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Abstract 25 

Cardiac resynchronizaSon therapy (CRT) guidelines are based on clinical trials with limited female 26 
representaSon and inconsistent lel bundle branch block (LBBB) definiSons. ConvenSonal QRS 27 
duraSon (QRSd) criteria show variable diagnosSc accuracy between sexes, partly due to differences 28 
in heart size and remodeling. We evaluated the influence of sex, heart size, LBBB, and conducSon 29 
delay on QRSd and assessed the diagnosSc performance of convenSonal and indexed QRSd criteria 30 
using a populaSon-based modelling approach. Simulated QRSd were derived from 31 
electrophysiological simulaSons conducted in 2627 UK Biobank healthy parScipants and 359 paSents 32 
with ischemic heart disease, by modelling LBBB and normal acSvaSon combined with/without 33 
conducSon delay. QRSd criteria under-selected LBBB females and over-selected non-LBBB paSents. 34 
Indexing by LVEDV and LV mass reduced sex dispariSes but increased the over-selecSon in non-LBBB 35 
paSents. Height-indexed QRSd effecSvely resolved sex differences and maintained low non-LBBB 36 
selecSon rates, demonstraSng superior performance and potenSal for more equitable CRT selecSon. 37 
These results uncover a key mechanisSc driver of sex differences in LBBB detecSon that may 38 
contribute to CRT outcomes and underscore the importance of incorporaSng sex-specific 39 
consideraSons into updated CRT guidelines to ensure equitable and effecSve treatment.  40 

 41 
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Introduction  42 

Cardiac ResynchronizaSon Therapy (CRT) is a treatment that improves the cardiac funcSon in 43 
paSents with heart failure and lel bundle branch block (LBBB). A key clinical biomarker used for 44 
selecSng eligible paSents is QRS duraSon (QRSd), which is a reading on electrocardiograms (ECGs), 45 
reflecSng the Sme taken for ventricular acSvaSon, important for assessing the health of the heart’s 46 
conducSon system. While CRT has been widely used and helped many paSents, about 30% of 47 
paSents do not show expected clinical improvements1. One factor that may contribute to this 48 
variaSon in outcomes is biological sex. While some studies, such as CARE-HF (Cardiac 49 
ResynchronizaSon in Heart Failure)2, reported no significant sex differences, most clinical evidence 50 
suggests that women demonstrate higher response rates to CRT, compared to men, parScularly at 51 
shorter QRSd3.  52 

The mechanisms underpinning these sex differences in CRT response remain poorly understood. 53 
Previous clinical studies have proposed that differences in heart sizes and QRSd may partly explain 54 
the observed variaSon4. This was supported by our prior large-scale modelling study5 which showed 55 
how the shorter QRSd in women can be enSrely explained by smaller heart sizes, without intrinsic 56 
differences in myocardial conducSon velocity. Various indexed QRSd criteria, such as by cardiac 57 
structural metrics including heart volumes and mass, or body habitus measures including height, 58 
have been proposed to resolve these differences and improve paSent selecSon. But these studies 59 
have largely been examined in small clinical cohorts and only considered paSents who met the 60 
convenSonal/unindexed QRSd inclusion criteria3.  As a result, such analyses may be biased toward 61 
showing that women who meet both convenSonal and indexed criteria benefit from CRT, while 62 
overlooking potenSal responders including both men and women who meet indexed criteria but not 63 
convenSonal criteria. 64 

In addiSon to structural remodelling, funcSonal remodelling also plays a vital role in varying QRSd in 65 
CRT paSents/candidates. FuncSonal remodelling can be generally categorised by two pathological 66 
processes: (1) lel bundle branch block (LBBB), resulSng in electrical desynchrony, and (2) slowed 67 
myocardial conducSon due to the presence of scarring or myocardial fibrosis, ionic remodelling or 68 
gap juncSon down-regulaSon4, which can both lead to the conducSon delay and manifest as QRSd 69 
prolongaSon. Previous studies demonstrated that paSents with LBBB generally derive greater 70 
benefits from CRT compared to those without it6. To idenSfy LBBB paSents, various criteria based on 71 
QRS morphology in the electrocardiograms have been proposed, which have led to considerable 72 
variability in paSent straSficaSon7, while the QRSd criteria remain the gold-standard clinical 73 
biomarker for idenSfying CRT paSents. However, the relaSve impacts of these disSnct pathological 74 
substrates, or their combinaSons on QRSd in different sexes, remain poorly understood. 75 
Furthermore, it is also unknown how these disSnct pathological substrates affect the diagnosSc 76 
efficacy of the current convenSonal QRSd and indexed QRSd in different sexes. Here we assess 77 
whether QRSd-based criteria are complementary to morphology-based criteria by improving sex-78 
equitable idenSficaSon of paSents with a canonical LBBB substrate. 79 

ComputaSonal models offer a unique plasorm for dissecSng the impact of different pathological 80 
changes on QRSd in a controlled manner. By leveraging paSent-specific anatomical models derived 81 
from clinical imaging, it is possible to prospecSvely evaluate the diagnosSc performance of various 82 
convenSonal or indexed QRSd criteria under different pathological scenarios. A key limitaSon of prior 83 
studies is their focus on paSents who already met convenSonal QRSd criteria, rather than 84 
considering a broader populaSon. Here, we introduce a novel approach using virtual cohorts, which 85 
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allows for the exploraSon of a wide distribuSon of cases, including those who may not have met 86 
convenSonal inclusion criteria.  87 

In this study, we hypothesize that the sex difference in CRT response is influenced by sex-dependent 88 
diagnosSc accuracy for paSents with different pathological changes, combined with the known factor 89 
of heart size differences. To test this, we prospecSvely evaluate the efficacy of convenSonal QRSd 90 
and indexed QRSd criteria for straSfying virtual LBBB and non-LBBB paSents in different sexes under 91 
varying degrees of pathological changes. The simulated scenarios include LBBB and normal 92 
acSvaSon, in combinaSon with/without slow myocardial conducSon. These simulaSon scenarios 93 
were applied to paSent-specific models developed from two large-scale cohorts: (1) healthy 94 
volunteers from the UK biobank (UKBB), represenSng anatomically healthy hearts, and (2) paSents 95 
with ischemic heart disease (IHD), represenSng diseased anatomies with structural modelling. By 96 
expanding beyond convenSonal inclusion criteria and leveraging populaSon-level models, this study 97 
provides new insights into the sex-specific efficacy of CRT selecSon criteria and their implicaSons for 98 
opSmizing paSent outcomes. 99 

Results  100 

Basic patient characteristics 101 

Table 1 summarizes parScipant characterisScs for the healthy cohort (free from cardiovascular 102 
disease (CVD)) from UKBB and the IHD cohort. Females comprised 57% of the healthy cohort and 103 
12.5% of the IHD cohort. Significant sex differences were observed in all cardiac structural metrics 104 
such as lel ventricular end-diastolic volume (LVEDV) (𝑃 < 8.1 × 10!"), with the mean LVEDV and LV 105 
mass in IHD cohort being approximately 30% larger than those in the healthy cohort. Lel ventricular 106 
ejecSon fracSon (LVEF) differences by sex were non-significant in both cohorts, although the mean 107 
LVEF was lower in the IHD cohort (male: 45.2±16.0% vs 49.7±16.0%) compared to the healthy cohort 108 
(male: 55.0±6.1% vs 57.6±5.4%).  109 

QRSds during sinus rhythm were shorter in females compared to males in the healthy cohort 110 
(84±11.3 ms vs 92.5±12.5 ms, P=8 × 10!#$). Similarly, in the IHD cohort, females have shorter QRSds 111 
than males (100.8±26.5 ms vs 106.9±22.5 ms, P=0.01).   112 

In the IHD cohort, there was no significant difference between sexes in the extent of core infarct 113 
mass (P=0.85) or the affected territories (P=0.5). 114 

 UKBB: 
Male 
(n=1125) 

UKBB: 
Female 
(n=1502) 

P value IHD: Male 
(n=314) 

IHD: Female 
(n=45) 

P value 

Age (year) 61.2 ± 7.6 60.3 ± 7.3 0.001 64.2 ± 10.0 63.0 ± 9.1 0.34 
Weight (kg) 83.0 ± 13.0 68.4 ± 12.3 9.8

× 10!%"& 
84.2 ± 15.4 70.4 ± 12.0 1.8

× 10!' 
Height (cm) 176.5± 6.4 163.1± 6.3 < 1

× 10!%" 
174.2± 8.3 162.5± 6.8 3.9

× 10!%( 
BMI 
(kg/m^2) 

26.6±3.7 25.7±4.4 1.9
× 10!%) 

27.8±4.9 26.7±4.6 0.21 

Lel 
ventricular 
end-
diastolic 

156.1±29.
8 

119.1±19.9 9.5
× 10!*%' 

222.3±81.5 171.2±66.4 8.1
× 10!" 
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volume 
(LVEDV/mL) 
Right 
ventricular 
end-
diastolic 
volume 
(RVEDV/ 
mL)  

158.7±29.
4 

114.8±20.3 4.3
× 10!*"+ 

157.3±42.3 120.6±38.5 2.3
× 10!' 

