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Abstract

Each heartbeat is initiated by cyclic spontane@pothrization of cardiomyocytes in the sinus naatenfng the
primary natural pacemaker. In patients with endisteenal disease undergoing hemodialysis, it weeyla
shown that the heart rate drops to very low valbe®re they suffer from sudden cardiac death with a
unexplained high incidence. We hypothesize thatetbetrolyte changes commonly occurring in theséepes
affect sinus node beating rate and could be redipenfor severe bradycardia. To test this hypothesie
extended the Fabbri et al. computational model wmdn sinus node cells to account for the dynamic
intracellular balance of ion concentrations. Usthgs model, we systematically tested the effectalvéred
extracellular potassium, calcium, and sodium cottagions. While sodium changes had negligible
(0.15bpm/mM) and potassium changes mild effectpif8mM), calcium changes markedly affected the beati
rate (46bpm/mM ionized calcium without autonomicnirol). This pronounced bradycardic effect of
hypocalcemia was mediated primarily ky,lattenuation due to reduced driving force partidulduring late
depolarization. This in turn caused secondary reglucof calcium concentration in the intracellular
compartments and subsequent attenuation of inwged dnd reduction of intracellular sodium. Our in cili
findings are complemented and substantiated byngpireeal database study comprising 22,501 pairblobd
samples and in vivo heart rate measurements in thiatgsis patients and healthy individuals. A redurttof
extracellular calcium was correlated with a deaeeafsheartrate by 9.9bpm/mM total serum calciumd(pe1)
with intact autonomic control in the cross-sectigpapulation. In conclusion, we present mechanistisilico
and empirical in vivo data supporting the so fagleeted but experimentally testable and potentiafigortant
mechanism of hypocalcaemia-induced bradycardiaaagdtole, potentially responsible for the highlgreased

and so far unexplained risk of sudden cardiac deatie hemodialysis patient population.

Statement of Significance

We propose a pathomechanism potentially respondinlethe >10,000 yearly sudden cardiac deaths in
hemodialysis patients. Using a computational madéhuman sinus node cells, we show how a reduaifon
extracellular calcium causes severe slowing of &pwous sinus node beating by attenuation gf particularly
during late diastolic depolarization. Secondaryurgidn of calcium in the intracellular compartmerstsd
subsequent attenuation of inwarg,dy, and reduction of intracellular sodium occurs. Enhdmdings are
substantiated by an in vivo analysis of >22,00@bleamples showing a highly significant bradycagedffect of
hypocalcaemia. In conclusion, we present mechanistisilico and empirical in vivo data supportiniget
experimentally testable hypothesis of hypocalcagndaced bradycardia, potentially responsible fodden

cardiac death in hemodialysis patients.
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Introduction

The heart is driven by regular excitations generatehe sinus node as the natural pacemaker. jdwetaneous
beating of sinus node myocytes and its rate is @k by a delicate balance of inward and outward
transmembrane currents in the diastolic depolaozgDD) phase of the action potential (AP) and ititeicate
interplay of the calcium and membrane clocks, kn@snthe coupled clock mechanism (1, 2). A key facto
affecting sinus node cellular electrophysiologytie extracellular milieu, which is tightly contred in
mammals. Among others, the kidneys play a cruald m maintaining homeostasis and keeping elegeol
concentrations in the blood and the extracelluldiemwithin narrow ranges. In end-stage renal aise(ESRD)
patients undergoing hemodialysis (HD) however,rdral system fails to maintain electrolyte homesistaith
consequences for several other organ systems inglide heart and its electrical conduction systeith the
sinus node as the intrinsic natural pacemaker.H®RD population is large with >700,000 patient&irope
alone (3).

