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Background: Current echocardiographic normal reference values and nomograms in healthy adults are 
commonly normalized by body surface area (BSA) with simple linear or isometric corrections. However, 
various lines of evidence suggest this method might be flawed. In this study, we established the normative 
data of left ventricular internal diameter (LViD) by BSA-correlated regression equations with the calculation 
of Z-scores in healthy Han Chinese adults.
Methods: A total of 577 healthy Han Chinese adults were enrolled (age 44.4±13.0 years, 43% male 
and 57% female). LViD was acquired from two-dimensional-guided M-mode echocardiography on all 
participants from the parasternal long-axis view. Linear and nonlinear regression models were built to 
correlate LViD with BSA in different sexes and age groups. The best-fit models and nomograms are 
presented with the Z-scores calculated by the models. Residual analysis and reproducibility were evaluated in 
each best-fit model for reliability.
Results: Body surface area showed polynomial (quadric) correlations with left ventricular end-diastolic 
diameter (LVDd, R2=0.615, P<0.001) and left ventricular end-systolic diameter (LVDs, R2=0.540, P<0.001). 
Corresponding regression equations and nomograms for computing the Z-scores of the overall LViD and 
BSA/sex-specific and BSA/age-specific reference values are presented. Reproducibility, residual distribution, 
autocorrelation and heteroscedasticity were confirmed in each model.
Conclusions: This study proposes a comprehensive approach for normal reference values of left 
ventricular internal diameters with echocardiographic nomograms in healthy Han Chinese adults, which may 
offer a more precise way to diagnose cardiovascular disease in clinical practice.
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Introduction

The normal reference ranges of cardiac structures in adults 
are largely reported in various guidelines along with the 
corresponding studies (1-7). In most studies, the reference 
values are obtained by two approaches. The first is to 
establish cut-off values for defining mild, moderate, and 
severe abnormalities based on standard deviations (SDs) 
that deviate from the reference limit empirically. The 
other is to explore abnormalities based on percentile values 
(e.g., 95th, 99th) of cardiac measurements derived from 
a population that includes both healthy people and those 
with disease. The advantages and disadvantages of both 
methods are obvious, and only the sex-, age- and body 
surface area (BSA)-normalized normal reference values 
are deemed appropriate (1). Most studies and guidelines 
assume that the BSA is linearly correlated with left 
ventricular structure measurements with a zero intercept, 
especially in adults (1-7), but this was proven to be 
incorrect by various lines of physiologic and mathematical 
evidence (8-13).  One possible explanation is that 
diameters, areas, and volumes have nonlinear relationships 
with each other, so these structure parameters cannot all 
have isometric relations with BSA (13).

The Z-score  i s  a  s tandard s ta t i s t ic  va lue  that 
demonstrates how many SDs a value deviates from the 
mean in a normally distributed population. For example, 
an observed measurement that is 2 SDs above the mean, 
corresponding to 97.7th percentile, has a Z-score of 2, and 
a measurement 2 SDs below the mean, corresponding to 
the 2.3rd percentile, has a Z-score of −2. Such a parametric 
statistical value provides a better way than simply defining 
“normal or abnormal values”, by allowing clinicians to 
appreciate the magnitude of the abnormality. A chamber 
size is defined as normal at a Z-score of −2 to 2, mild at a 
Z-score of ±2 to ±3, moderate at a Z-score of ±3 to ±4, and 
severe at a Z-score >4 or a Z-score <−4 according to the 
2015 Western adult guideline (1).

Our study aims to mathematical ly  explore the 
correlations between the left ventricular internal diameters 
and BSA in healthy Han Chinese adults and to provide 
normative data with corresponding Z-scores. We present 
the following article in accordance with the STROBE 
reporting checklist (available at http://dx.doi.org/10.21037/
atm-20-2195).

