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Background: Limited data are available on performance of the left ventricular (LV) mass equation when 
there is a dynamic change to LV load. We aimed to test this equation in the immediate post-operative period 
following aortic valve replacement (AVR) for aortic regurgitation (AR) to see if it would reliably demonstrate 
stable LV mass before and after surgery. Since LV mass would be unlikely to change in the immediate 
postoperative period, we hypothesized that a decrease in LV diameter postoperatively would be accompanied 
by concomitant increases in LV wall thickness as predicted by the LV mass equation. 
Methods: We reviewed echocardiograms of adult patients with AR who underwent AVR from 2007–
2017 at Montefiore Medical Center (n=28). Three independent readers performed septal wall thickness 
(SWT), posterior wall thickness (PWT) and left ventricular internal diameter (LVID) measurements on  
pre-operative and post-operative echocardiograms. LV masses were calculated using the American Society of 
Echocardiography (ASE) equation. 
Results: Post-operatively, LVID decreased from 5.7±1.2 to 4.9±1.0 cm, P<0.001. SWT was noted to 
increase from 1.08±0.20 to 1.18±0.27 cm, P=0.03, but PWT was unchanged, 1.11±0.21 to 1.16±0.27 cm, 
P=0.21. Accordingly, the LV mass equation calculated a decrease in LV mass from 266±126 to 232±99 gm, 
P=0.01. A control group of coronary artery bypass grafting alone (n=14) did not demonstrate any significant 
change in SWT, LVID, PWT and LV mass measurements. Similar findings were found for all three readers. 
Conclusions: Following aortic valve replacement for regurgitation, the LV mass equation calculated a 
reduction in LV mass in the immediate postoperative period. Since an immediate change in LV mass after 
AVR is unlikely, we feel that these results highlight an important limitation of the mass equation, when used 
with acutely changing loading conditions.
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Introduction
 

Cardiac remodeling is defined as ‘alterations in size, geometry, 
shape, composition and function of the heart resulting from 
cardiac load or injury’ (1). When the left ventricle (LV) faces 
pressure or volume overload, cellular hypertrophy ensues, 

increasing overall LV mass and reducing the stress on myocardial 
wall (2-4). It is well known that LV hypertrophy and increased 
LV mass are associated with poor prognosis (5-8). Since LV 
mass is most commonly assessed using echocardiography, it is 
important to understand the accuracy of the technique and 
the ability of the assessment to measure changes in LV mass 
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over time. 
Devereux first validated the use of LV mass measurement 

using echocardiography in 34 pre-mortem subjects 
compared to LV weight on autopsy (9). This equation 
continues to be employed in widespread use, with slight 
modifications, despite few other confirmatory studies of 
its validity. The American Society of Echocardiography 
advocates the using version of the Devereux equation:

LV mass = 0.8 × {1.04[(LVID + PWT + SWT)3 − 
(LVID)3]} + 0.6 

To calculate the LV mass, where LVID is the LV 
internal diameter in diastole, PWT is the posterior 
wall thickness in diastole, and SWT is the septal wall 
thickness in diastole (10). Since the LV mass equation 
relies on measurements of LV wall thickness and LV 
chamber diameter, LV wall thickness may therefore be 
expressed as a function of LV diameter:

LV wall thickness = {[(LV mass – 0.6)/(1.04×0.8)] + 
LVID3]1/3 – LVID}/2

Where LV wall thickness is the average of PWT and SWT. 

This relationship is shown in Figure 1 for subjects with three 
different LV masses. This equation demonstrates that if LV 
mass remains constant, a decrease in LV diameter is necessarily 
met with an increase in LV wall thickness. We aimed to test the 
LV mass equation’s validity by measuring the LV mass before 
and after an acute change in LV loading. We chose to do this in 
the setting of aortic valve replacement for regurgitation, since 
there is a large change in the pressure and volume load on the 
LV. We assumed that LV mass would be unlikely to change in 
just a few days after surgery (11-13). We therefore anticipated 
that a decrease in LV diameter, known to be associated with 
this procedure, would be accompanied by an increase in LV 
wall thickness since this would be necessary for LV mass to 
remain unchanged. 

