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Abstract

In young adults, overweight and hypertension possibly already trigger cardiac remodeling

as seen in mature adults, potentially overlapping non-ischemic cardiomyopathy findings.

To this end, in young overweight and hypertensive adults, we aimed to investigate

changes in left ventricular mass (LVM) and cardiac volumes, and the impact of different

body scales for indexation. We also aimed to explore the presence of myocardial fibrosis,

fat and edema, and changes in cellular mass with extracellular volume (ECV), T1 and T2

tissue characteristics. We prospectively recruited 126 asymptomatic subjects (51% male)

aged 27–41 years for 3T cardiac magnetic resonance imaging: 40 controls, 40 overweight,

17 hypertensive and 29 hypertensive overweight. Myocyte mass was calculated as

(100%–ECV) * height2.7-indexed LVM. Absolute LVM was significantly increased in over-

weight, hypertensive and hypertensive overweight groups (104 ± 23, 109 ± 27, 112 ± 26 g)

versus controls (87 ± 21 g), with similar volumes. Body surface area (BSA) indexation

resulted in LVM normalization in overweights (48 ± 8 g/m2) versus controls (47 ± 9 g/m2),

but not in hypertensives (55 ± 9 g/m2) and hypertensive overweights (52 ± 9 g/m2). BSA-

indexation overly decreased volumes in overweight versus normal-weight (LV end-dia-

stolic volume; 80 ± 14 versus 92 ± 13 ml/m2), where height2.7-indexation did not. All risk

groups had lower ECV (23 ± 2%, 23 ± 2%, 23 ± 3%) than controls (25 ± 2%) (P = 0.006, P

= 0.113, P = 0.039), indicating increased myocyte mass (16.9 ± 2.7, 16.5 ± 2.3, 18.1 ± 3.5

versus 14.0 ± 2.9 g/m2.7). Native T1 values were similar. Lower T2 values in the hyperten-

sive overweight group related to heart rate. In conclusion, BSA-indexation masks
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hypertrophy and causes volume overcorrection in overweight subjects compared to con-

trols, height2.7-indexation therefore seems advisable.

Introduction

Western lifestyle is increasingly characterized by high fat and high sodium food intake com-

bined with a sedentary daily routine, driving the worldwide pandemic of overweight (body

mass index (BMI)� 25 kg/m2) and obesity (BMI� 30 kg/m2) [1]. Overweight, obesity and

related hypertension are most prevalent in mature adults [2]. Over the last decades, however,

especially young adults are gaining weight faster, increasing early-onset hypertension rates (i.e.

onset at age below 55 years), and cardiovascular disease risk [3,4].

In young adults, sudden cardiac death (SCD) is predominantly caused by non-ischemic car-

diomyopathies [5,6]. When symptoms are non-specific, and initial examinations are inconclu-

sive, cardiac magnetic resonance imaging (MRI) can non-invasively assess volumes, ejection

fractions and left ventricular (LV) mass (LVM) to rule-out cardiomyopathy [7]. Important

MRI findings include LVM and chamber size alterations, which could be masked by overlap-

ping overweight and hypertension induced cardiac changes, comparable to cardiac remodeling

in athletes [8,9]. At early disease stages, this could lead to misdiagnosis and possible SCD.

Large cohort studies in adults over 40 years of age demonstrated that increased BMI is associ-

ated with increased LVM and cardiac volumes caused by continuous high blood volume circu-

lation, while hypertension is associated with increased LVM caused by elevated systemic

vascular resistance [10–12]. In young adults this data is lacking, forcing the use of healthy ref-

erence ranges [13]. Indexation of LVM and volumes for body surface area (BSA) is recom-

mended to correct for body size [14]. However, several studies showed that BSA-indexation in

overweight individuals masks the presence of left ventricular hypertrophy (LVH), leaving only

the effect of hypertension, while other body dimensions could be more appropriate for index-

ation [15,16].