Methods

Study population

This is a prospective, observational, multicentre study. A 
total of 602 healthy Han Chinese adult volunteers were 
screened at the First Affiliated Hospital of Nanjing Medical 
University (n=206), the Ninth People’s Hospital of Suzhou 
(n=194) and Sir Run Run Hospital Affiliated Nanjing 
Medical University (n=202), Jiangsu, China, over a 9-month 
period (2018-7-1 to 2019-3-31). Inclusion criteria, in 
brief, were age 18 to 79 years with normal cardiac physical 
examinations and with normal laboratory tests, including 
glycaemia, cholesterol, and renal function, obtained within 
3 months before the study. Exclusion criteria were a medical 
history of structural cardiac disease or systemic diseases 
known to influence the cardiac structure, a history of 
chronic alcoholism, current cardioactive drug therapy, poor 
image quality on echocardiography, pregnancy, and severe 
obesity (body mass index ≥35 kg/m2). Parameters of height, 
weight, and blood pressure were measured and recorded 
with clinical screenings. The BSA was then computed 
with Haycock’s formula (14). The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The protocol was approved by the ethics committee 
of the First Affiliated Hospital of Nanjing Medical 
University (approval ID: 2020-SR-255) and informed 
consent was taken from all the patients.

Echocardiographic measurement

All enrolled participants underwent a comprehensive 
two-dimensional guided M-mode echocardiographic 
examination with a commercially available ultrasound 
system (Sonos 5500 or 7500, Philips Medical Systems, 
Andover, MA). All subjects were examined according to a 
predefined protocol: (I) the technique of grey-scale second-
harmonic imaging was adopted with the appropriate 
frequency, depth, image contrast, sector size and LV border 
visualization; (II) images were acquired during a breath-hold 
at end-expiration for the minimum of cardiac respiratory 
motion, and at least three cardiac cycles were recorded for 
analysis; (III) the subjects were in left lateral position; (IV) 
the left ventricular internal diameter was measured by two-
dimensional guided M-mode echocardiography (sweep 
speeds of 100–200 mm/s) from the parasternal long-axis 
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view, as the guidelines recommended; (V) the parameters 
were carefully assessed at or immediately below the level of 
the mitral valve leaflet tips with the leading-edge to leading-
edge technique. 

Data collection and statistical analysis

Two-dimensional guided echocardiography was carried 
out in each centre according to the above protocol. Data 
were recorded and stored in the digital raw-data DICOM 
format and transferred to the First Affiliated Hospital of 
Nanjing Medical University for analysis and quality control. 
To minimize the effects of age differences, we divided the 
subjects into 3 age groups: 18–39, 40–59 and 60–79 years. 
Data are presented as mean ± SD. For categorical variables, 
counts and percentages are presented. Differences between 
sexes were analysed with the unpaired t-test. Age differences 
were compared with one-way ANOVA.

In this study, BSA was investigated as an independent 
variable affecting LViD. Correlations between BSA and 

LViD were tested by Pearson’s correlation test. Intra-
observer and inter-observer variability were assessed in 30 
randomly selected participants. The intra-class correlation 
coefficient (ICC) with its 95% confidence interval is 
reported. Regression analysis was performed on LViD 
plotted against BSA. A linear and several nonlinear models, 
including power, logarithmic, exponential, and polynomial 
(linear, quadratic, and cubic) models, were tested, and the 
best-fit model was chosen in accordance with the Akaike 
information criterion. The coefficient of determination 
(R2) was used to find the best-fit regression model. Once 
the best-fit model was identified, Z-score boundaries and 
nomograms of left ventricular diameter were calculated. 
For residual analysis, heteroscedasticity was assessed by 
the Breusch–Pagan test, and the Shapiro-Wilk test was 
adopted to test the normality of residuals. Autocorrelation 
was evaluated with the Durbin-Watson test. Studentized 
error residuals were utilized to exclude outliers from the 
analysis. A two-tailed P value of less than 0.05 was regarded 
as statistically significant. The data were analysed by SPSS 
version 22.0 (SPSS, IL, USA).

