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ABSTRACT

Background: Pseudonormal T waves may be detected on stress electrocardiograms (ECGs) in hypertrophic car-
diomyopathy (HCM). Either myocardial ischaemia or purely exercise-induced changes have been hypothesised to
contribute to this phenomenon, but the precise electrophysiological mechanisms remain unknown.

Methods: Computational models of human HCM ventricles (n = 20) with apical and asymmetric septal hyper-
trophy phenotypes with variable severities of repolarisation impairment were used to investigate the effects of
acute myocardial ischaemia on ECGs with T wave inversions at baseline. Virtual 12-lead ECGs were derived from
a total of 520 biventricular simulations, for cases with regionally ischaemic Kt accumulation in hypertrophied
segments, global exercise-induced serum K increases, and/or increased pacing frequency, to analyse effects on
ECG biomarkers including ST segments, T wave amplitudes, and QT intervals.

Results: Regional ischaemic K* accumulation had a greater impact on T wave pseudonormalisation than exercise-
induced serum K" increases, due to larger reductions in repolarisation gradients. Increases in serum K* and
pacing rate partially corrected T waves in some anatomical and electrophysiological phenotypes. T wave
morphology was more sensitive than ST segment elevation to regional K' increases, suggesting that T wave
pseudonormalisation may sometimes be an early, or the only, ECG feature of myocardial ischaemia in HCM.
Conclusions: Ischaemia-induced T wave pseudonormalisation can occur on stress ECG testing in HCM before
significant ST segment changes. Some anatomical and electrophysiological phenotypes may enable T wave
pseudonormalisation due to exercise-induced increased serum K* and pacing rate. Consideration of dynamic T
wave abnormalities could improve the detection of myocardial ischaemia in HCM.

1. Introduction

electrocardiogram (ECG) testing is potentially a useful tool to identify
clinically significant inducible ischaemia in HCM [7]. However, at

Hypertrophic cardiomyopathy (HCM) is the most common genetic
heart disease and a leading cause of sudden cardiac death (SCD) in the
young [1], with most SCDs being unpredicted. Acute myocardial
ischaemia, largely subtended by microvascular and mitochondrial
dysfunction, is a key contributor to lethal arrhythmias in HCM [2-4].
However, the assessment of ischaemia is yet to be included in HCM
clinical guidelines or SCD risk stratification [5]. As electrophysiological
changes precede lethal ischaemia-induced arrhythmias [2,6], stress
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present, stress ECG testing is considered poorly sensitive for ischaemia
detection in HCM, due to significant repolarisation abnormalities on
resting ECGs [8].

Repolarisation abnormalities, which are the most common finding
on resting HCM ECGs, frequently involve negative T waves, ST segment
depression, and prolonged QT interval [9]. These are in part attributed
to heterogeneous electrophysiological remodelling in the HCM ventri-
cles [10,11]. During exercise, repolarisation abnormalities can also
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develop in HCM, including T wave inversion, uprighting of negative T
waves (pseudonormal T waves), and worsening of baseline ST segment
depression [12]. Non-specific changes during stress ECG testing have
limited prognostic value in HCM [13], thus it is important to discern
pathological ischaemic changes from benign changes that occur with
exercise.

T wave pseudonormalisation (Fig. 1) can occur on stress ECGs in
HCM [12] and is of controversial clinical significance [14]. Despite re-
ported associations with transmural myocardial ischaemia in coronary
artery disease cohorts [15], the mechanisms underlying T wave pseu-
donormalisation are unknown in HCM. Notably, perfusion defects are
prevalent in HCM [4] and transmural septal infarction is sometimes
identified at SCD autopsy [16]. Thus, potential markers of transmural
ischaemia may be of clinical significance [17]. However, in-vivo in-
vestigations of the mechanisms underlying T wave pseudonormalisation
are challenging due to the difficulty of performing invasive mapping
protocols in these patients, and major gaps in knowledge remain.