T1 mapping can determine myocardial changes like fibrosis natively, and extracellular vol-

ume (ECV) when repeated after administering contrast-agent [17]. Many cardiomyopathies

have an expanded extracellular matrix caused by fibrosis, leading to increased native T1 values

and ECV, while myocardial fat infiltration lowers native T1 values [18,19]. In athletes,

increased LVM is mainly related to hypertrophy of cardiomyocytes as evidenced by reduced

ECV [20]. Detraining in athletes results in a decrease of LVM, comparable to weight loss in

overweight and obesity, and antihypertensive treatment in hypertension [21]. T2 mapping

measures myocardial water content [17], and these values are often prolonged in cardiomyop-

athies [22], while these changes are absent in athletes [23], and unknown in overweight and

hypertensive young adults.

We hypothesized that in young adults overweight results in increased LVM and volumes,

and hypertension in increased LVM. We evaluated the effect of different body scales for index-

ation. We also hypothesized that the expected increased LVM in young adults is predomi-

nantly caused by elevated cellular mass rather than fibrosis, fat or edema.

Materials and methods

Study population

This single center study was approved by the local medical ethical committee of the University

Medical Center Groningen (no. 2016/476) and complied with the Declaration of Helsinki. All
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subjects signed informed consent before participation. We prospectively recruited volunteers

aged 18–45 years with at least one cardiac risk factor: overweight (BMI� 25 kg/m2) or hyper-

tension, defined as under treatment with antihypertensive medication, or three consecutive

blood pressure measurements�140/90 mmHg. Age- and gender-matched normotensive nor-

mal-weight individuals were recruited to serve as controls. Exclusion criteria were type 2 dia-

betes, cardiac symptoms, history of cardiovascular disease, amateur athletes (physical exercise

>3 hours/week) [8], smoking, and standard MRI contraindications.

All included subjects were classified on overweight and hypertension status as: 1. normo-

tensive normal-weight (i.e. controls); 2. normotensive overweight; 3. hypertensive normal-

weight; 4. hypertensive overweight. Correct group classification was confirmed with a ques-

tionnaire including height, and measurements of weight, blood pressure and HbA1c level.

Haematocrit and HbA1c were measured from a blood sample obtained prior to the MRI scan.

Cardiac MRI

All examinations were performed on a 3T MRI-scanner (MAGNETOM Prisma, Siemens

Healthineers, Erlangen, Germany) with a 60-channel phased-array coil. Steady-state free pre-

cession (SSFP) sequences were used to acquire multiple long- and short-axis cines covering

the entire heart [24]. Mapping data was acquired from a basal, midventricular and apical

short-axis slice [17]. T1 mapping was performed using a Modified Look-Locker Inversion

Recovery 5(3)3 sequence before and at least 10 minutes after administration of 0.2 mmol/kg

Gadoteric acid (Dotarem, Guerbet, France). T2 mapping was performed using a T2-prepared

SSFP sequence. Acquisition parameters are provided in S1 Table.

Image analysis

Image analysis was performed using cvi42 version 5.10.1 (Circle Cardiovascular Imaging, Cal-

gary, Alberta, Canada). Short-axis cines were manually contour-traced for assessment of car-

diac morphology and function using a validated protocol [25]. Trabecula were included in the

blood pool. As recommended, LVM and volumes were indexed for BSA calculated using the

DuBois formula [14], and also for body scales aimed at normalization in overweight, including

estimated lean body mass, height, height to the power of 1.7 (height1.7) and height2.7 [26].

For each short-axis slice, T1 and T2 maps were generated offline using motion-corrected

images with different inversion and echo times. All maps were segmented by outlining endo-

cardial and epicardial contours [14]. In T1 maps, a blood pool contour was additionally traced

for ECV assessment. Apical segments were excluded from global values, because of artefacts

and wide standard deviations in mapping outcomes [27]. The height2.7-indexed LVM was

used to calculate myocyte mass and extracellular mass [20]:

indexed myocyte mass ¼ height2:7 � indexed LVM � ð100% � ECVÞ ð1Þ

indexed extracellular mass ¼ height2:7 � indexed LVM � ECV ð2Þ

Statistical analysis

Statistical analysis was performed using SPSS version 24 (IBM SPSS Statistics, Armonk, New

York, USA). Continuous variables were reported as mean ± standard deviation. Normality

was assessed using the Shapiro-Wilk test and visual inspection of the Q-Q plot [28]. Compari-

son of two groups was performed using the independent samples t-test, comparison of multi-

ple groups with the analysis of variance and Bonferroni post-hoc testing. Correlations were

tested with Pearson correlation. P values< 0.05 were considered significant.
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The sample size was calculated using previously published data in athletes [29]. In that

study, the mean difference between athletes and controls was ±9 g, and the standard deviation

was ±13 g. With a one-sided significance level of 0.05 (i.e., α) and 80% power (i.e., β = 0.20), a

sample size of 26 was needed per group.

