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Abstract

Background: To establish the normal reference range of fetal thorax by two-dimensional (2D) and three-dimensional
(3D) ultrasound VOCAL technique and evaluate the application in diagnosing fetal thoracic malformations.

Methods: A prospective cross-sectional study was undertaken involving 1077 women who have a normal singleton
pregnancy at 13-40 weeks gestational age (GA). 2D ultrasound and 3D ultrasound VOCAL technique were utilized to
assess fetal thoracic transverse diameter, thoracic anteroposterior diameter, thoracic circumference, thoracic area, lung
volume, thoracic volume and lung-to-thoracic volume ratio. The nomograms of 2D and 3D fetal thoracic measure-
ments were created to GA. 50 cases were randomly selected to calculate intra- and inter-observer reliability and
agreement. In addition, the case groups including congenital skeletal dysplasia (SD) (15), congenital diaphragmatic
hernia (CDH) (30), pulmonary sequestration (PS) (25) and congenital cystic adenomatoid malformation (CCAM) (36)
were assessed by the nomograms and followed up subsequently.

Results: Both 2D and 3D fetal thoracic parameters increased with GA using a quadratic regression equation. The
intra- and inter-observer reliability and agreement of each thoracic parameter were excellent. 2D fetal thoracic param-
eters could initially evaluate the fetal thoracic development and diagnose the skeletal thoracic deformity, and lung
volume, thoracic volume and lung-to-thorax volume ratio were practical to diagnose and differentiate CDH, PS and
CCAM.

Conclusion: We have established the normal fetal thoracic reference range at 13-40 weeks, which has a high value
in diagnosing congenital thoracic malformations.
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Background

The normal development of the thoracic structure is an

essential basis for neonatal spontaneous breathing dur-

ing the embryonic and fetal period, so the prenatal diag-
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sequestration (PS) and congenital cystic adenomatoid
malformation (CCAM) [1]. They can cause various com-
plications, the most serious of which is pulmonary hypo-
plasia (PH). PH refers to a disease whereby the fetal lung
is defectively developed or stunted during the fetal devel-
opment process. This typically manifest via a reduction
number of pulmonary cells, airways and alveoli, thereby
reducing lung volume and weight. PH affects fetal lung
gas exchange and is responsible for high fetal and neo-
natal morbidity and mortality [2, 3]. Congenital thoracic
dysplasia is one of the causes of PH, as abnormal devel-
opment of the thorax directly affects or restricts the lung
development and accompanied by serious consequences
[4]. Thus, early prenatal diagnosis of CTM is beneficial
for timely pregnancy management in fetuses with deadly
deformities [5]. However, few methods are currently
available for evaluating fetal thoracic development inter-
nationally [1, 5]. In addition, there are only a few studies
focusing on partial thoracic parameters reference ranges,
such as fetal thoracic volume [6-8], and there are rare
studies regarding the differential diagnosis of abnormal
fetal thorax diseases. Therefore, it is imperative to deter-
mine a new and dependable method to evaluate the fetal
thorax and establish a nomogram of thoracic param-
eters. Our study aims to: (1) combine two-dimensional
(2D) ultrasound and three-dimensional (3D) ultrasound
Virtual Organ Computer-aided Analysis (VOCAL) tech-
nique to evaluate the normal development of fetal thorax;
(2) measure the fetal thoracic transverse and anteropos-
terior diameter, thoracic circumference, thoracic area,
lung volume, thoracic volume and lung-to-thoracic vol-
ume ratio, and establish a normal reference range of vari-
ous measurements; (3) further explore its application in
the diagnosis of congenital SD, CDH, PS and CCAM.

Methods

Sample and protocol

This is a prospective cross-sectional study undertaken
from 1 July 2014 to 1 July 2019. Pregnant women in the
normal group and the abnormal groups were randomly
selected and recruited into this study.