We therefore used a human multiscale modelling and simulation
approach to investigate the electrophysiological mechanisms by which T
wave pseudonormalisation occurs on stress ECGs in HCM patients, and
to contribute to the discussion on the clinical significance of this phe-
nomenon. The hypothesis is that T wave pseudonormalisation occurs
primarily in HCM due to an accentuated repolarisation response of the
remodelled myocardium to ischaemic effects such as regional K* accu-
mulation, while exercise-induced increases in serum K' and pacing
frequency contribute to this phenomenon in a lesser extent. Therefore,
to test these hypotheses, ECGs were derived from electrophysiology
simulations of biventricular HCM models subjected to ischaemic
regional K increases, serum K increases and fast pacing rates.

2. Methods
2.1. Construction of human biventricular HCM models

Representative human biventricular models of septal and apical
HCM were constructed, as stress T wave pseudonormalisation has been
reported in both septal obstructive [12] and apical HCM patients [18,
19]. Anatomical ventricular reconstructions were therefore derived
from two HCM patients: one with asymmetric septal hypertrophy, and
one with apical hypertrophy.

Cardiac electrophysiology in these human biventricular models was
simulated using the ToR-ORd action potential (AP) model, a bio-
physically detailed state-of-the-art model of human ventricular car-
diomyocyte electrophysiology previously validated for HCM
investigations [20,21]. Resting repolarisation abnormalities on HCM
ECGs can occur due to impaired cellular repolarisation [11], secondary
to remodelling in ion channels (primarily upregulation of late Na* and
down-regulation of K channels), as characterised in-vitro in surgical
myectomy samples [10]. This experimentally-reported HCM ionic
remodelling pattern was introduced in the virtual models by remodel-
ling ion channel conductances (Supplementary Table S1), as in previous
works [21,22]. The exact distribution of ionic remodelling in HCM
ventricles is unknown, however it is thought to be most severe in hy-
pertrophied segments, as reflected by associations between JTc
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dispersion and LV wall thickness heterogeneity [23]. The ionic remod-
elling being a downstream effect of hypertrophy is also consistent with
the remodelling in myectomy samples being mutation-independent
[10]. Gradients of HCM electrophysiological remodelling were there-
fore identically applied to the endocardial surfaces of the hypertrophied
regions in both the septal and apical HCM hypertrophy models, with the
affected region defined by the intersection of a 4 cm diameter sphere
with the mesh. To characterise inter-subject variability in T wave
pseudonormalisation, human HCM biventricular simulations were
repeated for 10 human AP models selected from a larger population of
AP models [22]. 10 HCM-remodelled APs were selected to have AP
duration at 90 % of repolarisation (APDgp) in the range [420, 600] ms as
reported experimentally [10], varied in 20 ms increments to consider a
range of electrophysiological disease severity.

Biventricular pacing used a human physiological activation sequence
as defined in previous work [11,24], and basic cycle lengths in [1000,
700, 600, 500, 400] ms were investigated. Anisotropic myocardial
conduction was also modelled, with fibre, sheet and normal directions
defined as in previous biventricular modelling [11]. Conductivities of
Glongitudinal = 2.52 mS/cm and Gyransverse = Otransmural = 1.57 mS/cm were
used, corresponding to myocardial conduction velocities of 60 cm/s and
40 cm/s respectively, in line with experimental measurements in
humans [25,26]. Apex-to-base gradients in APD were introduced by
rescaling the maximal Igxs conductance for each mesh element by an
(exponential) scaling factor in distance from a point defined at the apex,
in the range 0.2-5 [11]. The maximal Ixs conductance scaling factor was
smallest at the base (0.2 x ) and greatest in the apex (5 x ), such as to
produce shorter APDs at the apex, as reported experimentally in humans
[27] and as in previous biventricular modelling [11]. Transmural gra-
dients in APD were introduced by modelling endocardial and epicardial
cell types as defined in the ToR-ORd model [20]. The inner 70 % of
transmural width was defined as endocardial and the outer 30 % as
epicardial cells, as in previous biventricular modelling [28], where the
derived ECGs had T waves of appropriate polarity, magnitude, and
duration. All simulations were performed using the MonoAlg3D cardiac
electrophysiology simulator [29] coupled to the ToR-ORd human ven-
tricular AP model [20] and used a spatial discretisation of 500 pm.