For some analyses, overweight subjects were further subdivided into mild overweight (BMI

25–29.9 kg/m2) and obese (BMI� 30 kg/m2) to further explore possible differences in cardiac

MRI parameters.

Results

One hundred and twenty-six subjects (mean age 35 ± 4 years; 51% males) were included

(Table 1). There were no significant differences in age or gender between all four groups.

Cardiac morphology and function

The normotensive overweight group had significantly higher LVM than controls (P = 0.015),

while cardiac and stroke volumes were similar (Table 2 and Fig 1). After subdividing the

overweight group into mild overweight and obese, the obese group showed higher LVM

(108 ± 24 g) compared to mild overweight (97 ± 19 g, P = 0.483) and controls (87 ± 21 g,

P< 0.001) (S2 Table). The obese group also demonstrated non-significantly higher cardiac

volumes than controls and mild overweight. The mass-volume ratio in the normotensive over-

weight group (0.61 ± 0.12 g/ml) was significantly higher compared to controls (0.51 ± 0.09 g/ml)

(P< 0.001) (Fig 2). Gender-specific cardiac morphology and function outcomes are reported in

S3–S6 Tables.

Table 1. Study population characteristics.

Normotensive Hypertensive

Normal-weight Overweight Normal-weight Overweight

n = 40 n = 40 n = 17 n = 29

Age (years) 34 ± 4 35 ± 4 36 ± 3 36 ± 4

Gender, male n (%) 20 (50) 20 (50) 10 (59) 14 (48)

Height (cm) 178 ± 8 177 ± 9 181 ± 10 178 ± 10

Weight (kg) 70 ± 9 100 ± 16� 76 ± 11 98 ± 12�

Body mass index (kg/m2) 22 ± 2 32 ± 4� 23 ± 1 31 ± 4�

Body surface area (m2) 1.9 ± 0.2 2.2 ± 0.2� 2.0 ± 0.2 2.2 ± 0.2�

Lean body mass (kg) 49 ± 9 61 ± 13� 53 ± 10 60 ± 12�

Overweight duration (years) - 14 ± 9 - 11 ± 7

Systolic blood pressure (mmHg) 117 ± 8 122 ± 7 141 ± 16� 144 ± 14�†

Diastolic blood pressure (mmHg) 79 ± 6 81 ± 7 95 ± 9� 94 ± 10�†

Antihypertensive drugs, n (%) 0 (0) 0 (0) 10 (59)� 17 (59)�†

Hypertension duration (years) - - 7 ± 5 6 ± 7

HbA1c (mmol/mol) 33 ± 3 34 ± 3 32 ± 4 34 ± 3

Haematocrit (%) 40 ± 4 42 ± 3 43 ± 3 42 ± 4

Heart rate (bpm) 66 ± 12 67 ± 12 68 ± 8 76 ± 12�†

Data reported as mean ± standard deviation. Bonferroni post-hoc tests

�P < 0.05 vs normotensive normal-weight

†P < 0.05 vs normotensive overweight.

https://doi.org/10.1371/journal.pone.0278308.t001
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The hypertensive normal-weight group had significantly higher LVM than controls

(P = 0.012), while cardiac and stroke volumes were similar (Table 2 and Fig 1). The mass-vol-

ume ratio in the hypertensive normal-weight group (0.64 ± 0.11 g/ml) was also significantly

higher compared to controls (P< 0.001) (Fig 2).

