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Abstract

Aims This study aimed to establish 2D and M-mode echocardiographic reference values for cardiac chambers, outflow tracts, and
great vessels for school children living at high altitudes, differentiated between males and females.

Methods This post hoc analysis included children with normal echocardiography from a cluster randomized cross-sectional survey of

and results rheumatic heart disease among school children in Peru. The echocardiograms were acquired with a portable machine and

the images were analysed centrally with a standardized methodology. Body surface area (BSA) was used as an independent
variable to predict the mean values of echocardiographic measurements for both male and female groups. Reference values
are presented on z-scores and nomograms based on sex. Propensity score matching was used to compare sexes. A total of
985 students aged 516 years were included. The Haycock formula provided the best fit and was used when presenting data
as predicted values for a given BSA. The z-score and nomograms for all essential parameters of cardiac chambers, great ves-
sels, and functional surrogates are presented based on sex. The majority of the parameters were significantly different per
sex after propensity score matching.

Conclusion Normal reference values and nomograms of cardiac chambers, outflow tracts, and great arteries in healthy school children
living at high altitudes based on sex were reported. These data partly addressed the existing gaps in paediatric echocardio-
graphic nomograms.
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Graphical Abstract
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Echocardiographic nomograms and quantitative comparisons among female and male children from Arequipa, Peru. The three drawings on the left were

made by Grok, x.Al Corp.
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Introduction

Quantitative measurements of cardiac structures using echocardiog-
raphy play a significant role in the diagnosis of heart disease and assess-
ments of growth in children. Echocardiography is widely available and
can provide real-time measurements, but its use requires the availability
of adequate reference values, especially in the paediatric population.’
Geographical background may determine physiological adaptations,
not only based on the local genetic pool but also by extrinsic fac-
tors.>™ Among the later, altitude is known to play a role in cardiac
physiology but there is limited data on children living at high altitude
(between 1500 and 3500 ms above the sea level).>® A previous study
in Peru reported symptomatic altitude-related pulmonary hyperten-
sion and structural cardiac abnormalities in participants living above
4000 m above the sea level (very high altitude). The authors emphasized
the need for a detailed analysis of congenital heart disease presentations
across altitude ranges.” Approximately 500 million people (6.58% of the
world population) live above 1500 m and only 14.4 million (0.19% of
the world population) above 3500 m. Ethiopia has the largest popula-
tion living> 1500 m, and China has the greatest living >3500 m.®
Most cities above 1500 m are situated in South America, Asia, and
Africa.

Development of reference values is attainable when sufficient repre-
sentative data are included in the reference population, which requires
adequate sampling strategies. For this reason, limiting the target sample
to very restricted areas or to hospital-based populations may not be
adequate for reference values generation.**” More specifically, authors
must ensure that the reference population is composed by healthy vo-
lunteers, which is possible through population-based studies.”

echocardiography ® nomogram e high altitude ® reference value ® propensity score matching

This article summarizes echocardiographic data acquired from
school children in Arequipa, Peru at an average altitude of 2328 m
above sea level, which links the coastal and highland regions of Peru.
The primary study consisting of a two-stage sampling observational
study for screening of rheumatic heart disease (RHD) has been previ-
ously reported.? Interestingly, the study concluded that RHD preva-
lence was considerably lower in this region than that of endemic
geographies, such as sub-Saharan Africa, but the number of undetected
congenital heart disease was comparable. This report obtained data
from healthy participants and aimed to establish two-dimensional
(2D) and M-mode echocardiographic nomograms on heart chambers,
outflow tracts and great arteries. Furthermore, nomograms are also
separately presented in male and female population, aiming to cover
the gap in current literature reporting sex specific normal reference va-
lues in children, which typically focused on only specific parameters
such as valve dimensions, coronary arteries, and aortic root (in normal
and Marfan syndrome).”””

Methods
Study design and patient population

We performed a-post hoc analysis of a cluster randomized cross-sectional
survey of RHD among school-going children in Arequipa, Peru with an alti-
tude of 2328 m above sea level.? Among 1023 children of 5-16 years old
enrolled for screening, children with confirmed pathological findings, includ-
ing congenital heart disease and RHD (n = 37) were excluded. One child
with severe malnutrition was also excluded from this analysis. The data col-
lection strategy has been previously described.®
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Figure 1 Relationship between the six calculating formulas on BSA with reference to the Haycock formula. The circled dots demonstrate BSA

distributions.