The inclusion criteria for the normal group included
(1) singleton pregnancy, (2) precise gestational age
(GA) based on last menstrual period and evaluated via
ultrasonography before 20 gestational week, (3) GA is
between 13 and 40 weeks, (4) absence of any fetal mal-
formations, and (5) low-risk pregnancy without other
maternal or placental complications. Exclusion criteria
included (1) multifetal pregnancy, (2) any fetal malforma-
tions, (3) poor ultrasound imaging.

Abnormal group: All cases were confirmed by postpar-
tum examination or autopsy.
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To establish the fetal thoracic nomograms, we took
measurements from a total of 1077 singleton and healthy
pregnant women who met all above inclusion and exclu-
sion criteria. The mean age of them was 27.40 years, the
mean GA was 26.35 weeks. Meanwhile, 15 SD fetuses,
30 CDH fetuses, 25 PS fetuses and 36 CCAM fetuses
were randomly selected, the mean GA was 19.89 weeks,
25.06 weeks, 25.42 weeks, and 25.84 weeks, respectively.

In addition, 50 normal fetuses were randomly selected
to analyze the intra- and inter-observer reliability and
agreement. The same investigator (X.H.) performed all
the thoracic measurements twice to estimate the intra-
observer reliability and agreement. Simultaneously,
another sonographer (S.L.) conducted an extra meas-
urement to determine the inter-observer reliability and
agreement. Both examiners worked independently and
were shielded from each other.

Measurements

All ultrasound parameters were measured by GE E8 or
E10 Expert device (General Electric Healthcare, Milwau-
kee, MI, USA) provided with a 4—-8 MHz abdominal cur-
vilinear transducer.

A routine standard obstetric ultrasound examination
was performed for each fetus to determine the fetal mor-
phology and biometry. To obtain a best acoustic window
of the thorax, we scanned fetal thorax on the heart four-
chamber view section. From this section, we obtained
the fetal thoracic transverse and anteroposterior diam-
eter, thoracic circumference, thoracic area, lung volume
and thoracic volume. For the optimization of 3D volume
acquisition, we standardized the opening scanning angle
between 45° and 85°. The low speed, high quality and
harmonic mode was selected respectively. The pregnant
women were required to hold their breath for a short
time when the fetus was motionless, then we activated
the automatic scanning window to involve the entire fetal
thorax. All images were saved in the machine and ana-
lyzed off line.

The distance between spinal front edge and sternum
rear edge was the thoracic anteroposterior diameter; a
straight line which was drawn perpendicular to the anter-
oposterior diameter and between the two thoracic inner
edges was the thoracic transverse diameter (Fig. 1a, b). A
circle was manually traced along the outer edges of the
ribs, sternum, and spine to measure the thoracic cir-
cumference (Fig. 1c, d). Similarly, the thoracic area was
the circle area that was manually traced along the inner
edges of the ribs, sternum, and spine (Fig. 1e, f). 3D lung
volume and thoracic volume were measured on the three
perpendicular planes, VOCAL software (General Electric
Medical Systems, KretzTechnik) was used by delimitat-
ing the surface with a rotation angle of 15° (12 planes) to
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Fig. 1 Ultrasonography and schematic diagram of fetal thoracic measurements. a, b Thoracic transverse diameter and thoracic anteroposterior
diameter; ¢, d Thoracic circumference; e, f Thoracic area; g lung volume; h Thoracic volume

acquire the volume automatically on the plane A. Briefly, and spine on each rotation plane 12 times. Left and right
in terms of lung volume measurement, we drew the lung lung was measured separately, and added together to
outline excluding heart, organs in the mediastina, ribs  calculate the overall lung volume. To obtain the thoracic
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volume, we rotated the z-axis to make sure that the lung
apex was above and the diaphragm was below on plane
A. The thoracic contour (entire inner margin of thorax
and upper margin of the diaphragm) was defined on each
plane. After contouring the last plane, the reconstructed
lung and thorax 3D images were established (Fig. 1g, h).