The hypertensive overweight group had significantly higher LVM than controls

(P< 0.001), while cardiac and stroke volumes were similar (Table 2 and Fig 1). The mass-vol-

ume ratio in the hypertensive overweight group (0.67 ± 0.09 g/ml) was higher than in the con-

trol group (P< 0.001) and normotensive overweight group (P = 0.075) (Fig 2).

Results of cardiac morphology and function in hypertensive populations with normal-

weight, mild overweight and obese are reported in S7 Table. Although not significant, in the

obese group, LVM was higher and cardiac volumes were lower. After height2.7 indexation, the

mild overweight and obese groups showed non-significantly higher end-diastolic volumes,

stroke volumes and LVM compared to normal-weights.

Indexation methods

After indexation for BSA, the LVM in the normotensive overweight group was normalized

compared to controls, while LVM remained significantly higher in the hypertensive normal-

weight group (P = 0.007) (Fig 1 and S8 Table). In the hypertensive overweight group, BSA-

indexed LVM remained higher compared to controls, though only significant in the female

subgroup (S3 and S4 Tables). In groups with overweight, cardiac and stroke volumes became

significantly lower compared to controls after BSA-indexation (all P< 0.01). Indexation with

lean body mass showed the same impact as indexation with BSA.

Table 2. Cardiac morphology, function and tissue characteristics per group.

Normotensive Hypertensive

Normal-weight Overweight Normal-weight Overweight

Left ventricle

Mass (g) 87 ± 21 104 ± 23� 109 ± 27� 112 ± 26�

Indexed mass (g/m2.7) 18.5 ± 3.6 21.9 ± 3.2� 21.6 ± 3.0� 23.6 ± 4.1�

Myocyte mass (g/m2.7) 14.0 ± 2.9 16.9 ± 2.7� 16.5 ± 2.3� 18.1 ± 3.5�

Extracellular mass (g/m2.7) 4.5 ± 0.8 5.1 ± 0.7� 5.1 ± 0.9 5.5 ± 0.9�

End-diastolic volume (ml) 171 ± 29 173 ± 36 171 ± 36 168 ± 38

End-systolic volume (ml) 68 ± 13 71 ± 19 70 ± 17 65 ± 20

Stroke volume (ml) 103 ± 20 103 ± 21 100 ± 21 102 ± 21

Ejection fraction (%) 60 ± 4 60 ± 5 59 ± 4 62 ± 5

Mass-volume ratio (g/ml) 0.51 ± 0.09 0.61 ± 0.12� 0.64 ± 0.11� 0.67 ± 0.09�

Right ventricle

End-diastolic volume (ml) 192 ± 34 196 ± 42 191 ± 47 186 ± 43

End-systolic volume (ml) 90 ± 18 93 ± 25 91 ± 30 84 ± 25

Stroke volume (ml) 102 ± 19 102 ± 21 100 ± 21 102 ± 21

Ejection fraction (%) 53 ± 4 53 ± 5 53 ± 6 55 ± 5

Global mapping values

Native T1 (ms) 1147 ± 30 1153 ± 34 1151 ± 35 1153 ± 37

Extracellular volume (%) 24.7 ± 2.1 23.3 ± 2.1� 23.7 ± 1.9 23.5 ± 2.5�

T2 (ms) 39.2 ± 2.1 38.5 ± 1.7 38.2 ± 1.4 37.5 ± 2.2�

Data reported as mean ± standard deviation. Bonferroni post-hoc tests

�P < 0.05 vs normotensive normal-weight.

https://doi.org/10.1371/journal.pone.0278308.t002
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After indexation for height, height1.7 or height2.7, LVM remained significantly higher in all

risk groups compared to controls (all P < 0.05) (Fig 1 and S8 Table), where cardiac and stroke

volumes remained similar.

Myocardial tissue characteristics

Height2.7-indexed LVM and myocardial tissue characteristics are reported in Table 2. Native

T1 values were similar between all groups and were not significantly correlated with height2.7-

indexed LVM, BMI or systolic blood pressure (SBP) (Fig 3 and S1 Fig).