Lel 
ventricular 
mass (LV 
mass/g) 

127.3±20.
2 

91.1±13.1 < 1
× 10!%" 

162.2±51.3 123.8±42.7 3.6
× 10!( 

Lel 
ventricular 
ejecSon 
fracSon 
(LVEF/ %) 

55.0±6.1 57.6±5.4 0.46 45.2±16.0 49.7±16.0 0.11 

QRS 
duraSon 
(QRSd) 
measured 
at sinus 
rhythm 

92.5±12.5 84±11.3 8
× 10!#$ 

106.9±22.5 100.8±26.5 0.01 

Core infarct 
mass % of 
LV 

   16.5±9.9 16.3±10.4 0.85 

Scar 
Predomina
nt territory 

     0.5 

Anterior    138 (43.9%) 22 (48.8%)  
Lateral    118 (37.6%) 17 (37.8%)  
Inferior    43 (13.7%) 6 (13.3%)  

Table 1: Basic characteris0cs of the healthy cohort from the UK biobank (n=2627) and the clinical cohort of pa0ents with IHD 115 
(n=359). 116 

Summary statistics of simulated QRSds in four pathological scenarios 117 

Four pathological scenarios were simulated for each paSent-specific anatomical model and the 118 
resultant QRSds were calculated. Figure 1A showed QRSds simulated using healthy anatomies from 119 
UKBB with normal and LBBB acSvaSon. A 25% increase in QRSd was observed with LBBB acSvaSon 120 
(78.04±5.92 vs 97.56±7.55 ms, P<0.0001). Males exhibited longer QRSds than females in both groups 121 
(normal: 82.1±4.9 vs 75±4.7 ms and LBBB: 102.2±7.2 vs 93.7±5.1 ms, both P<0.0001). In scenarios 122 
involving addiSonal slowed myocardial conducSon (Figure 1B), QRSds were further prolonged 123 
(120.1±9.6 vs 145.5±12.9 ms, P<0.0001), with preserved sex-specific differences (healthy: 126.6±8.6 124 
(male) vs 115.2±7.1 ms and LBBB: 153.4±12.9 (male) vs 139.5±9.2 ms, both P<0.0001). Using IHD 125 
anatomical models, mean QRSds were approximately 8 ms longer compared to healthy models, with 126 
slow conducSon adding an addiSonal 11 ms prolongaSon in the mean QRSd (Figure 1 C, D). 127 
Consistent sex-specific differences were noted.  128 



 5 

 129 

Figure 1: Comparison of QRSds simulated in four pathological scenarios of both sexes in both healthy and IHD cohorts. The 130 
four pathological scenarios are (a) Healthy heart anatomies + normal myocardial conduc0on; (b) Healthy heart anatomies + 131 
slow myocardial conduc0on; (c) IHD heart anatomies + normal myocardial conduc0on; (d) IHD heart anatomies + slow 132 
myocardial conduc0on. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 133 

Subgroup analysis on IHD patients who met the current criteria of CRT  134 

To test how our models resemble the paSents’ real condiSons, we selected paSents from the IHD 135 
cohort who met the Class IA indicaSon for CRT (𝐿𝑉𝐸𝐹 ≤35% and 𝑄𝑅𝑆	𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ≥ 150	𝑚𝑠) (n=17), 136 
and assessed whether their simulated QRSds in various scenarios sSll exceeded the 150 ms 137 
threshold, reflecSng their realisSc pathology. Among the 17 paSents, 10 had LBBB morphology on 138 
their ECG, while 6 showed a right bundle branch block (RBBB) morphology. As shown in Figure 2, 139 
none of their simulated QRSds surpassed 150 ms under normal conducSon scenarios, regardless of 140 
LBBB or normal acSvaSon (113.2 ± 13.3	𝑚𝑠	𝑎𝑛𝑑	90.6 ± 11.5	𝑚𝑠). Under slow conducSon 141 
scenarios, QRSds increased with 35% and 88% of cases surpassing the 150 ms threshold (normal 142 
acSvaSon: 134.9 ± 24.5	𝑚𝑠 and LBBB acSvaSon: 172.2 ± 20.9	𝑚𝑠). Based on these results from our 143 
IHD cohort, we observed most of cases exhibiSng QRSd>150 ms are due to the combinaSon of both 144 
LBBB with conducSon slowing, suggesSng that these are the most common pathological substrates 145 
in paSents meeSng the current CRT criteria. 146 
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  147 

Figure 2: Simulated QRSd in four pathological scenarios for pa0ents who met the Class IA indica0on of CRT in the IHD 148 
cohort. Four pathological scenarios were included: LBBB or normal ac0va0on with normal or slow conduc0on. Class IA 149 
indica0on of CRT is defined by LBBB with QRSd≥150 ms, LVEF≤35%) (n=17)  150 

LBBB and non-LBBB Patient stratification using conventional and 151 

adjusted QRSd criteria with fixed thresholds 152 

Prior studies suggesSng indexed QRSd for improving the idenSficaSon of female CRT responders 153 
olen analysed cohorts that already met convenSonal CRT criteria. However, if these indexed criteria 154 
were applied broadly to all heart failure paSents, it might idenSfy individuals who do not meet 155 
current inclusion criteria for CRT. To evaluate the true predicSve accuracy in LBBB paSents and ‘false 156 
posiSve’ rates in non-LBBB paSents of these QRSd criteria, we apply them to a syntheSc model 157 
cohort to assess their effecSveness in a general populaSon. 158 

Firstly, the convenSonal QRSd thresholds (150 ms 8,9, 130 ms8 and 120 ms9) were evaluated for their 159 
effecSveness in straSfying male and female paSents with and without LBBB. For LBBB paSents with 160 
slow conducSon (Figure 3A, B), the 150 ms threshold idenSfied 71% and 58% of males with IHD and 161 
healthy anatomies, respecSvely, significantly exceeding the 53% and 11% rates for females (both 162 
P<0.03). Lowering the threshold improved the true posiSve rate for LBBB females and achieved a 163 
non-significant sex difference when using a threshold of 120 ms (IHD: 91% and healthy: 99%), to 164 
levels comparable to males (IHD: 96% and healthy: 99%, P=0.77 and P=0.12). However, the lower 165 
thresholds also increased false posiSve rates among non-LBBB paSents with slow conducSon (Figure 166 
3C, D), parScularly in males (IHD: 76%, healthy: 77%), compared to females (IHD: 57%, healthy: 21%, 167 
both P<0.02). No significant sex differences were observed in normal conducSon scenarios for either 168 
LBBB or non-LBBB paSents. 169 

Next, the QRSd normalized by heart structural metrics such as LVEDV and LV mass were assessed, 170 
using cutoff values: 0.52 and 0.65 ms/mL for LVEDV, and 0.8 ms/g for LV mass, as proposed in 171 
previous clinical trials4,10,11. We aimed to test if these indexed QRSd could beder idenSfy paSents 172 
with LBBB, regardless of sex or slow conducSon. As shown in Figure 3A, B, indexed QRSd was beder 173 
at idenSfying LBBB paSents in cases with normal conducSon scenarios, where (range: [21.7–99.9%]) 174 
of cases met the criteria, compared to convenSonal QRSd criteria ([0–12.7%]). Among them, LBBB 175 
females consistently exhibited beder true predicSve accuracy than males in normal conducSon 176 
scenarios ([42.2-99.9%] vs [21.7-95.1%], all P<0.05). While the indexed criteria also exhibit greater 177 
false posiSve rates in women (Figure 3C, D), parScularly in the normal conducSon scenarios ([22.2-178 
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92.6%] vs [7.0-57.2%], all P<0.05).  In contrast, in slow conducSon scenarios, indexed QRSd criteria 179 
lead to both much higher true posiSve rates for LBBB ([73.2-100%]) and false posiSve rate for non-180 
LBBB paSent selecSon ([49.7-100%]) with significant sex differences in most cases. Notable 181 
excepSons included the 0.52 ms/mL cutoff, which showed no significant sex differences for LBBB 182 
paSents with healthy or IHD anatomies (healthy and IHD females: 100% and 93.3% vs males: 99.9% 183 
and 87.9%, P=0.43 and P=0.41) and the 0.8 ms/g cutoff in LBBB paSents with IHD anatomies (female: 184 
93.3% vs 83.8%, P=0.1). 185 

