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ABSTRACT

Most left ventricular (LV) Doppler measurements vary significantly with age and gender, making it necessary to correct them for physiological
variances. We aimed to verify the hypothesis that different Doppler measurements correlate nonlinearly with different biometric variables raised
to different scaling factors and exponents. In this work, a total of 23 LV Doppler parameters were measured in 1224 healthy Chinese adults. An
optimized multivariable allometric model (OMAM) and scaling equations were developed in 70% of the subjects (group A), and the reliability
of the model and equations was verified using the remaining 30% of the subjects (group B) as well as 183 overweight subjects (group C). The
single-variable isometric model (SVIM) with body surface area (BSA) as a scaling variable was used for comparison. Before correction, all 23
LV Doppler parameters correlated significantly with one or more of the biometric variables. In group B, gender differences were found in 47.8%
(11/23) of the parameters and were eliminated in 81.8% (9/11) of the parameters after correction with OMAM. The successful correction rate
with OMAM was 100% (23/23) in group B and 82.6% (19/23) in group C. New reference values for corrected Doppler measurements
independent of biometric variables were established. The SVIM with BSA successfully corrected none of the 23 parameters. In conclusion,
different LV Doppler parameters allometrically correlated with one or more of the biometric variables. The novel OMAM developed in this
study successfully corrected the effects of the physiological variances of most biometric variables on Doppler measurements in healthy and
overweight subjects, and was found to be far superior to the SVIM. However, whether the OMAM equations can be applied to other ethnicities,
obese subjects, and pathological conditions requires further investigation.

1. Introduction

Over the past decades, Doppler echocardiography has gained a wide range of clinical applications in the early detection,
severity quantification, therapeutic decision-making, and prognostic estimation of a variety of cardiovascular diseases [1].
However, standardization of Doppler echocardiography has received less attention than M-mode and two-dimensional
echocardiography (2DE); as yet, no international guidelines have recommended normal reference values for Doppler
echocardiography, whereas cutoff values for M-mode and 2DE parameters were recommended by the American Society of
Echocardiography (ASE) and the European Association of Echocardiography as early as 15 years ago [2]. This omission
was largely due to the lack of reliable and systemic normal reference values for Doppler echocardiography in adults until
the recent publications of several large, prospective, and multicenter studies, such as the Normal Reference Ranges for
Echocardiography (NORRE), the Echocardiographic Measurements in Normal Chinese Adults (EMINCA), and the
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that most Doppler values vary considerably with age and gender, resulting in a wide dispersion of Doppler measurements in
healthy subjects and making it difficult to determine a cutoff threshold between normal and abnormal values. Among the
many factors that may induce variations of Doppler measurements in healthy subjects, physiological variances induced by
gender, age, height, weight, and heart rate may play an important role, and thus should be corrected using an appropriate
method. Although Z scores have been used to normalize Doppler measurements for growth in children [6,7], they are
obviously not suitable for mature adults.

Recently, we developed and verified an optimized multivariable allometric model (OMAM) for the correction of 2DE
parameters in a healthy Chinese Han population [8]. As left ventricular (LV) function is determined by its structure, the
gender differences in LV Doppler measurements are likely attributable to differences in body size. In addition, it is known
that heart rate may affect some Doppler measurements. Therefore, the aims of the present study were to: (O verify the
hypothesis that different LV Doppler measurements correlate nonlinearly with different biometric variables raised to
different scaling factors and exponents; @ establish scaling equations using the OMAM for the correction of LV Doppler
parameters; (3 establish reference standards for normality for OMAM-corrected LV Doppler parameters; @ assess the
applicability of the OMAM in overweight subjects; and & correct LV Doppler parameters using a single-variable
isometric model (SVIM) as a comparison.

2. Methods

2.1. Study population

As we reported in the EMINCA studies [4,9], a total of 1394 healthy Chinese Han adult volunteers were enrolled from 43
collaborating laboratories. Commercially available instruments—namely, the Philips iE33 (Philips Ultrasound; USA) or the
GE Vivid E9 (GE Vingmed Ultrasound; Norway)—were used for the study. In an attempt to standardize echocardiographic
image acquisitions and measurements, one or two experienced sonographers from each of the participating laboratories
received intensive training at two core laboratories (Qilu Hospital of Shandong University and Sichuan Provincial People’s
Hospital) to become acquainted with the study protocol and to obtain standard images and measurements in accordance
with the ASE and European Association of Cardiovascular Imaging (EACVI) guidelines [1,10]. All the LV Doppler
parameters were measured by two experienced sonographers in the two core laboratories.

