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Micro-CT Imaging of Tracheal Development in Down Syndrome and

Non-Down Syndrome Fetuses
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computed tomography (micro-CT).

located in the middle third of the trachea.

Level of Evidence: Level 3

Objectives: Down syndrome (DS) is associated with airway abnormalities including a narrowed trachea. It is uncertain
whether this narrowed trachea in DS is a consequence of deviant fetal development or an acquired disorder following endotra-
cheal intubation after birth. This study aimed to compare the tracheal morphology in DS and non-DS fetuses using microfocus

Methods: Twenty fetal samples were obtained from the Dutch Fetal Biobank and divided into groups based on gesta-
tional age. Micro-CT images were processed to analyze tracheal length, volume, and cross-sectional area (CSA).

Results: Mean tracheal length and tracheal volume were similar in DS and non-DS fetuses for all gestational age groups.
Mean, minimum, and maximal tracheal CSA were statistically significantly increased in the single DS fetus in the group of 21-
24 weeks of gestation, but not in other gestational age groups. In 90% of all studied fetuses, the minimum tracheal CSA was

Conclusion: Tracheal development in DS fetuses was similar to non-DS fetuses between 13 and 21 weeks of gestation.
This suggests that the narrowed tracheal diameter in DS children may occur later in fetal development or results from postna-
tal intubation trauma. The narrowest part of the trachea is in majority of DS and non-DS fetuses the middle third.
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INTRODUCTION

Down syndrome (DS) is the most prevalent chromo-
somal disorder in humans. It is associated with multiple
disorders of the airway.! DS children are vulnerable to
airway obstruction at the level of the trachea from con-
genital and acquired disorders.>® A smaller airway
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diameter at the proximal part of the trachea is considered
to be a characteristic feature of DS.* It is not known
whether this narrowed trachea is a congenital anomaly
(i.e., already present at birth), whether it is related to del-
ayed growth of the trachea after birth, or whether it is an
acquired disorder attributed to endotracheal intuba-
tion.>® Intubation with a tube size adjusted to the
expected narrowed diameter is an important measure to
minimize the risk of subglottic and tracheal stenosis.

The etiology of tracheal disorders in DS children has
largely remained unknown.? Investigating embryonic and
fetal development of the trachea can provide valuable
insights into the origins of tracheal disorders. In the last
decade, microfocus computed tomography (micro-CT) has
significantly contributed to a better understanding of
embryonic and fetal human development.”® It has
emerged as a powerful technique that provides high-
resolution visualization of the anatomy from 6 to
24 weeks of gestation. Like other X-ray-based techniques,
micro-CT imaging requires density differences for tissue
differentiation. To study soft tissue, an addition of a con-
trast agent is required. Commonly, this is achieved using
iodine as a contrast agent and then referred to as diffus-
ible iodine-based contrast-enhanced computed tomogra-
phy (diceCT).® Micro-CT also enables three-dimensional
(83D) reconstruction of anatomical structures, which
allows morphometric analysis for research and educa-
tional purposes. Furthermore, micro-CT has clinical value
as it can contribute to perinatal fetal autopsy in a nonin-
vasive manner as it outperforms high-field MRI in
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Fig. 1. Micro-computed tomography images of the upper part of the trachea of sample number 83 (axial, sagittal, and coronal plane).

postmortem whole-body fetal imaging.'® It can therefore
be considered the imaging study of choice upon early
pregnancy loss investigation, albeit not standard practice
in most centers at this moment.**

The aim of our study was to compare the airway
morphology of the trachea in DS and non-DS fetuses with
micro-CT imaging. Identification of developmental differ-
ences emerging during early fetal development could
potentially offer insights into prenatal tracheal disorders
associated with DS and enhance our understanding of
fetal airway development in general.

