329 
rate-dependence can also be affected: in homogeneous conditions, there was observed an increase 330 
in the CaT peak at more rapid pacing rates, whereas in the heterogeneous maps, pacing rates above 331 
130 BPM demonstrated a reduction in the CaT peak.  332 

333 
Figure 5: Summary of Alternans Behaviour in Control to Pro-Arrhythmic Conditions. A - 334 
Colourmaps detailing the mean beat-to-beat difference in cytosolic Ca2+ (left) and percentage difference 335 
(right) in a range of conditions from control (A) to pro-arrhythmic (B-H) at 120 bpm. Conditions are 336 
described by scaling factors applied to each of Jup

max (whole-cell SERCA2a flux), NLTCC (L-type Ca2+ 337 
Channel density) and LTCCPo (channel opening transition rate).  Maps are organised left to right. B – Space-338 
time plots showing CaT alternans in two different conditions (upper). Whole-cell CaT is overlaid in white 339 
for context. Red-circled regions illustrate those which show either different behaviour on a beat-to-beat 340 
basis for the small beat (homogeneous, left) or broadly the same behaviour for the small beat 341 
(heterogeneous, right). Lower panels show the local CaT at three selected CRUs for the same two 342 
conditions; coloured triangular markers indicate the location of each CRU selected for the plot. In the 343 
heterogeneous condition, each CRU has its own corresponding Jup

max scale factor, indicated by the colour 344 
key. The dotted square highlights the same diastolic Ca2+ in the homogeneous condition and different 345 
diastolic Ca2+ in the heterogeneous condition.   346 
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3.4 Heterogeneous SERCA2a expression both promotes and inhibits Alternans 347 

Introducing heterogenous underlying SERCA2a expression maps either inhibited alternans 348 
present in the homogeneous model, or induced alternans under conditions where they were not 349 
present in the homogeneous model. This shift (alternans to no alternans, or no alternans to 350 
alternans) occurs generally across the range of parameter combinations considered (Fig. 5A), 351 
although the fewest/smallest alternans were observed at a length-scale of 10 µm across all 352 
conditions. There was also a substantial degree of inter-map variation at each length-scale 353 
(especially 3-5 µm) i.e. the magnitude of alternans, and indeed whether or not they appeared, was 354 
dependent not only on the length-scale but also the specific features of the map, leading to 355 
increased inter-cellular variability. Despite the difference between some of the parameter 356 
combinations being very small (e.g. conditions G and H differ by only an additional 5% reduction 357 
in global SERCA2a), these disparities could lead to opposing behaviour. This indicates the high 358 
sensitivity of the emergence of alternans to model conditions, and provides an explanation for the 359 
impact of SERCA2a heterogeneity: it can either push the cell into or out of the phase-space 360 
necessary for alternans, thus either inducing them where they were not present, or inhibiting them 361 
where they were present.  362 

Whereas alternans in homogeneous cells demonstrated essentially random spatial properties (i.e., 363 
those CRUs which are active for the small beat vary on a beat-to-beat basis), the introduction of 364 
SERCA2a heterogeneity reduced the random nature of the alternans and introduced a broadly 365 
regular structure (Fig. 5B): those regions which were or were not active during the small beat were 366 
largely consistent across subsequent small beats. Analysis of the local CaT in individual CRUs 367 
reveals that this regularity is primarily determined by local diastolic Ca2+ (Fig. 5B) and local SR-368 
Ca2+ (Supplemental Figure S6): in regions of low SERCA2a, intracellular uptake is slow and thus 369 
decay of the CaT is slow; local diastolic Ca2+ therefore remains higher at the time of the next 370 
excitation, and, as with normal pacing, this is associated with higher local SR-Ca2+ loads; the RyRs 371 
are therefore more robust to reactivation. In the homogeneous model, however, there is no 372 
significant regular variation in diastolic Ca2+ or SR-Ca2+ throughout the cell and thus the alternans 373 
mechanism in this condition is not directly determined by local Ca2+. 374 

3.5 Heterogeneous SERCA2a expression has a biphasic impact on SCRE 375 

Following application of the rapid pacing SR-Ca2+ loading protocols described above, SCRE 376 
activity was detected by measuring characteristics of any wave exceeding a suitable threshold 377 
(>0.135 µM) in cytosolic Ca2+ over the quiescent period. Delayed after depolarisations (DADs) 378 
and triggered action potentials (TA) were detected by measuring characteristics of any 379 
depolarisation in transmembrane potential which exceeded suitable thresholds for each type of 380 
behaviour (greater than 1mV deviation from the resting potential for a DAD; above -20 mV for 381 
TA).  382 