Methods 

Study population 

The cardiology database Apollo (Lumedx, Oakland, 
CA) was queried for aortic valve replacement (AVR) 
performed at Montefiore Medical Center from July 2007 
to January 2017. Only patients undergoing AVR for aortic 
regurgitation (AR) were included in the study. 

Patients were excluded if they were less than 18 years, had 
poor echocardiographic image quality or had co-existing severe 
valve disease [i.e., aortic stenosis (AS), mitral stenosis (MS) or 
mitral regurgitation (MR)]. Patients were also excluded if they 
had prior valve replacement or were lacking post-operative 
echocardiograms in 2–15 days following the procedure. 

We also included a control group comprised of 14 subjects  
who underwent isolated coronary artery bypass grafting 
(CABG) without valve surgery (2:1 ratio to AR subjects). 
The control group was studied to see if changes in LV 
diameter and wall thickness would be seen after cardiac 
surgeries when large changes in LV loading were not 
expected to occur. The controls were selected from the 
same database as the AR subjects. They were selected from 
a similar time frame and were matched to the AVR subjects 
based on age, sex and body mass index (BMI). 

Clinical data were obtained from retrospective chart 
review. The Institutional Review Board of Albert Einstein 
College of Medicine approved this study (IRB #: 2017-7596). 

Echocardiographic variables 

All of the selected pre-operative and post-operative 
echocardiograms had been obtained using Phillips IE-33.  
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Figure 1 LV wall thickness is depicted as a function of LVID. If LV 
mass remains constant, a decrease in LVID (x-axis) is expected to 
be accompanied with a corresponding increase in LV wall thickness 
(y-axis). If PWT and SWT are both considered the wall thickness 
(WT), then the equations can be used to solve for WT and can be 
expressed as: 2WT = {1.04 [(LV mass – 0.6/0.8) + (LVID)3]}0.333 – 
LVID. The red line demonstrates distinction between concentric 
[i.e., relative wall thickness (RWT) >0.42] and eccentric 
hypertrophy [i.e., RWT ≤0.42]. SWT, septal wall thickness; PWT, 
posterior wall thickness; LVID, left ventricular internal diameter.
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Images had been archived on a long-term storage server 
(Centricity; General Electric), but the images were 
retrieved and analyzed using Xcelera (Philips). All images 
were re-analyzed by two independent readers. Reader1 
(R1) is a physician who was trained specifically to make 
echocardiographic measurements for this study. Reader2 
(R2) is a level III, high volume reader of echocardiograms 
at a busy city hospital. Inter-observer variability was 
tested between our two investigators and also compared 
to the clinical echocardiogram reports. LV wall thickness 
and diameter were measured at end diastole as shown in 
Figure 2.

Statistical analysis 

Statistical analysis was performed using STATA (College 
Station, TX). Normally distributed data were presented 
as mean ± standard deviation. Comparison of means 
was performed using 2-sample t-test. Comparison of 
categorical data was performed using Chi-squared test. 
The P were considered to be statistically significant 
if <0.05. The null hypothesis was that LV mass is 
unchanged between the pre-operative and post-operative 
echocardiograms. LV mass (pre) – LV mass (post) =0. The 
paired t-test was used to compare the pre-operative and 
post-operative measurements including LV mass, LVID, 
SWT and PWT. 

Results
 

Patient characteristics and surgical features

Our study group consisted of 28 adult patients who 
underwent AVR for primary AR. They were chosen from 
144 patients who underwent AVR during the study period. 
We had excluded 86 due to lack of echocardiograms in the 
specified time frame, 15 due to history of prior prosthetic 
valve placement, 11 due to presence of severe MS or MR. 
Two due to poor image quality and 2 due to being younger 
than 18 years. The control group of 14 subjects was selected 
from 152 patients that underwent isolated CABG. Subjects 
were selected that matched the study group for age, sex  
and BMI.

The baseline characteristics of cases and controls are 
listed in Table 1. Compared to the controls, the study 
subjects had lower body mass index (BMI) and had increased 
LVID and PWT on the preoperative exams. Otherwise, the 
groups were similar. 