A particularly severe complication is sudden casdieath (SCD), which is abnormally frequent in the
population. Indeed, the SCD-related mortality isrégased 14-fold in ESRD patients undergoing HD when
compared to subjects with a history of cardiovemculisease and normal kidney function (4). Tradalo
cardiovascular risk factors do not explain the exiomally high rate of SCD in HD patients (4, 5)hié the
most common pathomechanisms underlying SCD in #heemgl population are tachyarrhythmias (ventricular
tachycardia, ventricular fibrillation), several gjendent studies recently indicated that bradyaadd asystole
are likely to be the dominant pathomechanisms ob S3&€ ESRD patients. Wong et al. implanted cardiac
monitors in 50 HD patients (6). The monitors colédinterrogated in 6 patients who died from SCEhan18+4
months follow-up period. All these patients diednfr severe bradycardia followed by asystole and wéhieem
showed ventricular tachyarrhythmia before or afteadycardic events (6). All SCDs occurred in thaglo
interdialytic period suggesting a major role focamulation or depletion of certain substances betvwdialysis
sessions affecting the electrical pacemaking amdiuction system of the heart as a key pathomeamahip to
date, the actual pathomechanism behind the unexgaldiigh rate of SCD in HD patients remains eluéver)
and very recently, unconventional ideas like ptastiemical exposure were put forward (8). Intenggyi, the
findings by Wong et al. were confirmed and completed by other studies collectively comprising 31alysis
patients as recently reviewed (7, 9). These in data indicate that bradycardia and asystole are fnequent
than ventricular fibrillation as a cause of SCDESRD patients and led us to hypothesize that tiseserole of
the cardiac pacemaking system and that spontarséous node beating rate in humans is modulatecdiegeee
that could cause severe bradycardia by electralyteentration changes in the extracellular spadecgsently
occurring in ESRD patients on HD.

In this study, we test this hypothesis in a comgatal model based on the Fabbri et al. model ohdw sinus
node cells (10). A computational approach providestrolled conditions and allows to investigate thke of
electrolyte changes on cellular sinus node pacergakia human setting. This is challenging expenitaky as
human sinus node cells are very rarely availablgeiGthe vastly different beating rates of commounsed
laboratory animals (mouse: 500bpm, rabbit: 300bam) humans (60bpm), it cannot be assumed that the
delicate balance of competing effects on pacemakany be transferred from animal models to humans in
general and in particular during late DD, whichyoekists at comparatively low beating rates ascyipfor

humans. Indeed, a computational inter-species sisalgvealed fundamental differences regardingebponse
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to extracellular ion concentration changes betwaéman and animal (rabbit, mouse) models with a edyk
higher effect in humans (11).

Our computational study yields mechanistic insightl an experimentally testable hypothesis regarttieg
regulation of sinus node pacemaker cell functioggsisting a pathomechanism that could be resporfible
large number of sudden bradycardic deaths in ESBfiemts. To complement and substantiate our iwcsili
findings, we analyze the statistical in vivo redatibetween heart rate and blood electrolyte conagon in

large HD and cross-sectional populations.
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97 Materials and Methods

98 Mode Development and Validation

99 The intracellular ion concentrations depend on éxé&acellular milieu, which is tightly controllednder
100  physiological conditions. Therefore, it is commandonsider constant [§ and [Nd]; in cyclic steady-state
101  simulations, as proposed in the original Fabbalemodel (10). However, when modeling the effexftaltered
102  extracellular concentrations as occurring in ESRilemts, this assumption is not valid anymore asdellular
103  concentrations will respond to changes of the egtralar milieu. Therefore, we extended the origimadel as
104  described in detail in(11). In brief, we consideréhe dynamic balance of intracellular” Kand N&
105 concentrations as governed by their influx andufflAdditionally, we added a small conductance icate
106 activated potassium currentg( as proposed in (12, 13). Lastly, the formulatioh the maximumly,
107  conductivity g, was adapted to take the dependency on].[Knto account as described for other
108 cardiomyocytes (14):

109
[K*To

Igr = Gkr- T amM (V;, — Ex) - (0.9paF + 0.1paS) - piy .

110

111 A schematic of the updated model is shown in Figurall parameters and initial values of the updateodel
112  are available in (11) together with the unalterqdagions of the original model as detailed in (JAR. features
113  of the updated model (11) were closer to experialaerglues than those of the original model exceptAPD,
114 AP overshoot, and the diastolic depolarization @diieing the first 100ms (DD, which is higher in the
115 updated model leading to a more pronounced bipH2BicThe resulting model was validated againstséume
116  experimental data as the original model (10). Teceof k, Iy, and ks mutations was not markedly affected by
117 the changes to the model. The response to comiplBleck (cycle length +25.9%) was in accordance i
118 available experimental human data (+26% (15)). ummary, the updated model exhibits homeostasis of
119 intracellular ion concentrations across time spafnsiinutes and thereby puts further physiologiaaistraints
120 on the free parameters compared to the originaimemwithout impairing reproduction of experimentd® and
121  CaT features.