In condition 1 (ISO + additional SERCA2a increase), the introduction of SERCA2a heterogeneity 383 
increased the count and probability of TA occurring (Fig. 6A); however, no definitive pattern 384 
emerged which correlated with the length-scale itself. Rather, any introduction of heterogeneity at 385 
any length-scale increased the TA count relative to the homogeneous condition: mean TA count 386 
for the homogeneous model was 0.20 ± 0.06, compared to 0.44 ± 0.07 for λ = 1 µm (p < 0.05), 387 
0.36 ± 0.07 for λ = 3 µm (p < 0.05), 0.58 ± 0.08 for λ = 5 µm (P < 0.01) and 0.5 ± 0.08 for λ = 388 
10 µm (p < 0.01). When SCRE did occur, the mean magnitude of the spontaneous CaT (SCaT) 389 
did not differ significantly between different length-scales. However, the magnitude did vary 390 
significantly between individual maps, both within and between length-scales (Fig. 6A).  391 
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In contrast to Condition 1, in Condition 2 (ISO only, Fig. 6B) heterogenous SERCA2a expression 392 
yielded a significant decrease in mean peak SCaT magnitude as length-scale increases. No 393 
significant differences were observed in the TA count for short length-scales (corresponding to 394 
control parameters, λ = 1, 3 µm), but at length-scales corresponding to HF cells (λ = 5, 10 µm), a 395 
significant reduction in the TA count was observed, from 0.55 ± 0.05 in the homogeneous 396 
condition to 0.32 ± 0.1 for λ = 5 µm (p < 0.05) and 0.05 ± 0.04 for λ = 10 µm (p < 0.01).  397 

There are two primary candidate mechanisms for heterogeneous SERCA2a expression influencing 398 
the nucleation and propagation of spontaneous Ca2+ waves: (1) the direct impact of local SERCA2a 399 
efflux, affecting the magnitude of Ca2+ which propagates to neighbouring CRUs, and (2) the 400 
secondary effect of local SERCA2a activity determining local SR-Ca2+ load, which itself influences 401 
the probability of spontaneous or triggered Ca2+ sparks. These two mechanisms were isolated by 402 
performing simulations in which, following pacing to steady-state, either homogeneous SR-Ca2+ 403 
load was imposed across the cell while maintaining the heterogeneous SERCA2a map, or the 404 
homogeneous SERCA2a map was imposed across the cell while maintaining the heterogeneous 405 
distribution of SR-Ca2+ load. These data (Fig. 6C) reveal that it is primarily the heterogeneous 406 
localised SR-Ca2+ load which determines the changes to SCRE activity, rather than the direct 407 
impact of SERCA2a on Ca2+ wave propagation. This explains the requirement of increased global 408 
SERCA2a for an increase in TA in heterogeneous maps, as it is these conditions which sufficiently 409 
load local regions of the SR-Ca2+ to both induce and maintain spontaneous Ca2+ waves; in the 410 
ISO-only condition, the loss of SERCA2a function and reduced whole-cell SR-Ca2+ load 411 
associated with increased λ (Fig. 2) is not sufficiently compensated by local regions of high SR-412 
Ca2+, and SCRE are reduced.  413 

There is a causal but complex correlation between local SERCA2a expression and the nucleation 414 
sites for spontaneous Ca2+ waves. As with normal pacing and alternans, regions of low SERCA2a 415 
expression, and in particular those adjacent to regions of high SERCA2a expression, exhibit the 416 
largest SR-Ca2+ concentrations during diastole, and it is these regions which initially nucleate Ca2+ 417 
waves. However, following a whole-cell spontaneous release event, secondary events may be 418 
nucleated in similar locations (low SERCA2a adjacent to high SERCA2a) but may also originate 419 
from opposing locations (i.e. high SERCA2a), as a consequence of more rapid refilling in these 420 
regions during the Ca2+ wave (Supplemental Figure S7). 421 