2.2. Modelling effects of regional and serum K+ concentration

Regional acute myocardial ischaemic K* increases were modelled in
the human biventricular simulations including the (i) core ischaemic
zone, (ii) lateral border zone and (iii) endocardial border zone [30].
Regions affected by ischaemic K increases were modelled as spherical
with a diameter of 5 cm (including core and border zones) [30,31],
consistent with reported concentric perfusion defects in HCM [32],
which are frequently >3 cm in extent [33]. The region affected by
ischaemia in the biventricular models was chosen to engulf the most
hypertrophied region associated with the greatest electrophysiological
remodelling, as this configuration was hypothesised to be most likely to
cause T wave pseudonormalisation. Regionally ischaemic K increases
were therefore included in the region of septal hypertrophy in septal
HCM models, and in the region of apical hypertrophy in the apical HCM
models. Indeed, septal and apical infarctions have been reported in HCM
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Fig. 1. Stress ECG T wave pseudonormalisation in HCM. At rest, a 53 year old man with HCM presents with an inverted T wave in V6 (left). During cardio-

pulmonary exercise testing (central and right panels), T wave polarity is corrected.
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[34,35], and perfusion defects are more prevalent in hypertrophied
segments [36]. Serum K increases such as those during exercise were
modelled by affecting the entire human HCM biventricular myocardium
identically in septal and apical HCM models [37]. The effects of regional
and serum K" concentrations were investigated for [K™] in 4-9 mM,
consistent with healthy K ranges and those estimated to occur during
phase 1A of human cardiac ischaemia [38,39].

2.3. ECG analysis

ECGs were computed for each human HCM biventricular simulation
using the built-in MonoAlg3D ECG solver. The standard 12-lead ECG
was computed, where virtual electrodes were placed on the surface of
CMR-derived torso meshes as in previous work [11]. The following ECG
biomarkers were computed for each lead: the QT interval, amplitudes of
inverted T wave components and the ST segment change from baseline.
Baseline was considered to be with [K*] of 5 mM at 1 Hz pacing.
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3. Results
3.1. Septal and apical hypertrophic cardiomyopathy phenotype models

The 10 human ventricular electrophysiological profiles used in
biventricular simulations are shown in Fig. 2A, where HCM electro-
physiological remodelling was characterised by significant AP prolon-
gation. This resulted in prolonged max QT interval under baseline
conditions proportional to the degree of electrophysiological remodel-
ling (Fig. 2B), when regional remodelling was included in the septal
(Fig. 2C) and apical (Fig. 2D) human biventricular HCM models. The
gradients of HCM ionic remodelling correspond to a linear gradient in
rescaled ionic conductances from the baseline AP model up to the
maximally remodelled tissue, which corresponds to the rescaling of
ionic conductances listed in Supplementary Table 1. The regionally
impaired repolarisation caused heterogeneous repolarisation times in
the septal (Fig. 2E) and apical (Fig. 2F) models. These repolarisation
gradients manifested as morphological T wave abnormalities, which
were less widespread among leads in simulations of the septal
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Fig. 2. Construction of septal and apical human HCM biventricular models. (A) Cellular AP traces for the 10 electrophysiological profiles used in biventricular
simulations, where each human control AP model is paired with its HCM-remodelled counterpart. (B) Maximum QT interval measured from ECGs derived from the
biventricular simulations against the cellular AP duration of each respective biventricular simulation, compared to clinical QT ranges in HCM [41]. (C, D) Dis-
tribution of HCM electrophysiological remodelling imposed in biventricular simulations for septal and apical HCM phenotypes, respectively. (E, F) Repolarisation
time maps, reflecting the HCM electrophysiological remodelling for septal and apical phenotypes, respectively. (G, H) ECGs from biventricular HCM simulations,
showing characteristic T wave inversions in V6 in septal (G), and V5 in apical (H) hypertrophy patterns. All results presented at 1 Hz pacing.
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hypertrophy phenotype (4-5 affected: I, aVR, aVL, V5 and V6 as in
Supplementary Fig. S1) than the apical hypertrophy phenotype (7-8
affected: I, I1, III, aVR, aVL, aVF, V5 and V6 as in Supplementary Fig. S2),
as reported clinically [40]. Representative T wave inversions are shown
for V6 in the septal model (Fig. 2G) and for V5 in the apical model
(Fig. 2H).