122

123  Figure 1: Schematic diagram of the updated human SAN cell model. Compared to the original Fabbri et al. model (10), a
124  small conductance calciumactivated potassium current (Is) was added and the model took into account the dependency of
125 Okr On [K*], aswell as the dynamic intracellular concentration changes of not only calcium but also sodium and potassium.
126 Details regarding the updated model including the full list of parameters and initial values can be found in (11).

127  Smulation Study

128 Based on a pilot study (16), we performed a sinutestudy varying the extracellular electrolyte centrations
129 inranges also including the interval observed i phtients. [N§, was varied between 120 and 160mM;][K
130  between 3 and 9mM, and [€R between 0.8 and 2.9mM. The single cell model waserically integrated with
131 MATLAB's (The MathWorks Inc., Natick, MA, USA) vaable order stiff ordinary differential equation s
132  odel5s. Absolute and relative tolerances were set to daeébthe maximum allowed time step for the solvas w

133 1ms. Each setup was run for 100s after which acgtbady state was reached (cycle length starafandtion
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134  for the last 5 beats < 0.1%). To disentangle thatrdmution of the 3 currents directly affected byaages of
135  [C&"]o, namely &ai, lcan, and haca We performed additional simulation in which juste of the currents was
136  exposed to the altered [Ep whereas the other two were computed using thearéerconcentration of 1.8mM.
137  We evaluated the following AP and CaT featureseach of the simulated scenarios: cycle length, ArRttbn
138 at 90% repolarization (AP§g, maximum diastolic potential (MDP), AP overshoBtDR;q as a first order
139  approximation of the DD rate during the first 100mm&ximum AP upstroke velocity dV{gt, takeorr aNd Makeoft

140  at AP takeoff identified as the first time stepeaft,pr + 100ms for whic:HiZV/dt2 > 1000mV/$, CaT duration

141  at 50% (CaTD50), and CaT amplitude. To study th&rdoution of individual currents in the differet@mporal
142  phases of DD, we split this phase into early DEs{flO0Oms aftenr) and late DD (the remainder). Moreover,
143  we linearly extrapolated the effect of the firsDhis of DD onto the whole DD phase:

¢ _ Vtakeoff - MDP
dia,100 — )

144  and definedd, ae@s the remaining DD not captured by this first o@gproximation based on the first 200ms:

taialate = ttakeofr — ldia,100 -

145  Retrospective Analysis of Clinical Data

146  To identify the in vivo relationship between hegate and blood electrolyte concentrations, twodarp and
147  cross-sectional populations were used. Our anailysisded 741 HD patients over 4391 observatioosiwng
148  chronic maintenance HD treatment for at least 3thmhut not longer than one year. Patients thadhadmore
149  calcium and potassium measurement accompaniedawitissessment of predialysis heart rate were iedlid
150 the analysis. The longitudinal association was tified using a linear mixed effects model with thdditional
151 random effect of considering the time from thetfulglysis. The Western IRB determined this studyHD
152 patients as exempt and in compliance with the Hellsurance Portability and Accountability Act d996
153 (HIPAA). As an independent second population, 18,idlividuals were assessed from the 2011-2016oNalti
154  Health and Nutrition Examination Survey (NHANES) W®ss-sectional database (15). Appropriate sample
155  weights were used to ensure the results are regegise for the US population as a whole. In corigmar to the
156  HD patients, the NHANES study did not contain agitudinal aspect. Therefore, a linear regressiodehwas
157 used. Additionally, both datasets were split irfiteee age categories: younger than 50 years, betS@&and 69
158 years and 70 years or older and analysis was densgx. Statistical significance was assessed lnyest’s t-

159 test after checking for normal distributions. Adkults are given as mearstandard deviation.
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Results

Hypocal caemia Severely Sows Pacemaking in silico

Figure 2: Action potential (A) and calcium transient (B) of the reference model (blue), as well as hypokalemic (red) and
hypocal caemic (yellow) setups.