 422 
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423 
Figure 6: Impact of SERCA2a heterogeneity on spontaneous calcium release events. Statistical 424 
summary of SCRE behaviour for condition 1 (A) and condition 2 (B), showing triggered AP count (left) 425 
and mean peak SCRE CaT magnitude across all simulations (centre) and for each individual map (right). C 426 
– comparison of mean SCRE count (left), TA count (centre) and SCRE magnitude (right) for different 427 
combinations of heterogeneous/homogeneous SERCA2a maps and SR-Ca2+ load. 428 

4 Discussion 429 

4.1 Summary of main findings 430 

In this study, the correlation length-scale of SERCA2a expression in rat ventricular myocytes was 431 
quantified for the first time using a variogram fitting protocol (Figs 1-2), demonstrating an increase 432 
in length-scale and inter-cellular variability in RV-HF. Simulations predict that increased SERCA2a 433 
heterogeneity results in reduced whole-cell CaT magnitude and more spatially disordered CaTs 434 
compared to the homogeneous models (Fig. 3). These cell-average changes were explained by a 435 
whole-cell drop in SERCA2a function (Supplemental Figures S2 and S3). Furthermore, pro-436 
arrhythmogenic behaviour was analysed across a large range of heterogeneous maps against a 437 
homogeneous control. Our simulations illustrated an increased propensity for spontaneous Ca2+ 438 
release events and incidences of spontaneous transmembrane depolarisations in the heterogeneous 439 
models (Fig. 6), which were demonstrated to be primarily due to heterogenous SR-Ca2+ loading. 440 
Several alternans behaviours were observed, with heterogeneous expression maps either 441 
promoting or inhibiting alternans depending on the environmental conditions (Fig. 5). 442 
Throughout, it is clear that inter-cellular variability of SERCA2a expression profile contributes to 443 
inter-cellular variability of Ca2+ dynamics, both during normal pacing and pro-arrhythmogenic 444 
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conditions, and can partly explain the emergence of pro-arrhythmogenic cellular phenomena in 445 
RV-HF.  446 

4.2 Implications for CICR and contractile performance 447 

Heart failure is associated with a loss of contractile performance, underlain by reduced efficacy of 448 
CICR. The function of SERCA2a is strongly correlated with a decrease in SR-Ca2+ uptake in failing 449 
human hearts [36] and proposed as a causal-factor for reduced CICR. Studies have provided mixed 450 
conclusions regarding whether SERCA2a expression is down-regulated in the failing human heart, 451 
with some studies reporting no changes in HF [37–39], some observing a down-regulation [40], 452 
whereas others have found a reduction in some cell types, but not others [41]. Other mechanisms 453 
have been proposed for a reduction in the SR-Ca2+, such as increased SR-Ca2+ leak through the 454 
RyRs [2] or IP3Rs [42]. This present study indicates that structural remodelling of SERCA2a (i.e., 455 
changes to its sub-cellular spatial profile) can, at least in-part, explain this loss of CICR, without 456 
any required changes to the global/whole-cell expression: length-scales of SERCA2a expression 457 
were significantly increased in RV-HF, and an increase in length-scale was strongly correlated with 458 
a reduction in diastolic SR-Ca2+ load and reduced magnitude of the CaT, as well as an increase in 459 
the spatial heterogeneity of the CaT itself. Moreover, heterogeneous SERCA2a expression resulted 460 
in an increase in inter-cellular variability, another feature commonly associated with HF [43,44]. 461 
Our analysis suggests that this reduction in diastolic SR-Ca2+ is a consequence of reduced activity 462 
of intracellular uptake in heterogeneous conditions due to a combination of the inherent non-463 
linearities in the dependence of Jup on intracellular- and SR-Ca2+, and the impact of intra-SR 464 
diffusion.  465 

4.3 Implications for CaT alternans 466 

Previous studies have shown the importance of CRU coupling and the inherently random 467 
dynamics of sub-cellular CaT alternans [35,45], which can be described as an order-disorder phase 468 
transition [46]. In another previous study [7], it was demonstrated that specific features of cellular 469 
geometry (e.g. proximity of cleft clusters; presence or absence of SR/T-system) reduced the 470 
randomness in which regions of the cell activate on subsequent large or small beats (i.e., the spatial 471 
phase variation was reduced).  472 