Ethical approval was obtained from the Human Research Ethics
Committee of the University San Martin de Porres, Lima, Peru (Officio
No. 48-2014-CIEI-USMP-CCM). Local authorizations were granted by
the Regional Administrations of the Health and Education Ministries, as
well as from each school’s principal. Written consent was obtained from
parents/guardians, and written assent from all children.

Echocardiographic data acquisition and
analysis

The echocardiographic examinations were performed bZ asingle, dedicated
cardiologist following a standard acquisition protocol.” A portable ultra-
sound system MyLabAlpha (Esaote, Italy) was used with the PA122E trans-

thoracic phased array probe, with a frequency range of 3-8 MHz
Echocardiographic data were digitally stored and analysed by research

fellows in the echocardiographic core lab at Bern University Hospital
(Switzerland) using MylLabDesk (Esaote, Italy) and at Cardialysis
(Rotterdam, The Netherlands) using TomTec Arena (TomTec Imaging
Systems GMBH, Germany).

Echocardiographic images were analysed according to a standardized
core lab analysis plan based on the applicable echocardiographic guide-
lines, ™~ covering essential parameters of the heart chambers, ventricular
function, valves, and great vessels (see Supplementary data online,
Table S1). Measurements were made only when image quality was sufficient.
Thus, not all measurements were expected to be feasible in all subjects (see
Supplementary data online, Table S2A-E).

Statistical analysis

All echocardiographic variables indexed on body surface area (BSA)" were
first tested with a trend test. The variables with significant trend P values
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were taken into further analysis. Models using linear (y = a + bx), logarithmic
(y=a+bxIn[x], In[y]=a+bx), exponential (In[y]=a+bXIn[x]), and
square root (y =a+b X v/x, y/y =a+bx, and 1/y =a + b X 4/x) equations
were tested to examine the relationships between the echocardiographic
variables and the BSA. Among the models that satisfied the assumption
of homoscedasticity and normality of residuals, the model with the highest
R? value was considered to provide the best fit. The Koenker Basset and
Breusch—Pagan tests were used to test heteroscedasticity, and the
Shapiro-Wilk and Kolmogorov-Smirnov tests for the normality. P < 0.05
was considered statistically significant.

To evaluate the potential differences, BSA was calculated according to se-
ven previously published methods (Figure 1).'°'? We tested different
methods but specifically investigated the Haycock method (BSA =
weight®>378xheight®376%0.024265) as this was reported most accurately
in a previous study.”® The z-score, a standardized value indicating by how
many standard deviations (SDs) a value is above or below the mean ina nor-
mally distributed population, was calculated by dividing the residual values
by the modelled standard error of the residual value. Finally, we established
z-score values with mean =+ 1.96 SD using BSA for all measured dimensions
of cardiac chambers and great arteries in males and females separately. SPSS
20 (SPSS, Inc, Chicago, IL) was used for statistical analysis.

To further ascertain the difference in values in each parameter between
the male and female, we performed the propensity score matching using the
Greedy matching method with a calliper value of 0.1 with the age and BSA
as covariates. SAS V9.4 (SAS Institute Inc., North Carolina, USA) was used.

Results

Characteristics of the study population

In total, 985 school children (491 female, 494 male) with ages ranging
from 5 to 16 years were included in this sub-study (graphical abstract).
The body mass index ranged from 17.8 + 2.3 to 22.9 + 2.6 kg/m? in fe-
males and 17.5 + 1.7 to 20.8 + 2.1 kg/m” in males (see Supplementary
data online, Table $3). The distribution of BSA based on the Haycock
formula is shown in Figure 2. Almost all (97.6% male and 98.4% female)
of the students had a BSA ranging from 0.8 to 2.0 m”.

We present 23 echocardiographic parameters for female and male chil-
dren according to BSA (see Supplementary data online, Table S7) and age.
The feasibility of analysis in each echocardiographic variable is shown in
Supplementary data online, Table S2A-E. The majority of the echocardio-
graphic parameters had more than 90% feasibility for analysis.