Since the purpose of this study was to remove the physiological effects of biometric variables and to establish reference
standards for normality for OMAM-corrected LV Doppler parameters, we chose 1224 subjects with a body mass index
(BMI) below 25.0 kg-m2 for mathematical and statistical analyses in order to avoid the potential pathological effects of
overweightness and obesity on the allometric equations. In order to establish a reliable and stable correction model, the
subjects were randomly assigned into two groups: group A (70%, n = 857) to develop OMAM equations for the 23 LV
Doppler parameters, and group B (30%, n = 367) to test the reliability of the OMAM equations. The applicability of the
OMAM equations was also tested in 183 overweight subjects (BMI = 25.0-29.9 kg-m2) without known cardiovascular
diseases (group C).

The research protocol was approved by each Ethics Committee of all collaborating centers. Written informed consent was
obtained from all subjects. The EMINCA study was registered (ChiCTR-OCS-12002119) at the Chinese Clinical Trial
Registry®, an authorized organization of the International Clinical Trial Registry Platform of the World Health Organization.

2.2. Mathematical and statistical analyses

To develop OMAM equations for LV Doppler parameters, we respectively plotted the relations between the uncorrected
value (Y,) of each LV Doppler parameter and age (Age), height (H), weight (W), and heart rate (HR) in group A, and found
that most of the LV Doppler measurements correlated nonlinearly with Age, H, W, and/or HR. We assumed that the
relationship between the predicted value of each LV Doppler parameter (Yp) and the biometric variables of Age, H, W, and
HR follows an exponential equation: Y, = a-Age"-H*-WY-HR?, where a is the allometric scaling constant, and w, X, y, and z
are the exponents of the independent variables Age, H, W, and HR, respectively. Since there were significant differences
between men and women in 14/23 (60.9%) of the LV Doppler parameters in groups A and B before correction, we
introduced gender into the above equation as a dummy variable, together with other biometric variables in group A, and
found no significant effect of gender on Y, values after introducing age, height, weight, and heart rate into the OMAM. This
finding suggested that the gender effect on Doppler measurements was mainly caused by the difference in body size
variables between men and women. Since both BMI and body surface area (BSA) are calculated from height and weight
using fixed exponential formulas, we did not introduce BMI and BSA as independent variables into the OMAM equations
to avoid confounding interactions with the original values of height and weight.

By performing logarithmic transformation on both sides of the equation, the above exponential equation was transformed
into a linear equation to facilitate linear regression analysis: Ln(Yp) = Ln(a) + w-Ln(Age) + x-Ln(H) + y-Ln(W) + z-La(HR).

 http://www. chictr.org



A Nf o NZ_ Ao AL N/ a4 A I .t _ __'_ _ = [AAAAN

T e B e e ooy \N,

and HR could enter the formula and to derive the corresponding values of the scaling constant a and the exponents w, X, v,
and z for each of the individual LV Doppler parameters. Finally, the value of Y, was calculated by substituting the values of
a, w, X, y, and z into the initial exponential formula Y, = a-Age"-H*-WY-HR?, and the corrected value (Y¢) of each Doppler
parameter was defined as a ratio of Y, to Y, as: Y¢ = Yu/Y, [8,11]. The traditional SVIM was also performed in 1224 subjects
by dividing Y, by BSA, which was calculated by the Du Bois' formula [12], and Y. was calculated as: Y. = Y/BSA.

The reliability of the OMAM equations established in group A was then tested in both groups B and C. The corrected
values of the LV Doppler parameters were calculated, and their correlations with uncorrected values and biometric variables
were respectively analyzed using the bivariable Pearson correlation test. Theoretically, an ideal correction of Doppler
measurements for physiological variances should satisfy two conditions [8,11]: First, the corrected Doppler values should
be independent of age, height, weight, and heart rate, as all the effects of biometric variables with statistical significance
were taken into account in the OMAM equations; and second, the correlations between the corrected and uncorrected values
should remain significant, because variations in Doppler measurements induced by physiological variances account for only
a small proportion of uncorrected Doppler values. Accordingly, we set strict criteria for successful correction: @ the
absence of significant statistically and biologically residual correlations (r > 0.20 or r < -0.20, P < 0.05) between the
corrected values and each of the biometric variables; and 2 the maintenance of significant correlations (P < 0.05) between
the corrected and uncorrected values.