Figure 3: Action potential (AP) and calcium transient (CaT) feature dependency on extracellular calcium concentration
[Ca?*].. (A) cycle length of spontaneous sinus node cell beating, (B) AP duration at 90% repolarization, (C) maximum
diastolic potential, (D) AP overshoot, (E) diastolic depolarization rate during the first 100ms after MDP, (F) AP upstroke
velocity, (G) CaT duration at 50%, (H) CaT amplitude. The thick blue line represents the scenario in which all currents were
exposed to the altered [Ca®"],, whereas the thin lines represent scenarios in which only one current was exposed to the
altered concentration while the other two were computed with 1.8mM.

The spontaneous beating cycle length of the hurimaus siode cell model as well as AP and CaT morpfolo

changed when varying extracellular calcium and ggitem concentrations (

Figure 2). The cycle length showed a pronouncedrges relation with the extracellular calcium coricaion
[Ca®"],. The super-linear course, particularly for low g led to cycle lengths up to 2300ms at 0.8mM, i.e.,
beating rates down to 26bpm (Figure 3A). APas shortened by both hyper- and hypocalcaemiagher by
less than 8ms (Figure 3B) similar to AP overshdagyre 3D) and dV/dty (Figure 3F). MDP showed a
monotonic relation with a maximum reduction of 1\2@at 0.8mM [C&], (Figure 3C) similar to DDR,, which
was slowed by a maximum of 20mV/s at 0.8mM compaoed8mM [C&'], (Figure 3E). CaTD was longer and
CaT amplitude smaller for lower [€3, (Figure 3F+G).
The marked hypocalcaemia-induced increase in Cumyo 1472ms (Figure 4A), was only to a minor degre
caused by changes in MDP, DRR and Makeorr (Figure 4D) as quantified byidio0 (Up to 203ms, Figure 4B).
The strongest driver of CL increase at low{Tawas prolonged late DD, i.e. slowed DDR after fingt fLOOms
(Figure 4C). APIy, changes (up to -8ms) mildly attenuated the hymeeahia-induced CL increase.
Changes of [K], affected spontaneous beating rate and AP morphdtbgysmaller degree than [¢Jg changes.
Hyperkalemia led to a mild decrease of CL up to5+88 at 8.8mM compared to 5.4mM (Figure 5A). The
tachycardic effect of hyperkalemia was mainly cadulsg faster late DD (Figure 5C) and to a lesseraedy
early DD (Figure 5B) and APD shortening whereastéikeoff potential was unaffected (Figure 5D).
Varying the extracellular sodium concentration leadinor effect on the spontaneous beating of thmamu
sinus node cell model. Cycle length increased dy 8r9% when decreasing [Na from 140 to 120mM and
decreased by 3.9% when increasing Tiom 140 to 160mM. Other AP features were hardfgaéd as well
(maximum changes of 2.6mV for overshoot, 0.18mVM@P, 7ms for AP, 2.2mV/mgor DDRyq).

Figure 4: Changes of action potential characteristics upon changes of extracellular calcium concentration [Ca?].. (A) cycle
length of spontaneous sinus node cell beating, (B) first order approximation of diastolic depolarization time based on the
first 100ms including effects of MDP, DDR;, and the takeoff potential, (C) diastolic depolarization time change not covered
by the first order approximation tg, 100, (D) action potential takeoff potential. The thick blue line represents the scenario in
which all currents were exposed to the altered [Ca?*],, whereas the thin lines represent scenarios in which only one current
was exposed to the altered concentration while the other two were computed with 1.8mM.

Figure 5: Changes of action potential characteristics upon changes of extracellular potassium concentration [K*],. (A) cycle
length of spontaneous sinus node cell beating, (B) first order approximation of diastolic depolarization time based on the
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first 100ms including effects of MDP, DDR;q,and the takeoff potential, (C) diastolic depolarization time change not covered
by the first order approximation tg, 100, (D) action potential takeoff potential.

Attenuated Late Diastolic Icg. and Secondary Attenuation of Inaca are the Drivers of
Hypocal caemia-Induced Cycle Length Prolongation

To quantify the net effect of altered [ on DD, we analyzed temporal means of currents)fisre entire DD
(twop tO takeof), ii) €arly DD (f4pp tO tupp+i0omd, @nd iii) late DD ({ipp+100mstO takeor) (Figure 6). We observed an
almost linear inverse relation between diastoltaltransmembrane curren land reduction of [C4], (Figure
6Ai), particularly during late DD (Figure 6Aiii). file strongest contributors to this effect weygd(Figure 6Bi)
and k.t (Figure 6Ci) as reduced inward currents, the dgterticularly during early DD. Decreased outward
currents |k, and k. (Figure 6Di) and to a smaller extery I(Figure 6Ei) partly counterbalanced the reduced
influx.