The most common etiologies of AR were fibro-calcific 
valve disease (n=11) and infective endocarditis (n=7).  
19 patients in AVR group underwent only AVR and  
9 patients underwent both AVR and CABG. The prosthetic 
valves were either bioprosthetic (n=22) or mechanical 
(n=6). All surgeries were performed via sternotomy (i.e., 
none were transcutaneous). Aortic regurgitation was 
thought to be chronic in 21 subjects and acute in 7. For 
AVR group, echocardiograms were acquired a median  
10 [range, 0–128] days preoperatively and a median 7 [range, 
2–15] days postoperatively. The average pre-operative 
LV mass index (LVMI) was 110 [range, 67–226] g/m2 for 
women and 131 [range, 63–341] g/m2 for men. No aortic 
valve regurgitation was seen on any of the postoperative 
echocardiograms.

Echocardiographic measurements and LV mass calculation

Using measurements made by the main study reader, LVID 
decreased postoperatively from 5.7±1.2 to 4.9±1.0 cm, 
P<0.001. SWT was noted to increase from 1.08±0.20 to 
1.18±0.27 cm, P=0.03, but PWT was unchanged 1.11±0.21 
to 1.16±0.27 cm, P=0.21. Accordingly, the LV mass equation 
calculated a decrease in LV mass from 266±126 to 232±99 gm,  
P=0.01, Figure 3. 

Measurements made on the clinical echo reports and 
by a second study reader also showed a decrease in LVID 
postoperatively. Measurements of the SWT and PWT on 
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Figure 2 Figure represents a sample image of the manner in which 
SWT, LVID and PWT measurements were performed on 2D 
echocardiogram at end-diastole. SWT, septal wall thickness; PWT, 
posterior wall thickness; LVID, left ventricular internal diameter.
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Table 1 Patient demographics and echocardiography measurements (for R1) 

Parameters Cases (28 patients) Controls (14 patients)

Age (years) 60±15.9 63.6±11.3

Females (%) 21.4 14.3

Height (inches) 67.9±4.1 65.8±3.5

Weight (pounds) 175.4±43.3 184.8±46.2

BMI (kg/m2) 27.9±5.7 29.3±6.3

BSA (m2) 1.93±0.3 1.95±0.3

Pre-op ejection fraction (%) 49±16 45±15

Pre-op SWT (cm) 1.08±0.20 1.01±0.19

Pre-op LVID (cm) 5.66±1.20 4.94±0.96

Pre-op PWT (cm) 1.11±0.21 0.92±0.26

Pre-op systolic BP (mmHg) 131±19 131±22

Pre-op diastolic BP (mmHg) 63±12 72±14

Post-op ejection fraction (%) 46±18 40±16

Post-op SWT (cm) 1.18±0.27 1.00±0.24

Post-op LVID (cm) 4.99±1.11 4.61±0.69

Post-op PWT (cm) 1.16±0.27 1.02±0.21

Post-op systolic BP (mmHg) 121±16 117±20

Post-op diastolic BP (mmHg) 70±10 63±10

SWT, septal wall thickness; PWT, posterior wall thickness; LVID, left ventricular internal diameter.

SWT: 1.08 cm

SWT: 1.31 cm  
(expected) 

PWT: 1.31 cm  
(expected) 

PWT: 1.11 cm 
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Figure 3 Figure demonstrates observed versus expected change in SWT, PWT and LVID measurements from reader R1. We observed a 
significant decrease in LVID without a concomitant increase in SWT and PWT. Accordingly, the LV mass equation calculated a significant 
change in LV mass from 266 to 232 g. For LV mass to have remained constant, we expected LV wall thickness to increase to 1.31 cm to 
counteract the decrease in LVID. SWT, septal wall thickness; PWT, posterior wall thickness; LVID, left ventricular internal diameter.
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the clinical echocardiographic reports were not significantly 
changed from preoperative values. Accordingly, the LV mass 
equation calculated a decrease in LV mass postoperatively. 
Using summary data for all echocardiographic readers (the 
study readers and the clinical echocardiographic reports), no 
change was seen for LVID, SWT and PWT measurements 
in the control group. 

Inter-observer agreement (pre-operative measurements) 

In the AVR group, no significant bias was detected between 
readers R1 and R2 for the measurement of SWT, LVID, 
PWT and calculated LV mass, Figure 4, Table 2. In the 
CABG-only group, no significant bias was detected between 
R1 and R2 for the measurement of preoperative SWT, 
LVID and calculated LV mass. A small bias (1.00 mm,  
P=0.001) was detected between R1 and R2 for the 
measurement of PWT in the CABG-only group.