40%
35%
30%

25%

R

*

®

<08 08-10 1.0-1.2

® Female (n =491)

Regression models

The BSA was calculated using seven formulas as mentioned in the meth-
ods. The relationship between BSA based on the Haycock formula and
the other six formulas is shown in Figure 1. We found that Meban and
Dreyers—Ray underestimated BSA whereas Boyd and Gehan—George
overestimated BSA compared with the Haycock formula. The
Mosteller formula provides comparable BSA values to the Haycock for-
mula but shows underestimated BSA after the cut-off of 1.5 m?
(Figure 1). BSA calculated based on the Haycock formula was chosen
for testing the regression models in this study based on our findings.

The regression model with the highest R? was chosen as the best-fit
model. The coefficients for the regression models and results of het-
eroscedasticity and normality tests are shown in Supplementary data
online, Table $4 for the female and male population. The predicted va-
lues for all measures are shown in Table 1 (female and male). For both
female and male population, the predicted mean values of all cardiac
measures (except the heart rate) increased with the BSA with a slightly
increased SDs. The most prominent increase was seen in the LV mass.

Differentiated between male (blue dots) and female (red dots), the
Z-score boundaries with actual measured plots are presented, including
the left ventricular dimensions and mass (Figure 3) and right ventricular
dimensions (Figure 4). The other cardiac dimensions and functional sur-
rogates are shown in the supplements: heart rate (see Supplementary
data online, Figure S1), left ventricular outflow tract and aorta dimen-
sions (see Supplementary data online, Figures S2), left and right ventri-
cles’ functional measures (mitral and tricuspid annular plane systolic
excursion with M-mode, Supplementary data online, Figure S3), atrial
chambers and inferior vena cava diameter (see Supplementary data
online, Figure $4), right ventricular outflow tract (proximal and distal)
and pulmonary artery measurements (see Supplementary data online,
Figure S5). Majority of the plots were seen within Z-score of 0-3 (indi-
cating up to 3SD) with very limited outliers in the range Z-score > 3. As
the BSA values increased, the dispersion of plots was stable (within the
range of Z-score 0-3). The only exception was seen in the LV mass that
the more plots were seen in the range of Z-score 1-2 and 2-3 (the yel-
low and orange colour zones in Figure 3, 4) and the colour zones in the
nomograms were seen more diverging following the increase of the
BSA.

Only one dependent variable (right ventricular outflow tract prox-
imal diameter during systole) was fit for both sexes as a linear
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Figure 2 BSA distribution (x-axis) among the study population. The red bars indicate the female proportion and blue the male.
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Table 1 Predicted values of echocardiographic parameters by BSA based on Haycock formula in the female and

male population

Echocardiographic parameter

BSA (m?)

(a) Female
Heart rate (beats per minute)
(-)2SD
Mean
(+)2SD
Interventricular septum (mm)
(-)2SD
Mean
(+)2SD
Left ventricular posterior wall (mm)
(-)2SD
Mean
(+)2SD
Left ventricular end-diastolic diameter (mm)
(-)2SD
Mean
(+)2SD
Left ventricular end-systolic diameter (mm)
(-)2SD
Mean
(+)2SD
Left ventricular mass (g)
(-)2SD
Mean
(+)2SD
Mitral annular plane systolic excursion (mm)
(-)2SD
Mean
(+)2SD
Left atrial area (cm?)
(-)2SD
Mean
(+)2SD
Left atrial volume (mL)
(-)2SD
Mean
(+)2SD
Inferior vena cava diameter (mm)
(-)2sD
Mean
(+)2SD
Right atrial area (cm?)
(-)2SD
Mean
(+)2SD
Right ventricular basal diameter (mm)
(-)2SD
Mean
(+)2SD