The normality of the distribution of the Doppler variables was assessed using the Kolmogorov—Smirnov test. Data were
expressed as mean * standard deviation (SD). Bivariate Pearson correlation analyses were used to compare corrected and
uncorrected values, and to compare corrected values and biometric variables. The independent samples unpaired t-test was
used to analyze the differences between genders for both uncorrected and corrected values. All statistical analyses were
carried out by SPSS 23.0 statistical software (SPSS, Inc.; USA), and a two-tailed P < 0.05 was considered to be statistically
significant.

3. Results

The demographic characteristics of the study population are listed in Table 1 and Table S1. There were no significant
differences in age, body size variables, blood pressure, or heart rate between groups A and B (all P > 0.05). The mean value
of the BMI in group C was 26.3 + 1.2 kg/m? (25.0-29.7 kg/m?). The height, weight, BMI, BSA, and blood pressures in
group C were significantly higher than those in group A (all P < 0.01). The uncorrected and corrected Doppler
measurements were all normally distributed.

gzﬂgglraphic characteristics of the subjects in groups A and B.
Characteristics Group A (n =857) Group B (n =367) P values
Age (years) 47.0+16.2 47.0+16.2 0.961
Height (cm) 165.2 +8.1 165.3+7.9 0.819
Weight (kg) 60.2+8.6 60.4+ 8.4 0.705
BMI (kg-m2) 220+19 220+19 0.665
BSA (m2) 1.66 +0.15 1.66 +0.15 0.732
SBP (mmHg) 118.1+10.4 117.8+10.4 0.693
DBP (mmHg) 748+ 74 752+70 0.360
HR (bpm) 724481 72.7+84 0.608

Data were expressed as mean + SD. SBP: systolic blood pressure; DBP: diastolic blood pressure; bpm: beats per minute.
3.1. Development of the OMAM equations in group A

As listed in Table 2, different LV Doppler parameters in group A correlated allometrically with one or more of the
biometric variable(s) with different scaling constants and exponents. Concretely, of the 23 LV Doppler parameters, six
parameters correlated allometrically with age, height, and weight; six parameters with age and heart rate; three parameters
with age, height, weight, and heart rate; two parameters with age, height, and heart rate; two parameters with age and
height; one parameter with height and heart rate; one with age, weight, and heart rate; one with age only; and one with heart
rate only.

Table 2
OMAM equations developed in group A and validations in group B.
OMAM equations OMAM-corrected Correlations with OMAM-corrected values (r, P values)
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values (mean * SU) Yu Age H w HK

