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Abstract

Aims

Methods
and results

Conclusion

Hypertension-mediated left ventricular hypertrophy (LVH) phenotypes: normal left ventricle (LV), LV remodelling, eccentric
and concentric LVH have been reported using cardiac magnetic resonance (CMR). Although previous smaller studies have
explored associations of these phenotypes with select CMR metrics, large population-based longitudinal data comparing
their clinical trajectories are lacking. This study aimed to evaluate CMR characteristics across hypertension-mediated
LVH phenotypes and their associations with incident cardiovascular outcomes.

In the UK Biobank imaging cohort, 24 463 hypertensives were categorized into LVH phenotypes using CMR. Logistic regres-
sion models explored the relationship between phenotypes, setting normal LV as the reference, and CMR parameters as
exposures. Cox proportional hazard models evaluated associations with incident major adverse cardiovascular events
(MACE) and separately heart failure over a median follow-up of 4.9 years. Among the participants, 23 206 had normal
LV, 889 LV remodelling, 253 eccentric and 115 concentric LVH. Hypertensives with eccentric LVH had the most impaired
LV function using ejection fraction and strain, and those with concentric LVH had the highest T1 values and maximal wall
thickness. Hypertensives with eccentric LVH were associated with a 2.5 times higher rate of MACE (HR 2.5, CI: 1.7-3.8) and
9 times higher heart failure event rates (HR 9.0, Cl: 5.7-14.2). Hypertensives with concentric LVH had 4.1 times higher heart
failure events rates (HR 4.1, CI: 1.8-9.3), and no association with MACE.

In this large population study, we found distinct differences in CMR characteristics between hypertension-mediated LVH
phenotypes with eccentric and concentric LVH exhibiting the worst prognosis.
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Introduction these phenotypes is therefore lacking. An understanding of the CMR char-

Hypertension is the most common cause of left ventricular hyper-
trophy (LVH), both strong predictors of cardiovascular morbidity and
mortality." Importantly, LVH in the setting of hypertension is heteroge-
neous and can present with distinct left ventricular (LV) geometric pat-
terns, ranging from normal geometry and LV remodelling to concentric
and eccentric LVH, reflecting variation in chamber size defined using
cardiac magnetic resonance (CMR) mass—to-volume relationships.>?
In this study, we use the term hypertension-mediated LVH to describe
this spectrum of myocardial adaptation in the context of blood pres-
sure (BP) exposure after excluding alternative primary causes of LVH
(e.g. inherited cardiomyopathy phenotypes).

Previous smaller studies have demonstrated that hypertension-mediated
LVH phenotypes carry distinct myocardial signatures such as the differing
burden of interstitial fibrosis, systolic myocardial strain and aortic distensibil-
ity using CMR when compared with normotensive individuals.> These
studies support biological plausibility for mass-to-volume based phenotype
classification, however their modest sample size, selective recruitment and
restricted outcome measures have limited generalizability. A large
population-based longitudinal study comparing the clinical trajectories of

acteristics may in turn have treatment implications, with opportunities to
tailor anti-hypertensive therapy for regression of LVH in hypertension.

In this study we explore the CMR structural and functional myocardial
differences and clinical outcomes across hypertension-mediated LVH
phenotypes using multiparametric data in a large community population.
We hypothesized that CMR-defined eccentric and concentric LVH will
correlate with impaired myocardial function and a greater burden of
myocardial fibrosis, resulting in deleterious cardiovascular outcomes
compared with normal LV geometry and LV remodelling phenotypes.

Methods

Study population

The UK Biobank (UKB) is a large prospective population study where
demographics, medication history, electronic health records, biomarkers
and genomics were collected in half a million participants aged 40-69 years
when recruited between 2006 and 2010 from across the United Kingdom.
The UKB imaging study was launched in 2015 with the aim of scanning 20%
of the original cohort, that is 100 000 participants.®
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Figure 1 illustrates the UKB sample selection process. A total of 44 957
participants had completed the UKB imaging study at the time of analysis.
Hypertensive participants (n=30395) were identified according to the
‘high normal’ blood pressure (BP) grade of greater than or equal to 130/
85 mmHg in the 2023 European Society of Hypertension (ESH) guideline.”
The 130/85 mmHg BP cut-off was used to identify subclinical disease as the
risk of hypertension-mediated LVH is on a continuous exposure scale. BP
measurements from the UKB imaging visit were analysed as these were ta-
ken on the same day as the CMR study. Each participant had two manual BP
readings using a validated automated BP monitor or a manual sphygmoman-
ometer. After calculating the average BP values, we adjusted for medication
use by adding 15 and 10 mmHg to systolic BP and diastolic BP, respectively,
for participants reported to be taking BP-lowering medication.®’ We fur-
ther defined hypertension by selecting relevant data fields from the UKB
data showcase, including hypertension self-reported by participants, formal
diagnosis from primary care physician and BP medication use (see
Supplementary data online, Table S7). Participants with other causes of
LVH (n=4833) were excluded by reviewing exome sequence data for
genes implicated in hypertrophic cardiomyopathy.'® The remaining hyper-
tensive participants (n=24463) were categorized into the four
hypertension-mediated LVH phenotypes using the mass-to-volume ratio.
The CMR criteria used to define each phenotype are shown in Table 1.
The LVH cut-offs were adapted using previously published work exploring

CMR-based classification in hypertension.® Indexing for body surface area
was performed using the Mosteller formula."’