By exposing only a single current of the three tha directly affected by changes of fGa (Ica, lcar, and
Inaca tO the altered extracellular calcium concentratid-, could be identified as the primary driver of
hypocalcaemia-induced CL prolongation (red lineEigure 3 & Figure 4, dashed lines in Figure 6 §ute 7).
Even if lcor and Kaca Still experienced the reference an of 1.8mM, the bradycardic effect of hypocalcaemia
was retained almost completely (prolongation by1186 vs. 1472ms at 0.8mM, Figure 4A). The contriputf
lcar during early DD (Figure 6Aii+Cii) had only a markg smaller effect on CL (prolongation by 83ms at
0.8mM, Figure 4A).

The mechanism by whichd. markedly prolonged CL under hypocalcaemic condgticould be identified as
the following: Lower [C&, sustainably reduced the.l driving force (up to twofold) and therefore its
amplitude during late DD where it is active (Fig@®iii). The smaller calcium influx into the intrelkular and
subsarcolemmal space over time led to lower conagohs there (Figure 7C+D) and also in the saasplc
reticulum compartments (Figure 7E+F). In tufgckbecame smaller (Figure 6B), which led to aiNdecrease
(Figure 7B) ending up in a new cyclic steady statee intracellular potassium concentration wasmatkedly
affected by changes of [ER, (Figure 7A).

Figure 6: Changes of ionic current and flux mean values during diastolic depolarization upon changes of extracellular
calcium concentration [Ca?*],. (i) mean over entire diastolic depolarization phase, (i) mean over first 100ms of diastolic
depolarization, (iii) mean over the late depolarization phase (excluding the first 100ms). The solid lines represent the
scenario in which all currents were exposed to the altered [Ca®'],, whereas the dashed lines represent scenarios in which
only Iy was exposed to the altered concentration while the other two (Icat, Inaca) Were computed with 1.8mM.

Figure 7: Changes of ionic concentrations during diastolic depolarization upon changes of extracelular calcium
concentration [Ca?*],. (i) maximum and minimum concentrations over entire diastolic depolarization phase, (i) maximum
and minimum concentrations over first 100ms of diastolic depolarization, (iii) maximum and minimum concentrations over
the late depolarization phase (excluding the first 100ms). The solid lines represent the scenario in which all currents were
exposed to the altered [Ca®'],, Whereas the dashed lines represent scenarios in which only I, was exposed to the altered
concentration while the other two (Icar, Inaca) Were computed with 1.8mM.
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Hypocalcaemia is Correlated with Lower Heart Rate in vivo

Table 1: Characteristics of the two populations used to study the empirical in vivo correlation between electrolyte
concentrations and heart rate.

iglé:?/it:jiracl)sf % male age (years) heart rate total serum serum
(observations) (bpm) calcium (mM) potassium (mM)
Dialysis 741 (4391) 59 63.9+£15.73 7791+11.29 2.22+0.15 4.64 +0.54
<50 138 (815) 60 38.63+9.23 84.46+10.05 2.20+0.16 4.75 £ 0.55
50 - 69 341 (2038) 63 61.02+5.77 78.11+10.65 2.22+0.15 4.67 + 0.58
>=70 262 (1538) 52 78.97+6.17 74.19+11.12 2.25+0.13 453 +0.47
male 436 (2594) 100 62.30+16.01 78.21 + 11.17 2.21+0.15 4.67 + 0.55
female 305 (1797) 0 64.47 +£15.24 77.48 £11.46 2.25+0.14 459 +0.54
NHANES 18141 49 43.01 £20.57 73.34+£11.96 2.36+0.09 3.97+0.34
<50 10918 49 28.70+11.39 74.78+11.79 2.36+0.09 3.94+0.31
50 to 69 4917 49 59.21+5.64 71.86+11.94 2.35+0.09 2988
>=70 2306 49 76.20+3.73 69.62+11.61 2.35+0.10 40041
male 8915 100 42.79 £20.7371.75 + 12.00 2.36 + 0.09 4.03+0.34
female 9226 0 43.22 +20.40 74.87 £ 11.71 2.35+0.09 3.92+0.34