E/(403.026-Age 0214 H-1051) 1.024 +0.220 0.932, <0.001 —0.045, 0.385 0.014, 0.790 —0.024, 0.643 —0.043,0.430
AJ(19.106- Agel419. H-1598.\\0322. HRO441) 1.034 +0.262 0.794, <0.001 —0.048, 0.358 0.040, 0.442 0.016, 0.766 0.155, 0.004
E/A/(13.450- Age0622. HO.752.\-0.411. HR-0505) 1.035+0.323 0.754, <0.001 -0.002, 0.968 -0.017,0.751 -0.031, 0.565 0.035, 0.519
DT/(627.661-Age52. HR-0-360) 1.021 +0.270 0.984, <0.001 0.104, 0.056 0.082, 0.133 0.043, 0.428 —-0.029, 0.594
A-d/(704.861-HR0364) 0.992 +0.288 0.989, <0.001 0.011, 0.839 0.001, 0.991 0.033, 0.547 0.038, 0.482
Ar-d/(254.933-Age® 9% HR-0-288) 1.016 +0.228 0.975, <0.001 -0.052, 0.344 0.056, 0.310 0.106, 0.055 0.073,0.183
Septal s/(0.162- Age0067. H0560. HRO-317) 1.016 +0.218 0.969, <0.001 -0.042, 0.443 0.087, 0.108 0.074,0.172 -0.084,0.122
Septal €7/(0.232- Age 0503 H1-557.\\/-0.565) 1.026 + 0.263 0.727, <0.001 0.045, 0.390 —0.066, 0.207 —0.058, 0.268 —0.024, 0.654
Septal a'/( 0.043- Age®-2%. H0-595. HRO-276) 1.005 +0.220 0.896, <0.001 -0.079, 0.143 0.039, 0.467 0.033, 0.544 —0.039, 0.473
Septal E/e'/(92410.880-Age®290- H-2425.\\/0.490) 1.040 +0.279 0.863, <0.001 —0.025, 0.636 0.064, 0.222 0.047,0.373 —-0.005, 0.931
Lateral s7(0.178-Age 0179 H1-200.\\/-0.338) 1.017 +0.240 0.935, <0.001 0.025, 0.637 0.095, 0.068 0.109, 0.037 0.029, 0.596
Lateral e7/(101.089- Age054) 1.013 +0.246 0.727, <0.001 0.037,0.475 -0.008, 0.879 -0.068, 0.192 -0.053, 0.323
Lateral a/(0.733-Age®327.HRO-%07) 1.026 +0.275 0.908, <0.001 -0.073,0.178 0.013, 0.804 0.033, 0.537 0.016, 0.762
Lateral E/e’/(16713.967-Age0-309. H-2033.\\/0.334) 1.062 + 0.342 0.892, <0.001 -0.031, 0.552 0.054, 0.305 0.024, 0.643 0.039, 0.472
Average s7/(0.091-Age 0-126. H1.022.\\-0216. HRO.186) 1107 + 0.222 0.947, <0.001 -0.010, 0.854 0.099, 0.068 0.116, 0.032 —0.047,0.385
Average €'/(0.610-Age 0510 H1-334.\\/-0479) 1.012 +0.226 0.680, <0.001 0.040, 0.447 —0.059, 0.260 —0.040, 0.450 —0.046, 0.398
Average a’/(0.474- Age®-303.W0130. HRO-302) 1.004 +0.211 0.878, <0.001 -0.082,0.130 0.023, 0.674 0.005, 0.923 -0.013,0.814
Average E/e'/(33256.317- Age®-3%0. H-2188.\\/0397) 1.047 +0.276 0.858, <0.001 —0.036, 0.494 0.069, 0.252 0.033, 0.530 0.017, 0.760
IVRT/(445.412- Age®118. HR-0528) 1.030+0.271 0.957, <0.001 -0.028, 0.601 0.014, 0.789 -0.020,0.713 0.118, 0.029
IVCT/(162.552- Age®0- HR0255) 1.048 +0.239 0.988, <0.001 -0.070,0.198 0.052, 0.334 0.019, 0.719 0.086, 0.111
LVET/(4027.898-H0316. HR-0-2%) 1.002 +0.101 0.955, <0.001 -0.047,0.389 0.097,0.074 0.063, 0.247 0.058, 0.288
LVOT-v/(0.221-Age®975-HR279) 1.043+0.228 0.982, <0.001 0.051, 0.351 -0.097,0.073 -0.061, 0.258 -0.074,0.172
AV-v /(15.287-Age® 047 H-0528) 1.020 +0.179 0.981, <0.001 0.025, 0.628 -0.071,0.173 -0.042,0.426 -0.007,0.898

E: peak velocity of early diastolic mitral inflow; A: peak velocity of late diastolic mitral inflow; E/A: ratio of peak velocities of early to late
diastolic mitral inflow; DT: deceleration time of E wave; A-d: time duration of late diastolic mitral inflow; Ar-d: time duration of atrial reversal
wave from right upper pulmonary venous; s': systolic velocity of mitral annulus; e': early diastolic velocity of mitral annulus; a": late diastolic
velocity of mitral annulus; E/e": ratio of early diastolic velocities of mitral inflow to mitral annulus; IVRT: isovolumetric relaxation time; IVCT:
isovolumetric contraction time; LVET: left ventricular ejection time; LVOT-v: peak systolic flow velocity of left ventricular outflow tract;
AV-v: peak systolic flow velocity of aortic valve.

3.2. Verification of the OMAM equations in group B

As shown in Table 2, by applying the OMAM equations to group B, there were significant correlations between the
corrected and uncorrected values for all 23 LV Doppler parameters (r = 0.680-0.989, P < 0.001). In contrast, the residual
correlations between the corrected values and each of the biometric variables were statistically (P < 0.05) and biologically
(r > 0.20 or r < -0.20) significant for none of the 23 parameters. Thus, the success rate of the OMAM correction was 100%
in group B according to the criteria. In addition, the coefficients of variation of the corrected values decreased significantly
compared with those of the uncorrected values in group B (23.8 + 4.6% vs 25.9 + 5.8%, P < 0.001, Table S2). As expected,
all the mean values of the OMAM-corrected Doppler measurements were close to 1.0.

3.3. Effects of OMAM correction on gender differences in Doppler measurements

All the uncorrected and OMAM-corrected Doppler values were normally distributed. In group B, there were significant
gender differences in 11/23 (47.8%) of the uncorrected parameters (all P < 0.05). After correction using the OMAM
equations, the gender differences were completely removed in 9/11 (81.8%) of the parameters, except for the lateral and
averaged systolic velocities of mitral annulus, in which the absolute gender differences of the corrected values were very
small (Table 3).

Table 3
Gender differences in uncorrected and OMAM-corrected values of Doppler parameters in group B.