CMR acquisition, image analysis and quality
control

The CMR scans in UKB were performed using 1.5 Tesla scanners
(MAGNETOM Aera, syngo Platform VD13A, Siemens Healthcare). The
pre-specified UKB CMR protocol did not contain contrast administration
and details of the CMR protocol have been described previously.'? The im-
age analysis to derive volumetric data was performed using convolutional
networks."”> The left atrial volumes were derived using Circle
Cardiovascular Imaging, Inc. (cvi42 prototype 5.11.0). Global native T1
was included in the analysis, as a measure of myocardial tissue character.
Myocardial T1 mapping was acquired in one mid-ventricular SAX slice using
the Shortened Modified Look-Locker Inversion recovery technique
(ShMOLLI) mapping sequence." Global myocardial native T1 was calcu-
lated using the fully automated software (cvi42 prototype 5.14.1.2875)."
The CMR-FT strain analysis was generated using automated batch process-
ing (cvi42 prototype 5.13.7)."® Quality control of the data output was per-
formed using the removal of statistical outliers and visual quality control
described in a dedicated publication.”

CMR of consecutive
participants from UKB
imaging study

N= 44,957

Normotensive participants

N= 14,422

Missing data

N=140

Hypertensive participants

N= 30,395

Unable to classify

N=1,099

Aortic stenosis,
HCM and phenocopies

N= 4,833

Normal LV LV remodelling

N=23,206 N=889

Eccentric LVH Concentric LVH

N=253 N=115

Figure 1 Flow diagram illustrating the categorization of the UK Biobank imaging cohort participants into the hypertension-mediated LVH pheno-
types. CMR: Cardiac magnetic resonance, HCM, hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy.
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Table 1 Definition of left ventricular phenotypes by cardiac magnetic resonance parameters
Normal LV LV remodelling Eccentric LVH Concentric LVH
Male Female Male Female Male Female Male Female
Index LV mass (g/m?) <70 <55 <70 <55 >70 >55 >70 >55
Indexed end-diastolic volume <110 <94 <110 <% >110 >94 <110 <9%4
(mL/m?)
LV mass: volume ratio (g/mL) <0.84 <0.71 >0.84 >0.71 <0.84 <0.71 >0.84 >0.71

CMR, cardiac magnetic resonance imaging; LV, left ventricle; LVH, left ventricular hypertrophy. Indexing was performed using the Mosteller formula.

Ascertainment of cardiovascular outcomes

Longitudinal data on clinical outcomes of UKB participants is recorded using
linkage to Hospital Episode Statistics (HES) and UK death register.'® The
primary endpoint was major adverse cardiovascular events (MACE), de-
fined as either hospitalization or death due to fatal/non-fatal myocardial in-
farction, stroke or ventricular arrhythmias. Cases were identified using
relevant International Classification of Disease, 9th or 10th Revision
(ICD-9, ICD-10), or Office of Population Censuses and Surveys version 4
(OPCS 4) Classification of Interventions and Procedures codes in the
health-related records or death register (see Supplementary data online,
Table S2). An additional analysis was performed testing for associations
with heart failure. The follow-up period was determined by the first appear-
ance of ICD-9, ICD-10 or OPSC4 codes in either health record or death
register data since the UKB imaging visit. Participants with prevalent events
at the time of UKB enrolment were excluded from the survival analyses.
Participants who did not experience an event were censored at death or
the end of the follow-up period (30 November 2022).

Statistical analyses

Descriptive statistics are presented as median (interquartile range) for con-
tinuous variables or frequency (percentage) for categorical variables. The
distribution of continuous data was assessed by visual inspection of the his-
tograms and normality was evaluated using the Shapiro-Wilk test. Baseline
clinical and CMR characteristics of the hypertension-mediated LVH pheno-
types were statistically compared with the normal LV group. To assess for
associations, the analysis of variance (ANOVA) test was used for continu-
ous data and the chi-square test for categorical data. Following overall
group comparisons using one-way analysis of variance (ANOVA), post
hoc pairwise comparisons were performed using Tukey’s honestly signifi-
cant difference (HSD) test for selected key CMR parameters. For all ana-
lyses, a two-tailed P-value <0.05 was deemed statistically significant.
Statistical analyses were performed using R version 4.0.3 and RStudio
Version 1.3.1093."

After standardizing CMR values, the parameters with less than 10% of
missing data were imputed using the Multivariate Imputation by Chained
Equations (MICE) package, with five imputed datasets and ten iterations.?°
For each variable, we specified a predictive mean matching model, and we
used relevant variables to inform the imputation. Imputations were found
acceptable by comparison of plots of the distribution of recorded and im-
puted values for all measurements. Logistic regression models were built to
determine the relationship between each hypertension-mediated LVH
phenotype as a binary outcome, setting normal LV as the reference group
(e.g. concentric LVH vs. normal LV) and CMR parameters as exposure.
CMR parameters that were used to define each LVH phenotype (e.g. LV
mass, LVEDV, LV mass-to-volume ratio) were not included as exposures
in the regression models to avoid potential collinearity. Classification And
Regression Training (CARET) package was used for correlation analysis
and highly correlated CMR parameters were also omitted (correlation co-
efficient threshold of +/— 0.7) to avoid collinearity. The mean absolute cor-
relation of each CMR parameter was calculated, and the metrics with the
largest mean absolute correlation were omitted (see Supplementary data
online, Figure S1). For each LVH phenotype, two multivariable logistic re-
gression models were built, unadjusted and clinically adjusted (for age,
sex, body mass index and systolic BP). Logistic regression models were

estimated separately for each imputed dataset and then averaged to obtain
one overall set of estimates. To allow comparison of the magnitude of ef-
fects across CMR measures, odds ratios (OR) were reported with 95% con-
fidence intervals (Cl).

