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Supplementary Methods 

 

To find the version with the best agreement according to the reference method by cardiac magnetic 

resonance (CMR), the following were considered: 

1) Mean wall thickness (t) by one-dimensional (1D) or two-dimensional (2D) methods 

2) Measurement level for t 

3) The height of the apical cap 

4) A factor to adjust for inter-modality differences of end-diastolic volume (EDV) 

These considerations provided us 12 different potential models for left ventricular mass (LVM) 

quantification. The best agreement was found in the version highlighted in the paper (Figure S3).  

 

 

Acquisition of mean wall thickness (t) from one-dimensional echocardiography 

(1DE) or two-dimensional echocardiography (2DE)  

 

From the parasternal long-axis view (PLAX) (Figure S1A):  IVS interventricular septum, LVPW left 

ventricular posterior wall 

𝑡1𝐷 =
𝐼𝑉𝑆 + 𝐿𝑉𝑃𝑊

2
 

 

From the short-axis view (SAX) (Figure S1B): A1 the traced area defined by the epicardial interface 

in the short-axis view (SAX), A2 is the traced area defined by the endocardial interface in SAX. 

𝑡2𝐷 = (√
𝐴1

𝜋
) − (√

𝐴2

𝜋
) 

 

 

Measurement level 

We considered three different measurement levels; the mitral valve, chordae level and the mid-

papillary level in both PLAX for 1DE and SAX for 2DE (Figure S1A-B). The measurement levels 

were applied to all the methods we compared where measurement level must be considered; two 

initial versions of our novel method (NOVEL1D and NOVEL2D), the cube formula with Devereux 

correction (DEV), the Truncated Ellipsoid (TE) the Area-Length (A-L)-method. 

 

 

The height of the apical cap 

The apical cap was quantified using the geometrical assumption of a prolate half ellipsoid. We 

applied the epicardial radii of the most apical discs (disc number 30) of the four-chamber (4CH)- and 
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two-chamber (2CH)-view and the height of 1.0t or 0.5t (Figure S2). We hypothesized that the apical 

myocardium might be slightly thinner than the rest of the left ventricle (LV). Accordingly, we tested 

two versions of the apical cap, one applying the height of 1.0t (apical myocardium same thickness as 

the rest of the LV) and one applying the height of 0.5t (apical myocardium slightly thinner). The two 

versions of the apical cap were calculated as follows.  

Version 1: (height = 1.0t) 

𝑉𝑎𝑝𝑖𝑐𝑎𝑙 𝑐𝑎𝑝 =
2

3
𝜋(𝑡 + √𝑘𝑏30𝑏30)(𝑡 + √𝑘𝑐30𝑐30)𝑡 

 

Version 2: (height = 0.5t) 

𝑉𝑎𝑝𝑖𝑐𝑎𝑙 𝑐𝑎𝑝 =
2

3
𝜋(𝑡 + √𝑘𝑏30𝑏30)(𝑡 + √𝑘𝑐30𝑐30)

𝑡

2
 

 

 

The factor, k 

End-diastolic volume (EDV) by 1DE, 2DE, 3DE and CMR divided by geometry is presented in 

Table S1. In line with previous studies, we report underestimation of EDV by both 2DE[1] and 

3DE[2, 3] compared to CMR. Because of inter-modality differences of EDV by the biplane model 

(BP) and CMR, we applied a factor, k. The factor was calculated as follows: 

𝑘 =
1

𝐸𝐷𝑉𝑒𝑐ℎ𝑜 𝐸𝐷𝑉𝑐𝑚𝑟⁄
 

The factor, k was calculated to be 1.33±0.16 (mean±standard deviation). To validate k we compared 

EDV from 2DE by the biplane model of discs and CMR nine studies between year 2007 and 2020 

with 622 subjects[4–12]. We found that the weighted total volumes from the studies, k was estimated 

to 1.32 (Table S2). We await further studies to identify the optimal k to fit our model. Also, as a 

result of future improvements in imaging we envisage k may change accordingly. It is important to 

highlight that the factor k was only added to the EDV and not directly to the LVM or t. We shall try 

to explain the application of k in a stepwise manner; first the conventional EDV was quantified by 

the biplane model of discs, then the conventional EDV was adjusted so that the EDV corresponds to 

the EDV of the reference method using CMR and thereafter the t was added to the corrected EDV. 