Lastly, we assessed the diagnosSc efficacy of indexed QRSd criteria by physical measures such as 186 
height using cutoff values of 0.8 and 0.9 ms/cm as proposed previously12. As shown in Figure 3, both 187 
cutoff values demonstrated comparable paSent selecSon rates between sexes across most scenarios, 188 
with <10% difference observed in healthy anatomies and slow conducSon scenarios using the 0.9 189 
ms/cm (P<0.05). The highest selecSon rates for LBBB paSents occurred in slow conducSon scenarios 190 
with healthy anatomies (83.7 and 83.9% for females) and IHD anatomies (83.1 and 82.2% for 191 
females) using the 0.8 ms/m cutoff. In contrast, the corresponding false posiSve rates of non-LBBB 192 
paSents with healthy and IHD anatomies (Healthy: 37.8 and 37.6% for females; IHD: 5.6 and 2.2% for 193 
females) are lower, compared to QRSd threshold of 150 ms and all indexed QRSd thresholds by 194 
LVEDV and LV mass.  195 

 196 

Figure 3: Heatmaps for classifica0on success (posi0ve) rates for LBBB and non-LBBB pa0ents. LBBB (panel a) and non-LBBB 197 
Pa0ents (panel c) were classified using conven0onal and adjusted QRSd criteria by LVEDV, LV mass and height in different 198 
sexes for four pathological scenarios including using healthy and IHD heart anatomies with normal and slow conduc0on. 199 
Each cell represents the success (posi0ve) rate in %. Panel b and d represent the corresponding P values of the comparison 200 
of the success rate between male and female, for LBBB and non-LBBB ac0va0on groups. * P<0.05.   201 

Overall classification performance of conventional and adjusted QRSd 202 

criteria across sexes 203 

Prior studies have shown that paSents with LBBB generally derive greater benefit from CRT than 204 
those without6. To disSnguish LBBB paSents, different criteria based on QRS morphology in the 205 
electrocardiograms have been proposed, which lead to significant variability in paSent straSficaSon7. 206 
Here we tested whether QRSd-based criteria can provide a complementary approach to morphology-207 
based assessment, parScularly in reducing sex-related bias. 208 

To invesSgate the classificaSon performance of both convenSonal and adjusted QRSd criteria in 209 
predicSng LBBB paSents under various pathological scenarios, we have ploded the ROC curves for 210 
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each individual QRSd criterion menSoned above and also for both female and male groups to 211 
invesSgate the sex-specific difference ( 212 

Figure 4). In general, the AUC for QRSd decreased as the levels of pathological changes increased, for 213 
example for the models trained on all cases: healthy anatomies+ normal conducSon: 0.985> healthy 214 
anatomies + slow conducSon: 0.95 > IHD anatomies + normal conducSon: 0.886 > IHD anatomies + 215 
slow conducSon: 0.832, so did for all the other indexed QRSd criteria, no mader of specific sex 216 
groups. Overall, the convenSonal QRSd model consistently outperformed those indexed by LVEDV 217 
and LV mass in all scenarios (all P<1 × 10!+). InteresSngly, the model indexed by height 218 
demonstrated beder performance overall, outperforming indexed LVEDV and LV mass models across 219 
all pathological scenarios (all P<1 × 10!+) while only exceeding QRSd model significantly in two 220 
scenarios with healthy anatomies (AUC: normal conducSon: 0.994 vs 0.985, P=1 × 10!+ and slow 221 
conducSon: 0.972 vs 0.95, P<1 × 10!+). For the models trained on specific sex groups, the AUCs of 222 
convenSonal QRSd and QRSd indexed by height are similar which both show beder predicSve power 223 
than the QRSd indexed by LVEDV and LV mass.  224 

The opSmal thresholds of QRSd increased while the levels of pathological condiSons increased, 225 
ranging from 87 ms for healthy anatomies + normal conducSon to 152 ms for IHD anatomies + slow 226 
conducSon. Under the IHD anatomies and slow conducSon scenario, the opSmal threshold of 152 227 
ms for QRSd achieves sensiSvity of 0.68 and specificity of 0.87, closely matching the height indexed 228 
threshold of 0.86 ms/m with sensiSvity of 0.71 and specificity of 0.84. While in the other three 229 
scenarios with less remodeling, the height-indexed threshold achieved the best sensiSvity and 230 
specificity balance, slightly beder than QRSd and surpassing QRSd indexed by LVEDV and LV mass. 231 

The male opSmal thresholds of QRSd are always larger than the females with differences ranging 232 
from 7ms for healthy anatomies+ normal conducSon to 13 ms for healthy anatomies + slow 233 
conducSon. In contrast, the sex-specific differences of opSmal thresholds of QRSd indexed by heights 234 
are very small (varying by 0.01) under all scenarios, comparing to much larger variaSons as in QRSd 235 
indexed by LVEDV and LV mass (ranges: [0.02, 0.29]).  236 
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 237 

Figure 4: Classifica0on performance of conven0onal and adjusted QRSd for differen0a0ng LBBB from non-LBBB pa0ents 238 
across sex groups and pathological scenarios. QRSd was adjusted by LVEDV, LV mass and height. Performance is shown 239 
across four pathological scenarios: (a) Healthy heart anatomies + normal myocardial conduc0on; (b) Healthy heart 240 
anatomies + slow myocardial conduc0on; (c) IHD heart anatomies + normal myocardial conduc0on; (d) IHD heart anatomies 241 
+ slow myocardial conduc0on. The markers in different shapes represent the op0mal threshold for the corresponding 242 
predictors.    243 

Clinical Validation in a CRT Cohort 244 

To further evaluate the applicability of the adjusted QRSd criteria in real-world clinical se�ngs, we 245 
performed addiSonal simulaSons in a cohort of paSents who had undergone CRT implantaSon (n = 246 



 10 

53), including 12 females (Supplementary Table 1, Supplementary Figure 1). LVEF was comparable 247 
between males and females (26.3 ± 7.0% vs 27.3 ± 8.6%, P = 0.63), as was QRSd (160.0 ± 20.5 ms vs 248 
156.9 ± 13.7 ms, P = 0.72). No significant sex differences were observed in LVEDV or RVEDV. However, 249 
LV mass was significantly greater in males, being approximately 28% higher than in females (185.7 ± 250 
45.0 g vs 144.6 ± 35.4 g, P = 0.005).  251 

We have ploded the ROC curves for all QRSd criteria based on the simulated QRSd to test the 252 
classificaSon performance of LBBB scenarios (Figure 5). Similar to the results on healthy and IHD 253 
cohorts, the convenSonal QRSd model consistently outperformed those indexed by LVEDV and LV 254 
mass in both normal and slow conducSon scenarios (all P<0.002). In contrast, the model indexed by 255 
height achieves comparable classificaSon performance as QRSd, outperforming indexed LVEDV and 256 
LV mass models across all pathological scenarios (all P<0.0002). Similar to the results on healthy and 257 
IHD cohorts, the AUCs of convenSonal QRSd and QRSd indexed by heights are similar on specific sex 258 
groups which both show beder predicSve power than the QRSd indexed by LVEDV and LV mass. 259 
Similar to the healthy and IHD results, the opSmal QRSd threshold in slow conducSon scenario is 260 
longer than in normal conducSon scenario (155 ms vs 100 ms). In both scenarios, the height-indexed 261 
opSmal threshold achieved the best sensiSvity and specificity balance, slightly beder than QRSd and 262 
surpassing QRSd indexed by LVEDV and LV mass. Under the slow conducSon scenario, the opSmal 263 
threshold of 155 ms for QRSd achieves sensiSvity of 0.81 and specificity of 0.87, closely matching the 264 
height indexed threshold of 0.9 ms/cm with sensiSvity of 0.83 and specificity of 0.92. The sex-specific 265 
differences of opSmal thresholds of QRSd indexed by heights are small (varying by up to 0.07) in both 266 
scenarios, comparing to much larger variaSons as in QRSd indexed by LVEDV and LV mass (varying by 267 
up to 0.4). 268 