MATERIALS AND METHODS

Fetal samples were obtained from the Dutch Fetal Biobank,
a nationwide program coordinated from Amsterdam UMC in
Amsterdam, the Netherlands.'? After elective pregnancy termi-
nation or immature birth, parents are asked to donate their fetus
for research purposes. By November 2023, the Biobank consists
of more than 350 human fetuses and is continuously expanding
(see www.3dhumandevelopment.com). For each DS fetus, at least
one non-DS fetus was selected that matched gestational age.
Fetal samples were divided in groups based on gestational age:
13-16 weeks, 16-18 weeks, 18-21 weeks, and 21-24 weeks. Ethi-
cal approval was acquired through the accredited Medical
Research  Ethics Committee of Amsterdam  UMC
(METC2016_285, #B2017369). All practices are in accordance
with the Dutch law and legislation.

Donated samples are submerged in 4% paraformaldehyde
(PFA) within 6 h of decease for 2-7 days for fixation, depending
on sample size. Samples were either fixed as a whole-body fetus
or tissue was dissected prior to fixation, depending on study
requirements and comorbidities of the fetus. When adequately
fixed, the samples are stored in 0.2% PFA until they are
requested and approved for research. To differentiate between
soft tissues, a contrast agent was added to improve contrast.
Here, a 3.75% buffered Lugol’s solution (B-Lugol) was utilized.'®
Lugol is an iodine-based contrast agent that provides good soft
tissue contrast for most types of tissue and is safe to use.!*

Samples were stained by submersion in this solution for 1-
2 weeks depending on sample size. After adequate soft tissue
contrast was reached, the samples were rinsed in phosphate-
buffered saline (PBS) to remove excess B-Lugol. Next, the sam-
ples were mounted in 1% agarose to prevent movement during
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scanning and to protect the samples during transport. Agarose
provides adequate sample fixation without compromising image
quality. Scans were performed on a Phoenix V|tome|x M300
(Waygate Technologies GmbH, Wunstorf, Germany) at
Wageningen University & Research (The Netherlands), or on a
Phoenix Nanotom M (Waygate Technologies GmbH) or UniTOM
XL (TESCAN GmbH, Dortmund, Germany) at Catholic Univer-
sity Leuven (Belgium). Due to varying sizes of the samples, a sin-
gle acquisition protocol would not suffice as this would
negatively impact the image quality of the smallest and largest
samples. Therefore, the protocol was optimized per sample by an
experienced micro-CT operator. Acquisition settings per sample
can be found in Supplement 1.

Micro-CT images were viewed and processed with Amira
software (version 2022.1; Thermo Fischer Scientific, Waltham,
MA, USA) (see Fig. 1). Image processing started with segmenta-
tion of the tracheal lumen from the inferior border of the cricoid
ring until the top of the carina. Subsequently, tracheal lumen
segmentation was processed into a 3D model for quantitative
morphometric analysis (see Fig. 2). Morphometric analysis of
segmentations was performed with 3D Slicer (version 5.2.2), an
open source software application for biomedical sciences (www.
slicer.org).’® The total volume of the segmented tracheal lumen
was calculated. Tracheal length was measured using a centerline
in the center point of the lumen to correct for the physiological
curved course of the trachea. This centerline also corrected for
potential bowing of the dissected DS samples caused during spec-
imen processing and mounting. The cross-sectional area (CSA) of
the tracheal lumen was measured over the entire tracheal length
in a plane perpendicular to the centerline. Subsequently, the
minimum CSA was measured, as this represents the narrowest
part of the airway lumen. Furthermore, the position of the
narrowest CSA in the trachea was measured from the inferior
border of the cricoid and specified as a percentage of the total
tracheal length (where 0% represents the cranial end, and 100%
the caudal end). The mean CSA and maximum CSA of the tra-
chea were also calculated. For centerline generation and cross-
sectional measurements, the Vascular Modeling Toolkit (VMTK)
extension (http://www.vmtk.org) for 3D Slicer was used.