Naturally, the t added to the corrected EDV will yield a larger myocardial volume and LVM 

compared to t added to the uncorrected EDV. It is also important to understand that the actor k in 

principle only adjusts the numerical difference (bias) between echocardiography and cardiac 

magnetic resonance but not the actual performance of the method. Limits of agreement to the 

reference method and reproducibility remains unchanged.  

 

 

The model with best agreement 

Table S3 demonstrates the 12 versions of the novel method according to various levels the 

measurements are made within the LV and the height of the apical cap. The best agreement was 

found when combining t from 2DE at the chordae-level and height of the apical cap of 0.5t.  
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Implementation of the novel method 

To apply the novel method, the following data are needed from the echocardiographic software 

(Figure S3): 

- the radius (b) from 30 unique discs in the 4CH-view 

- the radius (c) from 30 unique discs in the 2CH-view 

- the endocardial length of the LV in the 4CH-view (L4CH) 

- the endocardial length of the LV in the 2CH-view (L2CH) 

t was provided from tracings in SAX, as described in the main paper, but may also be derived from 

linear measurements in PLAX.  

Observe that number of discs may variate between vendors.  

 

k was applied to each unique endocardial disc sub-volume. Each unique disc is geometrically 

considered a short cylinder. The sub-volume of each unique disc (n=30 for each view) was 

calculated: 

𝑉4𝐶𝐻:𝑑𝑖𝑠𝑐 = 𝑘𝜋𝑏2(
𝐿4𝐶𝐻

30
) 

 

𝑉2𝐶𝐻:𝑑𝑖𝑠𝑐 = 𝑘𝜋𝑐2(
𝐿2𝐶𝐻

30
) 

 

The LV volume defined by the endocardium (EDVENDO) is the sum of 30 unique discs: 

 

𝐸𝐷𝑉𝐸𝑁𝐷𝑂 = 𝑘𝜋 ∑ 𝑏𝑖 × 𝑐𝑖 ×
(𝐿4𝐶𝐻 + 𝐿2𝐶𝐻)

60

30

𝑖=1

 

 

The new volume of each disc was used to quantify the size of the new radius (bnew or cnew). We 

assumed that the inter-modal differences between CMR and 2DE mostly depends on differences in 

endocardial definition and not LV length, accordingly we allowed the LV to increase radially, but 

not in length. 

𝑏𝑛𝑒𝑤 = √
𝑉4𝐶𝐻:𝑑𝑖𝑠𝑐

𝜋×(
𝐿4𝐶𝐻

30
)

= √
𝑘𝜋𝑏2(

𝐿4𝐶𝐻
30

)

𝜋×(
𝐿4𝐶𝐻

30
)

= √𝑘𝑏2  

 𝑐𝑛𝑒𝑤 = √
𝑉2𝐶𝐻:𝑑𝑖𝑠𝑐

𝜋×(
𝐿2𝐶𝐻

30
)

= √
𝑘𝜋𝑐2(

𝐿2𝐶𝐻
30

)

𝜋×(
𝐿2𝐶𝐻

30
)

= √𝑘𝑐2 

 

The radius of the new disc defining the epicardial border was calculated by applying t to the new 

radius 
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𝑏𝐸𝑃𝐼 = 𝑡 + √𝑘𝑏2 

𝑐𝐸𝑃𝐼 = 𝑡 + √𝑘𝑐2 

 

The sub-volume of each unique disc defined by the epicardium was calculated: 