For testing LVH phenotypes with cardiovascular outcomes, Kaplan—
Meier curves were constructed to show the survival probability over the
follow-up period in each of the four hypertension-mediated LVH pheno-
types for MACE and heart failure. The log-rank test was used to compare
survival between groups. The association between hypertension-mediated
LVH phenotypes and outcomes was tested using multivariable-adjusted
Cox proportional hazard regression, adjusted for age, sex, BMI, systolic
BP, diabetes, high cholesterol, and smoking status, setting normal LV as
the reference group. In sensitivity analysis, associations were re-examined
without adjustment of BP values of participants on anti-hypertensive medi-
cation. Hazard ratios (HR) were reported with 95% ClI to derive risk for
each LVH phenotype compared with the normal LV group.

Results

Baseline characteristics of participants

A total of 24463 hypertensive participants of median age 66 years,
45.4% females, were included in this study. Table 2 summarizes the
baseline characteristics of the hypertensive participants in the UKB im-
aging study for this analysis, stratified by LVH phenotypes. Most hyper-
tensive participants had normal LV (n=23206) on CMR imaging,
followed by LV remodelling (n =889), eccentric LVH (n=253) and
concentric LVH (n=115). Among the hypertensive participants, the
median BP was 149/85 mmHg with 36.8% of participants on anti-
hypertensive therapy. Broadly, participants in the eccentric and concentric
LVH groups had the highest average BP measurements. The proportion
of males was higher (58.7%) in the eccentric LVH group, whereas more
females (59.1%) had concentric LVH. The proportion of participants
with high cholesterol (76.3%) and diabetes (15.2%) was highest in
hypertensive participants with LV remodelling.

Association between CMR parameters and
hypertension-mediated LVH phenotypes

Table 3 shows the association between hypertension-mediated LVH
phenotypes and CMR parameters. Overall, atrial and ventricular size
were smallest in the LV remodelling phenotype and largest in partici-
pants with eccentric LVH. The highest T1 values and maximal wall thick-
ness measurements were observed in hypertensive participants with
concentric LVH and the lowest values in those with a normal LV pat-
tern. In terms of functional measures, eccentric LVH had the most im-
paired LV and RV function measured using ejection fraction and
myocardial strain. Functional CMR parameters were comparable
among the other phenotypes. Tukey post hoc analysis demonstrated
clear and consistent between-group differences across key CMR para-
meters (see Supplementary data online, Table S3). Eccentric LVH
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Table 2 Baseline characteristics of hypertensive participants in the UK Biobank imaging study

Overall Normal LV
(n=24463) (n=23206)
Age (years) 66 [11] 66 [11]
Sex (%)

Female 11117 (45.4) 10414 (44.9)
BMI (kg/m?) 26.7 [5.2] 26.6 [5.1]
Ethnicity (%)

White European 23 847 (97.5) 22636 (97.5)

Other 494 (2.0) 457 (2.0)
Systolic BP (mmHg) 149 [24] 148 [23]
Diastolic BP (mmHg) 85 [14] 85 [14]
High cholesterol (%) 17 333 (70.9) 16 402 (70.7)
Diabetes (%) 1710 (7.0) 1540 (6.6)
Medication use

BP-lowering medication (%) 9008 (36.8) 8401 (36.2)

Lipid-lowering medication (%) 8008 (32.7) 7498 (32.3)

Smoking status (%)

Never 14353 (58.7) 13693 (59.0)

Previous 8553 (35.0 8084 (34.8)

Current 1435 (5.9) 1316 (5.7)
Alcohol intake (%)

Never 1090 (4.5) 1022 (4.4)

Current 23251 (95.0) 22071 (95.1)

LV remodelling Eccentric LVH Concentric LVH P-value
(n=2889) (n=253) (n=115)
68 [10] 65 [12] 68 [9] <0.001
<0.001
528 (59.4) 107 (42.3) 68 (59.1)
284 [5.7] 25.8 [5.3] 273 [6.2] <0.001
0.12
856 (96.3) 244 (96.4) 111 (96.5)
25 (2.8) 8 (32 <5(3.5)
156 [26] 157 [28] 160 [32] <0.001
88 [15] 85 [17] 89 [17] <0.001
678 (76.3) 168 (66.4) 85 (73.9) <0.001
135 (15.2) 19 (7.5) 16 (13.9) <0.001
437 (49.2) 106 (41.9) 64 (55.7) <0.001
393 (44.2) 73 (28.9) 44 (38.3) <0.001
<0.001
460 (51.7) 140 (55.3) 60 (52.2)
337 (37.9) 89 (35.1) 43 (37.4)
84 (94) 23 (9.1) 12 (104)
0.23
52 (5.8) 11 (43) 5(4.3)
829 (93.3) 241 (95.3) 110 (95.6)