3.2. Effects of serum vs. regional K™ on T wave abnormalities

Fig. 3 shows how, in septal HCM models, the effects of global serum
K" increases (uniformly elevated K" throughout the entire ventricles) on
the ECG were different to those arising from regionally ischaemic K*
increases (elevated K affecting only the region of septal hypertrophy
and ionic remodelling). Representative lead V6 traces are shown for
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increases in serum K™ (Fig. 3A) and regional K* (Fig. 3B), where sig-
nificant changes to T wave morphology and QT interval are visible.
For mild [K*] changes (4-7 mM), maximum QT interval was simi-
larly decreased for both serum and regional K* increases (Fig. 3C & D),
reflecting stark K-induced reductions in APD in the HCM-remodelled
region in both cases (Supplementary Fig. S3). For severe [K'] in-
creases (8-9 mM), when induced regionally by ischaemia, the APD was
reduced to that of, or less than, the APD of the normal myocardium,
which prevented further QT interval shortening (Supplementary
Fig. S4). The QT interval was instead determined by the rest of
myocardium modelled as unaffected by HCM remodelling and
ischaemia. For severe serum K increases, the QT interval continued to
decrease as the myocardium unaffected by HCM remodelling was now
also affected by K*-induced reductions in APD. A further discriminant
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Fig. 3. Comparisons of the effect of increased serum K* vs. increased regional K™ on ECG biomarkers in septal HCM. (A, B) Representative lead V6 traces,
showing that T wave morphology is modulated (but not totally pseudonormalised) by serum K levels (A), while full T wave pseudonormalisation can occur due to
ischaemia-induced regional K* increases (B). (C, D) Maximum QT interval, (E, F) lead V6 T wave inversion depth, and (G, H) lead V6 ST segment changes, plotted
against serum [K'] and regional [K*] changes, respectively. All results presented at 1 Hz pacing.
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between serum and regional K™ accumulation was that QT dispersion
was decreased by regional K accumulation more-so than by serum K"
(Supplementary Fig. S5).

Differences between serum and regional K increases were also
observed in V6 T wave morphology (Fig. 3E & F), with ischaemia-
induced regional Kt increases causing a greater correction to T wave
inversion per unit of extracellular [K'] elevation than increases in global
serum K. While the negative component of the T wave was almost
entirely corrected in all models for elevated regional Kt of 8-9 mM
(Fig. 3F), a negative biphasic component remained in all models if
subjected to serum K increases (Fig. 3E).

Whereas serum K did not affect the ST segment (Fig. 3G), regional
K" increases manifested as ST elevation proportional to the degree of
[K*] increase (Fig. 3H), as is common for transmural ischaemia. In
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comparing Fig. 3F and H, it is notable that the magnitude of ST segment
changes associated with ischaemia-induced regional K* increases is
significantly smaller than that of changes to the T wave amplitude. This
highlights that T wave pseudonormalisation may be the only perceptible
ECG abnormality associated with myocardial ischaemia during stress
ECG testing, particularly earlier in the onset of acute ischaemia.