As an initial validation step, we studied the enggif in vivo correlation between blood electrolyte
concentrations and heart rate in two large indepengdopulations (baseline characteristics giveiiable 1).
Compared to the in silico single cell experimetise would expect marked attenuation of the hypaeafic
effect by an intact autonomic nervous system cosipgi a control loop for heart rate. Indeed, we fbun
statistically highly significant evidence of an @rge relation between total serum Ca and hear{Fajare 8) in
both populations. In HD patients, the effect becamoee pronounced with age with no significant clatien for
patients younger than 50 years, 5.35+1.83bpm/misl ©& for 50-70 years (p<0.005), and 6.32+2.29bpvh/m
total Ca for individuals of age >70 years (p<0.0Ihis age dependency was not seen in the NHANES
individuals, which overall had a good renal cleameGFR17)102.1+28.5ml/min/1.73f <15ml/min/1.73rA

in only 0.29% of individuals). The strength of tleear dependency of total serum calcium and heaet was
more pronounced in the NHANES data across age gretgP years (9.63+1.30bpm/mM total Ca, p<0.00@), 5
70 years (8.75+x1.99bpm/mM total Ca, p<0.001), and years (9.94+2.42bpm/mM total Ca, p<0.001).
Potassium on the other hand had a similar invemsecslation to heart rate for all age groups in thB
population: <50 years (-2.09+0.66bpm/mM K, p<0.Q@®)-70 years (-1.55+0.42bpm/mM K, p<0.001), an@ >7
years (-1.73+£0.54 bpm/mM K, p<0.005). The effecswanilar in the NHANES individuals with only a lew

significance in the age group 50-70 years.
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The bradycardic effect of hypocalcaemia was masketilonger in males with a factor of approximately
between the results for males and females seestintbe NHANES and HD populations. T had a significant
inverse correlation with HR in both sexes.

Figure 8: Forest plot of linear dependency between total serum calcium (blue) and potassium (red) concentrations and in
vivo heart rate. Data from a linear mixed effects model of 741 hemodialysis patients (4391 observations) are indicated by
squares, circles represent a linear regression of 18145 individuals from the NHANES cross-sectional study representative of
the US population.

Figure 9: Histogram of heart rate (A), total serum calcium (B), and serum potassium (C) distributions in the NHANES and
hemodialysis populations.
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Discussion

In this study, we tested the hypothesis that husians node cellular spontaneous beating rate et by
changes in extracellular ion concentrations as micay in ESRD patients undergoing HD. Using a
computational model, we show that hypocalcaemiaaha®nounced bradycardic effect in isolated husians
node cells with healthy electrophysiology. The beptate was reduced by 46bpm when reducing extvdae
ionized calcium concentration [€%, by 1mM from the in vitro (and in silico) referenvalue of 1.8mM. The
beating rate sensitivity to changes inTK(hypokalemia) was 4.1x smaller than that due @nges in [C&],
(hypocalcaemia). Moreover, as beating rate acdedaravas observed for hyperkalemia, ‘TK changes are
unlikely to contribute to the high risk of sevenadbycardia towards the end of the interdialyticigéruring
which potassium is accumulated rather than depletetD patients.

By leveraging the advantages of a computationalrcgmbh, we could dissect the following mechanism
underlying the pronounced bradycardic effect ofusdi [CA"],: primarily Ic.. is attenuated because of reduced
driving force particularly during late depolarizati which causes a secondary reduction of calcium
concentration in the intracellular compartments smdsequent attenuation @fd, also being a diastolic inward
current, thus causing further slowing of DD. The beadycardic effect is the result of a delicatéabee of
inward and outward currents during DD and changpesebf. While the DD integral of individual current
showed changes of up to 10nA*ms upon changes &f][Cthey were partly counterbalanced by other changes
yielding a net effect on the DD integral of onl\24A*ms. The slowing of spontaneous beating indulbgd
hypocalcaemia was predominantly due to changestefDD: only 14% of the CL increase observed at the
lowest [Cél*]0 could be attributed to changes of MDP, DigRaind Vyeorr The fact that 83% of this CL increase
were retained when onlyJ, was affected by the change of fghighlights the key role of late diastolig,] in
hypocalcaemia-induced slowing of sinus node pacérmgak