We further examined simulated 12-lead ECGs of all 12 female CRT cases and 12 age- and BMI-269 
matched male CRT cases to assess whether the simulated ECG waveforms displayed LBBB features 270 
described in clinical guidelines (Supplementary Figure 2 and 3). Broad posiSve QRS complexes 271 
without Q waves were observed in the lateral leads across all cases. Dominant negaSve QRS 272 
complexes in V1 were present in most cases, except for four cases (female cases 4 and 6; male cases 273 
7 and 10), while notching or slurring was observed in approximately half of the cases. Reducing 274 
myocardial conducSon velocity widened the QRS without altering the overall polarity padern. 275 

 276 
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 277 
Figure 5: Classifica0on performance assessment of conven0onal and adjusted QRSd for classifying LBBB pa0ents from non-278 
LBBB pa0ents across sex groups in a CRT cohort. QRSd was adjusted by LVEDV, LV mass, and height. Results are presented 279 
for two myocardial conduc0on condi0ons: (a) normal myocardial conduc0on; (b) slow myocardial conduc0on. Markers of 280 
different shapes denote the op0mal classifica0on threshold for each predictor.   281 

 282 

Discussion 283 

In this large virtual-cohort study, we show that sex differences in QRSd reflect the combined effects 284 
of heart size, LBBB acSvaSon padern, and myocardial conducSon slowing, and that these factors 285 
influence the diagnosSc performance of CRT selecSon criteria. ConvenSonal QRSd thresholds under-286 
select women with modelled LBBB at higher thresholds, whereas indexing by LVEDV or LV mass 287 
improves sensiSvity at the cost of increased non-LBBB selecSon. In contrast, height-indexed QRSd 288 
largely removes sex disparity while preserving beder specificity, suggesSng that it merits further 289 
evaluaSon. 290 

Our simulaSons reproduced key clinical findings13,14, showing baseline simulated QRS duraSons 291 
under normal acSvaSon (mean ~78–92 ms) fall within clinically reported normal ranges and 292 
reproduce the known sex difference in QRS duraSon. Added funcSonal remodeling, such as slow 293 
myocardial conducSon and LBBB dysfuncSon, only amplified these differences across sexes. The 294 
influence of heart size is also evident in our findings: compared with healthy parScipants, IHD 295 
paSents had substanSally larger hearts and longer baseline QRSds. These results align with previous 296 
studies15,16 highlighSng the role of sex-specific heart sizes and funcSonal remodelling in influencing 297 
the QRSds. 298 

To idenSfy the most representaSve pathological scenarios, we performed a subset analysis on the 299 
group of 17 IHD paSents who met the Class IA indicaSon for CRT (LVEF ≤ 35% and QRSd ≥ 150 ms) 300 
based on their clinical records. We found that a majority of cases (15 of 17) simulated under the 301 
LBBB and slow conducSon scenario exceeded the 150 ms threshold, while 6 of 17 cases simulated 302 
under LBBB and normal conducSon exceeded the 150 ms threshold. These findings suggest that 303 
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most paSents meeSng Class IA criteria are likely to have a combinaSon of LBBB and slowed 304 
conducSon. Furthermore, our ROC analysis on straSfying LBBB and non-LBBB paSents idenSfied an 305 
opSmal QRSd threshold of 152 ms in IHD paSents with slow conducSon, closely matching current 306 
guidelines and reinforcing the credibility of our approach. 307 

The definiSon of a ‘true’ LBBB remains debated, and applying ECG criteria in clinical pracSce can be 308 
inconsistent. In our simulaSons, however, the acSvaSon sequence was precisely controlled, ensuring 309 
that the modelled LBBB reflected a canonical block padern. While this provides a clear framework for 310 
tesSng QRSd criteria, extrapolaSon to real-world paSent classificaSon should be further tested and 311 
validated. 312 

Our modelling results revealed a significant sex difference in the diagnosSc efficacy of convenSonal 313 
QRSd thresholds, consistent with previous studies12,16. The higher 150 ms threshold under-selected 314 
LBBB females, whereas the lower 120 ms threshold improved sensiSvity for both sexes but increased 315 
non-LBBB selecSon rates, parScularly in males. These findings highlight a trade-off between 316 
sensiSvity and specificity in CRT candidate selecSon using fixed QRSd thresholds, with disSnct 317 
implicaSons for male and female paSents. 318 

Indexing QRSd by cardiac structural indices such as LVEDV and LV mass parSally reduced sex 319 
dispariSes by improving sensiSvity for LBBB detecSon. However, this came at the cost of increased 320 
non-LBBB selecSon and reduced specificity. Persistent sex differences across IHD and CRT cohorts 321 
suggest that these structural indices do not fully account for variaSon in acSvaSon paderns and 322 
disease-related remodelling. 323 

Height-indexed QRSd demonstrated the most consistent performance across scenarios, reducing sex 324 
dispariSes while maintaining relaSvely low non-LBBB selecSon rates. As a stable proxy for baseline 325 
heart size, height may beder capture anatomical scaling without the confounding effects of disease-326 
related remodelling. However, its clinical uSlity and opSmal thresholds require validaSon in 327 
prospecSve cohorts. 328 

This can be understood mechanisScally, as QRSd depends on the presence of LBBB, conducSon 329 
speed, and acSvaSon path length. While all indexed QRSd metrics account for heart size, height is 330 
less likely to be confounded by disease-related remodelling. For example, hypertrophy increases wall 331 
thickness and myocardial mass but may have limited impact on acSvaSon Smes, parScularly when 332 
acSvaSon propagates in apical–basal or circumferenSal direcSons, as in LBBB. These findings support 333 
height-indexed QRSd as complementary to morphology-based assessment, parScularly when ECG 334 
morphology is ambiguous. 335 

Randomized controlled trials (RCTs) have been instrumental in establishing CRT guidelines, but they 336 
have notable challenges in addressing equity and diversity. For example, in the current RCTs, 337 
recruited paSents are predominantly northern European origin with a female minority (~27%) 3,12. 338 
Furthermore, discrepancies in the definiSons of LBBB morphology between American and European 339 
guidelines, as well as across different guideline versions such as ESC-2021 and ESC-2013 have been 340 
demonstrated to result in significant variaSons in paSent straSficaSon7 and inconsistencies in 341 
specificity, parScularly in the context of structural remodeling17. In contrast, our modelling approach 342 
offers an unbiased methodology for evaluaSng CRT paSent selecSon, disSnct from the convenSonal 343 
analysis on RCTs, which only included paSents meeSng the CRT clinical guideline inclusion criteria. 344 
This approach enables precise ‘control’ over pathological substrates for each virtual paSent, 345 
replicaSng the ‘true LBBB’ condiSon while integraSng known structural and other funcSonal 346 
remodelling such as myocardial conducSon delay. By creaSng a comprehensive populaSon-based 347 
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library of virtual paSents, our method overcomes the biases inherent in retrospecSve RCT-based 348 
analyses and provides a robust in-silico plasorm for assessing and refining CRT paSent selecSon 349 
criteria.  350 

This study provides a novel populaSon-based modelling approach, advanced from previous similar 351 
modelling work with a small paSent cohort (<10)17, to evaluate CRT paSent selecSon criteria, free 352 
from biases inherent in clinical trial recruitment. Unlike tradiSonal RCTs, our approach simulates 353 
controlled pathological scenarios, enabling the assessment of QRSd criteria across diverse paSent 354 
populaSons. Importantly, this method captures the full spectrum of LBBB, structural remodelling, 355 
and conducSon abnormaliSes, offering a comprehensive framework for refining CRT guidelines. 356 

Our findings carry several translaSonal implicaSons for clinical pracSce. First, the persistent 7–13 ms 357 
sex difference in opSmal convenSonal QRSd thresholds supports prospecSve evaluaSon of sex-358 
specific cut-offs; in our simulaSons, reducing the threshold to 120–130 ms in women substanSally 359 
reduced sex dispariSes in LBBB detecSon, consistent with clinical data showing improved CRT 360 
response rates in women at shorter QRSds. Second, a height-indexed QRSd threshold of 361 
approximately 0.9 ms/cm achieved near-equivalent classificaSon performance across sexes (opSmal 362 
sex-specific thresholds varying by <0.07 ms/cm), suggesSng that height indexing may be a pracScal 363 
candidate single-threshold approach for future evaluaSon in sex-equitable paSent selecSon. Third, 364 
height-indexed QRSd is best viewed as complementary to ECG morphology criteria, parScularly 365 
valuable in borderline cases or when morphological assessment is equivocal. We stress that these 366 
suggesSons are hypothesis-generaSng and require validaSon in prospecSve studies with CRT 367 
outcome data before informing guideline revisions.  368 