ECV was significantly lower in all risk groups compared to controls (all P < 0.01), except

for the normal-weight hypertensive group (P = 0.113). ECV was negatively correlated with

height2.7-indexed LVM (r = –0.413, P< 0.001), also after adjusting for gender (r = –0.314,

P< 0.001) (Fig 3). In normotensive subjects, ECV correlated negatively with BMI (P = 0.020)

(S1 Fig). In normal-weight subjects, ECV decreased with increasing SBP (P < 0.001).

T2 values were only significantly lower in the hypertensive overweight group compared to

controls (P = 0.004). This difference related to the correlation between T2 values and heart rate

Fig 1. Indexation of left ventricular (LV) mass (upper panel) and LV end-diastolic volume (lower panel) for several body scales in the four study groups.

Indexation for height1.7 and height2.7 were not included in the graph, since these results were similar to the height-indexed results. Bonferroni post-hoc tests:
�P< 0.05 vs normotensive normal-weight.

https://doi.org/10.1371/journal.pone.0278308.g001
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(r = –0.57, P < 0.001), as only the hypertensive overweight group showed significantly higher

heart rate than controls (P = 0.002). No correlation was found between T2 values and

height2.7-indexed LVM (Fig 3).

In the normotensive overweight group, the height2.7-indexed LVM was 19% higher com-

pared to controls (P< 0.001) (Fig 4). This increase was predominantly caused by elevated

myocyte mass relative to controls (+20%, P < 0.001), and to a lesser extent by extracellular

mass growth (+12%, P = 0.024). In the hypertensive normal-weight group, the height2.7-

Fig 2. The mass-volume ratio per group visualized as mean with one standard deviation. Mass-volume ratio was defined as the ratio between the left

ventricular (LV) mass and LV end-diastolic volume. Bonferroni post-hoc tests: �P< 0.001 vs normotensive normal-weight controls.

https://doi.org/10.1371/journal.pone.0278308.g002

Fig 3. Correlation between myocardial tissue characteristics and left ventricular mass indexed for height to the power of 2.7. From left to right, native T1

mapping (r = 0.152, P = 0.093), extracellular volume (ECV) (r = –0.413, P< 0.001) and T2 mapping (r = –0.168, P = 0.063).

https://doi.org/10.1371/journal.pone.0278308.g003
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indexed LVM was 17% higher than in controls (P = 0.017), and related to an increase of 18%

in myocyte mass (P = 0.014) and 13% in extracellular mass (P = 0.185). In the hypertensive

overweight group, the height2.7-indexed LVM was 28% higher compared to controls

(P< 0.001), accompanied by an increase of 30% myocyte mass and 22% extracellular mass

(both P < 0.001).

Discussion

This study shows that young adults with overweight and hypertension have increased LVM,

predominantly caused by hypertrophy of cardiomyocytes instead of fibrosis or fatty infiltra-

tion, as evidenced by similar T1 values and lower ECV. Indexation using the weight-related

body scales BSA and lean body mass normalized LVM and overly lowered cardiac volumes in

overweight groups compared to controls, while LVM remained higher in the hypertensive nor-

mal-weight group.

In young adults with overweight and/or hypertension, the increased LVM was highest

when both conditions were present. Our findings in overweight groups were consistent with

previous studies reporting increasing LVM with higher BMI versus controls; in mature adults

Fig 4. Left ventricular (LV) mass indexed for height to the power of 2.7 visualized as mean with standard deviation. The different markers represent total

myocardial mass, myocyte mass and extracellular mass. Significantly higher values compared to the normotensive normal-weight group are P< 0.05 (�),

P< 0.01 (��) and P< 0.001 (���). NS not significant.

https://doi.org/10.1371/journal.pone.0278308.g004
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(aged 61 ± 9 years, no sex-specific results) [10–12,30], in young adult obese males (aged 30 ± 7

years, BMI 35 ± 3 kg/m2) [31], and in severely obese adolescents (aged 18 ± 4 years, BMI

41 ± 6 kg/m2) [32]. Increased LVM in hypertensives is thoroughly reported, however, available

studies included only mature adults (mean age, range 49–61 years) as hypertension at younger

age is less prevalent [33–36]. Some of these studies classified hypertensives into a group with

and without LVH to investigate differences in underlying myocardial tissue properties [33,34].