When considering the other major metabolic and molecular com-
ponents of acute myocardial ischaemia on top of regional K™ accumu-
lation, such as acidosis and activation of ATP-sensitive K™ channels [30,
31,38], pseudonormalisation of the T wave was accentuated (Supple-
mentary Fig. $6). Furthermore, T wave pseudonormalisation occurred in
proportion to the degree of colocalisation between regional K* accu-
mulation and repolarisation impairment (Supplementary Fig. S7), and T
wave pseudonormalisation similarly occurred when a more complex
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showing that T wave morphology is modulated (but not pseudonormalised) by serum K* (A), while full T wave pseudonormalisation can occur due to ischaemia-
induced regional K™ increases (B). (C, D) Maximum QT interval, (E, F) lead V5 T wave inversion depth, and (G, H) lead V5 ST segment changes, plotted against serum
[K*] and regional [K'] changes, respectively. All results presented at 1 Hz pacing.
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regional distribution of K™ was considered (Supplementary Fig. S8).
Of interest, at the largest extent of global serum K" concentrations
tested ([K™] = 9 mM), some models in our virtual cohort exhibited
impaired conduction and the propagation of severely stunted APs
(Supplementary Fig. S9). The regions with stunted APs propagated
slowly and more heterogeneously (leading to stark QRS prolongation),
alongside rapid repolarisation (as stunted APs did not reach full depo-
larisation). Consequently, T wave peak amplitudes and terminal points
were not easily discernible, and such instances were excluded from the
analysis of T wave inversion. This occurred because at [K™] = 9 mM,
resting membrane potentials of (—74.9 &+ 0.2)mV were significantly less
negative than at basal conditions of (—90.0 + 0.4)mV, which con-
strained fast Na® current availability during the AP upstroke phase.
Indeed, models without discernible T waves were characterised by lower
fast Na* channel maximal conductances of (9.1 + 2.5)ms/pF, vs. (14.5
=+ 0.7)ms/pF in models with discernible T waves. The aforementioned
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effects were also responsible for the increased range of maximum QT
intervals observed with increasing [K"] = 8 mM to [K'] = 9 mM
(310-440 ms vs. 220-410 ms respectively) in the remaining virtual
models (Fig. 3C).

Overall, a similar behaviour was observed for HCM apical models
(Fig. 4) in the dependence of QT interval and ST segment elevation on
global serum K" increases (uniformly elevated K* throughout the entire
ventricles) and regionally ischaemic K" increases (elevated K* affecting
only the region of apical hypertrophy and ionic remodelling). However,
while T wave inversion was slightly corrected by global serum K in-
creases in septal HCM models (Fig. 3E), serum K* increases left T wave
inversions largely unaffected in apical HCM models (Fig. 4E).

The increased capacity for ischaemia-induced regional K* accumu-
lation to cause T wave pseudonormalisation compared to exercise-
induced global serum K" increases is explained in Fig. 5. Under basal
conditions, T wave inversions manifest due to repolarisation gradients,
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Fig. 5. Mechanism for T wave pseudonormalisation preferentially occurring due to ischaemia-induced regional K™ accumulation vs. exercise-induced
global serum K elevation. (A) Under basal K* conditions, lead V5 T wave inversion (left), characteristic of apical HCM, occurs due to apico-basal repolarisa-
tion gradients (right). (B) During serum K" increases, T wave inversions persist because APs are shortened in both the region of HCM remodelling and the remote
myocardium, preserving apico-basal repolarisation gradients. (C) During regional K* increases, T waves can become pseudonormalised because APs are shortened
only in the region of HCM remodelling, correcting abnormal baseline repolarisation gradients.
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caused by prolonged repolarisation in the region of hypertrophy
(Fig. 5A). As serum K" is elevated, repolarisation times in the hyper-
trophic remodelled region are reduced, but repolarisation in remote
myocardial regions is also accelerated, such that repolarisation gradi-
ents persist (Fig. 5B). When K increase is confined to the HCM-
remodelled region, the regionally prolonged repolarisation time is
reduced without affecting much of the remote myocardium, such that
the baseline repolarisation gradients are counteracted, leading to T
wave pseudonormalisation (Fig. 5C). It is also of note that the upper
range of serum K considered corresponds to global cardiac ischaemia
[38,39] while only a much lesser serum K" increase typically occurs
during exercise [37], thus further minimising the possibility of ascribing
T wave pseudonormalisation effects to exercise-induced increases in
serum K.