Several study consideraSons should be acknowledged. First, the cohorts analysed here are modest in 369 
size and enriched for ischemic heart diseases, which differs from typical CRT trial populaSons where 370 
the prevalence of ischemic eSology can be closer to ~30%. Furthermore, the healthy and IHD cohorts 371 
have mid-range LVEF (mean LVEF ~45-57%), which differ from the severely reduced LVEF (<35%) 372 
required for Class IA CRT indicaSon. The addiSonal analysis in the CRT cohort (n = 53; mean LVEF 373 
~27%) demonstrates that height-indexed QRSd performs comparably in this clinically representaSve 374 
populaSon; however, the limited sample size warrants cauSous interpretaSon and prospecSve 375 
validaSon in larger and more representaSve clinical cohorts.  376 

Second, note that the ‘slow conducSon’ scenarios were implemented as a generic representaSon of 377 
impaired propagaSon, combining ionic remodelling, gap juncSon uncoupling, and/or fibroSc effects. 378 
We did not consider fibrosis or scar of a specific eSology (ischemic or non-ischemic) which, while 379 
impacSng response to CRT parScularly if located at the pacing site, has been shown to have limited 380 
effect on QRSd18. Our findings therefore illustrate mechanisSc effects of conducSon slowing rather 381 
than substrate-specific predicSons. 382 

Third, beyond indexed or sex-specific QRS indicaSons for CRT, there is an argument to consider if the 383 
LVEF criteria for CRT should also be sex-specific. Currently both men and women require an LVEF 384 
<35%. Women have a greater baseline ejecSon fracSon by 1-3%19,20, as seen in our control and IHD 385 
cases (Table 1). However, LVEF is rouSnely measured by echocardiogram in CRT and conducSng a 386 
randomized study to test whether CRT in women with LVEF <36–38% yields improved outcomes 387 
compared to an LVEF < 35% would be challenging. Female CRT paSents also have lower scar burden 388 
than men21,22, which may also contribute to their beder outcomes23. Beela et al22. found a higher CRT 389 
response in women was largely explained by their lower prevalence of ischemic cardiomyopathy and 390 
smaller extent of myocardial scarring. Aler correcSng for these baseline differences, sex itself was 391 
not an independent predictor of CRT response or survival. However, if we consider non-ischemic 392 
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LBBB women with shorter (<150 ms) QRS they respond beder than men16. These differences in scar 393 
burden and conducSon suggest that broader sex-specific evaluaSon of CRT eligibility criteria may 394 
warrant future study. 395 

Fourth, a further concern is about the replicaSon of precordial lead morphology in the simulated 396 
ECGs. While all cases exhibited key canonical LBBB features, including a broad QRS (100%), QS or rS 397 
V1 (83%), QS or rS V2 (25%) and notching or slurring in >1 V1,2,5,6 (100%), a subset of cases 398 
demonstrated a dominant R wave in V2-V3. This is likely adributable to uncertainty in the placement 399 
and orientaSon of the paSent-specific heart model within the representaSve torso. In studies of 400 
postural changes24 in heart posiSon is known to influence R wave amplitude by up to 50%. To test 401 
this, we performed a sensiSvity analysis, in which the heart was displaced 2 cm in each direcSon 402 
along axes derived from subject-specific limb lead posiSons. This confirmed that R wave amplitude in 403 
leads V1-V5 is highly dependent on heart posiSon (Supplementary Figures 5-8). Importantly, QRSd in 404 
this study was derived from the vectorcardiogram (VCG) from the ECGs, rather than individual lead 405 
ECGs, which renders it substanSally less sensiSve to heart posiSon. QuanSficaSon of this effect in the 406 
CRT dataset yielded mean QRSd differences of -1.36 ± 3.17 ms (right), 0.81 ± 3.69 ms (lel), -5.51 ± 407 
11.05 ms (up), and 1.19 ± 6.74 ms (down) (Supplementary Figures 4), confirming that posiSonal 408 
uncertainty has only a minor influence on the primary metric reported in this study. 409 

Overall, our findings reveal substanSal sex differences in QRSd and the diagnosSc efficacy of 410 
convenSonal thresholds. While indexing QRSd by cardiac structural metrics such as LVEDV and LV 411 
mass improved sensiSvity, it also reduced specificity and failed to eliminate sex dispariSes. In 412 
contrast, height-indexed criteria effecSvely resolved these differences while maintaining diagnosSc 413 
accuracy, supporSng further evaluaSon of height-indexed QRSd as a complementary biomarker for 414 
CRT candidate selecSon. These findings highlight a mechanisSc basis for sex differences in LBBB 415 
detecSon, which may influence CRT outcomes, and the importance of incorporaSng sex-specific 416 
factors in future studies evaluaSng CRT selecSon criteria. 417 

Methods 418 

Study population and mesh generation 419 

This study consists of a cohort of healthy parScipants and a clinical cohort of IHD paSents. The 420 
healthy cohort is collected from the UK biobank (UKBB) (hdps://www.ukbiobank.ac.uk/), a large-421 
scale prospecSve study of middle/old age individuals in the UK iniSated in 2006, to enable beder 422 
understandings in the determinants of health and disease in the general UK populaSon. The UK 423 
Biobank study was approved by the North West - Haydock Research Ethics Commidee (REC 424 
reference: 21/NW/0157). All UK Biobank parScipants provided wriden informed consent prior to 425 
enrolment. From an iniSal cohort of 3461 parScipants5, 2627 parScipants with no cardiovascular 426 
disease (CVD) were included in this study. ParScipants with any diagnosis of ‘Diseases of the 427 
Circulatory system’ (I00-I99) according to the InternaSonal ClassificaSon of Diseases- 10th EdiSon 428 
(ICD-10) (Data-Field 41270) were excluded. The clinical cohort of paSents with IHD (n=359), was 429 
recruited at the Royal Brompton & Harefield NHS hospital as previously reported25. The IHD study 430 
was approved from the NaSonal Research Ethics Service under the Cardiovascular MagneSc 431 
Resonance for the Assessment of Myocardial Fibrosis Using Delayed Contrast Hyperenhancement 432 
study (reference 07/H0708/83; approved 27 March 2008) and the Cardiovascular Biomedical 433 
Research Unit Biobank (reference 09/H0504/104+5; approved 3 July 2014). Wriden informed 434 
consent was obtained from all parScipants prior to inclusion in the study. LBBB morphology in IHD 435 
paSents was idenSfied from clinical ECG records using European Society of Cardiology (ESC) 2013 436 

https://www.ukbiobank.ac.uk/
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CRT guideline: QRS duraSon ≥120 ms, QS or rS in lead V1, broad notched or slurred R wave in the 437 
lateral leads (I, aVL, V5–V6), absence of Q waves in leads V5 and V6.  438 

The cardiac magneSc resonance (CMR) dataset of the CRT cohort was derived from a prospecSve 439 
cohort study conducted at the University of Virginia evaluaSng imaging predictors of response to 440 
CRT26. The study was approved by the InsStuSonal Review Board for Human Subjects Research at the 441 
University of Virginia (UVA IRB-HSR protocols 18641 and 19808), in accordance with the DeclaraSon 442 
of Helsinki. Wriden informed consent was obtained from all parScipants prior to enrolment. PaSents 443 
with chronic systolic heart failure (lel ventricular ejecSon fracSon ≤35%) and a guideline-based 444 
indicaSon for CRT underwent comprehensive pre-implantaSon CMR, followed by repeat imaging 445 
approximately 6 months aler device implantaSon. Imaging was performed on a 1.5-T scanner and 446 
included cine steady-state free precession (SSFP) and gradient echo sequences for ventricular 447 
volumes and funcSon, displacement encoding with sSmulated echoes (DENSE) for myocardial strain 448 
and dyssynchrony assessment (including CURE-SVD), and late gadolinium enhancement (LGE) for scar 449 
characterizaSon, along with 12 lead ECGs. The pre-CRT scans were included in the study. QuanStaSve 450 
analyses were performed using standardized, semi-automated methods in a blinded core laboratory, 451 
yielding measures of ventricular volumes, ejecSon fracSon, strain-based dyssynchrony, and 452 
myocardial scar burden. 453 