Results

General characteristics

This is a prospective, observational, multicentre study. 
A total of 602 subjects were screened at 3 medical 
centres during the 9-month study period. Twenty-five 
subjects were excluded for poor image quality or cardiac 
pathological status as detected by echocardiography. The 
remaining 577 subjects (43.3% male) were finally enrolled, 
with a mean age of 44.4±13.0 years. The demographic 
and echocardiographic characteristics of the eligible 
subjects are summarized in Table 1. The BSA (m2) was 
computed with the Haycock formula [14]: 0242653× 
w e i g h t  ( k g ) 0 . 5 3 7 8× h e i g h t  ( c m ) 0 . 3 9 6 4.  A l l  e n r o l l e d 
subjects underwent two-dimensional guided M-mode 
echocardiography to measure the left ventricular end-
diastolic diameter (LVDd) and left ventricular end-systolic 
diameter (LVDs) (Figure 1).

Regression analysis and Z-score calculations

Obvious correlations between BSA and both LVDd and 
LVDs were detected from Pearson’s correlation test, with 
coefficients of 0.781 and 0.734, respectively (P<0.001). A 
clear sex difference in both LVDd and LVDs was detected 

Table 1 Demographic and echocardiographic characteristics of the 
study population

Characteristics Value

Age (years) 44.4±13.0

Male sex (%) 43.3%

Weight (kg) 61.0±8.1

Height (m) 165.1±7.6

BSA (m2) 1.67±0.14

SBP (mmHg) 122.0±11.3

DBP (mmHg) 75.0±8.4

Mean Heart rate (bpm) 74.5±7.2

AOD (mm) 28.1±2.8

LAD (mm) 31.7±3.4

LVDd (mm) 46.9±3.3

LVDs (mm) 30.1±2.6

IVSd (mm) 7.9±1.2

LVPWd (mm) 7.8±1.2

BSA, body surface area; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; MAP, mean arterial pressure; AOD, 
ascending aortic diameter; LAD, left atrium diameter; LVDd, left 
ventricular end-diastolic diameter; LVDs, left ventricular end-
systolic diameter; IVSd, interventricular septum at end-diastole; 
LVPWd, left ventricular posterior wall at end-diastole.
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Table 2 Echocardiographic left ventricular internal diameters according to sex and age

Parameters

Age Sex

18–39 years  
(n=198)

40–59 years  
(n=302)

60–79 years  
(n=77)

P value (one-
way ANOVA)

Male  
(n=250)

Female (n=327)
P value 

(unpaired t test)

LVDd (mm) 46.8±3.3 46.9±3.3 46.8±3.4 0.877 48.2±3.1 45.9±3.1 <0.001

LVDs (mm) 30.0±2.6 30.1±2.6 29.9±2.9 0.766 31.2±2.4 29.2±2.4 <0.001

LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter.

Figure 1 The echocardiographic images of left ventricular internal diameters from echocardiography. (A) Parasternal long axis view of left 
ventricular internal diameters form two-dimensional echocardiography; (B) the measurement of left ventricular internal diameters from 
M-mode echocardiography. LV, left ventricular; AV, aortic valve; LA, left atrium; RV, right ventricular; LVDd, left ventricular end-diastolic 
diameter; LVDs, left ventricular end-systolic diameter.

BA

with the unpaired t-test (P<0.001 for both). However, no 
apparent difference between age intervals was found in 
LVDd (P=0.877) or LVDs (P=0.766) by one-way ANOVA. 
Sex- and age-specific differences are summarized in Table 2.

For each measurement, one linear and 7 nonlinear 
models (polynomial, compound, growth, logarithmic, 
exponential, inverse, power) are provided together with 
the estimated regression coefficients (β0, β1, β2), standard 
error (SE) and the coefficient of determination (R2). R2 
is a statistical value commonly adopted to describe how 
well data fit a selected regression model (best fit). It has a 
range of 0 to 1. An R2 of 1 represents a perfect fit, and an 
R2 of 0 represents a total lack of fit. After the comparison 
of different regression models, the polynomial (quadratic) 
model was chosen as the best-fit model, with R2 values of 
0.615 and 0.540 for the correlation of LVDd and LVDs, 
respectively, with BSA. Table 3 shows the regression results 
for LVDd and LVDs against BSA corrected by age and sex. 
Figures 2-7 show the overall and age-specific, sex-specific 
nomograms of LVDd and LVDs plotted against BSA. The 
superimposed solid line represents the estimated regression 
equation (labelled z=0). The dashed lines depicted in the 

nomograms represent the Z-scores of ±1, ±2, and ±3, which 
tell how many SEs above or below the regression line a 
measurement was. 