Counts variables are presented as number (percentage), continuous variables as median [interquartile range]. To assess for associations between LVH phenotypes, the analysis of variance
(ANOVA) test was used for continuous data and ¥ test for categorical data. Blood pressure values are adjusted for medication use.
BMI, body mass index; BP, blood pressure; LV, left ventricle; LVH, left ventricular hypertrophy; mmHg, millimetres mercury.

differed significantly from normal LV geometry for measures of systolic
function, including GLS and LVEF, and for chamber size indices, indicat-
ing more advanced functional impairment. Concentric LVH showed the
largest differences for global wall thickness and native T1 compared
with other phenotypes, consistent with greater myocardial hyper-
trophy and fibrosis burden. Differences between LV remodelling and
normal LV were generally smaller and less consistently significant.

The logistic regression models showing the association between
CMR parameters (exposure), and hypertension-mediated LV remodel-
ling (outcome) are shown in Figure 2. With normal LV set as the refer-
ence group, there were significant negative associations between
cardiac chamber volumes and LV remodelling, which persisted in the
clinically adjusted models. For example, hypertensives with one stan-
dardized increase in LA and RA size were associated with 0.5 (OR
0.5, 95% CI: 0.5-0.6) and 0.5 (OR 0.5, 95% CI: 0.5-0.6) odds of LV re-
modelling, respectively. The hypertensive individuals with one standar-
dized impairment in GLS had 2.3 times increased odds of LV
remodelling (OR 2.3, 95% CI: 2.3-2.5), compared with a normal LV.

In contrast to LV remodelling, there were significant positive associa-
tions between cardiac chamber volumes and eccentric LVH, which re-
mained significant in the clinically adjusted model (Figure 3). One
standardized increase in LA and RA size had 1.9 times (OR 1.9, 95%
Cl: 1.7-2.2) and 1.6 times (1.6, 95% Cl: 1.5-1.9) increased odds of ec-
centric LVH, respectively. The results also showed that hypertensives
with worse LV function had increased odds of eccentric hypertrophy.
For a standardized increase in LVEF, there was 0.5 odds (0.5, 95% ClI:
0.4-0.5) of eccentric LVH in the clinically adjusted model.

The logistic regression models showing the association between CMR
parameters and hypertension-mediated concentric LVH are shown in

Figure 4. Compared with the normal LV as the reference group, the
strongest association with concentric hypertrophy was seen with max-
imal wall thickness. In the clinically adjusted model, the odds of having
concentric LVH were approximately 6 times greater (OR 5.7, 95% ClI:
4.5-7.4) for every standardized increase in wall thickness. In contrast
to LV remodelling and eccentric LVH groups, the associations with car-
diac volumes were not statistically significant. In terms of myocardial
strain, hypertensive participants with impaired GLS had approximately
3 times (OR 2.8, 95% Cl: 2.3-3.5) increased odds of having concentric
LVH in our clinically adjusted model. Furthermore, for every standar-
dized increase in T1 measure, there was 1.7 times increased odds (OR
1.7, 95% Cl: 1.4-2.1) of concentric LVH.

Associations of hypertension-mediated
LVH phenotypes with cardiovascular
outcomes

Over a median follow-up period of 4.9 years the incident MACE and
heart failure events were 1032 (4.2%) and 281 (1.1%), respectively.
Figure 5 shows differences in cumulative survival probability between
hypertension-mediated LVH phenotypes, with a graphical representa-
tion of clinical outcomes occurrence. There was a statistically significant
difference in survival from MACE (P < 0.001) and heart failure (P <
0.001) between the hypertensive-mediated LVH phenotypes using
the log-rank test.

Figure 6 and Supplementary data online, Table $4 show the hazard ra-
tios using Cox regression, setting normal LV as the reference. The haz-
ard rate of MACE was 2.5 times higher (HR 2.5, CI: 1.7-3.8) and heart
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Table 3 CMR myocardial structural and functional parameters of hypertensive participants in the UK Biobank

imaging study
Overall Normal LV
(n=24463) (n=23206)

Left ventricular parameters
LV end-diastolic volume (LVEDV), ml 144 [44] 145 [43]
Indexed LVEDV, mL/m? 76 [16] 76 [17]
LV end-systolic volume (LVESV), ml 57 [24] 58 [24]
Indexed LVESV, mL/m? 30 [10] 30 [10]
LV stroke volume (LVSV), ml 86 [25] 86 [25]
Indexed LVSV, mL/m? 45[10] 45 [11]
LV mass (LVM), g 87 [32] 87 [32]
Indexed LVM, g/m? 45 [11] 45 [11]
LV mass: volume (LVM/LVED), g/mL 0.6 [0.1] 0.6 [0.1]
Indexed LVM/LVEDV, g/mL/m? 0.3 [0.1] 0.3 [0.1]
Maximal LV wall thickness, mm 10 [2] 10 [2]
LV ejection fraction, % 60 [8] 60 [8]
Native T1 mapping, ms 927 [42] 927 [42]
Global circumferential strain, % —-19 [8] -19 [3]
Global radial strain, % 31 [8] 31 [8]
Global longitudinal strain, % -18 [7] —18[3]