68.61
8325
97.89

345
54
8.45

2.61
495
7.29

24.6
30.38
36.76

13.87
18.96
24.04

19.75
306
47.41

10.04
12.87
16.51

4.66
6.62
9.41

4.32
12.23
24.16

0.36
6.38
124

4.35
6.23
8.92

1233
24.66
37

67.26
819
96.53

3.77
591
9.25

3.1
545
7.78

26.7
327
39.32

15.27
20.36
25.44

26.84
41.58
64.43

109
13.98
17.93

5.64
8.02
114

6.65
15.97
29.32

217
8.19
14.21

5.19
743
10.64

14.13
2647
38.81

66.2
80.84
95.48

4.05
6.34
9.92

349
583
8.17

28.88
35.12
41.97

16.67
21.76
26.84

34.05
5275
81.73

11.62
149
19.12

6.54
93
1322

9.1
19.69
34.28

3.58
9.6
15.62

5.95
8.52
12.19

15.93
2827
40.61

65.35
79.98
94.62

4.28
6.71
105

3.81
6.15
8.49

31.15
37.62
44.7

18.07
2315
28.24

41.35
64.07
99.27

12.24
157
20.14

7.39
105
14.93

11.68
23.38
391

4.73
10.75
16.77

6.65
9.52
13.63

17.74
30.07
42.41

64.62
7926
93.9

4.5
7.04
11.02

4.08
6.41
8.75

33.51
40.21
47.51

19.47
2455
29.64

48.74
7552
117

12.79
16.41
21.05

8.19
11.64
16.54

14.31
27.05
43.81

57
11.72
17.74

7.31
1047
14.98

19.54
31.88
44.21

63.99
78.63
93.27

4.69
734
11.49

4.31
6.65
8.98

35.96
42.88
50.41

20.87
2595
31.04

56.2
87.07
1349

13.29
17.05
21.87

8.95
12.72
18.08

17
30.71
48.44

6.54
12.56
18.58

793
11.36
16.26

21.34
33.68
46.02

63.43
78.07
92.71

4.86
7.62
11.92

4.51
6.85
9.19

3849
45.64
534

22.26
27.35
32.44

63.72
98.72
152.95

13.75
17.64
22.62

9.68
13.76
19.55

19.74
34.36
52.99

7.29
13.31
19.33

8.53
12.21
17.47

23.14
35.48
47.82

62.94
7758
92.21

5.03
787
1232

4.69
7.03
9.37

41.1
48.48
56.48

23.66
2875
33.84

71.29
110.46
171.14

14.17
18.18
23.32

10.38
14.75
20.97

22.52
38
57.49

7.95
13.97
19.99

9.1
13.02
18.64

24.95
37.28
49.62

62.49
7713
91.76

5.18
8.11
127

4.86
72
9.53

438
5142
59.64

25.06
30.15
35.24

7892
122.27
189.44

14.56
18.68
23.96

11.06
15.72
22.35

25.34
41.63
61.94

8.55
14.57
20.59

9.64
138
19.75

26.75
39.09
51.43

Continued
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Table 1 Continued

Echocardiographic parameter BSA (m?)

Right ventricular mid-cavity diameter (mm)

(=)2sD 1078 1297 149 16.65 18.26 19.75 21.16 2248 2375

Mean 2095 2314 2507 2682 2843 2992 3133 3266 3392

(+)2SD 3112 3331 3525 36.99 386 40.09 415 4283 44.09
Right ventricular outflow tract distal diameter systole (mm)

(=)2sD 8.69 957 1032 10.97 11.55 12.08 12.57 13.02 13.44

Mean 1261 1389 1498 1592 1677 1754 1825 189 1952

(+)2SD 1831 2017 2174 2312 2434 2546 2649 2744 28.34
Right ventricular outflow tract distal diameter diastole (mm)

(-)2sD 10 1.3 1242 13.42 14.33 1517 15.95 16.68 17.37

Mean 1382 1561 1717 1855 1981 2096 2204 2305 24

(+)2SD 191 2158 2373 25.64 2737 2897 3046 31.86 3317
Right ventricular outflow tract proximal diameter systole (mm)

(=)2sD 1449 1614 178 19.45 21.1 2276 2441 26.06 27.71

Mean 2318 2483 2649 2814 2979 3145 331 34.75 36.41

(+)2SD 3187 3353 3518 36.83 3849 40.14 41.79 4345 451
Right ventricular outflow tract proximal diameter diastole (mm)

(=)2sD 17.09 1819 1933 20.5 217 2294 2421 25.52 26.86

Mean 23 2427 2558 2692 283 29.71 3116 3264 3415

(+)2SD 2978 3122 3271 34.22 35.77 37.36 38.98 40.63 4232
Tricuspid annular plane systolic excursion (mm)

(-)2sD 1292 1407 15.08 16 16.84 17.62 18.35 19.05 19.71

Mean 1828 1943 2044 2136 222 2298 2371 2441 25.07

(+)2SD 2364 2479 258 26.71 27.55 28.34 29.07 29.77 3043
Left ventricular outflow tract diameter (mm)