To calculate the Z-score for observed measurements by 
using our results, one can use the given polynomial model 
of Expected y=β0+β1×BSA+β2×BSA2 summarized in Table 3 
to calculate the Z-score directly with the standard formula 
[Observed y −Expected y]/SE. Expected y means the expected 
measurement (LVDd or LVDs), which is calculated by the 
best-fit regression model, and SE means the standard error 
of the selected model. For example, to calculate the Z-score 
of a patient with a BSA of 1.8 m2 and an observed LVDd of 
55 mm, the first step is to find the corresponding regression 
coefficients from Table 3 for LVDd, which are β0=−13.039, 
β1=52.707, β2=−10.029, and SE =2.040, then plugging these 
values into the formula to obtain the mean LVDd for BSA 
=1.8 m2.

2= 13.039+52.707 1.8 10.029 1.8 =49.3Expected y − × − ×  [1]

( )
( )

Z = Observed y - Expected y /SE

  = 55 - 49.3 /2.04
  = 2.8

 
[2]
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Figure 2 Scatterplot of the overall left veantricular end-diastolic 
diameter (LVDd) versus body surface area (BSA) with Z-score 
ranging from −3 to 3; The superimposed solid line in the middle 
represents the estimated regression equation (labelled as z=0).

Figure 3 Scatterplot of the overall left ventricular end-systolic 
diameter (LVDs) versus body surface area (BSA) with Z-score 
ranging from −3 to 3.
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Table 3 Coefficients for regression models correlating left ventricular internal diameters to body surface area with the standard error and 
coefficient of determination

Measurement
LVDd 

(n=577)
LVDs 

(n=577)

LVDd LVDs LVDd (age) LVDs (age)

Male 
(n=250)

Female 
(n=327)

Male 
(n=250)

Female 
(n=327)

18–39 
(n=198)

40–59 
(n=302)

60–79 
(n=77)

18–39 
(n=198)

40–59 
(n=302)

60–79 
(n=77)

Intercept (β0) −13.039 −4.578 −26.694 15.901 −18.007 38.471 6.834 −23.045 27.377 16.471 −14.368 0.297

BSA (β1) 52.707 27.217 63.998 12.631 40.823 −28.754 30.984 63.328 −0.389 3.933 37.909 16.593

BSA2 (β2) −10.029 −3.866 −12.223 3.838 −7.328 14.311 −4.255 −12.751 7.242 2.424 −6.704 0.742

SE 2.040 1.796 1.919 1.954 1.716 1.813 1.975 2.018 2.155 1.659 1.796 1.987

r* 0.781 0.734 0.783 0.713 0.774 0.667 0.804 0.783 0.773 0.769 0.731 0.729

R2 0.615 0.540 0.618 0.599 0.511 0.449 0.649 0.619 0.599 0.592 0.538 0.532

*, statistical significance with P<0.001. BSA, body surface area; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-
systolic diameter; SE, standard error; r, Pearson correlation coefficient; R2, coefficient of determination. 