Statistical analyses were performed with IBM SPSS soft-
ware (version 28.0; IBM Corp, Armonk, NY, USA). The Shapiro—
Wilk test was used to test the normality of the distribution of
continuous variables. All continuous variables were normally dis-
tributed and presented as mean + standard deviation. To com-
pare the DS and non-DS groups, the unpaired t-test was
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Fig. 2. Anterior view of a three-dimensional segmentation model of
the tracheal lumen of a Down syndrome fetus (sample number
217, gestational age 16 + 5 weeks). Tracheal volume was calcu-
lated from the complete segmentation model (13.4 mm?; yellow).
The centerline was measured for tracheal length (15.8 mm; red line).
Cross-sectional area (CSA) was measured perpendicular to the
centerline over the entire length of the centerline. Here, the mini-
mum CSA is displayed (0.1 mm? grey slice) and is located at
63.2% of the length of the tracheal lumen. [Color figure can be
viewed in the online issue, which is available at www.
laryngoscope.com.]

performed. A p value of <0.05 was considered statistically
significant.

RESULTS

The study population consisted of 6 DS fetuses and
14 non-DS fetuses (see Table I). Gestational age of DS
fetuses ranged from 13 + 3 to 21 + 2 weeks (94-149 days;
mean 119 + 19 days). All DS fetuses were donated after a
planned termination of pregnancy because of the prenatal
DS diagnosis made with ultrasound in combination with
noninvasive prenatal blood test and in some cases also
invasive prenatal testing. In DS fetuses, the larynx, tra-
chea, and lungs were dissected in continuity to optimize
micro-CT image acquisition. Gestational age of non-DS
fetuses ranged from 13 + 4 to 23 + 3 weeks (95-164 days;
mean 128 + 22 days). They were scanned as whole fetal
samples. In this control group, pregnancy was terminated
because of parental request on social reasons (n =9),
Klinefelter syndrome (n = 1), Marfan syndrome (n = 1),
and Alpers syndrome (n = 1). Furthermore, the control
group consisted of two fetuses that were donated after
immature birth. The groups of fetuses with a gestational
age of 13-16 weeks and 16-18 weeks each included two
DS fetuses and three non-DS fetuses. The groups of
fetuses with a gestational age of 18-21 weeks and 21—
24 weeks each consisted of one DS fetus and four non-DS
fetuses.

Results of morphometric analyses are presented in
Table II and Figure 3. Mean tracheal length and tracheal
volume were not significantly different in DS and non-DS
fetuses for all gestational age groups. Mean, minimum,
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and maximal tracheal CSA did not differ between DS and
non-DS fetuses in all groups, except in the group of 21—
24 weeks. In this group, the mean, minimum, and maxi-
mum CSA were all significantly higher in the DS fetus
compared with the four non-DS fetuses (4.7
vs. 3.3+ 0.1mm? [p=0.001], 35 vs. 2.5+ 0.3 mm?
[p = 0.035] and 6.4 vs. 4.3 + 0.3 mm? [p = 0.007], respec-
tively). Particularly, morphometric analysis of the tra-
cheal lumen of the fetus with Marfan syndrome was not
different from DS fetuses and other control fetuses of the
same gestational age.

The location of the minimum tracheal CSA did not
differ between the DS and non-DS fetuses for all gesta-
tional ages. In 90% of all studied fetuses, the minimum
tracheal CSA was located in the middle third of the tra-
chea. In one non-DS fetus, the location of the minimum
tracheal CSA was in the most proximal third of the tra-
chea (sample number 112, gestational age 16 + 2 weeks;
narrowest CSA located at 6.2%). In one DS fetus, the loca-
tion of the minimum tracheal CSA was in the most distal
third of the trachea (sample number 83, gestational age
15 + 2 weeks; narrowest CSA located at 76.4%).

DISCUSSION

Fetal development of the tracheal airway was inves-
tigated with micro-CT in DS and non-DS fetuses between
13 and 24 weeks of gestation. Morphometric analysis of
3D segmentation models showed that tracheal length and
tracheal volume were similar in DS and non-DS fetuses.
In fetuses of 21-24 weeks of gestation, tracheal CSA mea-
surements were significantly increased in the DS fetus in
comparison with the non-DS fetuses. Tracheal CSA mea-
surements did not differ in other age groups. This study
indicates that narrowing of the tracheal airway in DS
patients does not occur during early fetal development.