Parameters Uncorrected values (mean + SD) OMAM-corrected values (mean + SD)
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IVIen (N = 1/4) vvomen (N = 1Y3) P values IVIen (N = L/4) vvomen (N = 1Y3) P values
E (m-s?) 0.812 +£0.189 0.904 £0.195 <0.001 1.005 +0.219 1.041+£0.219 0.110
A(m-s?) 0.668 +0.193 0.714 £0.218 0.033 1.031+0.261 1.037 £0.263 0.820
E/A 1.322 £ 0.506 1.376 + 0.506 0.310 1.019 +0.340 1.049 £0.307 0.390
DT (ms) 171.0+46.9 164.8 +44.6 0.202 1.035+0.275 1.009 +0.266 0.370
A-d (ms) 148.1+41.8 147.9+43.4 0.958 0.988 +0.280 0.996 +0.295 0.815
Ar-d (ms) 111.0+25.5 110.4 +235 0.819 1.018 +0.239 1.014 £0.217 0.871
Septal s' (cm-s %) 8.920 +1.877 8.415 + 1.847 0.010 1.033+0.217 1.001+£0.218 0.178
Septal €' (cm-s™) 9.989 + 3.028 10.312 +3.115 0.315 1.004 +0.252 1.046 £0.272 0.124
Septal @' (cm-s?) 9.292 + 2.265 8.726 + 2.062 0.013 1.020 +0.230 0.992 +£0.210 0.249
Septal E/e’ 8.672 + 2.665 9.357 +2.854 0.019 1.040+0.274 1.040 +0.285 0.991
Lateral s' (cm-s™) 11.066 + 2.873 10.204 +2.277 0.002 1.048 +0.260 0.990 +0.216 0.020
Lateral ' (cm-s™) 13.089 + 3.859 13.284 +3.918 0.633 1.004 +0.244 1.021 +0.248 0.504
Lateral a' (cm-s™) 9.772 £ 2.826 9.621 +2.794 0.609 1.026 +0.272 1.025 +£0.279 0.976
Lateral E/e’ 6.657 + 2.346 7.312 +£2.553 0.011 1.053 +0.340 1.069 +0.345 0.654
Average s' (cm-s) 9.993 +£2.119 9.310 £1.794 0.001 1.133+0.234 1.084 £0.210 0.042
Average €' (cm-s?) 11.543 +3.227 11.798 + 3.276 0.454 0.995 +0.217 1.027 £0.232 0.174
Average a' (cm-s?) 9.530 + 2.268 9.174 £2.079 0.118 1.009 +0.221 0.999 +0.203 0.645
Average E/e’ 7.411 +2.159 8.120 +2.490 0.004 1.040 +0.264 1.052 +0.287 0.664
IVRT (ms) 74.500 + 16.800 74.100 + 21.800 0.861 1.025 +0.227 1.034 £0.305 0.757
IVCT (ms) 70.200 + 16.000 70.300 + 16.400 0.963 1.043+0.231 1.053 +0.248 0.707
LVET (ms) 289.500 £ 27.500  295.900 + 31.200 0.038 0.996 +0.096 1.007 +£0.104 0.345
LVOT-v (m-s?) 0.985+0.211 1.029 +0.237 0.061 1.024 +0.210 1.061 +0.241 0.135
AV-v (m-s) 1.211 £0.222 1.301 +0.225 <0.001 1.001 +0.182 1.037£0.174 0.055

3.4. Application of the OMAM equations in the overweight group

As shown in Table 4, the OMAM-corrected values correlated significantly with the uncorrected values of all 23 LV
Doppler parameters (r = 0.748-0.992, P < 0.001). The residual correlations between the corrected values and one or more of
the biometric variables were both statistically (P < 0.05) and biologically significant (r > 0.20 or r < -0.20) for four

Doppler parameters. Therefore, the success rate of OMAM correction in the overweight group was 82.6% (19/23).

Table 4

Applications of OMAM equations in group C.