When septal and apical models had multiple concurrent regions of
K" elevation, T wave pseudonormalisation occurred similarly as in the
case of a single region (Supplementary Figs. S10 and S11), but the sec-
ond region of K" elevation made secondary contributions such as
enhanced ST segment elevation (Supplementary Fig. S12) or new T wave
notching in other leads (Supplementary Fig. S13). Finally, similar T
wave pseudonormalisation occurred when finer spatial discretisations
were used (Supplementary Fig. S14).
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3.3. Effects of pacing rate vs. regional K on T wave abnormalities

Comparisons between the effects of increased pacing rate and
regionally ischaemic K" accumulation on the ECG are shown in Fig. 6 for
septal HCM models in our virtual cohort. For both increased pacing rate
and regional K' increases, significant changes to T wave morphology
and QT interval are visible (Fig. 6A and B).

Substantial reductions to the maximum QT interval occurred at
increased pacing rates due to APD rate dependence (Fig. 6C). The
maximum QT interval continued to decrease at high pacing rates, con-
trary to the levelling off behaviour seen for high regional K* (Fig. 6D),
for the same reasons as with the comparison to serum K™ (APD of the
HCM-remodelled region reducing to that of the APD of the non-
remodelled myocardium like that shown in Supplementary Fig. S4).

Substantial but incomplete correction of T wave inversion was
observed only at the highest pacing rates representative of vigorous
exercise (Fig. 6E), due to enhanced APD rate-dependence of the HCM-
remodelled myocardium [10], leading to partial correction of
abnormal repolarisation gradients. Full T wave correction was however
not observed, unlike for regional K" accumulation (Fig. 6F). The com-
parisons between serum and regional K" in Fig. 3 at 1 Hz were similar at
2 Hz pacing (Supplementary Fig. S15).

For the apical HCM models, as before under serum K' increases,
increases of the pacing rate did not significantly affect T wave inversion
depth (Supplementary Fig. S16).

Septal HCM

Pacing rate

I RR = 1000ms
I RR = 400ms

200ms

700 T
600

500 é

400 T

QSQE

200 } t f t }
700 600 500 400

Max QT (ms)

300

-
]
L=}
Les §

- O e e ==
oo
> O 011
g'c 0 % =
| o e
— g 02 ? = F
]
© 203+
> 8
£ 047
1000 700 600 500 400
RR (ms)

o o “%
B

Regional K* 1

Buljjopowal NOH

0.5+ * 0
\ N (K] = 5mM
. [K] = 8mM

—r =

02+ T
03+ %I

4 6 8 10
Regional [K*] (mM)
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J.A. Coleman et al.

4. Discussion

The principal findings of this study were that (i) acute regional
myocardial ischaemia may frequently cause T wave pseudonormalisa-
tion in HCM if it colocalises with the remodelled myocardium; (ii)
ischaemic T wave pseudonormalisation in HCM may precede or occur in
the absence of significant ST segment changes; (iii) serum K™ modulates
the depth of inverted T waves, but T wave polarity is more sensitive to
regional K" accumulation; and (iv) increased pacing rates during exer-
cise can modulate inverted T wave amplitudes and cause partial
pseudonormalisation.