Statistical analysis

All data were analyzed by SPSS software (version 21.0,
IBM Corp., Armonk, NY, USA) and Medcalc software
(Mariakerke, Belgium). Continuous variables were stated
as mean and standard deviation (SD). We used the quad-
ratic regression model as the best equation for evaluat-
ing correlation between each thoracic parameter and
GA. Coefficient of determination (R?) was used to calcu-
late the adjustments. According to the best-fit equation,
predictive values for mean, SD, 2.5th, 50th, and 97.5th
percentile ranges of each fetal thoracic parameter were
constructed between 13 and 40 weeks. As all thoracic
parameters increase with increasing GA, Z score was
used to eliminate the effects of GA when comparing the
measurements between the abnormal and normal groups.
Z score =(measured thoracic value — overall mean tho-
racic value)/overall standard deviation of thoracic value.
The Mann—Whitney U test was performed to compare
the data between the abnormal and normal groups. We
applied intraclass correlation coefficient (ICC) to calcu-
late the reliability and performed Bland—Altman plots to
assess agreement via showing bias between the two val-
ues and the limits of agreement (LoA) [9]. The reliability
quality could be interpreted excellent if the ICC cutoff
value was more than 0.90 [10]. All tests were considered
significant with p <0.05.
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Results

Fetal thoracic identification rate and normal
ultrasonography

There were 1167 pregnant women selected in our study.
Of these, 90 fetal images which were affected by thick
abdominal fat in pregnant women (n=25), attenuation
of fetal rib (n=28), fetal position (n=20) and amniotic
fluid volume (n=17) were excluded. The remaining 1077
women were included in this study, so the identification
rate is 92.29%.

The fetal thorax is mainly composed of skeletal tho-
racic frame, which is quasi-circular, and thoracic internal
organs, including the heart, large blood vessels, lungs,
trachea and thymus. The myocardium and lungs are
moderately echogenic, and the cardiac chamber is echo-
less on four-chamber view section. The three vessels and
trachea view section shows that the large vessel wall and
tracheal wall are high echo, the lumen are echoless and
the thymus is medium-low echo (Fig. 2).

Normal reference range of fetal thoracic measurements
Correlation between fetal thoracic transverse diam-
eter, anteroposterior diameter, thoracic circumfer-
ence, thoracic area, lung volume, thoracic volume,
lung-to-thoracic volume ratio and GA had high sig-
nificance (P<0.0001 respectively). Additionally, all fetal
thoracic indicators increased with GA using a quadratic
regression equation. Tables 1 and 2 show the nomograms
of thoracic 2D and 3D measurements for each gestational
week. Figure 3 represents the correlation and scatterplot
of fetal thoracic parameters and GA.

- &
Fig. 2 Normal ultrasonography of fetal thorax. a normal ultrasonography of fetal heart four-chamber view section; b normal ultrasonography of
fetal three vessels trachea view section. H: heart, ThAO: thoracic aorta, SP: spine, LL: left lung, RL: right lung, SVC: superior vena cava, mPA: main

pulmonary artery, ARCH: aortic arch, T: trachea, TH: thymus
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Table 1 Nomograms of 2D fetal thoracic parameters from 13 to 40 gestational week (n=1077)
GA(No.) Thoracic transverse diameter Thoracic anteroposterior Thoracic circumference (cm) Thoracic area (cm?)