OMAM equations

OMAM-corrected

Residual associations with OMAM-corrected values (r, P value)

values (mean = SD) Yu Age H w HR
E/(403.026-Age 0214 H-10%%) 0.986 +0.228 0.950, <0.001 0.022, 0.764 -0.081, 0.275 —0.034, 0.652 —0.086, 0.267
A/(19.106- Aged419- H-15%8.\\/0322. HRO 441 0.993 +0.289 0.852, <0.001 0.081, 0.296 —-0.144, 0.061 —-0.060, 0.438 -0.031, 0.685
E/A/(13.450 -Age0-622. HO.752.\\-0.411. HR-0.505) 1.053 £ 0.277 0.802, <0.001 —-0.129, 0.094 0.073, 0.347 0.043, 0.578 -0.012, 0.874
DT/(627.661-Age®%2. HR-0-360) 1.056 + 0.293 0.984, <0.001 0.154, 0.046 0.159, 0.039 0.175, 0.023 -0.052,0.501
A-d/(704.861-HR0364) 1.073 £ 0.368 0.992, <0.001 0.118, 0.124 0.090, 0.246 0.104, 0.177 0.065, 0.401
Ar-d/(254.933- Age® 9% HR-0-288) 1.063 = 0.290 0.980, <0.001 —-0.152, 0.055 0.054, 0.497 0.006, 0.942 0.059, 0.459
Septal s/(0.162- Age 0067 HO-560. HRO-317) 0.986 + 0.154 0.938, <0.001 —0.030, 0.699 —-0.055, 0.477 —-0.041, 0.597 0.009, 0.907
Septal €7/(0.232- Age 0-503. H1.557.\\/-0.565) 1.006 +0.241 0.796, <0.001 —0.055, 0.462 —-0.054,0.471 -0.031, 0.676 -0.011, 0.886
Septal a/(0.043- Age®2%. H0.595. HRO0276) 1.044 +0.212 0.896, <0.001 0.014, 0.861 —-0.234,0.002 —0.204, 0.008 —0.047,0.544
Septal E/e'/(92410.880-Age02%0. H-2425.\\j04%0) 1.036 + 0.293 0.911,<0.001  0.080, 0.280 -0.031,0.681  -0.012,0.867 -0.057, 0.457
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Lateral s/(u.Lro-Aye ==~ TRy e ) L.U3B T U.L30 U.Y0U, <U.UUL —U.U34, U.04D U.lUL, U.11D U.UIY, U.26d U.UZU, U.193

Lateral £/(101.089-Age 054) 0.928 +£0.232 0.779, <0.001 0.033, 0.656 0.016, 0.835 -0.017,0.819 -0.202, 0.008
Lateral a/(0.733-Age®%%7-HRO307) 1.085 +0.239 0.873, <0.001 -0.084,0.277 0.014, 0.860 —0.045, 0.561 —0.204, 0.008
Lateral E/e/(16713.967-Age®309. H-2033.\\/0.334) 1.062 +0.353 0.924, <0.001 -0.003, 0.964 -0.027,0.714 -0.003, 0.967 0.093, 0.230

Average 1.008 +0.172 0.935, <0.001 —0.036, 0.638 0.041, 0.594 0.041, 0.595 -0.012,0.880

S'/(0.0gl ,Age—0.126, Hl.OZZ,w—O.ZlG . HRO.lSG)

Average e'/(0.610- Age 0510. H1.334.\\-0479) 0.993 £0.213 0.748, <0.001 —-0.017,0.822 —0.050, 0.502 —0.038, 0.606 —0.136, 0.078
Average a'/(0.474- Age®-303. WO130. HRO.302) 1.033+0.184 0.853, <0.001 —0.031, 0.689 —-0.118,0.124 —-0.152, 0.048 —0.166, 0.031
Average E/e'/(33256.317- Age®-30. H-2188.\,/0-397) 1.046 + 0.300 0.910, <0.001 0.036, 0.632 —0.044, 0.555 —-0.018, 0.813 0.045, 0.563
IVRT/(445.412- Age®118. HR-0528) 1.087 +0.291 0.957, <0.001 —0.069, 0.370 0.050, 0.514 0.028, 0.716 0.074, 0.336
IVCT/(162.552- Age®0>4- HR-0-255) 1.020 +0.277 0.990, <0.001 —0.228, 0.003 0.220, 0.004 0.150, 0.051 0.019, 0.805
LVET/(4027.898-H0316. HR-0236) 1.008 +0.121 0.964, <0.001 —0.137,0.077 -0.007,0.928 0.038, 0.620 0.184, 0.017
LVOT-v/(0.221-Age®975-HRO279) 0.984 +£0.213 0.983, <0.001 0.093, 0.225 -0.167,0.030 -0.107, 0.166 0.055, 0.473
AV-v /(15.287-Age®047.H0528) 1.017 £ 0.185 0.983, <0.001 0.082, 0.267 -0.199, 0.007 —0.158, 0.033 0.067, 0.385