(=)2sD 1112 1169 1229 1291 13.57 14.26 14.99 15.75 16.55

Mean 1346 1414 1486 1562 1641 17.25 18.13 19.05 20.02

(+)2SD 1628 1711 1798 18.9 19.86 20.87 2193 23.05 2422
Aortic annulus diameter (mm)

(-)2sD 921 105 11.63 12.64 13.56 14.42 15.21 15.96 16.67

Mean 1138 1298 1437 1562 1676 17.81 1879 1972 206

(+)2SD 1406 1603 1775 19.29 20.7 22 2322 24.36 2545
Sinus of Valsalva diameter (mm)

(-)2sD 1422 1571 1698 181 19.09 20 20.84 21.62 2235

Mean 1674 1851 20 2131 2249 2356 2454 2546 2632

(+)2SD 1972 2179 2355 25.1 26.48 2774 289 29.98 3099
Sinotubular junction diameter (mm)

(=)2sD 10.2 1151 1263 13.63 14.54 15.37 16.15 16.87 17.56

Mean 1261 1422 156 1684 1796 1899 1995 2085 21.69

(+)2SD 1557 1756 1928 20.8 2219 2346 24.64 2575 26.8
Proximal ascending aorta diameter (mm)

(-)2sD 1153 1259 1371 14.87 16.07 17.33 18.63 19.98 21.37

Mean 1462 1581 1706 1835 1969 2107 225 2398 2551

(+)2SD 18.07 194 20.77 222 23.67 2518 26.75 28.36 30.01
Main pulmonary artery diameter (mm)

(-)2sD 7.51 8.5 9.36 10.13 10.82 11.46 12.06 12.62 13.15

Mean 1115 1263 139 1504 1608 17.03 1792 1875 19.54

(+)2SD 16.57 1876  20.65 2235 23.88 253 26.62 27.86 29.03

Continued
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Table 1 Continued

Echocardiographic parameter BSA (m?)

0.6 08 1 12 14 16 18 2 22

(b) Male

Heart rate (beats per min)

(-)2sD 66.4 6564  64.89 64.14 634 62.68 61.96 6124 60.54
Mean 8166 8072 798 7888 7797 7708 7619 7532 7445
(+)2SD 10043 9927 98.13 97.01 95.89 94.79 937 9263 91.56

Interventricular septum (mm)

(-)2sD 2.16 3.05 3.82 4.53 5.18 5.78 6.34 6.88 7.39
Mean 485 574 651 722 787 847 9.04 957 10.08
(+)2SD 7.54 843 9.2 9.91 10.56 11.16 11.73 12.26 12.77

Left ventricular posterior wall (mm)

(-)2sD 3.28 359 393 427 4.63 5.01 54 58 6.22
Mean 512 551 592 6.34 678 723 77 818 8.68
(+)2SD 737 7.84 8.32 8.82 9.34 9.87 10.41 10.97 11.55

Left ventricular end-diastolic diameter (mm)

(-)2sD 2189 2617 2949 322 345 36.48 38.24 39.8 41.22
Mean 2879 33.07 3639 391 4139 4338 4513 467 4812
(+)2SD 3569 3997 4329 46 4829 50.28 52.03 536 55.01

Left ventricular end-systolic diameter (mm)

(-)2sD 14.1 15.62  16.96 18.17 19.29 20.33 213 22.22 23.1
Mean 1977 2129 2264 2385 2496 26 2698 279 2877
(+)2SD 2545 2697 2831 29.52 30.64 31.68 3265 33.57 3445

Left ventricular mass (g)

(-)2sD 19.34 2793 3715 4689 57.09 67.71 78.71 90.05  101.71
Mean 2947 4256 566 7144 8699 10317 11993 1372 15497
(+)2SD 4491 6485 8624 10886 13255 1572 18273 209.06  236.12

Mitral annular plane systolic excursion (mm)

(-)2sD 9.19 1008 10.77 11.33 11.81 12.22 12.59 12.91 13.21
Mean 1378 1467 1536 1592 164 16.81 1718 175 17.8
(+)2SD 1837 1926  19.95 20.52 20.99 2141 21.77 221 22.39

Left atrial area (cm?)