(cm) diameter (cm)

P25 P50 P97.5 X SD P25 P50 P97.5 X SD P25 P50 P975 X SD P25 P50 P975 X SD
13(28) 143 185 252 193 033 103 158 213 158 028 573 743 964 762 125 437 597 752 601 090
14(30) 168 227 273 222 031 122 186 218 182 026 673 868 995 862 09 526 715 932 692 081
15(27) 182 249 295 246 029 152 214 251 209 025 831 948 1056 946 056 531 751 889 751 074
16(29) 228 265 335 270 029 162 226 272 221 031 875 1022 1123 1009 069 612 791 971 792 107
17(26) 245 286 354 292 034 172 240 285 236 031 965 11.00 1221 1104 068 679 880 1043 878 1.05
18(34) 274 328 376 329 030 194 258 302 254 025 1004 1161 1253 1155 065 842 1025 1174 1032 076
19(34) 3.05 355 422 357 029 215 275 317 274 022 1085 1259 1086 1243 086 973 1261 1410 1241 112
20(36) 325 376 446 379 030 234 289 327 287 026 1181 1405 1526 1392 1.02 1252 1408 1569 1415 0.88
21(40) 357 407 468 408 026 242 293 332 294 020 1294 1437 1575 1446 076 1342 1571 1725 1565 0.99
22(47) 375 426 483 427 025 267 318 347 316 018 1417 1540 1695 1537 067 1564 1679 1817 1686 062
23(59) 406 447 498 446 022 302 327 361 328 014 1438 1572 1728 1581 075 1636 1768 1911 1776 078
24(62) 428 461 529 464 022 316 339 374 340 013 1521 1674 1854 1686 088 1839 2034 2272 2024 125
25(60) 439 478 543 481 023 331 358 391 360 013 1609 1764 1931 1773 075 1960 2228 2570 2225 148
26(55) 460 502 560 502 026 352 376 413 378 016 1720 1852 1987 1851 063 2140 2437 2668 2439 136
27(49) 470 512 577 517 023 381 413 444 411 015 1768 1917 2055 1918 074 2354 2647 2848 2647 1.03
28(47) 497 536 593 540 019 405 436 466 435 015 1840 1995 21.58 1997 077 2725 2934 3126 2925 102
29(44) 522 562 606 561 017 428 455 491 454 0.5 1941 2086 2241 2089 070 2901 3164 3370 3150 1.06
30(43) 548 582 627 582 0.16 448 475 523 476 017 2041 2192 2340 2187 075 3192 3383 3670 3407 125
31(42) 573 604 636 603 015 479 506 533 506 015 2119 2262 2451 2278 080 3290 3693 3883 3667 142
32(41) 592 621 656 623 015 501 526 556 524 014 2184 2353 2482 2351 075 3606 3976 4272 3983 149
33(37) 613 642 672 643 014 513 547 587 545 017 2351 2451 2571 2454 067 3967 4362 4628 4342 166
34(35) 632 662 696 663 014 521 562 6.15 564 024 2427 2542 2661 2543 068 4238 4627 4836 4599 162
35(32) 651 681 716 682 017 546 574 624 579 024 2475 2627 2768 2625 072 4538 4923 5276 4927 187
36(31) 6.74 697 728 700 015 558 592 640 598 025 2618 2730 2842 2727 065 4863 5261 5424 5223 140
37(29) 702 721 743 723 012 567 618 658 6.18 027 2680 2834 2941 2824 069 5273 5671 5862 5623 148
38(27) 728 743 768 744 011 605 635 671 638 020 2761 2942 3038 2923 074 5731 5946 6128 5934 1.06
38(27) 738 761 784 761 012 627 649 691 654 018 2911 3018 3148 3011 071 6035 6159 6381 6187 091
4026) 752 783 805 648 012 646 678 713 676 018 3021 3132 3241 3132 071 6318 6482 6654 6595 0.99

GA gestational age, SD standard deviation

Comparison of thoracic parameters between abnormal

Intra-observer and inter-observer reliability

groups and normal group

The comparison of fetal thoracic parameters between
the abnormal groups (SD group, CDH group, PS group
and CCAM group) and the normal group is shown
in Table 3. All the thoracic parameters in SD group
were significantly lower than those in normal group
(P<0.0001). Similarly, the lung-to-thoracic volume
ratio in CDH, PS and CCAM group were lower and
had statistical significance (P<0.0001). Compared with
normal group, the lung volume in CDH, PS and CCAM
group were lower (P<0.05). However, all the 2D param-
eters and thoracic volume had no statistical differences
between CDH, PS, CCAM group and normal group
(P>0.05).