In the AVR group, agreement between R1 and R2 

(i.e., the standard deviation of the difference in reader 
measurements) was typically 1.0 mm for SWT, 1.4 mm for 
LVID and 1.1 mm for PWT, Figure 4. In other words, the 
readers agreed within these limits 68% of the time (one 
standard deviation). In the CABG-only group, agreement 
between R1 and R2 was typically 1.4 mm for SWT, 1.3 mm 
for LVID and 0.9 mm for PWT. In AVR group, intraclass 
correlation coefficient (ICC) for R1 and R2 was 0.90 for 
SWT, 0.99 for LVID and 0.88 for PWT. In CABG-only 
group, ICC for R1 and R2 was 0.78 for SWT, 0.99 for 
LVID and 0.95 for PWT.

Intra-observer agreement (postoperative change) 

In the AVR group, agreement for R2 between initial and 
repeat measurements was typically 0.11 mm for SWT, 
0.14 mm for LVID and 0.11 mm for PWT. In CABG-
only group, agreement for R2 between initial and repeat 
measurements was 0.18 mm for SWT, 0.18 mm for LVID 

Average SWT (R1 & R2) (cm)
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Figure 4 Inter-observer variability. Bland-Altman plots compare the agreement for R1 and R2 with respect to SWT, PWT, LVID and 
calculated LV mass. For each plot, the solid red line represents the bias between readers (i.e., the average difference). The presence of a bias 
would indicate that one reader consistently measured differently than the other reader. The dotted lines represent the agreement between 
readers (i.e., two standard deviation around the mean difference between readers). The agreement represents the limits within which the 
readers usually (95% of the time) agree. SWT, septal wall thickness; PWT, posterior wall thickness; LVID, left ventricular internal diameter.
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Table 2 Inter-observer variability (pre-operative measurements). Bias was defined as the average difference in the measurement made by two 
readers for each parameter. Agreement was defined as the standard deviation of the difference between the measurements made by both readers 

Case/control Readers Parameter Mean difference (bias) Standard deviation (agreement)

Case R1 & R2 SWT −0.017 0.102

Case LVID −0.004 0.135

Case PWT −0.009 0.109

Case Mass −2.841 30.979

Case R1 & Clin SWT −0.019 0.159

Case LVID −0.054 0.265

Case PWT 0.003 0.128

Case Mass −5.522 35.832

Case R2 & Clin SWT −0.006 0.090

Case LVID −0.050 0.205

Case PWT 0.004 0.085

Case Mass −4.619 16.936

Control R1 & R2 SWT −0.033 0.141

Control LVID 0.071 0.127

Control PWT −0.100 0.091

Control Mass −11.428 22.218

Control R1 & Clin SWT −0.054 0.175

Control LVID 0.086 0.166

Control PWT −0.102 0.133

Control Mass −15.290 36.549

Control R2 & Clin SWT −0.021 0.078

Control LVID 0.014 0.103

Control PWT −0.002 0.090

Control Mass −3.862 20.829

SWT, septal wall thickness; PWT, posterior wall thickness; LVID, left ventricular internal diameter.

and 0.11 mm for PWT. In AVR group, ICC for R2 between 
initial and repeat measurements was 0.97 for SWT, 0.99 for 
LVID and 0.97 for PWT. In CABG-only group, ICC for 
R2 between initial and repeat measurements was 0.96 for 
SWT, 0.99 for LVID and 0.99 for PWT. 

Discussion 

As expected, following AVR for AR, we found that LV 
diameter decreased. While one of our readers found a small 
concomitant increase in SWT, overall we did not find an 

increase in LV wall thickness that would be expected for 
LV mass calculation to remain constant. Therefore, the LV 
mass equation calculated that LV mass decreased after the 
valve replacement. There are several possible explanations 
for our findings. One explanation is that LV mass really did 
decrease in the immediate postoperative period. While this 
explanation is somewhat plausible, we feel that this is not 
likely. Animal studies that have evaluated the development 
of cellular hypertrophy suggest this process probably takes a 
minimum of several weeks (11). We presume that regression 
of cellular hypertrophy and LV mass should take at least 
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as long. Other studies have looked at the rate of LV mass 
regression in various contexts. However, these works have 
relied on the Devereux equation or its variants using either 
echocardiography or MRI (14-17), and cannot therefore be 
relied upon to confirm the rate of LV mass change. 