Right ventricular parameters

RV end-diastolic volume (RVEDV), mL 153 [51] 154 [51]
Indexed RVEDYV, mL/m? 80 [19] 80 [19]
RV end-systolic volume (RVESV), ml 65 [29] 65 [29]
Indexed RVESV, mL/m? 34 [2] 34 [12]
RV stroke volume (RVSV), mL 88 [27] 88 [27]
Indexed RVSV, mL/m? 46 [11] 46 [11]
RV ejection fraction, % 58 [8] 58 [8]

Atrial parameters
Maximal left atrial (LA) volume, mL 40 [17] 40 [17]
Indexed LA, mL/m? 21 [8] 21 [8]
Maximal right atrial (RA) volume, mL 44 121] 44 21]
Indexed RA, mL/m? 21 [11] 23 [11]

LV remodelling  Eccentric LVH ConcentricLVH  P-value
(n=889) (n=1253) (n=115)
112 [29] 229 [89] 148 [49] <0.001
58 [12] 109 [13] 79 [10] <0.001
43 [16] 104 [46] 57 [24] <0.001
22 [7] 47 [7] 30 [11] <0.001
68 [19] 115 [38] 89 [27] <0.001
35[7] 58 [15] 46 [8] <0.001
89 [31] 135 [51] 115 [61] <0.001
46 [10] 64 [13] 58 [7] <0.001
0.8 [0.1] 0.6 [0.2] 0.9[0.2] <0.001
0.4 [0.1] 0.3 [0.1] 0.4 [0.1] <0.001
11[2] 11[2] 13 [3] <0.001
62 [8] 53[13] 62 [9] <0.001
931 [39] 933 [56] 947 [50] <0.001
-19[3] -17[3] —18[3] <0.001
32[7] 27 [7] 29 [9] <0.001
-17[3] -17[3] -16 [3] <0.001
122 [36] 199 [68] 147 [49] <0.001
63 [14] 101 [23] 79 [16] <0.001
53 [21] 90 [37] 60 [26] <0.001
27 [9] 46 [3] 32 [11] <0.001
70 [20] 108 [39] 88 [25] <0.001
36 [10] 55[15] 46 [9] <0.001
57 [9] 54 [8] 58 [9] <0.001
33[12] 57 [25] 46 [18] <0.001
17 [8] 28 [10] 23 [9] <0.001
34 [15] 58 [27] 41 [18] <0.001
18 [8] 30[12] 22 [11] <0.001

Continuous variables presented as median [interquartile range]. To assess for associations between LVH phenotypes, the analysis of variance (ANOVA) test was used for continuous data.
g grams; LV, left ventricle; LVH, left ventricular hypertrophy; mm, millimetre; mL, millilitre; ms, millisecond; m?, metres squared; RV, right ventricle.

failure 9 times higher (HR 9.0, Cl: 5.7-14.2) in hypertensives with ec-
centric LVH. Hypertensives with concentric LVH were associated
with 4.1 times higher heart failure event rates (HR 4.1, CI: 1.8-9.3)
compared with normal LV, and there was no association with MACE.
In sensitivity analysis, re-estimating the models without adjusting BP
for anti-hypertensive therapy did not alter the direction or magnitude
of associations, as shown in Supplementary data online, Table S5.
Notably, some associations reached statistical significance in the ab-
sence of BP adjustment.

Discussion

Summary of findings

In this large population-based cohort of 24 463 hypertensives from
UKB, most participants had a normal LV pattern (n=23206), with
the smallest group having concentric LVH (n=115), defined using
CMR. Hypertensives in the eccentric and concentric LVH groups had
the highest average BP measurements, despite having the greatest

number of participants on anti-hypertensive medical therapy. There
were distinct differences in CMR characteristics between hypertension-
mediated LVH phenotypes and significant associations of eccentric and
concentric LVH with incident cardiovascular outcomes.

Associations with CMR parameters

To our knowledge, this is the largest study comparing hypertension-
mediated LVH phenotypes using multiparametric CMR measures.
Higher T1 values, thicker LV wall and worse GLS are associated with
increased odds of LV remodelling, eccentric LVH and concentric
LVH, compared with normal LV geometry. This may suggest that these
phenotypes are among a spectrum, with LV remodelling pattern being
an intermediary phenotype progressing to either concentric LVH or ec-
centric LVH when BP is not well controlled. Post hoc pairwise analyses
further support the presence of distinct hypertension-mediated LVH
phenotypes rather than a uniform hypertrophic response. The pro-
nounced functional differences observed in eccentric LVH, particularly
in measures of systolic function and chamber enlargement, are
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Unadjusted Clinically adjusted

CMR parameters OR (95% CI) OR (95% CI)

GLS | 2.04 (1.80, 2.20) | 2.30(2.12. 2.49)
T1 mapping | 1.13 (1.05, 1.21) | 1.05(0.97,1.13)
LVEF n 1.23 (1.15, 1.32) & 1.12(1.04,1.20)
LVSWV | 0.26 (D.24, 0.28) - 0.18 (0.17, 0.20)
RVEF n 0.87 (0.81, 0.83) | 0.74 (0.69, 0.79)
LA size | 0.58 (0.53, 0.63) n 0.52 (0.48.0.57)
RA size || 0.48 (0.44, 0.53) | 0.53 (0.48. 0.58)
Maximal LV wall thickness | 2.64 (2.46, 2.84) B 430 (3.90,4.75)