and agreement

The intra- and inter-observer reliability and agree-
ment of fetal thoracic measurements were excellent
(ICC>0.90 and narrow 95% LoA respectively), which
are shown in Table 4 and Fig. 4. Among them, the intra-
observer reliability and agreement were the best in
measuring the fetal thoracic anteroposterior diameter,
with ICC=0.9992, 95% confidence interval (95%CI)
0.9986-0.9995 and the mean difference was 0.0048 cm
(95% LoA: —0.1039-0.1135).
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Table 2 Nomograms of 3D fetal thoracic parameters from 13 to 40 gestational week (n=1077)
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GA(No.) Lungvolume (cm3) Thoracic volume (cm3) Lung-to-thoracic volume ratio
P2.5 P50 P97.5 X SD P2.5 P50 P97.5 X SD P2.5 P50 P97.5 X SD

13(28) 1.75 2.72 3.85 279 061 4.03 6.24 9.04 650 143 0416 0430 0445 0430  0.008
14(30) 2.36 312 432 318 055 5.25 7.06 10.08 722 127 0428 0439 0460 0441 0.009
15(27) 2.64 3.67 4.74 372 054 591 8.15 10.69 826 117 0436 0451 0.468 0451 0.008
16(29) 312 3.88 523 404 053 6.64 852 11.26 874 117 0444 0461 0478 0462  0.010
17(26) 383 481 6.25 482 057 8.24 10.08 13.04 1018 118 0458 0474 0486 0473  0.008
18(34) 5.84 6.72 7.64 6.73 051 12.34 14.01 15.93 1404 1.01 0466 0480 0492 0479  0.007
19(34) 6.83 883 11.34 913 111 14.25 18.20 23.15 1890 232 0471 0483 0498 0483 0006
20(36) 9.28 1143 13.72 1138 123 18.75 23.64 27.94 2322 251 0476 0491 0.490 0.007  0.007
21(40) 11.16 13.59 1549 1354 1.07 22.32 27.04 31.54 2710 216 0489 0500 0518 0500  0.008
22(47) 12.63 14.84 16.61 1478 096 24.88 28.90 3279 2908 189 0493 0510 0522 0508 0007
23(59) 15.07 17.37 19.38 1729 134 29.08 33.86 37.76 3365 261 0.501 0514 0528 0514 0.005
24(62) 17.91 20.26 2346 2037 150 3451 39.21 45.08 3927 286 0508 0520 0528 0519 0.005
25(60) 21.03 2341 2549 2341 1.24 39.78 44.87 4849 4463 240 0513 0525 0534 0.525  0.005
26(55) 2540 28.23 30.69 28.01 1.46 4817 53.27 5740 5290 257 0520 0529 0538 0529  0.005
27(49) 27.76 31.13 33.96 3096 144 5193 5836 63.23 5801 272 0524 0535 0542 0534 0005
28(47) 3347 35.76 37.87 3597 1.07 6261 66.71 70.67 66.67 202 0526 0539 0551 0540  0.006
29(44) 3718 4040 43.59 4043 153 68.52 74.16 80.26 7402 260 0532 0548 0564 0546 0.007
30(43) 40.90 4416 47.21 4428 170 7531 80.36 86.11 80.27 279 0536 0553 0.565 0552 0.008
31(42) 45.15 48.38 5152 4833 185 82.21 87.35 9252 8709 300 0537 0555 0566 0555  0.006
32(41) 50.06 5371 56.79 5342 183 90.67 9555  102.55 9562 324 0547 0559 0570 0559 0.005
33(37) 54.33 59.72 62.85 5953 207 96.84 10550 11256 10570 399 0552 0563 0574 0563  0.005
34(35) 61.17 64.71 68.34 6467 196 10827 11450 11942 11423 333 0549 0566 0576 0566 0.006
35(32) 66.38 7149 75.62 7107 211 11617 12530 13337 12485 388 0557 0570 0580 0570  0.005
36(31) 74.18 79.38 82.95 7902 249 12998 13851 14351 13763 401 0560 0574 0583 0574 0.006
37(29) 8042 84.62 88.64 8469 240 13866 14640 15301 14653 433 0563 0579 0585 0578  0.005
38(27) 85.39 90.73 93.73 90.11 250 14547 15667 163.10 15528 440 0570 0.581 0.588 0.580  0.005
38(27) 91.03 94.84 98.21 9474 196 15614 16209 16853 161.82 344 0577 0585 0595 0585 0.003
40(26) 9638 10046 10328 10023 180 163.08 17074 17505 17021 326 0579 0590 0597 0589 0004