(-)2sD 233 425 574 6.96 7.99 8.89 9.68 10.38 11.02
Mean 628 821 97 1092 1195 1284 1363 1433 14.97
(+)2SD 1024 1216 1365 14.87 15.9 16.8 17.58 18.29 18.93

Left atrial volume (mL)

(-)2sD -0.23 402 7.76 11.14 14.25 17.15 19.87 22.44 24.88
Mean 1319 1743 2117 2456 2767 3056 3328 3585 383
(+)2SD 26.6 3085 3459 3797  41.08 4398 46.7 49.27 5172

Right ventricular basal diameter (mm)

(-)2sD 1327 1627 1859 20.49 22.09 2348 2471 25.81 268
Mean 2418 2717 295 3139 33 3439 3561 36.71 377
(+)2SD 3508 3808 404 423 439 453 46.52 47.62 48.61

Right ventricular mid-cavity diameter (mm)

(-)2sD 1046 1331 1581 18.08 2017 2211 2393 25.66 27.3
Mean 2031 2315 2566 2793 3002 3196 3378 3551 3715
(+)2SD 3016 33 35.51 37.78 39.87 41.81 43.63 45.36 47

Right ventricular outflow tract proximal diameter systole (mm)

(-)2sD 1791 192 2049 21.79 23.08 2437 25.67 26.96 2826
Mean 2592 2722 2851 298 311 3239 3369 3498  36.27
(+)2SD 3394 3523 3653 37.82 39.12 40.41 1.7 43 44.29

Continued
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Table 1 Continued

Echocardiographic parameter BSA (m?)

Right ventricular outflow tract proximal diameter diastole (mm)

(=)2sD 16.62 181 19.58 21.06 2254 24.02 255 26.98 2846

Mean 2373 2521 2669 2817 2965 31.13 3261 3409 3557

(+)2SD 3085 3233 3381 35.29 36.77 3825 39.73 41.21 42.69
Right ventricular outflow tract distal diameter systole (mm)

(=)2sD 772 922 1039 11.34 12.14 12.84 13.45 14 14.5

Mean 1333 1483 1599 1694 1775 1844 1906  19.61 201

(+)2SD 1894 2044 216 22.55 2336 24.05 24.67 2521 2571
Right ventricular outflow tract distal diameter diastole (mm)

(-)2sD 895 1081 1226 13.44 14.44 15.3 16.06 16.75 17.36

Mean 1513 17 1844 1962 2062 2149 2225 2293 23.55

(+)2SD 2132 2318 2463 25.81 26.8 27.67 2843 2911 29.73
Tricuspid annular plane systolic excursion (mm)

(=)2sD 12.2 13.5 14.51 15.34 16.04 16.65 17.18 17.66 18.09

Mean 1772 1902 2003 2086 2156 2217 227 2318 2361

(+)2SD 2324 2454 2556 26.38 27.08 27.69 2822 287 2913
Right atrial area (cm?)

(-)2sD 4.23 522 6.14 7.02 7.85 8.66 9.44 10.19 10.93

Mean 612 756 89 1017 1138 1255 1367 1477 1584

(+)2SD 887 1095 1289 14.73 16.48 18.18 19.81 214 22.94
Inferior vena cava diameter (mm)

(-)2sD 0.64 274 437 571 6.84 7.81 8.67 9.44 10.14

Mean 613 824 987 112 1233 1331 1417 1494 1564

(+)2SD 1163 1373 1537 16.7 17.83 18.8 19.67 20.44 2113
Left ventricular outflow tract diameter (mm)

(=)2sD 994 1112 1216 131 13.97 14.77 15.52 16.24 16.92

Mean 1307 1424 1528 1622 1709 1789 1865 1936  20.04

(+)2SD 1619 1737 1841 19.35 20.21 21.01 21.77 2248 23.16
Aortic annulus diameter (mm)

(-)2sD 898 1015 1131 1248 13.65 14.82 15.99 17.15 18.32

Mean 1246 1363 148 1596 1713 183 1947 2064 218

(+)2SD 1594 1711 1828 19.45 20.61 2178 2295 2412 25.29
Sinus of Valsalva diameter (mm)

(-)2sD 13.82 1551 17 18.34 19.58 20.73 21.81 22.83 238

Mean 1734 1903 2052 2186 231 2425 2533 26.35 27.32

(+)2SD 2086 2255 2403 25.38 26.62 2777 28.85 29.87 30.84
Sinotubular junction diameter (mm)