T 3 345 s a4k

OR (95% CI)

OR (95% CI)

Figure 2 Association between CMR parameters and hypertension-mediated LV remodelling in unadjusted and clinically adjusted regression models.
GLS, Global longitudinal strain; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; RVEF, right ventricular ejection fraction; LA,

left atrium; RA, right atrium; OR, Odds ratio; Cl, confidence interval.

consistent with a more advanced maladaptive remodelling process. In con-
trast, concentric LVH was characterised by greater wall thickness and high-
er native T1 values, suggesting a predominantly pressure-overload driven
phenotype with increased myocardial hypertrophy and fibrosis. The rela-
tively modest and less consistent differences between LV remodelling
and normal LV geometry are compatible with an intermediate or adaptive
stage along the continuum of hypertensive cardiac remodelling.

Elghazaly et al.*" have also described hypertension-related CMR phe-
notypes in UKB, considering variations between hypertensive and
normotensive individuals, with particular emphasis on sex and ethnic
differences. In their study, associations between hypertension and
CMR metrics were estimated using linear regression and the threshold
for diagnosed hypertension was set at a systolic BP of 140 mmHg.22
Elghazaly et al. found that the prominent myocardial phenotype in
UKB participants with hypertension was concentric LVH with lower

myocardial native T1 and poorer LV function by GLS. In contrast,
our results showed hypertensives with concentric LVH had the highest
interstitial fibrosis demonstrated by raised T1 values, whereas hyper-
tensives with eccentric LVH had the worst LV function. These divergent
observations may arise from differences in study design and analytic ap-
proach. Elghazaly and colleagues defined concentric LVH solely based
on LV mass and wall thickness, without stratification by geometric pat-
tern or exclusion of alternative causes of LVH using genetic data. While
the prevalence of inherited cardiomyopathies in UK Biobank is low,
their inclusion in a large population sample (n~5000) could still exert
a downward influence on average native T1 values. Furthermore, differ-
ences in the handling of covariates, thresholds used to define hyperten-
sion, and modelling strategies may also have contributed. These
methodological differences may explain why similar analyses of UKB
data yielded contrasting results. It is also important to recognize that
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Unadjusted Clinically adjusted
CMR parameters OR (95% CI) OR (95% CI)
GLS E 1.67 (1.47, 1.89) = 1.71(1.49,1.96)
T1 mapping = 1.15(1.02, 1.31) = 1.24 (1.08, 1.41)
LVEF - 0.49 (0.43, 0.57) - 0.46 (0.39, 0.54)
LVSY - 277 (2.30, 3.34) —— 4.52(3.35, 6.08)
RVEF = 0.59 (0.52, 0D.67) = 0.50 (0.44, 0.57)
LA size = 2.00(1.77, 2.25) = 1.96 (1.73, 2.22)
RA size = 162 (1.44, 1.82) =+ 1.64 (1.45, 1.85)
Maximal LV wall thickness = 252 (2.22, 2.87) 5 3.74 (3.19, 4.39)

1 2 34567 1 2 34567

OR (95% Cl)

OR (95% CI)

Figure 3 Association between CMR parameters and hypertension-mediated eccentric hypertrophy in unadjusted and clinically adjusted regression

models. GLS, Global longitudinal strain; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; RVEF, right ventricular ejection
fraction; LA, left atrium; RA, right atrium; OR, Odds ratio; Cl, confidence interval.

the UKB cohort is predominantly of White European ancestry (>97%),
which limits the generalizability of these findings to other ancestries.
Hypertension prevalence, BP trajectories, myocardial remodelling pat-
terns and fibrosis burden vary across populations. Validation in more
diverse cohorts, including populations with higher prevalence of
hypertension-related organ damage, will be essential to establish the
broader applicability of these CMR-derived phenotypes.

There have also been smaller clinical studies characterizing the
hypertensive phenotype using CMR which support our findings.
Rodrigues et al.® assessed myocardial and aortic function in 88 hyper-
tensive patients compared with 29 age and sex matched controls.
They demonstrated that eccentric LVH had the most advanced impair-
ment in LV and RV function, consistent with our results. They also
showed that patients with concentric LVH had highest T1 values

compared with the other hypertension-mediated LVH phenotypes.
Similarly, in their single centre study of 46 hypertensive patients,
Treibel et al.* showed that T1 mapping-revealed increased diffuse myo-
cardial fibrosis only occurred in hypertensives with LVH. This clinical
cohort was not further differentiated into the LVH phenotypes.
More recently Canciello et al.>® evaluated sex-related differences in
hypertension-mediated LVH using echocardiography from a prospect-
ive registry of 6427 Italian hypertensive patients (43% female) without
prevalent cardiovascular disease. At baseline, females had a lower
prevalence of normal LV geometry (50% vs. 72%) than males and higher
prevalence of eccentric LVH (40% vs. 18%). At long-term follow-up
(mean 6.1 years), normal LV remained less frequent in females than
males (43% vs. 67%) with differences in eccentric (41% vs. 21%) and
concentric LVH (11% vs. 5%) persisting. Our study also showed females
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Unadjusted Clinically adjusted