The finding that acute myocardial ischaemia can normalise inverted
T waves is consistent with some early reports in cohorts with high rates
of ischaemic heart disease, in which deficits on perfusion imaging [15]
or significant new wall motion abnormalities [42] were associated with
pseudonormalisation, particularly for massive transmural deficits [43].
Similarly, severe stenosis of the left anterior descending artery has also
been linked to transient T wave pseudonormalisation in apical HCM
patients [19], and the frequency of stress T wave pseudonormalisation is
similar to that of other markers of severe ischaemia such as ST elevation
[12]. The present study suggests that this is explained by ischaemic K*
accumulation in a sizable extent of the HCM-remodelled myocardium,
which attenuates baseline repolarisation gradients in HCM and corrects
T wave polarity. This is mostly consistent with the electrophysiological
basis of T wave pseudonormalisation formerly hypothesised by Simon
et al. [44], who speculated that it could be explained by the super-
position of acute ischaemic effects on myocardial cells (AP shortening)
upon chronic disease effects (AP prolongation). Our study presents
computational evidence of these mechanisms, otherwise inviable to
achieve in vivo in this high-risk cohort of patients. This ischaemic
aetiology may also explain T wave pseudonormalisation reported in
HCM during exercise [12,18] or under administration of sodium nitro-
prusside [45] or dobutamine [18], as exercise and pharmacologically
induced vasodilation is widely reported to induce regional perfusion
impairment in HCM [46]. More broadly, the findings of the present
study may be related to reports that ECGs with baseline repolarisation
abnormalities have a limited range in which to become more abnormal
during myocardial ischaemia [47].

For T wave pseudonormalisation induced by myocardial ischaemia,
these changes occur 10-30 s before frank ST elevation [43], which may
be explained in the present study by the finding that T wave inversion
depth was more sensitive than ST elevation to K™ accumulation. Given
that exercise-induced ischaemia may be self-limiting in HCM through
dyspnoea and angina (as the genesis is due to chronic microvascular
dysfunction rather than acute epicardial coronary occlusion), electro-
physiological changes preceding frank ST elevation may be increasingly
relevant. For example, consideration of subthreshold ST segment
changes could augment the diagnosis of myocardial ischaemia if
accompanied by changes in T wave polarity [43]. A further discriminant
of ischaemic T wave pseudonormalisation from benign causes is that
with ischaemia progression the QT interval is expected to stop
decreasing, as APs in the ischaemic myocardium become shorter than
those in the unaffected myocardium, such that the QT interval is
dominated by the unaffected myocardium.

Stress T wave pseudonormalisation has also been reported in non-
HCM patients without evidence of myocardial ischaemia [42,48]. In-
dependent of the exact cause, it is contingent on differential APD re-
sponses between the HCM-remodelled and non-remodelled
myocardium. Multiple benign causes have been hypothesised, including
tachycardia-induced decreases in ventricular repolarisation gradients
and sympathetic stimulation [49]. However, there is now evidence that
the sympathetic response of APD in diseased HCM myocardium is
abnormal, such that repolarisation gradients are likely to be enhanced
under sympathetic stimulation rather than corrected [50]. Conversely,
rate-dependent repolarisation gradients were shown in the present study
to contribute to pseudonormalisation due to accentuated APD rate
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dependence in diseased HCM cells [10], consistent with the association
between heart rate and T wave inversion depth observed in apical HCM
[51]. As a further potential contributor, the present study investigated
how the accentuated K dependence in diseased HCM cells manifests as
T wave changes during exercise-induced serum K increases. In the
scenarios tested, serum K" had the potential to modulate T wave
inversion magnitude, but only approached pseudonormalisation during
severe global hyperkalaemia. Physiological exercise serum K increases
alone did not lead to full T wave pseudonormalisation in the present
study, but may in part explain the difficulty of diagnosing ischaemia on
the ECG in HCM [8]. The enhanced dependence of repolarisation in
HCM-remodelled myocardium on K' can lead to enhanced T wave
morphological changes under benign serum K increases. A further
important consideration is that the T wave response to serum K' in-
creases differed between the septal and apical HCM models, suggesting
that there is strong dependence on the ventricular anatomy and regions
affected by electrophysiological remodelling.