(-)2sD 1113 1193 1279 13.7 14.69 15.74 16.87 18.08 19.37

Mean 1366 1464 1569 1681 1802 1931 20.7 2218 2377

(+)2SD 16.76 1796 1925 20.63 22.11 237 254 2722 2917
Proximal ascending aorta diameter (mm)

(-)2sD 12.56 1318 1383 14.52 15.23 15.98 16.77 17.6 18.47

Mean 1588 1666 1748 1835 1925 202 212 2224 2334

(+)2SD 2007  21.06 221 2319 2433 2553 26.79 28.11 295
Main pulmonary artery diameter (mm)

(-)2sD 542 72 8.58 9.71 10.66 11.49 12.22 12.87 13.46

Mean 1152 133 1468 1581 1676 1759 1832 1897 1956

(+)2SD 17.62 194 20.78 2191 22.86 23.69 2442 25.07 256

Data is presented according to the body surface area with an interval of 0.2 m? in mean (numbers in bold), +2SD (upper row) and —2SD (lower row).
SD, standard deviation.
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Figure 3 Z-score nomograms for left ventricular dimensions and mass. Red dots = females; blue dots = males. The green shaded area indicates
Z-score of 0—1, yellow 1-2, orange 2-3, and red 3—4. Cardiac measurements (plots) falling into higher Z-score area (the orange or red areas) might
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A Right ventricular basal diameter
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Figure 4 Z-score nomograms for right ventricular diameters. Red dots =

Figure 3.

regression model. The other two dependent variables from each side
were in line with the linear regression model (right ventricular outflow
tract proximal diameter during diastole and aortic annulus for the male
population) and (left ventricular end-systolic diameter and right ven-
tricular basal diameter for the female population). Some of the depend-
ent variables were best-fit to complex regression models of logarithmic,
exponential, and square roots.

A sample of the z-score value was taken for comparison with other
study results as seen in Supplementary data online, Table S5. The com-
parison was made on specific parameters at a specific measurement of
BSA (1 m?). Sex-based left ventricular mass analysis among the study
population revealed a higher mean value with an increase in the
BSA from 0.8 m% Heart rate showed reduction with an increase in
the BSA unlike other parameters (see Supplementary data online,
Figure ST1).

Between females and males, 372 pairs were identified with the
model matched on age, where 282 pairs remained after further ad-
justment with BSA (central illustration). With age-matched model
17 parameters (73.4%) showed significant differences in values be-
tween the two sexes. The significant difference remained in 12 para-
meters (52.2%) after adding the BSA into the model (see
Supplementary data online, Table Sé).

55

Right ventricular mid-cavity diameter (mm)

os o7 o9 11 13 15 L7 19 21 23
Body surface area Haycock [m*)
[@2z=0-1 [QZ=1-2 @Z=2-3 @Z=3-4

females; blue dots = males. The colour zones and plots as described in

Discussion

The main contributions of this study can be summarized as follows: (i)
nomograms for 2D and M-mode echocardiographic measurements are
presented for healthy Peruvian children living at high altitudes; (i) we
utilize previously reported methods for the development of nomo-
grams, including a selection of the most appropriate BSA formula,
which confirmed their applicability (iii) all data are presented separately
for girls and boys due to the statistically significant difference supported
by the propensity score-matched analysis based on the age and BSA. To
our knowledge, we believe that this is so far the most comprehensive
presentation of sex-specific nomograms and Z-scores.

Previous studies revealed significant variability with age, sex, body
parameters, and to some extent geographic background.3'4’7'14’16
This was comparable to our findings where we saw significant differ-
ences per sex even in age-matched and propensity score matched by
BSA for the majority of echocardiographic parameters. The process
of establishing reference values requires adequate sample size, ad-
equate representation of the target population, isolated inclusion of
healthy children, and rigorous statistical analyses.'”'® In our study, we
included healthy children from the school screening after echocardio-
graphic confirmation. Our statistical analysis was multistage and


http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf053#supplementary-data
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1

different regression models were tested to achieve the best-fit for each
dependent variable with additional propensity score matching.