While we further constrained the human sinus noelé model by posing the physiological constraint of
homeostasis, there still is a degree of uncertaility to sparse experimental data. Therefore, expetal
validation of our in silico derived hypothesis igsitable. However, such experiments would needeo b
performed using human sinus node cells becauseucfat inter-species differences in the responssiofis
node cells to changes of [€R (11). We could show that rabbit experimental da@tches well with rabbit
model predictions of the effect of hypocalcaemidghbqualitatively and quantitativelgut the effect is less
pronounced by a factor efLlO compared to human sinus node cells (11). Corisglthat the bradycardic effect
of hypocalcaemia observed here was mainly due emgds in late DD (beyond 100ms), the inter-species
differences are little surprising given that thisape is not present in species with high baselesthate as
typical for common laboratory animals. The effestearly depolarization was comparable across spétie.
Therefore, we decided to substantiate and compleroan in silico findings by studying the empirical
correlation between heart rate and serum totaiwralén two large populations. We found statistigaighly
significant correlations in both the HD as wellthe NHANES populations in qualitative agreementhwitie
model predictions for calcium but not potassiume hiismatch for potassium might indicate that thease root
formulation underestimates the degree of modulatbry, by [K'], and could imply that hyperkalemic
conditions as typical for the later interdialytierfpd exacerbate the bradycardic effect of hyp@eaiua. The
bradycardic effect of hypocalcaemia was increagirsglonger with higher age for the HD populatiorhiat
could be an indication of a gradual loss of funttimf the autonomic control of heart rate with agethis

population experiencing chronic sympathetic oveivig driven by afferent sensory renal nerves silised by
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renal injury (4, 18). Surprisingly, the effect wstsonger in the healthier NHANES population tharthie HD
population. A potential reason could be the smaliagnitude of calcium excursion and therefore hbsart rate

in the healthier NHANES population (Figure 9), whienight not cause immediate counteraction by the
autonomic nervous system. To quantitatively rethtse in vivo results with the cellular in silicesults, the
relation between [G4, and total serum calcium is important. The distiiim of free cations in the vascular, i.e.
serum, and interstitial, i.e. extracellular, contpents has been reported to agree with Donnanythpredicting

a ratio of 0.98 (19). Moreover, around 45% of thtaltserum calcium is free ionized calcium wherthasrest is
complexed or bound. Taken together, this yieldsaetof of ~2.27. Thus, the overall linear effect in the
NHANES population of 9.9bpm/mM total calcium rekte an effect 0f21.56bpm/mM [C&],. This in vivo
effect is about half as strong as the observedi@o £ffect, whose linear regression would likbly smaller than
the factual value of 46bpm/mM [€%, assuming sampling of the super-linear course cemtaround the
reference value. However, it may not be forgotteat the empirical data were acquired in vivo, inea setting
where the heart rate is tightly controlled througirious feedback loops via the autonomic nervoistesy,
which should to a high degree compensate changbasafl cellular beating rate caused by change€ast][.
Considering this, it rather seems surprising thatih vivo effect is not even smaller.

Our study presents a potential mechanism contrigut SCD in ESRD patients: While in a subject withhmal
renal function calcium concentrations are geneisttiple, the course of calcium during the integdialperiod is
highly variable and HD patients may experiencevaahé changes in serum calcium levels during théysig
session. In particular, significant intradialytieductions in calcium levels can occur if low camiudialysis
baths (e.g. 1.25mM) are used. Dialysates with l@i/ €oncentrations are also associated with a highlerof
intra-dialysis sudden cardiac arrest (20). The ep#di developing hypocalcemia over the course of the
interdialytic days will experience a lower basalusi node beating rate, which will normally be ceubalanced
by an increase in sympathetic tone. However, aaudalss of sympathetic tone as systematically eesen
mouse models of ESRD (21) will unmask the lowerabasius node beating rate, similar to those reguftom
simulations not taking into account autonomic coiptand cause extreme bradycardia and eventualistae
within seconds to minutes as reported for bradycaadden death in HD patients (22) if secondacep@kers
cannot take over.