𝜋 (𝑡 + √𝑘𝑏2) (𝑡 + √𝑘𝑐2) (
𝐿4𝐶𝐻 + 𝐿2𝐶𝐻

60
) 

 

The sum of 30 unique discs/sub-volumes provided the total LV volume defined by the epicardium, 

without the apical cap: 

𝜋 ∑(𝑡 + √𝑘𝑏𝑖𝑏𝑖) × (𝑡 + √𝑘𝑐𝑖𝑐𝑖) × (
𝐿4𝐶𝐻 + 𝐿2𝐶𝐻

60
)  

30

𝑖=1

 

 

Total LV volume defined by the epicardium (EDVEPI) was quantified by adding the apical cap: 

 

𝐸𝐷𝑉𝐸𝑃𝐼 = (𝜋 ∑(𝑡 + √𝑘𝑏𝑖𝑏𝑖) × (𝑡 + √𝑘𝑐𝑖𝑐𝑖) × (
𝐿4𝐶𝐻 + 𝐿2𝐶𝐻

60
)

30

𝑖=1

)

+ (
2

3
𝜋(𝑡 + √𝑘𝑏30𝑏30)(𝑡 + √𝑘𝑐30𝑐30)

𝑡

2
) 

 

𝐿𝑉𝑀 = 1.05 × (𝐸𝐷𝑉𝐸𝑃𝐼 − 𝐸𝐷𝑉𝐸𝑁𝐷𝑂) 

 

𝐿𝑉𝑀 = 1.05 {[(𝜋 ∑(𝑡 + √𝑘𝑏𝑖𝑏𝑖) × (𝑡 + √𝑘𝑐𝑖𝑐𝑖) × (
𝐿4𝐶𝐻 + 𝐿2𝐶𝐻

60
)

30

𝑖=1

)

+ (
2

3
𝜋(𝑡 + √𝑘𝑏30𝑏30)(𝑡 + √𝑘𝑐30𝑐30)

𝑡

2
)] − [𝑘𝜋 ∑ 𝑏𝑖 × 𝑐𝑖 ×

(𝐿4𝐶𝐻 + 𝐿2𝐶𝐻)

60

30

𝑖=1

]} 

 

 

Differences in measurement levels for the conventional methods 

Table S4 presents the feasibility of the echocardiographic methods and the agreement of LVM by 

various echocardiographic methods and CMR at three different levels of measurement within the 

LV. It is noticeable that the chordae level has the best agreement not only in the novel method, but 

also amongst the other methods where the level within the LV at which measurements are taken must 

be considered; the 1D method by DEV and the 2D methods by TE and A-L.  

 

 

Left ventricular geometrical classification 
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Table S5 presents the left ventricular geometrical classification according to age, gender, LVM 

index and cardiac condition for the whole population.  

 

 

Subgroup analysis of fifty-nine subjects with 100% feasible measurements 

To assure that differences in feasibility didn’t affect the results, we performed a subgroup analysis of 

the fifty-nine patients that had 100% feasible measures. Table S6A demonstrates the excluded 

patients. Table S6B demonstrates the geometrical classification of the subgroup. The results from 

this subgroup (n=59) (Table S7) indicate similar results as for the whole population. 

 

 

Time-efficacy of the novel method 

The novel method does not add any time to image acquisition, compared to the biplane method. To 

demonstrate the analysis time (the post-processing time) we performed a small subgroup analysis 

(Table S8) for the various methods. The analysis time for the novel method is substantially less than 

the 3DE-analysis time.   

 

 

Re-classification 

Correct classification and re-classification of hypertrophy was evaluated for each method. 

Classification and re-classification are presented in Table S9. The novel method classified 90% of 

the subjects correctly, which is better than the other methods. The novel method was able to re-

classify 14 of 20 subjects with initial incorrect classification by 1DE. 
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 Supplementary Figures  

Figure S1A: Measurement levels in the parasternal long-axis view 

Mitral valve-, Chordae- and Mid-papillary level 

Figure S1B: Measurement levels in the short-axis view 

Mitral valve-, Chordae- and Mid-papillary level 
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Figure S2:  Two versions of the apical cap.  