The combined effect of overweight and hypertension in young adults as observed in the cur-

rent study is in line with findings in mature populations (age range 45–84 years) [10,12].

Overweight subjects have higher circulating blood volume than normal-weights to meet

increased metabolic demands [37]. We found correspondingly higher cardiac volumes in our

obese groups, however, not in all mild overweight groups. Previous studies confirm our find-

ings in the obese for different age groups, including adolescents [31,38,39]. Another study

showed increasing cardiac and stroke volumes with increasing BMI categories, however, com-

parable to our findings, these increases were not significant in the group with mild overweight

[30].

Long-term increased mass-volume ratio is associated with major adverse cardiovascular

events in asymptomatic populations [40]. Diet aimed at weight loss and antihypertensive treat-

ment is often initiated, resulting in decreased concentric LV remodeling [21]. Confirming lit-

erature, we found a higher mass-volume ratio in our young mild overweight, obese and

hypertensive subjects [30,31,33,34,39].

The increased absolute LVM in overweight subjects was normalized after BSA-indexation,

causing an undesirable underestimation of LVH which is also in line with previous studies

[15,41]. With indexation for any height variable, the absolute LVM remained higher in over-

weight subjects. In a previous study, height2.7 was stated as best normalization method for

identification of LVH as it was most closely associated with adverse outcomes [42]. Moreover,

in the echocardiographic guideline, height2.7-indexation was already acknowledged as stan-

dard, while BSA-indexation remained acceptable in normal-weight patients [43]. We also

showed that volumes were underestimated in overweight groups after BSA-indexation, con-

firmed by one other study [15]. Considering these findings, additionally reporting height2.7-

indexed values in clinical reports seems advisable. Furthermore, as BSA-indexation normalizes

the increased LVM in overweight populations without cardiovascular disease, this could

potentially help differentiating between LVM adaptation to overweight and cardiomyopathy.

Our results suggest that increased LVM in young adults with overweight and/or hyperten-

sion is mainly caused by increased myocyte mass and to a lesser extent by fibrosis, as evidenced

by similar T1 values and lower ECV. This is confirmed by a study in athletes that reported 30%

higher myocyte mass and 16% higher extracellular mass relative to controls [20]. Two studies

have reported on T1 mapping and ECV in obese young adults [39,44]. One study in obese

young adults (aged 31 ± 6 years, BMI 33 ± 2 kg/m2) showed T1 values, ECV, and LVM compa-

rable to controls [44]. In the other study, severely obese adolescents (aged 18 ± 4 years, BMI

41 ± 6 kg/m2) showed increased ECV and LVM, contradicting our findings, possibly related to

the greater overweight severity of their study population [39].

Previous studies in more mature adults (mean age, range 49–61 years) with hypertension

and LVH showed increased native T1 values and ECV, suggesting a component of interstitial

fibrosis, probably related to the duration of this condition [33,34,45], as without LVH, T1 val-

ues and ECV were mostly similar to controls.

To our best knowledge, this study is the first to report T2 mapping values in overweight and

hypertensive populations [22]. Only the hypertensive overweight group showed lower T2 val-

ues than controls, corresponding to increased heart rates in this group, a known effect in

SSFP-based T2 mapping [46].
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This study has several limitations. First, we included all hypertensive subjects in one group,

irrespective of anti-hypertensive treatment. However, before hypertensives with and without

treatment were merged, all cardiac outcomes showed no significant differences (S9 Table).

Second, only asymptomatic subjects without known cardiovascular disease were included.

Results could therefore not be compared directly to patients with known cardiac disease.

Third, this is a cross-sectional study without follow-up, therefore long-term consequences of

the demonstrated cardiac alterations could not be investigated. Fourth, the hypertensive nor-

mal-weight group was smaller than the sample size calculated with the power analysis.

Conclusion

Overweight and hypertension increase LVM in young adults, mainly by hypertrophy of cardi-

omyocytes instead of fibrosis or fatty infiltration. In overweight, BSA indexation results in nor-

malization of LVM and smaller cardiac volumes than controls. Indexation with height2.7

circumvents this effect and seems advisable.
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