The present study adds to this discussion by also demonstrating that heterogeneous magnitude of 473 
SERCA2a in different regions of the cell can also constrain the random spatial nature of CaT 474 
alternans, suggesting a shift of mechanism from the 3Rs described by Qu and colleagues [35] 475 
(which applies in homogeneous cells) to a more direct local Ca2+ dependence. This leads to largely 476 
the same spatial pattern of the CaT on subsequent small beats, contrary to what is observed in 477 
homogeneous cells. This difference in the fundamental underlying mechanisms of CaT alternans 478 
may have critical implications for the most effective and safe method to manage these phenomena.  479 

Simulation results also highlight the sensitivity of the emergence of alternans to cellular conditions, 480 
and reveal that introducing heterogeneity can critically shift the phase-space of the cell either into 481 
or out of an alternans producing region. It is unclear whether this is arrhythmogenic (shifting HF 482 
cells into pro-alternans phase-space), protective (a response to alternans by shifting HF cells out 483 
of the pro-alternans phase-space), or both (either through increased inter-cellular variability, or at 484 
different time-points of the progression of the disease). It will be important to establish whether 485 
remodelling of SERCA2a heterogeneity precedes, follows, or is concomitant with remodelling of 486 
whole-cell channel expression.  487 
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4.4 Implications for spontaneous arrhythmia triggers 488 

HF is generally associated with increased cellular triggers, which may manifest as focal excitations 489 
in whole-heart inducing arrhythmia [47]. A reduction in IK1 is observed in HF and promotes the 490 
emergence of TA from underlying SCRE [29,48]. However, this present study did not implement 491 
any changes to the ion-current expression, and instead isolated the impact of changes to sub-492 
cellular heterogeneity in SERCA2a. Whether such changes can underlie an increase in TA was not 493 
clear from the present study, and critically depended on the extent of SERCA2a up-regulation 494 
used to promote SR-Ca2+ loading: above a threshold, increased length-scale (as observed in HF) 495 
was associated with an increase in SCRE and TA count; below this threshold, an increase in length-496 
scale inhibited the emergence of TA. In either case, inter-cellular variability in the emergence of 497 
TA was substantially increased. HF conditions, such as fibrosis and reduced IK1, may significantly 498 
reduce the minimal substrate required for cellular TA to manifest in tissue and thus the increased 499 
presence of individual cells which are pro-TA could underlie increased arrhythmia triggers in HF. 500 
Further investigation is required at the systems-level to determine whether an increase in 501 
SERCA2a heterogeneity in HF contributes to increased arrhythmia triggers.  502 

The observed complex and biphasic impact of SERCA2a on SCRE is consistent with previous 503 
modelling and experimental studies [49–51], which have shown that increases in SERCA2a can 504 
both promote Ca2+ waves (through increased SR-Ca2+ load) but also inhibit them (through 505 
impairing inter-CRU Ca2+ propagation and increasing the SR threshold).  506 

4.5 Limitations 507 

There are a number of limitations associated with the present study, pertaining to the experimental 508 
data analysis and the simulation results. There is inherent spatial variation present within the 509 
imaging datasets due to the quality of staining and differences in imaging conditions which may 510 
contribute towards estimation of correlation length-scale. This is mitigated by the down-sampling 511 
procedure which averages out this data over a resolution 10-50 times larger than the original image 512 
(Fig. 1A). To ensure no differences due to imaging modality, only confocal microscopy images 513 
produced by the authors were used in this study. 514 

The variogram fitting procedure works better with larger datasets; due to the processing required 515 
by the image analysis step, some of this data is lost. This included condensing the data into 2D, 516 
motivated by the variability in image quality and cell morphology, as well as the limited availability 517 
of data with a sufficient number of slices. To ensure reliable values were obtained from this 518 
analysis, each cell was analysed three times, each time requiring 50 successful variogram fits using 519 
a range of binning parameters suitable for each dataset (Fig. 1B). The final values of correlation 520 
length-scale are a statistical mean and standard error for each cell. Approximately 40% of the cells 521 
in this study were single images, with 60% having six or more images, and 30% having 20 or more. 522 
All cells analysed for this study were done so to the maximum possible extent; z-axis integration 523 
ensured both single images and stacks were comparable while ensuring 3-dimensional features 524 
were captured. All images within a stack underwent the same processing step determined suitable 525 
for all images within that stack. This method may also measure anisotropy within sub-cellular 526 
expression, however due to the sizes of processed datasets, there was lower confidence in the 527 
estimations for anisotropy for the cells analysed in this study. For this reason, only isotropic 528 
analysis was considered in this study. It is likely that longitudinal-transverse anisotropy is a feature 529 
in sub-cellular heterogeneous expression at the micron scale, and this may contribute to the large 530 
error sizes in the cells with a higher correlation length-scale. 531 
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One major component which was not accounted for in the present study is the SERCA2a inhibitor 532 
phospholamban (PLB). The intracellular uptake flux, Jup, is ultimately regulated by both SERCA2a 533 
and PLB expression, and therefore the assumption that local SERCA2a expression directly 534 
correlates with Jup magnitude is an over-simplification. It would be more correct to state that the 535 
heterogeneity maps implemented in the simulations represent Jup rather than SERCA2a. It would 536 
therefore be valuable in future studies to generate these maps based on combined analysis of 537 
SERCA2a and PLB, as it unknown whether their heterogeneity will spatially correlate. 538 