Blue area represents part of the endocardial tracing. The solid outer 

line represents the estimated epicardial border. Most upper part 

represents the apical cap in two versions; 1.0t and 0.5t 
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Figure S3: The novel method  

Upper part: Required delineations and length measurements, radii (white arrows), endocardial discs 

(n=30 for each apical view) and height of the discs. 

Lower left side: The novel method with the apical cap. Blue area delineated by black dotted 

line=endocardial traced volume. Black solid line=epicardial quantified volume.  

Lower right side: formula 
 

4CH four-chamber, 2CH two-chamber, SAX short-axis, L left ventricular length, t mean wall thickness, b 

radius, unique disc in the four-chamber-view, c radius, unique disc in the two-chamber-view, A1 outer 

delineation, A2 inner delineation, k factor  
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Supplementary Tables 

Table S1 

End-diastolic volumes at baseline; all patients and divided by the four defined left ventricular 

geometries 

 All Normal Dilatation Hypertrophy 

Dilatation 

and 

hypertrophy 

End-diastolic volume 

(ml) mean±SD mean±SD mean±SD mean±SD mean±SD 

CMR 197±60 160±25 209±33 181±35 275±84 

3DE 147±51 114±25 155±29 148±38 205±73 

2DE (Biplane) 151±50 123±24 159±31 139±34 211±73 

1DE (Teichholtz) 131±43 110±22 141±38 109±31 177±55 

SD standard deviation, CMR cardiac magnetic resonance, 3DE three-dimensional echocardiography, 

2DE two-dimensional echocardiography, 1DE one-dimensional (linear) echocardiography 

 

 
Table S2 

Estimation of k from other publications 

Author 

Publication 

year Subjects n 2D (ml) 

CMR 

(ml) k 

Jenkins et al[4] 2007 CAD 30 111 168 1.51 

Bicudo et al[5] 2008 HCM 20 134 135 1.01 

Jenkins et al[6] 2009 CAD 50 125 207 1.66 

Marsan et al[7] 2011 LV aneurysm 52 247 288 1.17 

Hoffmann et al[8] 2014 CAD and/or MI (mostly) 63 107 175 1.64 

Haan et al[9] 2014 HF prior CRT/ICD 152 213 283 1.33 

Jenner et al[10] 2019 MI 32 122 181 1.48 

Losi et al[11] 2019 HCM 61 85 137 1.61 

Schwaiger et al[12] 2020 MI 162 135* 151* 1.12 

Weighted volume (ml)       95,120 125,739 1.32 

*Volumes reported in this table are mean values from two separate subgroups in the study 

n number of subjects, 2D two-dimensional, k factor, CAD coronary artery disease, MI myocardial infarction, HCM 

hypertrophic cardiomyopathy, LV left ventricular, HF heart failure, CRT cardiac resynchronization therapy, ICD 

implantable cardioverter defibrillator 
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Table S3 

Agreement between left ventricular mass from echocardiography and 

cardiac magnetic resonance 

 Bias±LOA CV (%) r 

Height of apical cap = 0.5t    

1DE PLAX: Mitral valve  -17±79‡ 27 0.77‡ 

1DE PLAX: Chordae 0±71 22 0.85‡ 

1DE PLAX: Mid-papillary 3±77 23 0.85‡ 

2DE SAX: Mitral valve -5±57 18 0.90‡ 

2DE SAX: Chordae 2±50 15 0.92‡ 

2DE SAX: Mid-papillary 2±57 17 0.89‡ 

Height of apical cap = 1.0t    

1DE PLAX: Mitral valve -15±80† 27 0.77‡ 

1DE PLAX: Chordae 3±74 23 0.84‡ 

1DE PLAX: Mid-papillary 6±80 24 0.85‡ 

2DE SAX: Mitral valve -3±58 18 0.89‡ 

2DE SAX: Chordae 4±51 16 0.91‡ 

2DE SAX: Mid-papillary 4±59 18 0.89‡ 

* p<0.05   † p<0.01  ‡ p<0.001 

 

The effect of measurement level and different heights of the 

apical cap for various versions (n=12) of the novel method to 

left ventricular mass quantification.  