3.5. The SVIM with BSA as the sole scaling variable

As listed in Table S3, before correction, all 23 LV Doppler parameters correlated significantly with one or more of the
biometric variable(s). After correction using the SVIM with BSA as the single independent variable, there remained
statistically and biologically significant residual correlations between the corrected values and the biometric variables in all
23 parameters; thus, the success rate of correction was zero. Notably, the absolute values of the correlation coefficients
between the 23 BSA-corrected values and the BSA itself all increased in comparison with those before correction,
suggesting that the use of the SVIM with BSA resulted in over-correction. Taking the ratio of peak velocities of early to late
diastolic mitral inflow (E/A) and the average ratio of early diastolic velocities of mitral inflow to mitral annulus (E/e") as
examples, the uncorrected values of E/A and average E/e' correlated significantly with age (Figs. 1(a) and (b)). By using the
SVIM with BSA as a scaling variable, the corrected E/A and average E/e’ values (E/A-SVIM and average E/e’-SVIM) still
correlated significantly with age (Figs. 1(c) and (d)). Correction by the OMAM successfully eliminated the correlations
between the corrected E/A and average E/e' values (E/A-OMAM and average E/e'-OMAM) and age (Figs. 1(e) and (f)).
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Fig. 1. Correlation analyses between values of E/A and average E/e' (uncorrected, SVIM-corrected, and OMAM-corrected) and age. (a) The
uncorrected value of E/A correlated significantly and negatively with age (r = —-0.602, P < 0.001); (b) the uncorrected value of average E/e'
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E/A (E/A-SVIM) with age remained significant and negative (r = -0.556, P < 0.001); (d) the correlation of the SVIM-corrected (with BSA as the
scaling variable) value of average E/e' (E/e'-SVIM) with age remained significant (r = 0.421, P < 0.001); (e) the OMAM-corrected value of E/A
showed no residual correlation with age (r = —0.005, P = 0.865); (f) the OMAM-corrected value of average E/e' exhibited no residual correlation
with age (r = 0.012, P = 0.685).
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4. Discussion

In this study, a total of 23 LV Doppler parameters were analyzed in 1224 healthy subjects, and most of the parameters
were found to correlate allometrically with age, height, weight, or heart rate raised to different scaling factors and
exponents. We set up a series of correction equations using the OMAM in 70% of the study population and verified their
reliability in the remaining 30% of the subjects, as well as in an overweight group, with high success rates of correction.
Corrected reference standards for normality were finally established for the 23 LV Doppler parameters. As far as we know,
this is the first research to develop and validate a novel mathematical model for correcting LV Doppler parameters in an
adult population.

4.1. Correction of Doppler echocardiographic parameters

Although it has been over six decades since the advent of Doppler echocardiography [13], studies on the correction of
Doppler measurements for physiological variances have been limited to pediatric subjects, and the methodology derived
from children is obviously not applicable to adults [6,7,14]. In most of these pediatric studies, the SVIM is commonly used
as a scaling approach based on the arbitrary assumption that cardiac variables are linearly correlated to body size [15]. As
both height and weight are integrated into the Du Bois’ formula [12] for the estimation of BSA, BSA has long been deemed
the most appropriate body size variable for scaling cardiovascular measurements. In the present study, the use of the SVIM
with BSA as the sole single variable resulted in increased residual correlation coefficients between the BSA-corrected
values and BSA itself, suggesting an over-correction in all 23 LV parameters, with a success rate of correction of 0. Thus,
BSA is not an ideal variable for correcting the physiological variances of LV Doppler parameters.

In the current study, we first proposed a novel hypothesis: that the relationships between LV Doppler parameters and
biometric variables follow a multivariable exponential equation in a healthy adult population. The results demonstrated that
different LV Doppler parameters correlated allometrically to one or more of the different biometric variable(s) with
different scaling constants and exponents, and the success rate of OMAM correction by our judging criteria for 23 LV
Doppler parameters was 100%.

4.2. Effects of biometric variables on the OMAM

Previous studies in healthy adult populations have demonstrated the effects of age and gender on both blood flow and
tissue Doppler measurements [3-5,16]. In our recently reported EMINCA study [4], over 40% and 80% of blood flow
Doppler measurements and over 55% and 85% of tissue Doppler measurements differed significantly with different gender
and age groups, respectively. An important finding of the present study was that resting heart rate correlated with more than
half of the LV Doppler measurements, indicating that heart rate regulates hemodynamic changes. Therefore, we introduced
age, height, weight, heart rate, and gender into the multivariable allometric model to remove the physiological effects of
these variables on Doppler values. We found that gender failed to enter the model after other biometric variables had been
introduced into the model, suggesting that the effect of gender on the uncorrected measurements was mainly attributed to
the gender difference in body size. With this novel approach, the gender differences in 11 uncorrected parameters were
completely removed in nine (81.8%) parameters with very small absolute gender differences for the remaining two
corrected tissue Doppler measurements. A possible explanation for the dispersion in measured tissue Doppler velocities
may be that different ultrasound instruments were used in the different participating centers in our study. This was further
confirmed in a recent study showing remarkable discrepancies in ventricular myocardial velocities and myocardial time
intervals that were measured by pulsed-wave Doppler tissue-imaging techniques designed by three different vendors [17].