PaSent-specific biventricular meshes were generated from CMR images for the three cohorts as 454 
described previously 5. In brief, the CMR images taken at the end-diastolic phase were automaScally 455 
segmented to derive contours and landmarks of both ventricles. They were then processed using an 456 
established atlas-based pipeline to generate surface meshes, which were subsequently converted to 457 
volumetric meshes.  458 

To enable consistency in simulaSon setups, we implemented a morphological coordinate system, also 459 
known as universal ventricular coordinates (UVCs), for describing posiSons within ventricles based 460 
on the apical-basal (𝑍), transmural (𝜌) (from endocardium to epicardium), rotaSonal (𝜑) (anterior, 461 
anteroseptal, inferior, inferolateral, anterolateral) and chamber-wise (lel ventricle and right 462 
ventricle) coordinates, and applied to all models. Biventricular myocardial fibre structure was 463 
incorporated using a rule-based method with transmural angle	ranging from 60° to -60° 464 
longitudinally and −65° to 25° transversely, transiSoning from endocardium to epicardium. Details 465 
regarding populaSon sample selecSon and mesh quality control have been described previously5. 466 

Electrophysiological (EP) simulations 467 

The electrophysiological simulaSons were performed using the cardiac arrhythmia research package 468 
(CARP)27. A ReacSon-Eikonal model without diffusion was used to compute the ventricular acSvaSon 469 
Smes and transmembrane potenSal dynamics28. Similar to previous studies5,29, the ventricular 470 
depolarizaSon during sinus rhythm was iniSated using a fascicular-based model to replicate the His-471 
Purkinje acSvaSon. Specifically, as shown in Figure 6, there are five early acSvaSon sites located as 472 
follows: three in the lel ventricle (LV)-anterior (af), septal (sf) and posterior(pf) walls, and two in the 473 
right ventricle (RV)-septal wall (sf) and the lateral moderator band (mod). Early acSvaSon sites are 474 
represented as endocardial disks with thickness as 5% of ventricular wall (𝜌 = 0.05) and the radius 475 
as Z=0.05. A sub-endocardial (SE) layer with faster conducSon was implemented as a thin layer near 476 
the endocardium, defined by transmural coordinates 𝜌,-  and apical-basal coordinates 477 
𝑍./0,,- , 𝑍.23,,-. All parameters menSoned above are shown in Table 2, and their values were set as 478 
the median values derived from previous measurements reported in the literature.  479 
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 480 

Figure 6: The fascicular-based model replicates the realis0c ventricular ac0va0on modula0ng by the His-Purkinje system. 481 

Parameters Value DescripSon References 

 𝑍45,67 0.5 Apical-basal coordinate for LV septal fascicle  30–33 
 𝑍45,87 0.5 Apical-basal coordinate for LV posterior fascicle  30–32 
 𝑍45,27 0.7 Apical-basal coordinate for LV anterior fascicle  30–32 
 𝑍95,67 0.6 Apical-basal coordinate for RV septal fascicle  30–32 

 𝑍95,.:;  0.4 Apical-basal coordinate for RV moderate band fascicle 30–32 
 𝜑45,67 0 RotaSonal coordinate for LV septal fascicle 30–33 
𝜑45,87 -1 RotaSonal coordinate for LV posterior fascicle 30–33 
𝜑45,27 2.37 RotaSonal coordinate for LV anterior fascicle  30–33 
𝜑95,67 1 RotaSonal coordinate for RV septal fascicle  30–33 
𝜑95,.:;  0 RotaSonal coordinate for RV moderate band fascicle  30–33 
𝑡45,67 15 Firing Sme for LV posterior fascicle  30 
𝑡45,87 15 Firing Sme for LV anterior fascicle  30 
𝑡45,27 15 Firing Sme for RV septal fascicle   30 
𝑡95,67 15 Firing Sme for RV moderate band fascicle  30 
𝑡95,.:;  15 Firing Sme for LV posterior fascicle   30 
𝜌,-  0.155 Transmural coordinate for SE layer    29 

𝑍./0,,-  0.08 The minimum apical-basal coordinate for SE layer    33 
𝑍.23,,-  0.75 The maximum apical-basal coordinate for SE layer    33–35 
𝑅.<:,,-  5 The raSo of conducSon velocity (CV) in SE layer to CV in 

myocardium   
29,36,37 

Table 2: The electrophysiological parameters used for defining the fascicular-based model. 482 

Myocardium was simulated as a transversely isotropic medium with a conducSon velocity of 0.65 483 
m/s along fiber direcSons and an anisotropy raSo of 0.42 for the transverse fiber direcSon38. Normal 484 
sinus rhythm acSvaSon was simulated by sSmulaSng all five early acSvaSon sites, while the LBBB 485 
acSvaSon was simulated by sSmulaSng only two RV sites, as shown in Figure 7. Given that the torso 486 
informaSon is unavailable, the heart models were registered to a heart enclosed in an exisSng torso 487 
model39 using the UVCs. Within this reference torso, the locaSons of electrodes used in measuring 488 
12-lead ECGs were idenSfied, the corresponding extracellular potenSals were simulated using 𝑃ℎ𝑖_𝑒 489 
recovery method40 and the ECGs were computed. The QRSd was computed by finding the Sme points 490 
at which the spaSal velocity exceeds 0.15 of the maximum spaSal velocity in the reconstructed 491 
corresponding vectorcardiogram (VCG) from 12-lead ECGs, which fuse the informaSon in ECG 492 
traces39. 493 
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Slowed cardiac conducSon, represenSng pathological processes such as ionic remodeling, gap 494 
juncSon uncoupling, and fibrosis following ischemia41, was simulated by reducing the model 495 
conducSon velocity along fiber direcSon to 0.4 m/s, based on previous experimental and modelling 496 
studies42,43, while the conducSon velocity for the transverse fiber direcSon along with conducSon 497 
velocity in the sub-endo layer were scaled accordingly using the raSos menSoned above. For each 498 
paSent-specific anatomical model, four scenarios were simulated: (1) normal acSvaSon with normal 499 
conducSon, (2) normal acSvaSon with slowed conducSon, (3) LBBB acSvaSon with normal 500 
conducSon, and (4) LBBB acSvaSon with slowed conducSon. 501 

 502 

Figure 7: Overview of the workflow of the in-silico trial for LBBB. This workflow has the following steps. (1) pa0ent-specific 503 
biventricular mesh construc0on from CMR images; (2) electrophysiological simula0on using the fascicular-based ac0va0on 504 
model; (3) ECG computa0on via the lead field recovery method using the reference torso electrode posi0ons; and (4) QRSd 505 
extrac0on from ECGs.  506 

StaJsJcal analysis 507 

ConSnuous variables are presented as the mean ± standard deviaSon and compared using the 508 
Mann-Whitney U-test, a non-parametric staSsScal test, due to the non-normal data distribuSon. 509 
Categorical variables are presented as percentages and compared using the Chi-square test or Fisher 510 
exact test, as appropriate. The receiver operaSng characterisSc (ROC) curves were generated for all 511 
convenSonal and indexed QRSd criteria across simulated scenarios. OpSmal thresholds were 512 
determined using Youden’s J staSsScs. The Delong test was used to compare the area under the 513 
receiver operaSng characterisSc (AUC) of any pairs of correlated predictors.  514 

Data availability 515 

This study has three datasets: the UKBB cohort, the IHD cohort and the CRT cohort. For the UKBB 516 
cohort, the imaging data and non-imaging parScipant phenotypes are available from the UK Biobank 517 
via a standard applicaSon procedure at http://www.ukbiobank.ac.uk/register-apply. The data for 518 
the IHD and CRT cohort are not publicly available due to paSent privacy and the absence of consent 519 
for public access. It can be accessed through reasonable request for an insStuSonal data-sharing 520 
agreement. 521 

http://www.ukbiobank.ac.uk/register-apply
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Code availability 522 

The anatomical model generaSon pipeline is available at https://www.github.com/cdttk/biv-523 
volumetric-meshing, which includes the use of open simulator: openCARP, available at 524 
https://opencarp.org/. The electrophysiological simulaSons were performed using the ReacSon-525 
Eikonal model, which is part of a proprietary version of the Cardiac Arrhythmia Research Package 526 
(CARP)44 and requires a license. However, the reacSon-eikonal simulaSons can also be performed in 527 
openCARP (opencarp.org). 528 