All values are agreement or correlation of echocardiographic left 

ventricular mass to cardiac magnetic resonance 
 

LOA limits of agreement, CV coefficient of variation, t mean wall 

thickness, 1DE one-dimensional (linear) echocardiography, PLAX 

parasternal long axis view, r Pearson’s correlation, 2DE two-

dimensional echocardiography, SAX short axis view 
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Table S4 

Echocardiographic methods and measurement levels 

 Feasibility Agreement 

Method: level (%) 

Bias±LOA CV 

(%) 

NOVEL2D: Mitral 94 -5±57 18 

NOVEL2D: Chordae 95 2±50 15 

NOVEL2D: Mid-papillary 96 2±57 17 

TE: Mitral 94 -21±61‡ 20 

TE: Chordae 95 -2±54 17 

TE: Mid-papillary 96 -1±56 17 

A-L: Mitral 94 10±66* 20 

A-L: Chordae 95 21±56‡ 16 

A-L - Mid-papillary 96 16±61‡ 18 

NOVEL1D: Mitral 84 -17±79‡ 26 

NOVEL1D: Chordae 100 1±71 22 

NOVEL1D: Mid-papillary 100 3±77 23 

DEV: Mitral 84 -18±77‡ 26 

DEV: Chordae 100 7±76 23 

DEV: Mid-papillary 100 10±80* 24 

* p<0.05   † p<0.01  ‡ p<0.001 

 

Echocardiographic methods to estimate left ventricular mass 

where measurement level must be considered. Agreement 

between echocardiography and by cardiac magnetic resonance 

at baseline 

 

LOA 95% limits of agreement, CV coefficient of variation, 

NOVEL2D novel method with mean wall thickness from two-

dimensional tracings in the parasternal short-axis view, TE truncated 

ellipsoid, A-L area-length, NOVEL1D novel method with mean wall 

thickness from one-dimensional linear measurements in the 

parasternal long-axis view, DEV cube formula by Devereux 
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Table S5  

Geometry-classification according to left ventricular mass and end-diastolic volume by cardiac magnetic 

resonance[13] 

 All (n=85) 
Normal 

(n=33) 

Dilatation  

(n=24) 

Hypertrophy 

(n=13) 

Dilatation 

and 

hypertrophy 

(n=15) 

EDVENDO (ml), mean±SD 197±60 160±25 209±33 181±35 275±84 

LVM (g), mean±SD 165±62 126±32 148±30 241±76 215±44 

Control 44 27 16 0 1 

HCM 16 2 1 9 4 

DCM 2 0 1 0 1 

ARVC 1 0 0 1 0 

AS - moderate-severe 6 2 0 2 2 

AR - moderate-severe 6 0 0 0 6 

IHD 3 2 1 0 0 

Others with cardiac disease 7 0 5 1 1 

LVM left ventricular mass, BSA body surface area, EDVENDO end-diastolic volume, endocardial, SD 

standard deviation, HCM hypertrophic cardiomyopathy, DCM dilated cardiomyopathy, ARVC 

arrythmogenic right ventricular cardiomyopathy, AS aortic valve stenosis, AR aortic valve regurgitation, 

IHD ischemic heart disease 
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Table S6A 

Excluded patient that did not have 100% feasible measures for all echocardiographic 

methods 

 
Normal 

(-13) 

Dilatation 

(-5) 

Hypertrophy 

(-1) 

Dilatation 

and 

hypertrophy 

(-6) 