CMR parameters OR (95% CI) OR (95% CI)

GLS - 2.51(2.07, 3.05) - 2.84(2.32,3.47)
T1 mapping - 1.69 (1.39, 2.08) - 1.69 (1.37. 2.08)
LVEF — 1.08 (0.90, 1.29) - 0.96 (0.80, 1.16)
LVSV - 1.16 (0.97, 1.39) —— 1.33 (1.06, 1.67)
RVEF - 1.04 (0.87, 1.25) = 0.85(0.70. 1.03)
LA size — 1.31 (1.09, 1.56) — 1.16 (0.96, 1.40)
RA size —- 0.78 (0.64, 0.96) — 0.84 (0.68, 1.03)
Maximal LV wall thickness - 3.39(2.77, 4.15) —— 574 (448, 7.36)

2 4 68 2 4 68

OR (95% Cl)

OR (95% CI)

Figure 4 Association between CMR parameters and hypertension-mediated concentric hypertrophy in unadjusted and clinically adjusted regression
models. GLS, Global longitudinal strain; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; RVEF, right ventricular ejection
fraction; LA, left atrium; RA, right atrium; OR, Odds ratio; Cl, confidence interval.

had a lower prevalence of normal LV than males (45% vs. 55%); how-
ever, a lower prevalence of eccentric LVH (42% vs. 58%) at baseline.
We also found a higher prevalence of concentric LVH in females
(59% vs. 41%). These differences may in part be due to clinical charac-
teristics as the Campania Salute network registry is a clinical cohort and
imaging analysis was performed using echocardiography. Furthermore,
the Italian cohort was younger (mean age 53 years) compared with
UKB (mean age 67 years) which may in part also explain the differences.

Associations with clinical outcomes

This is the first study to explore the prognostic implications of
CMR-derived LV geometry in hypertensive subjects in UKB. Notably,

hypertensives with eccentric LVH had a nine-fold increase in hazard
rate of heart failure compared with those with normal LV geometry.
There were no significant associations with LV remodelling phenotype
and clinical outcomes. The cumulative survival probability was also
worse in participants with eccentric LVH.

There have been other smaller studies comparing prognosis be-
tween concentric and eccentric LVH in other longitudinal CMR co-
horts. Ha et al. explored associations with long-term mortality
outcomes of eccentric and concentric LVH in 4979 subjects of the
Multi-Ethnic Study of Atherosclerosis (MESA). The authors found
that the primary end point of all-cause mortality (n = 1,137, 22.8%) oc-
curred in 47.4%, and 56.6% of participants with concentric LVH, and
eccentric LVH, respectively (P < 0.001).%* Due to the relatively short
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Figure 5 Kaplan—Meier curves showing the survival probability over the follow-up period. In each of the four hypertension-mediated LVH pheno-
types for MACE and heart failure. LV, left ventricle, LVH, left ventricular hypertrophy, MACE, major adverse cardiovascular events.

follow-up period in UKB from the imaging visit, we did not explore asso-
ciations with mortality in this study. Future work will extend this approach
by validating our findings as event numbers increase in UKB and by lever-
aging the repeat imaging to test surrogate imaging endpoints for risk strati-
fication. This will be particularly informative given the potential for residual
confounding from unmeasured factors such as hypertension duration,
treatment class, kidney function and lifestyle characteristics, and consider-
ing our sensitivity analysis in which some associations reached statistical
significance in the absence of BP adjustment. It is also important to recog-
nize that the UKB cohort is predominantly of White European ancestry
(>97%), which limits the generalizability of these findings to other ances-
tries. Hypertension prevalence, BP trajectories, myocardial remodelling
patterns and fibrosis burden vary across populations. Validation in
more diverse cohorts, including populations with higher prevalence of
hypertension-related organ damage, will be essential to establish the
broader applicability of these CMR-derived phenotypes.

Garg et al*® conducted a study to determine cardiovascular out-
comes (heart failure and death) in the community population of the
Dallas Heart Study using a 4-tiered CMR classification of LVH.
Eccentric LVH was further subdivided into ‘indeterminate hypertrophy’
and ‘dilated hypertrophy’ and concentric LVH into ‘thick hypertrophy’
and ‘both thick and dilated hypertrophy,” based on the presence of in-
creased LV end-diastolic volume.*® Over a median follow-up period of
9 years, there were 35 heart failure events and 47 deaths, in a cohort of
2458 participants with 31% prevalence of hypertension. Compared
with participants without LVH, those with eccentric dilated (HR 7.3;
95% Cl: 2.8-8.8), thick (HR: 2.4; 95% Cl: 1.4-4.0), and both thick and
dilated (HR: 5.8; 95% CI: 1.7-19.5) hypertrophy remained at increased
risk for heart failure or cardiovascular death, compared with the group
with indeterminate hypertrophy (HR: 0.9; 95% Cl: 0.4-2.2). This study

highlights further imaging characterization of the extremes of LVH, to
add further granularity and identify differences between eccentric and
concentric LVH. This approach may be for future work for further ex-
ploration of the participants exhibiting these phenotypes in the UKB.