Four correlation length-scales (λ = 1, 3, 5 and 10 µm) were chosen for the computational study as 539 
they represented the range of heterogeneity observed in the image analysis study. Observing the 540 
full range of integer length-scales may have provided a smoother gradient of behaviour in length-541 
scale, however due to the scope of this project, computational tractability, and the range covered 542 
by this choice of length-scales, it was determined that they were sufficient to reveal the full range 543 
of emergent behaviour. Similarly, the total extent of heterogeneity was not varied within the 544 
present study, and expression was assumed to follow a normal distribution; it would be important 545 
to see if (and in what way) the impacts of length-scale are affected by both the total heterogeneity 546 
and the skew of the distribution.  547 

The present study analysed myocytes only from healthy and RV-HF conditions, indicating that 548 
sub-cellular heterogeneity is a remodelled feature in HF. It will therefore be important to establish 549 
if this feature is present in other forms of HF (e.g. LV-HF or HF with preserved ejection fraction) 550 
and other pro-arrhythmogenic conditions, such as atrial fibrillation and ageing. It is noteworthy 551 
that the observed differences between control and HF are very similar in both RV and LV, despite 552 
this being an RV-HF model, indicating that this could possibly be a general and common feature 553 
of HF and perhaps other diseases.  554 

The present study implemented models and data from multiple species, i.e. using experimental 555 
data from rat and a human-based computational model. This was motivated by the fundamentally 556 
mechanistic aims of the study in combination with the models of human ventricular 557 
electrophysiology being more robust and better developed than those of rat. We note that in 558 
simulations, cell-specific heterogeneity maps were not used. Rather, maps at different length-scales 559 
were implemented, covering the range observed in the data, enabling the general mechanistic 560 
relationship between length-scale and dynamics to be elucidated. Future studies which aim to 561 
provide cell-specific insight, for example in explaining specific functional data, would be better 562 
performed using data and models from the same species.  563 

Whereas the present study focussed on heterogeneity at the macroscopic (micron) scale, super-564 
resolution (nanometre) properties of heterogeneity and variability, such as clustering and co-565 
localisation distances with other channels, will also likely be highly important for governing local 566 
function [52]. Moreover, by isolating the impact of SERCA2a heterogeneity the full systems 567 
perspective is somewhat missed. It will be important in future studies to combine SERCA2a 568 
heterogeneity with heterogeneity in other sub-cellular Ca2+ handling transporters (such as NCX 569 
and RyRs), as this will undoubtedly influence local flux balance and SR-Ca2+ loading, as well as in 570 
combination with global remodelling of Ca2+-handling and ion-current channel expression. 571 
Furthermore, translating the impact on inter-cellular variability into tissue models would provide 572 
more substantial insight into the impact of SERCA2a heterogeneity and increased inter-cellular 573 
variability on the emergence of arrhythmia.  574 
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4.6 Conclusions 575 

The present study has quantified remodelling of SERCA2a sub-cellular heterogeneity in RV-HF. 576 
It demonstrates a general increase in the correlation length-scale, and its inter-cellular variability, 577 
with HF. These changes were predicted to contribute to reduced CICR under normal pacing 578 
conditions, as well as modulating, sometimes critically, the emergence of Ca2+-transient alternans 579 
and spontaneous Ca2+-release. We have therefore established that the spatial profile of SERCA2a 580 
in the sub-cellular volume, and potentially that of other Ca2+ handling transporters, is a property 581 
which may be remodelled in cardiovascular disease and can contribute to observed 582 
pathophysiology of function.  583 
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