Control -13 -5 0 0 

HCM 0 0 0 -1 

DCM 0 0 0 -1 

ARVC 0 0 0 0 

AS - moderate-severe 0 0 0 0 

AR - moderate-severe 0 0 0 -4 

IHD 0 0 0 0 

All others with cardiac disease 0 0 -1 0 

 

   

Table S6B 

Classification of the new subgroup (n=59) according to LVM and EDV by CMR  

 
Normal 

(n=20) 

Dilatation 

(n=18) 

Hypertrophy 

(n=12) 

Dilatation 

and 

hypertrophy 

(n=9) 

CMR EDV (ml), mean±SD 160±24 218±31 179±35 249±67 

CMR LVM (ml), mean±SD 128±32 157±24 243±79 211±47 

Control 14 11 0 1 

HCM 2 1 9 3 

DCM 0 1 0 0 

ARVC 0 0 1 0 

AS - moderate-severe 2 0 2 2 

AR - moderate-severe 0 0 0 2 

IHD 2 1 0 0 

All others with cardiac disease 0 4 0 1 

HCM hypertrophic cardiomyopathy, DCM dilated cardiomyopathy, ARVC 

arrythmogenic right ventricular cardiomyopathy, AS aortic valve stenosis, AR aortic 

valve regurgitation, IHD ischemic heart disease, LVM left ventricular mass, EDV end-

diastolic volume, CMR cardiac magnetic resonance, SD standard deviation 
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Table S7 

Agreement of left ventricular mass 

quantified by echocardiography and 

cardiac magnetic resonance (n=59) 

 Bias±LOA CV(%) 

3DE -2±53 16 

NOVEL -1±49 14 

BP 6±60 17 

TE -4±54 16 

A-L 20±56 16 

DEV 7±72 21 

LOA limits of agreement, CV 

coefficient of variation, 3DE three-

dimensional, NOVEL novel 

method with mean wall thickness 

from two-dimensional tracings in 

the parasternal short-axis view at 

the chordae level, BP Epi- and 

endocardial tracings by the biplane 

model of discs, TE truncated 

ellipsoid chordae level, A-L area-

length chordae level, DEV cube 

formula by Devereux chordae level 
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Table S8 

Time spent on post-processing 

analysis (n=10) 
 Analysis (s) 

3DE 142 ± 27 

NOVEL 79 ± 8 

BP 89 ± 11 

TE 54 ± 3 

A-L 47 ± 3 

DEV 25 ± 4 

3DE three-dimensional, NOVEL 

novel method with mean wall 

thickness from two-dimensional 

tracings in the parasternal short-

axis view at the chordae level, 

BP Epi- and endocardial tracings 

by the biplane model of discs, 

TE truncated ellipsoid chordae 

level, A-L area-length chordae 

level, DEV cube formula by 

Devereux chordae level 
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Table S9  

Correct classification (hypertrophy/non-hypertrophy) and re-classification 

 Correct classification Re-classification  

  Non-hypertrophy Hypertrophy All 

 

All                 

n(%) 

Normal   

(%) 

Dilatation  

(%) 

Hypertrophy 

(%) 

Dilatation 

and 

hypertrophy 

(%) 

Re-class. 

incorrect to 

correct,        

n 

Re-class. 

correct to 

incorrect,     

n 

3DE 68(82) 91 83 62 80 11 6 

NOVEL 73(90) 94 96 92 73 14 3 

BP 48(76) 81 65 77 89 13 11 

TE 67(83) 97 100 67 40 6 1 

A-L 71(88) 90 87 92 80 14 5 

DEV 65(76) 94 100 39 33 - - 

3DE three-dimensional echocardiography, BP biplane, TE truncated ellipsoid, A-L area-length, DEV cube, Devereux 

 

Re-class. incorrect to correct, initially incorrectly classified by Devereux (n=20) and correctly re-classified 

Re-class. correct to incorrect, initially correctly classified by Devereux (n=65) and incorrectly re-classified 
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