Acknowledgments 529 

This research has been conducted using the UK Biobank Resource under applicaSon number 88878. 530 
It is supported by the Wellcome Trust and the Engineering and Physical Sciences Research Council 531 
(EPSRC) Centre for Medical Engineering (WT203148/Z/16/Z). S.Q. and S.N. are supported by NaSonal 532 
InsStutes of Health R01-HL162260. S.N. is also supported by NaSonal InsStutes of Health (R01-533 
HL152256), European Research Council (ERC) PREDICT-HF 453 (864055), the BriSsh Heart FoundaSon 534 
(BHF) (RG/20/4/34803, also to C.R.), the EPSRC (EP/X012603/1 and EP/P01268X/1), and the 535 
Technology Missions Fund under the EPSRC grant EP/X03870X/1 and the Alan Turing InsStute. M.B. 536 
acknowledges BHF project grants PG/22/11159 and PG/22/10871. E.V. is supported by French 537 
NaSonal Research Agency ANR-10-IAHU-04. G.P. is supported by the Austrian Science Fund (FWF) 538 
grant 10.55776/I6540. B.P.H. is supported by the BHF (FS/ICRF/24/26128), the Rosetrees Trust and 539 
the NaSonal InsStute for Health and Care Research (NIHR) Imperial Biomedical Research Centre 540 
(BRC).  541 

Author contributions 542 

S.Q., C.R., A.Y., P.L., M.B. and S.N. conceived and designed the study. S.Q., D.U., and E.F. constructed 543 
anatomical models for the UK biobank cohort. R.E.J., H.Z., S.P., B.P.H. and D.H. contributed to the 544 
data collecSon and quality control check of the clinical cohort of paSents with ischemic heart 545 
disease, and S.Q., H.Z., A.Y. and M.B. contributed to the model construcSon of those paSents. G.P. 546 
and E.V. contributed to the development and maintenance of the CARPEntry solware used for 547 
electrophysiological simulaSons. D.B and K.C.B. contributed to the data collecSon and quality control 548 
check of the CRT cohort, and C.R., D.U., and A.Q. contributed to the model construcSon of those 549 
paSents. S.Q. performed the electrophysiological simulaSons for LBBB/non-LBBB scenarios on three 550 
cohorts, analyzed the results and wrote the manuscript. All authors contributed to the manuscript 551 
revision and approved the final submided version. 552 

Competing Interests 553 

The authors declare no compeSng interests. 554 

 555 

 556 

 557 

 558 

 559 

https://www.github.com/cdttk/biv-volumetric-meshing
https://www.github.com/cdttk/biv-volumetric-meshing
https://opencarp.org/


 19 

Reference  560 

1. Varma, N. et al. EvaluaSon, Management, and Outcomes of PaSents Poorly Responsive to 561 
Cardiac ResynchronizaSon Device Therapy. J. Am. Coll. Cardiol. 74, 2588–2603 (2019). 562 

2. Cleland, J. G. F. et al. Long-term mortality with cardiac resynchronizaSon therapy in the 563 
Cardiac ResynchronizaSon-Heart Failure (CARE-HF) trial. Eur. J. Heart Fail. 14, 628–634 (2012). 564 

3. Varma, N. Dropping the floor on QRS duraSon boundaries for CRT paSent selecSon in 2024—565 
effects of sex, race, height, and heart size. Heart Rhythm Preprint at 566 
hdps://doi.org/10.1016/j.hrthm.2024.03.015 (2024). 567 

4. Varma, N. et al. Sex-Specific Response to Cardiac ResynchronizaSon Therapy Effect of Lel 568 
Ventricular Size and QRS DuraSon in Lel Bundle Branch Block. JACC Clin. Electrophysiol. 3, 569 
(2017). 570 

5. Qian, S. et al. Developing cardiac digital twin populaSons powered by machine learning 571 
provides electrophysiological insights in conducSon and repolarizaSon. Nature Cardiovascular 572 
Research 4, 624–636 (2025). 573 

6. Strauss, D. G., Selvester, R. H. & Wagner, G. S. Defining lel bundle branch block in the era of 574 
cardiac resynchronizaSon therapy. American Journal of Cardiology vol. 107 927–934 Preprint 575 
at hdps://doi.org/10.1016/j.amjcard.2010.11.010 (2011). 576 

7. Beela, A. S. et al. Lel bundle branch block criteria in the 2021 ESC guidelines on CRT: a step 577 
back in idenSfying CRT candidates? Eur. Heart J. Cardiovasc. Imaging 25, e213–e215 (2024). 578 

8. Glikson, M. et al. 2021 ESC Guidelines on cardiac pacing and cardiac resynchronizaSon 579 
therapy. European Heart Journal vol. 42 3427–3520 Preprint at 580 
hdps://doi.org/10.1093/eurheartj/ehab364 (2021). 581 

9. Chung, M. K. et al. 2023 HRS/APHRS/LAHRS guideline on cardiac physiologic pacing for the 582 
avoidance and miSgaSon of heart failure. Heart Rhythm 20, e17–e91 (2023). 583 

10. Zweerink, A. et al. Size Maders. Circ. Arrhythm. Electrophysiol. 11, e006767 (2018). 584 

11. Yamamoto, N. et al. Clinical uSlity of QRS duraSon normalized to lel ventricular volume for 585 
predicSng cardiac resynchronizaSon therapy efficacy in paSents with “mid-range” QRS 586 
duraSon. Heart Rhythm 21, 855–862 (2024). 587 

12. Friedman, D. J. et al. RelaSonship between sex, body size, and cardiac resynchronizaSon 588 
therapy benefit: A paSent-level meta-analysis of randomized controlled trials. Heart Rhythm 589 
21, 845–854 (2024). 590 

13. Randolph, T. C. et al. Race and Sex Differences in QRS Interval and Associated Outcome 591 
Among PaSents With Lel Ventricular Systolic DysfuncSon. J. Am. Heart Assoc. 6, 1–11 (2017). 592 

14. Hnatkova, K., Smetana, P., Toman, O., Schmidt, G. & Malik, M. Sex and race differences in QRS 593 
duraSon. Europace 18, 1842–1849 (2016). 594 

15. Varma, N. et al. InteracSon of lel ventricular size and sex on outcome of cardiac 595 
resynchronizaSon therapy among paSents with a narrow QRS duraSon in the EchoCRT trial. J. 596 
Am. Heart Assoc. 7, (2018). 597 



 20 

16. Wijesuriya, N. et al. Heart Size Difference Drives Sex-Specific Response to Cardiac 598 
ResynchronizaSon Therapy: A Post Hoc Analysis of the MORE-MPP CRT Trial. J. Am. Heart 599 
Assoc. 13, (2024). 600 

17. Galeo�, L., Van Dam, P. M., Loring, Z., Chan, D. & Strauss, D. G. EvaluaSng strict and 601 
convenSonal lel bundle branch block criteria using electrocardiographic simulaSons. 602 
Europace 15, 1816–1821 (2013). 603 

18. Lempers, T. E. M. et al. An in-silico analysis of the influence of lel bundle branch block and 604 
myocardial fibrosis on electrocardiographic QRS duraSon and morphology and 605 
vectorcardiographic QRS area. J. Electrocardiol. 91, (2025). 606 

19. Kou, S. et al. Echocardiographic reference ranges for normal cardiac chamber size: Results 607 
from the NORRE study. Eur. Heart J. Cardiovasc. Imaging 15, 680–690 (2014). 608 

20. Petersen, S. E. et al. Reference ranges for cardiac structure and funcSon using cardiovascular 609 
magneSc resonance (CMR) in Caucasians from the UK Biobank populaSon cohort. Journal of 610 
Cardiovascular Magne@c Resonance 19, 1–19 (2017). 611 

21. Loring, Z. et al. Cardiac MRI scar paderns differ by sex in an implantable cardioverter-612 
defibrillator and cardiac resynchronizaSon therapy cohort. Heart Rhythm 10, 659–665 (2013). 613 

22. Beela, A. S. et al. Sex-specific difference in outcome aler cardiac resynchronizaSon therapy. 614 
Eur. Heart J. Cardiovasc. Imaging 20, 504–511 (2019). 615 