We contend that measurement error in the assessment of 
LV wall thickness is likely to hinder assessment of change 
in LV mass. Transthoracic echocardiography is a relatively 
low-resolution technique, quality of acoustic windows 
and operator experience largely determine the accuracy of 
determination of interfaces for LVID and wall thickness. 
Minute errors performed in these linear measurements are 
amplified when they are cubed before being utilized in the 
LV mass equation. We found inter-observer variability in 
wall thickness in excess of 10% between our study readers, 
which is well within the reported variability from prior 
literature (18). While errors in measurement are probably 
random (i.e., not systematic error), such level of error is 
probably large enough to prevent detection of increased 
wall thickness on the postoperative echocardiograms. As 
shown in Figure 3, a measurement error of only 1 mm could 
account for our findings that calculated LV mass decreased 
postoperatively. Rychik et al. (19) were able to demonstrate 
that decreased LV diameter was met with increased LV 
wall thickness in pediatric subjects undergoing Fontan 
procedure. In their study, LV mass remained constant one 
week postoperatively. We presume that LV wall thickness 
may have been easier to measure with greater precision in 
pediatric subjects due to their small body habitus.

There may also be a geometric explanation for our 
observed decrease in calculated LV mass postoperatively. 
The ASE LV mass equation relies on linear measurements 
that are performed in the basal LV on the assumption that 
mass is uniformly distributed throughout the ventricle. 
However, with acute change in loading conditions, there is 
a possibility that there is a change in the distribution of LV 
mass away from the base toward the more apical segments. 

Although widely used in routine day-to-day clinical 
practice, the accuracy and precision of LV mass equation 
has been questioned, especially when used in geometrically 
distorted ventricles. 

The original equation has shown a good correlation 
between true LV mass and autopsy studies, which is the 
gold standard for LV mass estimation (9). However, in 
the initial study, none of the 34 patients had severely 
distorted left ventricle geometry (9,20,21). It was essentially 

created for ‘normal hearts’ and did not include patients 
with extremes of LV mass or dilation. Devereux et al., 
in another study (20) included 55 patients, some of who 
had distorted LV geometry (20 patients with MI, 14 with 
hypertension, 17 with valvular heart disease, 8 with heart 
failure) and noted a higher degree of error in estimating 
LV masses. Woythaler et al. (21) and Reichek et al. (22) also 
demonstrated a considerable overestimation of LV mass by 
M-mode echocardiography when patients with deranged 
LV geometry were included. 

Concerns about the utilization of this equation 
were raised as early as 1983 when patients with ESRD 
demonstrated a significant change in LVID over the 
course of a single hemodialysis session (23). A subsequent 
prospective, blinded study of 15 ESRD patients (12) 
demonstrated a significant decrease in LV mass index 
(LVMI), again over a single hemodialysis session. This 
was primarily driven by a decrease in LVID without a 
significant increase in wall thickness. It is self-apparent 
that a ‘true change’ in LV mass index should not occur in 
a span of hours. This raised serious concerns about its use 
in longitudinal studies, especially with acutely changing 
loading conditions. In recent years, several studies have used 
the LV mass equation to demonstrate decrease in LV mass 
in the immediate post-operative period following acute 
unloading of dilated ventricles, with LVAD implantation (24) 
or AVR (14-17). Given our findings, it is critical that such 
interpretations be made with caution. 

Study limitations

Our study had several limitations. Our sample size was 
small with 28 patients. We excluded patients that did not 
have post-operative echocardiograms within 2–15 days of 
valve replacement. This may have included patients who 
died, transferred to another facility or stopped following at 
our center. This may have introduced a selection bias. 

Conclusions 

While the expected decrease in LVID was observed after 
AVR for AR, measured values for the postoperative SWT and 
PWT did not increase as much as would be predicted by the 
ASE mass equation to keep LV mass unchanged. Accordingly, 
the ASE mass equation reported a reduction in LV mass 
immediately after AVR. Since a true change in LV mass in 
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the immediate period after AVR is unlikely, we feel these 
results highlight an important limitation of the mass equation 
when used in dilated ventricles with acute change in loading 
conditions. Caution should therefore be used when using this 
equation to document serial changes in LV mass over time.
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