BSA as an independent variable to determine normal values of car-
diac parameters has been previously used 131419 Similarly, in our study
we used BSA to prepare z-scores for cardiac chamber dimensions, out-
flow tracts, and great arteries. The selection of the BSA calculating for-
mula can affect the overall findings, which was confirmed in our study.
Methodologically, comparing the fitness of multiple BSA formulas ap-
pears most sensible, and we used this approach in our study, which is
comparable to previous studies.>”

We reported on 23 echocardiographic parameters for chamber di-
mensions, outflow tracts, and great arteries. Few studies have reported
on a similar list of parameters obtained with M-Mode and 2D echocar-
diography.” Moreover, reference values for outflow tracts are largely
unavailable in general, and specifically for high-altitude populations.
Such reference values are crucial for children with right-side heart disease
such as tetralogy of Fallot, to plan interventions and post-intervention
follow-up."® Moreover, right ventricular measurements are very limited
in the paediatric reference values.? In our study, we included right ven-
tricular dimensions and functional parameters as a reference value for
further study and use. In particular to our study population living at a
high altitude of 2328 m, the parameters for right heart chambers and out-
flow tracts are especially importamt.zo'21 It is noteworthy that thoracic
skeletal adaptations in response to high altitude were not a characteristic
of the study population, a finding consistent with prior reports indicating
that these changes may occur above 3000 m.?%%

Confounder analysis for sex was done by different authors that
showed no significant overall effect while studying the whole age range
of children.®” The uniqueness of our study is that the propensity score
analysis based on age and BSA was used to ascertain the differences in
the cardiac and great vessel dimensions between the male and female
sexes. As seen in Supplementary data online, Table $6, the number of
parameters showing significant differences between females and males
were almost doubled after matching by age and BSA than comparing in
the total population. This can be explained by the population age range
which included pubertal groups. This is consistent with previous re-
ports on the variation of reference values during pubertal periods
due to different growth spurts.'

Obese children were not excluded from our study population as
they were small in number, distributed normally, and did not affect
homoscedasticity. In a separate sub-study, obesity-related left ventricu-
lar changes were reported.?* The analysis revealed that indexed left
ventricular mass and diastolic dysfunction were significantly different
between obese and normal weight groups. Importantly, the overall ana-
lysis in this study revealed no significant variance as depicted by the co-
efficient of variance and homoscedasticity. Furthermore, nomograms
depict the values according to BSA based on the Haycock method,
which provides additional information to clinicians.

For comparison purposes, we took a sample of cardiac dimension for
comparison at BSA of 1.0 m? with two studies'®'? that had reported
on these values. The comparison for left ventricular end diastolic dia-
meters revealed almost proportional measurement values.”® Our
study, however, is sex-specific which prevents precise comparisons.
The authors of this study are committed to pooling data that would al-
low adequate comparisons with populations at low altitude (<1500 m)
or very high altitude (>3500 m), or different geographies. It is note-
worthy the existing comparisons among children living at very high alti-
tude with children living at low altitude, primarily indicate higher
pulmonary artery pressures and larger right ventricles.*

Limitations

The study was conducted at the community level and on healthy chil-
dren which was the key component of developing normative values.
Propensity score match analysis was also made for differences with

sex. Whereas, the results need to be interpreted considering the fol-
lowing limitations, first, this is a descriptive study from a population-
based screening with echocardiography, without having information
on genetic disorders that may be undiagnosed while not evident on im-
aging. Second, we did not restrict our analysis to non-obese patients;
however, we believe that this approach provides more information
to clinicians, including the z distribution for a larger range of BSA.
Third, children’s growth in cardiac dimensions are affected by many fac-
tors, including geography (such as high altitude), diet, and ethnicity
among others. Our study was conducted in the children population
in south America (Arequipa, Peru) and the results may not be general-
ized to other children populations (e.g. in Asia or Africa) living on the
similar altitude. Finally, the availability of measurements for some para-
meters was low, for which n values are presented.

Conclusions

We presented BSA-based sex-specific nomograms for children 5-16
years old living at a high altitude in Peru. There was a significant differ-
ence in the majority of echocardiographic parameters between the two
sexes after propensity score matching using age and BSA. Findings could
be used for reference tables and graphs for practitioners seeking to
diagnose cardiac chamber size, outflow tract, and great artery abnor-
malities and partly cover a gap in existing paediatric echocardiographic
nomograms.
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