GA gestational age, SD standard deviation

Discussion

Various ultrasound investigations have focused on the
application of ultrasound measurements to predict the
fetal lung development. For example, Triebwasser et al.
[3] used lung area to prenatally diagnose PH and found
that the sensitivity, specificity, and both positive and neg-
ative predictive values were all more than 75%. Miric et al.
[6] stated that fetal volume was critical in early detecting
of PH. Moreover, Britto et al. [11] proposed that there
were a high correlation between the 2D and 3D ultra-
sound in the evaluation of fetal lung volume. In terms of
the fetal thorax, some studies mentioned the usefulness
of fetal thoracic area [12], thoracic circumference [2, 3]
and thoracic volume [6] in prenatal diagnosis, but few
systematic studies establish the fetal thoracic nomogram
and assess the application in diagnosing thoracic malfor-
mations. Ultrasound could diagnose CTM such as con-
genital pleural effusion, CHD and bronchopulmonary

sequestration before 16 gestational weeks, which is ben-
eficial for prenatal counseling and making early decisions
concerning deadly fetal malformations [5]. Suyama et al.
[12] measured thoracic area and used lung-to-thorax
transverse area ratio to confirm the lung size after thora-
coamniotic shunting, and concluded that the area ratio
was connected with the prognosis of fetal primary hydro-
thorax. Research indicated that the area ratio of liver
herniation and thorax was essential for the evaluation of
severe degree of liver herniation in CDH individuals [13].
In terms of thoracic volume measuring method, Miric
Tesanic et al. [6] demonstrated that both lung volumes
plusing heart volume was thoracic volume. However,
this is not completely accurate because they disregarded
other organs’ volumes in the mediastinum, like the thy-
mus. Moreover, they used the 3D multiplane reconstruc-
tion mode to measure the fetal lung and heart volume by
adding different slices together from the diaphragm to
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Table 3 The comparison of fetal thoracic measurements between abnormal groups and normal group
Group (n) GA (weeks) Thoracic Thoracic Thoracic Thoracicarea Lungvolume Thoracic Lung-to-
transverse anteroposterior circumference (cm?) (cm3) volume (cm®) thoracic
diameter diameter (cm) (cm) volume ratio
(em)
Normal group 2635+7.19 504+154 4.06£1.41 1891+6.21 2824+£1646 355542781 64.27£47.10 0526£0.041
(n=1077)
SD group 19894+374" 2564078 1924049 9774346 10144514 7344514 154641004 045440039
(n=15)
CDH group 25.06+4.07 4.8340.83 3.73£0.0.88 17324342 23.50+£8.1 2193413.19" 568242869 037040035
(n=31)
PS group 2542+£485 487£1.10 3.92+£1.02 18.60+4.22 254941119  240342987% 543142987 0411£0063
(n=25)
CCAM group 25.84+491 4.78+£1.08 3.82£1.00 18.03+4.14 244141067 23984+1604" 523142962 042740064
(n=36)