Residual analysis and reproducibility

To ensure that no important bias was introduced by 
the regression models, residual analysis was performed. 
First, we assessed the distribution of the residual values 
with the Shapiro-Wilk test, which showed the normal 
distribution of the residuals in both LVDd (P=0.068) and 
LVDs equations (P=0.163). Then autocorrelation was 
evaluated by the Durbin-Watson test in both regression 
models, which yielded values of 1.612 and 1.516 for LVDd 
and LVDs, respectively, which meant that the residuals 
and BSA were isolated. Figures 8 and 9 show the plot of 

residuals according to BSA for the models of LVDd and 
LVDs, respectively. The dispersion in each graph appears 
symmetrical around the midline, which suggests the 
absence of heteroscedasticity. For further confirmation, 
the Breusch-Pagan test was run on both models. It yielded 
P values of 0.231 in LVDd and 0.0935 in LVDs, which 
confirmed that no obvious heteroscedasticity was detected 
in either regression model. Finally, we assessed the intra-
observer and inter-observer reproducibility of LVDd and 
LVDs measurements, which showed good to excellent 
reproducibility, with an intraclass correlation coefficient 
(ICC) of 0.82 to 0.95 (Table 4).
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Figure 4 Body surface area (BSA)-gender-specific scatterplots of left ventricular end-diastolic diameter (LVDd) with Z-score ranging from −3 to 3.

Figure 5 Body surface area (BSA)-gender-specific scatterplots of left ventricular end-systolic diameter (LVDs) with Z-score ranging from −3 to 3.
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Figure 6 Body surface area (BSA)-age-specific scatterplots of left ventricular end-diastolic diameter (LVDd) with Z-score ranging from −3 to 3.
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Figure 8 Plot of residual distributions with the best-models of left ventricular end-diastolic diameter (LVDd) and left ventricular end-
systolic diameter (LVDs).
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Figure 7 Body surface area (BSA)-age-specific scatterplots of left ventricular end-systolic diameter (LVDs) with Z-score ranging from −3 to 3.

Discussion

Main findings

BSA-specific reference values of LViD from regression 
analysis, with the corresponding Z-scores, are presented 
in this study. Polynomial (quadratic) regression equations 
were determined to be the best-fit models for both LVDd 
and LVDs. The results show that the upper and lower 
reference limits were higher in men than in women. 
However, no obvious difference was observed among 
different age intervals. To acquire more precise regression 
models, BSA/age-specific or BSA/sex-specific reference 
models are described in subgroups shown in Table 3, and 
residual analysis was performed to evaluate the bias of each 
formula. In consideration of the small sample size, BSA 
age- and sex-specific reference values were abandoned in 
this study.

Compared with paediatric R2 values (15-19), the 
relatively low R2 (0.45–0.65) of the best-fit regression 
models might be attributed to the following: First, the small 
sample of this study could have induced bias in the data 
distributions, particularly in the subgroup aged 60–79 years, 
as shown in Figures 6 and 7. Second, the continuous variable 
BSA was distributed in a narrow range in this study (1.34– 
2.15 m2), and the absence of small or large BSA values 
might have affected the goodness of fit. Furthermore, 
besides growth factors, complex pathologic or physiologic 
factors in adults could influence the cardiac structures 
or even BSA, especially in the elderly, which could have 
impacted the goodness of fit.

Left ventricular size and normative data

Measuring cardiac structures with a precise approach 
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Figure 9 Residuals of the best-fit models plotted against body surface area (BSA). The superimposed solid midline represents residual 
association with the BSA and an adequate Z-score should be evenly distributed around 0.

Table 4 Reproducibility of echocardiographic measurements

Variables
Intra-observer Inter-observer

ICC 95% of confidence intervals P value ICC 95% of confidence intervals P value

LVDd 0.95 0.89–0.98 <0.001 0.93 0.86–0.97 <0.001

LVDs 0.89 0.78–0.95 <0.001 0.82 0.64–0.91 <0.001

P value from F test with true value of 0. LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; ICC, 
intraclass correlation coefficient. 