Morphometric results of tracheal length and tracheal
CSA reported in this study are in line with normative
data on fetal tracheal development.'®'® In a study on
fetuses aged 14-25 weeks of gestation, the tracheal vol-
ume was notably increased compared with our results,
whereas the tracheal length and tracheal CSA were gen-
erally equal to our results.'® We believe the authors of
this study have overestimated the tracheal volume, as
this was calculated by multiplying the proximal tracheal
CSA with the tracheal length. This calculation was based
on the assumption that the trachea is uniform in shape
throughout its length. In our study, we have demon-
strated that all fetuses have a narrowed part of the tra-
chea and that the shape of the tracheal lumen is not
consistently uniform throughout its length. In our study,
the location of the narrowest part of the trachea (mini-
mum tracheal CSA) was in the middle third of the tra-
chea in the majority of fetuses (90%). This observation
corresponds with a previous study that demonstrated
that the proximal end of the trachea is wider than the
distal end until 28 weeks of gestation.'® It is important to
acknowledge that the mature or “normal” trachea,
shaped through the processes of embryonic, fetal, and
postnatal development, can exhibit a wide range of mea-
surements.?®?! An autopsy study in adults showed that
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TABLE I.
Overview of Fetal Samples Used to Examine the Trachea.
Gestational Age Sample TOP/  Indication CRL Weight
(Weeks + Days) Number 1B for TOP Sex (cm) ((¢)] Clinical Aspects
Down syndrome fetuses
13+3 103 TOP Down syndrome M 8 35 Hydrops fetalis, hygroma colli
1542 83 TOP Down syndrome M 11 7 Hydrops fetalis, ventricular septal defect
16+ 4 187 TOP Down syndrome M 12.8 132 Hygroma colli
16+ 5 217 TOP Down syndrome F 13 132
18+ 6 138 TOP Down syndrome M 14.7 214
21 +2 70 TOP Down syndrome F 21 430 Tetralogy of Fallot, atrioventricular septal defect,
right sided aortic arch
Non-Down syndrome fetuses
13+ 4 157 TOP Klinefelter M 9.4 52
syndrome
13+4 196 1B M 8 39
14 +5 78 TOP Marfan F 11 53
syndrome
16+ 2 29 TOP Parental request - - -
16 +2 112 TOP Alpers F 11 85
syndrome
1740 27 TOP Parental request — 13.5 —
18 4+ 2 119 TOP Parental request F 15 201
19+0 37 TOP Parental request F 15.5 232
19 +1 56 TOP Parental request M 16 271
19 +6 176 B M 16 292
21 +1 24 TOP Parental request M 18 — Unilateral cleft lip, alveolus and palate
21+5 9 TOP Parental request — — — Dilated intestines
22+ 3 23 TOP Parental request F 19.5 —
23+3 12 TOP Parental request — — —

Em dash (—) represents missing data.

CRL = crown rump length; IB = immature birth; TOP = termination of pregnancy.

airway diameters at the level of the fourth tracheal ring
almost doubled between subjects, ranging from 14.0 to
24.6 mm in the coronal plane and 13.5 to 24.4 mm in the
midsagittal plane.?? Given the significant association
between the height of children and the diameter of the
proximal trachea, it is noteworthy that height serves as a
more reliable predictor of endotracheal tube size than
age.?

Our study demonstrates that the tracheal CSA in
DS fetuses is similar or larger than the tracheal CSA in
non-DS fetuses. This finding is contradictory to an earlier
study in DS children. Shott demonstrated that the airway
diameter of the subglottic larynx and proximal trachea
was decreased in DS children aged 18 months to 8 years
o0ld.* Subsequently, her advice was to intubate DS chil-
dren with an endotracheal tube two sizes smaller than
the size appropriate for age. Although this advice should
not necessarily be rejected, it is important to acknowledge
some limitations of Shott’s study. First, it is debatable
whether the recommendation to use a smaller tube size is
feasible for DS neonates and infants. The endotracheal
tubes for children of this age are already very small
(inner diameter ranging from 2.5 to 4.0 mm for prema-
ture to 18-month old children), leaving little room for
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down staging.>* Second, the assessment of MRI scans did
not specify whether the included DS children had previ-
ously undergone one or more endotracheal intubations.
This information is crucial to distinguish whether the
decreased airway diameter is a feature characteristic of
DS or a result of previous intubation. Although the
results of Shott’s study contradict our findings, it is
important to acknowledge that fetal research should be
compared with research in living children with careful
consideration. There is a gap in knowledge, as develop-
ment of the trachea in the period between 24 weeks of
gestation and birth has not been investigated in DS
fetuses. We hypothesize that the discrepancy could be
attributed to a delay in tracheal growth during later
stages of fetal development (>24 weeks) or in early life. If
the latter is the case, a narrowed trachea should not be
considered a congenital feature.