To assess the efficacy of the OMAM in overweight subjects, we applied the OMAM equations to a group of 183
overweight individuals without known cardiovascular abnormalities and found that the success rate of correction decreased
to 82.6% (19/23). The residual correlations between the biometric variables and the corrected values of septal &', lateral €',
lateral a', and isovolumetric contraction time (IVCT) were slightly beyond our criteria for successful correction, and the
possibility of vendor-induced differences cannot be completely excluded. These results suggested that overweightness did
induce an adverse effect on the OMAM equations, albeit not dramatically so. Further studies in obese populations are
necessary to identify the pathological effect of obesity on Doppler measurements after removing the effects of physiological
weight variance and other biometric variables in individuals.
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4.3. NUTrIidl TeIETEIILE vdlues Ul LlIE CuTTeCLeU LoppIer pdidileters

To avoid the potential interference of overweightness and obesity on the allometric scaling equations, we did not include
overweight and obese subjects in the correction model. We developed the OMAM equations in Chinese healthy adults with
a BMI below 25.0 kg-m~2 and set up the corrected reference values for 23 LV Doppler parameters, which can be used to
replace the age- and gender-specific reference values in routine clinical practice. Taking average E/e' as an example and by
referring to the method of Kuznetsova et al. [18], the cutoff values for an abnormally increased average E/e' (mean +
1.96SD) were 8.89, 10.32, 10.91, 11.99, 12.93, and 14.18 for men, and 9.80, 11.02, 11.91, 13.08, 15.44, and 16.72 for
women in the age groups of 18-29, 30-39, 40-49, 50-59, 6069, and 70-79 years, respectively, in this study. For a given
value of the measured average E/e' in a given subject, it is necessary to compare it with the cutoff values in his/her
corresponding gender and age group to ascertain whether this subject has LV diastolic dysfunction. In contrast, using the
current OMAM equation with all physiological variances incurring to the average E/e' values eliminated, the cutoff value
for the abnormally increased OMAM-corrected average E/e' (mean + 1.96SD) is 1.598. For a given value of the measured
average E/e' in a given subject, it is only necessary to introduce the subject’s age, height, and weight into the OMAM
equation specific for the average E/e' in Table 2 to calculate the corrected value for the average E/e'. By comparing the
corrected value with 1.598, it is immediately clear whether or not LV diastolic dysfunction exists. In comparison, our
OMAM is not only simple and reliable for case diagnosis, but also helpful for establishing a universal diagnostic criterion in
a population.

4.4. Study limitations

This study contained some limitations. First, in order to avoid the effects of different ethnicities on the normal reference
values of the corrected Doppler parameters, we included only healthy Chinese Han adults in the study population. Whether
our OMAM equations are equally applicable to Western adults is therefore an open question. Recently, the World Alliance
Societies of Echocardiography (WASE) normal value study revealed a significant inter-country variation in LV dimensions,
mass, and volumes, even after indexing to BSA, and suggested that not only gender and age, but also nationality should be
taken into account for defining the ranges of normality [19]. Thus, whether the OMAM can eliminate the physiological
variances induced by different ethnicities awaits further investigation. Second, since we did not include obese subjects in
the study, it remains to be seen whether our OMAM can work equally well or can identify the pathological effect of obesity
in an obese population. Third, using different allometric equations to correct different Doppler parameters for a given
individual is time-consuming. We have developed a software program that can be installed on echocardiographic
workstations or individual cellphones to greatly facilitate the process of comparison between individuals and the
differentiation between normal and abnormal corrected Doppler measurements. Finally, whether our OMAM equations are
better at differentiating normal from abnormal hemodynamics in patients with heart failure requires further investigation.

5. Conclusions

In a large sample of healthy Chinese adults, we confirmed that different LV Doppler parameters allometrically correlated
with one or more biometric variables, including age, height, weight, and heart rate, with different scaling constants and
exponents. A novel OMAM was developed and a series of corrected normal reference values that were independent of
biometric variables was established for 23 LV Doppler measurements. However, whether the OMAM equations can be
applied to other ethnicities, obese subjects, or pathological conditions requires further investigation.
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