GA gestational age, SD skeletal dysplasia, CDH congenital diaphragmatic hernia, PS pulmonary sequestration, CCAM congenital cystic adenomatoid malformation

" P<0.0001 versus normal group
# P<0.05 versus normal group

Table 4 Intra-observer and inter-observer reliability and agreement

Parameter Intra-observer Inter-observer
1CC (95%Cl) Mean difference (95% LoA) ICC (95%Cl) Mean difference (95% LoA)
Thoracic transverse diameter 0.9981 0.0062 0.9899 0.0054
0.9967-0.9989 —0.2070-0.1946 0.9823-0.9942 —0.2845-0.2953
Thoracic anteroposterior diameter 0.9992 0.0048 0.9948 —0.0060
0.9986-0.9995 —0.1039-0.1135 0.9908-0.9970 —0.2613-0.2493
Thoracic circumference 0.9808 —0.0470 0.9203 0.1286
0.9665-0.9890 —0.2463-0.1523 0.8662-0.9531 —2.7965-3.0537
Thoracic area 0.9874 —0.0556 0.9798 0.0218
0.9781-0.9928 —0.4865-0.3753 0.9653-0.9883 —3.8034-3.8470
Lung volume 0.9388 —0.0428 09191 —0.5338
0.9631-0.9878 —0.9143-0.8287 0.9466-0.9823 —7.7247-6.6571
Thoracic volume 0.9590 0.0922 0.9411 — 04964

0.9807-0.9937

—0.9856-1.1700

0.9672-0.9892

—10.2373-9.2445

ICC intraclass correlation coefficient, C/ confidence interval, LoA limits of agreement

the clavicle. Compared with VOCAL technique, it is dif-
ficult to calculate the lower lung volume although there is
a similar volume result between multiplane and VOCAL
technique [7, 8]. In addition, 3D multiplane reconstruc-
tion method is a cumbersome and time-consuming pro-
cedure, especially for inexperienced physicians, which
limits its clinical application. VOCAL technique is the
most popular method for volume measuring because it is
convenient, time-efficient, cost-effective and its reliabil-
ity and agreement are both high [14-17]. Furthermore,
our study shows high reliability with all ICC>0.90 and
excellent agreement with narrow 95% LoA, respectively
[9, 10]. VOCAL technique can be used to measure regu-
lar organs such as bladder and irregular organs such as
lung and thymus. In addition, the organ contour in each
rotation section can be modified, which makes the vol-
ume more accurate. Finally, most previous studies used

the VOCAL technique with rotation angle of 30° [7, 14,
16, 18, 19], we chose the rotation angle of 15° to make the
volume more precise.