Altogether, these results support the hypothesis of the present study,
which was that T wave pseudonormalisation may primarily be caused by
regionally ischaemic K accumulation in HCM, with secondary contri-
butions from exercise-induced serum K' and pacing rate increases. T
wave pseudonormalisation was always more sensitive to regional K™
than serum K" increases, and in apical models serum K or fast pacing
did not correct T wave polarities, suggesting that added anatomical
constraints apply to non-ischaemic T wave pseudonormalisation. The
present study explains the clinically challenging diagnosis of ischaemia
on stress ECG in HCM [8], as T wave changes may be multifactorial in
origin, with contributions from both ischaemia and benign exercise
factors. Finally, the present study motivates further investigation of
subthreshold ST segment changes in combination with T wave pseudo-
normalisation as criteria for diagnosing ischaemia on stress ECG in
HCM.

4.1. Clinical implications

The use of stress ECG testing for the diagnosis of myocardial
ischaemia in HCM remains limited in accuracy due to the presence of
baseline repolarisation abnormalities [8]. The present study suggests
that dynamic correction of T wave polarity, as a possible manifestation
of ischaemia, could improve ischaemia diagnosis in cases where ST
segment changes are subthreshold. This requires further clinical study of
the rates at which T wave changes are ischaemic or non-ischaemic in
cause in HCM. An important implication is in the evaluation of novel
pharmacological approaches for HCM. It is unknown whether myosin
inhibitors (Mavacamten and Aficamten) affect inducible ischaemia in
HCM, despite effects on obstruction and ECG abnormalities [53]. Simi-
larly, a novel therapeutic approach with a mitrotrope (ninerafaxstat,
akin to the anti-ischaemic drug trimetazidine) is being investigated in
HCM (trial NCT04826185). In such cases, sensitive in-vivo markers of
ischaemia may help understand and quantify the efficacy of these novel
approaches. Finally, with the increasing use of novel machine learning
approaches to identify ischaemia on the ECG [52], the present study
may offer some mechanistic insight as to the performance of such
algorithms.

4.2. Limitations

In the present study, the effects of Kt concentration were explored in
two configurations: regional and global. Whether there is hypertrophy-
associated heterogeneity in K™ accumulation in the ventricles accom-
panying exercise-induced serum K increases is unknown [54]. Also, in
the case of regional K™ accumulation, ischaemia was assumed to be
confined to the most hypertrophied region, but microvascular dysfunc-
tion is frequently also present in mildly hypertrophied segments. Our
investigations also demonstrated that T wave pseudonormalisation is
dependent on the ventricular anatomy and distribution of ionic
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remodelling, so further studies may consider additional anatomical and
electrophysiological HCM phenotypes. Beta-adrenergic stimulation in
HCM may further constrain the ability of benign components of exercise
to correct negative T waves [50]. A further consideration is that T wave
inversion at baseline can also be caused by fibrosis, and the mechanisms
identified in the present study would not apply to such cases. Further-
more, sudden relief of chronic disease and subsequent correction of
repolarisation due to other effects, metabolic or otherwise, cannot be
ruled out [45] as a cause of T wave pseudonormalisation. Finally, ECG
abnormalities other than the T wave (resting ST elevation) have also
been reported to normalise in some HCM patients [55].

From a computational modelling perspective, although human HCM
biventricular geometries and realistic myocardial activation sequences
were used, the models did not include patient-specific distributions of
ischaemic K, myocardial disarray, Purkinje systems, mechanoelectric
feedback, torsos, or atria. Finally, despite accounting for electrophysi-
ological variability in HCM models, all simulations used the ToR-ORd
AP model.
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