Study limitations

An important limitation is that despite using an established CMR classi-
fication of hypertension-mediated LVH phenotypes, a small proportion
of participants were uncategorized. These individuals either had raised
LVM or raised LVEDV with the other LV parameters being in the nor-
mal range, which did not correspond to any of the four LVH categories
(n=1099). This group had discordant mass-to-volume characteristics
not aligning with any defined phenotype. There is important nuance
in distinguishing discrete pathophysiologic entities from variations along
a continuous structural and functional spectrum. Our use of categorical
LVH phenotypes was informed by existing CMR-based classification
schemes that reflect traditional mass-to-volume geometric models.
While this framework offers interpretability and clinical familiarity,
the boundaries between phenotypes are inherently influenced by the
thresholds applied. Our findings do not replicate a clear demographic
clustering (e.g. LV remodelling predominating in older women), and
we note substantial clinical overlap between groups. This likely reflects
both the arbitrariness of cut-offs and the influence of shared pathophy-
siologic drivers (e.g. age, BP burden, treatment response) that act along
a continuum. It is therefore important to note that there are other
CMR LVH categorization systems but these have not been used specif-
ically for hypertensive individuals.>?® This raises the question whether
CMR metrics such as T1 values and LA volumes should be considered
when categorizing hypertensives based on imaging parameters.
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Figure 6 Associations of hypertension-mediated LVH phenotypes and clinical outcomes. Results are HRs from Cox hazards proportional regression
models. The diseases listed are set as the model outcome (response variable) and hypertension-mediated LV phenotype in the exposure of interest with
normal LV as the reference group. The model was adjusted for age, sex, BMI, and systolic BP, diabetes, high cholesterol and smoking status; MACE,
major adverse cardiovascular event; LV, left ventricle; LVH, left ventricular hypertrophy.

An additional methodological consideration relates to the handling
of BP in participants receiving anti-hypertensive treatment. VWe applied
a treatment adjustment to systolic and diastolic BP, consistent with
established epidemiological practice for approximating underlying BP
exposure. However, this adjusted value does not reflect the actual
haemodynamic load at the time of CMR acquisition. As ventricular
structure and function are load dependent, use of treatment-adjusted
rather than measured contemporaneous BP may lead to misrepresen-
tation of afterload in models evaluating CMR-derived parameters.
Although this approach was intended to reduce misclassification of life-
time hypertensive burden, we acknowledge that it may partly influence
effect estimates and should be interpreted with caution. BP ascertain-
ment was based on measurements obtained at a single imaging visit,
supplemented by self-reported hypertension, physician diagnosis and
anti-hypertensive medication use. While this approach aims at reducing
the effect of white-coat or masked hypertension, some misclassifica-
tions may persist.

It is also important to highlight that event rates in this cohort were
low and the eccentric and concentric LVH groups were relatively small,
reflecting the generally healthy nature of the UKB population. As a re-
sult, some analyses, particularly those involving concentric LVH and

MACE may have risk of type Il error. Non-significant results in these
strata should therefore be interpreted cautiously, as the wide confi-
dence intervals may have clinically meaningful effects. Moreover, the
lack of ethnic diversity in the UKB cohort (>97% White European),
which restricts the generalizability of our findings. Therefore, validation
in more ethnically diverse populations is needed to determine whether
these CMR-defined LVH phenotypes and their prognostic implications
extend beyond European ancestry. Finally, as our study explores asso-
ciations between hypertension-mediated LVH phenotypes, conclusions
based on causation cannot be drawn.

Clinical perspectives

The correlation between BP measurements and LV mass is modest,
particularly in individuals established on anti-hypertensive therapy.”’
This highlights the challenges of recommending optimal BP targets
for hypertension-mediated LVH. In hypertension, the myocardium
hypertrophies in response to elevated BP, initially as an adaptive
process with cardiomyocyte growth and compensatory hypertrophy.
If the stimulus is maintained, the response becomes maladaptive
with cardiomyocyte death and fibrosis which results in progressive
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LV dysfunction leading ultimately to heart failure.® Non-invasive im-
aging techniques such as T1 mapping allow for quantifying myocardial
fibrosis. These imaging markers may be used as surrogate endpoints
to risk stratify hypertensive individuals with LVH. Furthermore, as
LVH can regress with appropriate anti-hypertensive treatment our
findings may help guide future therapies specific to each LVH pheno-
type. Upregulation of the renin-angiotensin-aldosterone system
(RAAS) is a known determinant of LVH and myocardial fibrosis.?® In
addition, concentrations of cardiac natriuretic peptides are elevated
in LVH and represent a potential therapeutic target.>° REVERSE-LVH
is an ongoing clinical trial, designed to compare the effects of 52 weeks
of treatment with sacubitril/valsartan (combination neprilysin and
angiotensin receptor inhibitor) with valsartan on the primary endpoint
of change in interstitial volume measured by CMR in patients with
hypertension and LVH.?" These clinical trials guided by imaging-derived
endpoints place greater emphasis on identifying at risk hypertensive in-
dividuals with LVH, and targeting treatment irrespective of BP.

Conclusion

In this large population study, we have shown distinct differences in
CMR structural and function characteristics among hypertension-
mediated LVH phenotypes. We have also shown that among hyper-
tensives, eccentric and concentric LVH have worse cardiovascular
outcomes. The imaging markers in this study may be used as surrogate
endpoints to risk stratify hypertensives with LVH.
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