Consequently, we propose to use 2D ultrasound and
3D ultrasound VOCAL technique to measure fetal tho-
racic 2D parameters and 3D volumes and establish the
reference range for all fetal thoracic parameters. This
study results demonstrate that both the 2D and the 3D
thoracic parameters increase with the GA. Moreover,
the associations between the each thoracic indicator
and the GA are high and best illustrated by quadratic
equations. Thus, thoracic transverse and anteroposte-
rior diameter, thoracic circumference, thoracic area,
lung volume, thoracic volume and lung-to-thorax vol-
ume ratio can be treated as new biometric parameters,
which are practical to evaluate the development of fetal
thorax.
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We hypothesize that 2D thoracic parameters can be
used to preliminarily assess the basic condition of the
fetal thorax, while 3D thoracic parameters further evalu-
ate the fetal lung and thorax, which is beneficial for CTM
diagnosis. Our study results also verify that the thoracic
2D measurements in skeletal dysplasia (SD) group were
significantly lower than those in normal group, indicat-
ing that SD greatly influences the 2D parameters, and
can be diagnosed by 2D ultrasound. Furthermore, both
lung volume and thoracic volume were much smaller
than the volumes of normal group. This might be because
the SD fetus has a narrow skeletal thorax [20, 21] and
causes the significant diminish of thoracic volume, which
results in limited development of the fetal lung and
more significant volume reduction. Thus, the lung-to-
thorax volume ratio of the SD fetus is decreased mark-
edly compared with the normal group. However, the
2D fetal thoracic parameters in CDH, PS and CCAM
group are all within the reference range, showing that it
is not statistically significant to measure fetal thoracic
2D parameters to diagnose those deformities. On the
other hand, there is a statistical difference of lung vol-
ume and lung-to-thorax volume ratio between the case
groups and normal group. For CDH group, due to the
diaphragm defect, the abdominal contents herniate into
the fetal thorax [13, 22], which squeezes the lung tissue
and causes the restricted lung development, even results
in pulmonary dysplasia. Although the thoracic volume
of the CDH fetus did not have statistical difference from
the normal fetus, it showed a trend to a lower value.
The low case number might be one potential reason, as
such, we need to increase the CDH sample cases in the
future study to confirm whether the CHD fetal thoracic
volume is really lower than normal fetus. Because of the
lung volume decrease and non-obvious thoracic volume
change, the lung-to-thorax volume ratio is significantly
diminished. Likewise, the lung volumes of the PS fetus
and CCAM fetus are also reduced, the reason might be
that PS and CCAM are both congenital pulmonary mal-
formations, PS is non-functional sequestered lung tissue
which receives blood supply from the circulating arteries
[5, 23], meanwhile, CCAM is characterized by abnormal
bronchial airway hyperplasia and lack of normal alveoli
[5, 24]. Both conditions affect the normal progress of the
fetal lung and bring about lower lung volume. Conversely,
the abnormal lung mass of PS and CCAM does not affect
the development of fetal skeletal thorax and diaphragm,
so the difference of thoracic volume between the PS,
CCAM group and normal group is not significant. As a
result, the lung-to-thorax volume ratio of PS and CCAM
fetuses is significantly reduced.

Compared with previous studies [19, 25], our research
has a large sample size including 1077 normal fetuses
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from 13 gestational weeks to 40 gestational weeks, which
makes the reference data more representative and reli-
able. Moreover, it enriches the normal fetal biostatistics
and helps clinicians to evaluate and follow up fetal devel-
opment comprehensively. Secondly, our study, includ-
ing both 2D and 3D thoracic parameters, is the first
research project to systematically evaluate the develop-
ment of fetal thorax. This is meaningful and practical
to comprehensively distinguish the normal and patho-
logical fetal thoracic state [19]. In addition, we find that
the 2D fetal thoracic parameters can be used to initially
evaluate the fetal thoracic development and diagnose
skeletal thoracic deformity. In the meantime, the lung
volume, thoracic volume and lung-to-thorax volume
ratio that reconstructed by 3D VOCAL technique, are
useful to diagnose and differentiate CDH fetus, PS fetus
and CCAM fetus. Combination of 2D and 3D ultrasound
VOCAL technique can guide doctors to carry out early
and appropriate measurements of fetuses with thoracic
malformations.

Limitations of this study: firstly, the 3D ultrasound
VOCAL technique is susceptible to fetal position, amni-
otic fluid volume or obese pregnant women. Secondly, it
is difficult to clearly identify the inferior boundary of fetal
lung on some rotation planes, since it is easily affected by
the attenuation of the fetal ossific rib or spine, especially
in the third trimester of pregnancy. This might reduce the
accuracy of volume measurement.

Conclusion

We establish an integrated nomograms of fetal thoracic
transverse and anteroposterior diameter, thoracic cir-
cumference, thoracic area, lung volume, thoracic volume
and lung-to-thorax-volume ratio by 2D and 3D ultra-
sound. All thoracic measurements have high intra- and
inter-observer reliability and agreement and increase
with the GA, the correlation between each measurement
and GA is excellent. Meanwhile, we find that combining
2D ultrasound with 3D VOCAL technique has a high
value in diagnosing CTM.
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