This hypothesis is in line with a recent epidemgatal study comprising 28,471 dialysis patients)(&3owing
that ESRD patients on HD have an almost 6x inceeasgdence of requiring pacemaker insertion coragdo
matched patients with normal kidney function. Ofey@ll of the 4 patients suffering SCD in the stbg Sacher

et al. (22) had a preserved ejection fraction, satigg that the fatal arrhythmia was not due tauaderlying
severe heart disease. Moreover, all of them hadard of diabetes mellitus, which is associateth wittonomic
neuropathy, compared to only 55% of those patielite at the end of the follow-up period. If theicial role of
hypocalcaemia is confirmed, continuous non-invasaraote monitoring of the blood calcium level usEgG-
derived features (24, 25) could help to reduceSk® incidence. In addition, one could envision xplere
ways to pharmacologically modulatg,l in order to reduce dependence on?Tathus yielding a more robust
pacemaking behavior over a wider range of extratzellcalcium concentrations including hypocalcaemic
conditions. In this context, the role of calciumaohel blockers that are widely used in ESRD patiand affect
myocytes as well as blood vessels should be irgagstil in light of our hypothesis. In particularge thon
dihydropyridine type blockers that bind prefereliyigo L type channels in the cardiac muscles appea

interesting and a negative chronotropic effectria Wwith our findings has been reported (26).
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Limitations

Several limitations pertain to this study: i) The sSilico reference concentrations reflect standarditro
conditions but not physiological in vivo concenias. In particular, ionized calcium has been reggbto vary

in the range 0.9 to 1.6 mM in HD patients (27). Thistorical reasons and potential implications o t
mismatch for calcium were discussed by Severi.€R8). For the study presented here, one shotddimerom
taking absolute calcium concentrations into consitien and rather interpret the results in terms of
concentration changes. Interestingly, the sensitiof beating rate to calcium changes (slope ofdteve in
Figure 4A) becomes steeper in a physiological oa{physiological range ([¢§, <1.5mM), and even more in
conditions of pronounced hypocalcaemia. ii) Themicemilieu in HD patients has been shown to aftestlular
electrophysiology as reviewed in (7). These chamhgee not been taken into consideration hereiasitt clear
how they pertain to sinus node cardiomyocytes. Algodid not consider changes of ion channel ptagsedue

to changes of surface charge related to varyind'JQ@9, 30). iii) Spontaneous cellular pacemaking is a
necessary but not sufficient condition for theiatibn of a heartbeat. In addition, the ensemblsinfis node
cells needs to drive the surrounding working mydean, which captures the excitation. This aspedt na
considered in future work based on a preliminawggt31). iv) The role of the autonomic nervousteys has
not been considered. While the Fabbri et al. mdéelafures sympathetic stimulation, it is only avaléaas a
binary on/off switch and beyond the scope of thigdg. Future work will extend the model to allowr fa
gradual sympathetic response allowing to assess hm&ct autonomic control could compensate for
hypocalcaemia-induced lower basal beating ratd.hiy study is based on the Fabbri et al. model béiman
sinus node cell (10). Inherent sinus node hetemigermnd variability has not been considered here &
currently limited by the amount of available expegntal recordings. Nevertheless, a population ofletso
approach (32) appears desirable for the futureSyihpathetic hyperactivity is a frequent phenomendeSRD
patients (18) and future studies should extendstagistical analysis to co-morbidities that areoagged with

autonomic neuropathy to consider these potentiditiadal confounding factors beyond age.

Conclusion

We derived an experimentally testable hypothesia gfathomechanism underlying the high rate of smdde
bradycardic deaths in HD patients. Our computatishady suggests that a reduction of extracellaklcium
concentration slows down cellular sinus node pa&argaseverely by attenuation aof,] and secondary ofdca
duringlate DD. While normally compensated by a higher gathetic tone, a sudden loss of sympathetic tone
could unmask the low basal sinus node beating wager hypocalcaemic conditions and cause extreme
bradycardia. The combination of these two mechasi@udden loss of sympathetic tone under hypocalicae
conditions) could cause bradycardic SCD and cautigilio the high prevalence of SCD in HD patientse T
mechanistic in silico study is complemented withimvivo analysis comprising >20,000 observationkjch
supports the computational findings. Our resultsld¢de a crucial first step to elucidate the patbonanism

behind the unexplained high rate of SCD in HD patieand help to reduce its incidence eventually.
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