is crucial in the diagnosis and management of various 
structural heart diseases. Currently, the normative values 
and nomograms of echocardiography in adults are derived 
from various guidelines according to various databases (1-7). 
The most recent and convincing is the “Cardiac Chamber 
Quantification Recommendations” from the Eur Heart J 
Cardiovasc Imaging [2015] (1), in which the normal reference 
ranges of left ventricular size were derived from 7 large 
databases (3-7). Although BSA-normalized reference ranges 
and nomograms were presented in the recommendations, 
the use of isometric correction of BSA with LViD could 
contribute to a bias, as we mentioned above. Ethnicity is 
an important factor affecting cardiac structures, but the 
recommendation only provided the reference values of 
the white and black races and not Asian races. In China, 
the most recent guideline for adults referred to in clinical 
practice is the guideline from the Chinese Journal of 
Ultrasonography (2). The database behind the guideline was 
built from 1,394 healthy adult participants of 43 hospitals 
across the country. Compared with the recommendation 

of EHJ, the guideline of China only offered the normal 
reference ranges adjusted by age and sex, without BSA 
corrections, although the BSA-normalized concept was 
mentioned in the text. Most recently, Cantinotti et al. (20) 
critically reviewed adult echocardiographic nomograms and 
demonstrated that nearly all echocardiographic normative 
data in adults have been generally expressed as the mean 
values normalized by sex and age or indexed by BSA, instead 
of computing models with different variables to calculate 
Z-scores. Therefore, this study may offer a new perspective 
for calculating normal reference values. Regarding the sex 
differences, most guidelines and databases suggest that the 
size of the left ventricle is larger in men than in women, 
which is in accordance with our results. However, there is 
no clear consensus about the difference in LViD with age in 
adults (1-7).

To our knowledge, most published data with regression 
models to compute the Z-scores of various heart structures 
originated from studies conducted in the West (15-19). Only 
a few studies were conducted in developing countries, and 
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all these data were mainly based on paediatric populations 
(21,22). The calculation of Z-scores has been widely used to 
normalize paediatric cardiac parameters in two-dimensional 
echocardiography, three-dimensional echocardiography 
and even cardiovascular magnetic resonance (23,24). 
However, not all cardiac parameters show good coefficients 
of determination for computing Z-scores, such as 
echocardiographic strain (ε) (25). In recent years, the 
concept of the Z-score has already been used to diagnose 
certain cardiovascular diseases (e.g., dilated cardiomyopathy) 
in adults (26). Therefore, establishing normative data by the 
calculation of the Z-scores is inevitable. Various regression 
equations have been used to correlate the left ventricle 
measurements with body size, and the most commonly 
adopted models are exponential and polynomial models. 
Some studies suggest that the exponential formula of the 
form Y = a ×BSAb + c provides the best correlation with all 
cardiac measurements with the minimal residual variance 
(13,27). However, these suggestions were mostly derived 
from paediatric populations. In adults, the change in cardiac 
structures with age and with BSA tends to be stable (28). 
Thus, a steep regression model might not be appropriate. 

Many studies have used logarithmic transformation of 
the dependent variable to adjust for nonlinearity and to 
reduce model heteroscedasticity, but some potential bias 
could be introduced by such a transformation (29,30). First, 
logarithmic transforming may mask potentially strong 
outliers. Second, most cardiac structural parameters are 
normally distributed in any age group and in either sex, and 
in order to obtain optimal regression models, corresponding 
residual values must be normally distributed. However, 
the logarithmic transformation might contribute to the 
failure to produce normally distributed residual values by 
parametric normalization.

Study limitations

Our study has the following limitations. First, the study 
results mainly pertain to Han Chinese individuals, so they 
might not be generalizable to other ethnic populations. 
Second, a larger sample size would have allowed us to 
obtain better models with more variables to be normalized 
simultaneously (e.g., blood pressure, heart rate). Third, 
in elderly subjects, complicated pathologic or physiologic 
factors, such as kyphosis or height decline (31), may add 
potential bias by disturbing the body size calculation. 
Furthermore, we focused more on the structures rather 
than on their clinical functional status.

Conclusions

This study proposed a more comprehensive and precise 
approach for calculating normal reference values of left 
ventricular internal diameters with echocardiographic 
nomograms in healthy Han Chinese adults. Further studies 
with larger sample sizes are required to reinforce these data 
and to assess other cardiac structure parameters. 
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