23. Chalil, S. et al. Late gadolinium enhancement-cardiovascular magneSc resonance as a 616 
predictor of response to cardiac resynchronizaSon therapy in paSents with ischaemic 617 
cardiomyopathy. Europace 9, 1031–1037 (2007). 618 

24. Swale, M. et al. R-wave amplitude changes with posture and physical acSvity over Sme in an 619 
insertable cardiac monitor. Cardiovasc. Digit. Health J. 3, 80–88 (2022). 620 

25. Jones, R. E. et al. Comprehensive Phenotypic CharacterizaSon of Late Gadolinium 621 
Enhancement Predicts Sudden Cardiac Death in Coronary Artery Disease. JACC Cardiovasc. 622 
Imaging 16, 628–638 (2023). 623 

26. Gao, X. et al. Cardiac MagneSc Resonance Assessment of Response to Cardiac 624 
ResynchronizaSon Therapy and Programming Strategies. JACC Cardiovasc. Imaging 14, 2369–625 
2383 (2021). 626 

27. Vigmond, E. J., Weber dos Santos, R., Prassl, A. J., Deo, M. & Plank, G. Solvers for the cardiac 627 
bidomain equaSons. Progress in Biophysics and Molecular Biology vol. 96 3–18 Preprint at 628 
hdps://doi.org/10.1016/j.pbiomolbio.2007.07.012 (2008). 629 

28. Neic, A. et al. Efficient computaSon of electrograms and ECGs in human whole heart 630 
simulaSons using a reacSon-eikonal model. J. Comput. Phys. 346, 191–211 (2017). 631 

29. Gillede, K. et al. Automated Framework for the Inclusion of a His–Purkinje System in Cardiac 632 
Digital Twins of Ventricular Electrophysiology. Ann. Biomed. Eng. 49, 3143–3153 (2021). 633 

30. Durrer, D. et al. Total excitaSon of the isolated human heart. Circula@on 41, 899–912 (1970). 634 

31. Massing, G. K. & James, T. N. Anatomical configuraSon of the His bundle and bundle branches 635 
in the human heart. Circula@on 53, 609–621 (1976). 636 



 21 

32. Tusscher, K. H. W. J. T. & Panfilov, A. V. Modelling of the ventricular conducSon system. Prog. 637 
Biophys. Mol. Biol. 96, 152–170 (2008). 638 

33. Atkinson, A. et al. Anatomical and molecular mapping of the lel and right ventricular His-639 
Purkinje conducSon networks. J. Mol. Cell. Cardiol. 51, 689–701 (2011). 640 

34. Rodero, C. et al. Linking staSsScal shape models and simulated funcSon in the healthy adult 641 
human heart. PLoS Comput. Biol. 17, 1–28 (2021). 642 

35. Sahli Costabal, F., Hurtado, D. E. & Kuhl, E. GeneraSng Purkinje networks in the human heart. 643 
J. Biomech. 49, 2455–2465 (2016). 644 

36. Strocchi, M. et al. Comparison between conducSon system pacing and cardiac 645 
resynchronizaSon therapy in right bundle branch block paSents. Front. Physiol. 13, 1–13 646 
(2022). 647 

37. Strocchi, M. et al. His-bundle and lel bundle pacing with opSmized atrioventricular delay 648 
achieve superior electrical synchrony over endocardial and epicardial pacing in lel bundle 649 
branch block paSents. Heart Rhythm 17, 1922–1929 (2020). 650 

38. Roberts, D. E. & Scher, A. M. Effect of Sssue anisotropy on extracellular potenSal fields in 651 
canine myocardium in situ. Circ. Res. 50, 342–351 (1982). 652 

39. Gemmell, P. M. et al. A computaSonal invesSgaSon into rate-dependant vectorcardiogram 653 
changes due to specific fibrosis paderns in non-ischæmic dilated cardiomyopathy. Comput. 654 
Biol. Med. 123, 103895 (2020). 655 

40. Plonsey, R. & Barr C., R. Bioelectricity A QuanStaSve Approach. New York, NY: Springer (2002). 656 

41. King, J. H., Huang, C. L. H. & Fraser, J. A. Determinants of myocardial conducSon velocity: 657 
ImplicaSons for arrhythmogenesis. Front. Physiol. 4 JUN, 1–14 (2013). 658 

42. Jang, J. et al. Local ConducSon Velocity in the Presence of Late Gadolinium Enhancement and 659 
Myocardial Wall Thinning: A Cardiac MagneSc Resonance Study in a Swine Model of Healed 660 
Lel Ventricular InfarcSon. Circ. Arrhythm. Electrophysiol. 12, (2019). 661 

43. Aronis, K. N. et al. Accurate ConducSon Velocity Maps and Their AssociaSon With Scar 662 
DistribuSon on MagneSc Resonance Imaging in PaSents With PosSnfarcSon Ventricular 663 
Tachycardias. Circ. Arrhythm. Electrophysiol. 13, E007792 (2020). 664 

44. Vigmond, E. J., Hughes, M., Plank, G. & Leon, L. J. ComputaSonal Tools for Modeling Electrical 665 
AcSvity in Cardiac Tissue. J. Electrocardiol. 36, 69–74 (2003). 666 

  667 

 668 

 669 

Figure legends 670 

Figure 1: Comparison of QRSd simulated in four pathological scenarios of both sexes in both healthy 671 
and IHD cohorts. Four pathological scenarios are (a) Healthy heart anatomies + normal myocardial 672 
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conducSon; (b) Healthy heart anatomies + slow myocardial conducSon; (c) IHD heart anatomies + 673 
normal myocardial conducSon; (d) IHD heart anatomies + slow myocardial conducSon. *P<0.05; 674 
**P<0.01; ***P<0.001; ****P<0.0001.  675 

Figure 2: Simulated QRSd in four pathological scenarios for paSents who met the Class IA indicaSon 676 
of CRT in the IHD cohort. Four pathological scenarios were included: LBBB or normal acSvaSon with 677 
normal or slow conducSon. Class IA indicaSon of CRT is defined by LBBB with QRSd≥150 ms, LVEF≤678 
35%) (n=17) 679 

Figure 3: Heatmaps for classificaSon success (posiSve) rates for LBBB and non-LBBB paSents. LBBB 680 
(panel a) and non-LBBB PaSents (panel c) were classified using convenSonal and adjusted QRSd 681 
criteria by LVEDV, LV mass and height in different sexes for four pathological scenarios including using 682 
healthy and IHD heart anatomies with normal and slow conducSon. Each cell represents the success 683 
(posiSve) rate in %. Panel b and d represent the corresponding P values of the comparison of the 684 
success rate between male and female, for LBBB and non-LBBB acSvaSon groups. * P<0.05. 685 

Figure 4: ClassificaSon performance of convenSonal and adjusted QRSd for differenSaSng LBBB from 686 
non-LBBB paSents across sex groups and pathological scenarios. QRSd was adjusted by LVEDV, LV 687 
mass and height. Performance is shown across four pathological scenarios: (a) Healthy heart 688 
anatomies + normal myocardial conducSon; (b) Healthy heart anatomies + slow myocardial 689 
conducSon; (c) IHD heart anatomies + normal myocardial conducSon; (d) IHD heart anatomies + slow 690 
myocardial conducSon. The markers in different shapes represent the opSmal threshold for the 691 
corresponding predictors.   692 

Figure 5: ClassificaSon performance assessment of convenSonal and adjusted QRSd for classifying 693 
LBBB paSents from non-LBBB paSents across sex groups in a CRT cohort. QRSd was adjusted by 694 
LVEDV, LV mass, and height. Results are presented for two myocardial conducSon condiSons: (a) 695 
normal myocardial conducSon; (b) slow myocardial conducSon. Markers of different shapes denote 696 
the opSmal classificaSon threshold for each predictor.  697 

Figure 6: The fascicular-based model replicates the realisSc ventricular acSvaSon modulaSng by the 698 
His-Purkinje system. Reproduced by kind permission of UK Biobank©. 699 

Figure 7: Overview of the workflow of the in-silico trial for LBBB. This workflow has the following 700 
steps. (1) paSent-specific biventricular mesh construcSon from CMR images; (2) electrophysiological 701 
simulaSon using the fascicular-based acSvaSon model; (3) ECG computaSon via the lead field 702 
recovery method using the reference torso electrode posiSons; and (4) QRSd extracSon from ECGs. 703 
Reproduced by kind permission of UK Biobank©. 704 
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