The most important strength of this study is that it
is the first report on development of the fetal trachea in
DS. This was achieved with the valuable collection of the
Dutch Fetal Biobank.!? Additionally, the integration of
micro-CT images and segmentation tools facilitated the
generation of high-resolution images and 3D models.
These tools allowed for accurate measurements of length,
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TABLE II.
Quantitative Morphometric Analysis of Three-Dimensional Segmentations of the Trachea in 20 Fetuses.
All Samples Down Syndrome Fetuses Control Fetuses p
Tracheal length (mm) 15,5+ 3.9 15.4 + 4.1 155+4 0.929
13-16 weeks GA 107 £ 2.2 11.6+28 104 £ 2.1 0.618
16-18 weeks GA 13.8+1.4 15.1 £1 129+ 0.8 0.059
18-21 weeks GA 17 £141 16.7 171 +£1.2 0.770
21-24 weeks GA 202 +1.7 22 19.8+1.6 0.312
Tracheal volume (mm?%) 30.5 +24.9 27.2+29.7 32 +23.7 0.704
13-16 weeks GA 84+5 11.3+7.2 6.5+ 3.3 0.371
16-18 weeks GA 16.1 £ 6.8 141 £1 174 £ 93 0.663
18-21 weeks GA 288 +7.2 25.9 29.6 + 8.1 0.710
21-24 weeks GA 68.7 + 11.5 86.3 64.3 + 6.8 0.063
Mean tracheal CSA (mm?) 1.8+1.2 1.7+15 19+ 141 0.797
13-16 weeks GA 08+04 1.1+05 0.6 £0.2 0.201
16-18 weeks GA 1.1+05 09 +0.8 1.3+ 0.7 0.444
18-21 weeks GA 1.7+ 04 1.6 1.7+ 04 0.861
21-24 weeks GA 3.6 £ 0.6 4.7 3.3+£0.1 0.001
Minimum tracheal CSA (mm?) 1.2 +1 11+1.2 1.2+0.9 0.795
13-16 weeks GA 0.5+0.3 0.8+04 0.4 +0.2 0.139
16-18 weeks GA 0.7 £ 0.6 0.3+0.3 09 £0.7 0.347
18-21 weeks GA 09+0.2 0.8 09 +0.2 0.743
21-24 weeks GA 2.7+05 3.5 25+03 0.035
Maximum tracheal CSA (mm?) 26+15 27+19 25+14 0.852
13-16 weeks GA 1.2+ 0.6 1.7+ 0.9 09 +0.2 0.219
16-18 weeks GA 1.8+ 0.6 1.8+ 04 1.8+0.8 0.946
18-21 weeks GA 25+0.6 2.7 25+0.7 0.794
21-24 weeks GA 48 +£1 6.4 43 +0.3 0.007
Location of minimum tracheal CSA (%) 514+ 13.3 54.1 +13.1 49.7 +13.7 0.518
13-16 weeks GA 574 +11.8 61.3+21.5 548 + 4.6 0.623
16-18 weeks GA 429+ 21.5 56.2+ 10 34 + 24.1 0.321
18-21 weeks GA 56.2 + 6.3 46.6 58.6 + 3.9 0.073
21-24 weeks GA 47.6 + 4.1 42.8 48.8 + 3.5 0.224

CSA = cross-sectional area; GA = gestational age.

volume, and area, minimizing the potential for observer
bias that is often present with older measurement tech-
niques.'” Our study also has some limitations. First, it is
important to recognize that the sample size is relatively
small. The single DS fetus aged 21 + 2 weeks of gestation
that showed a significantly increased CSA can be consid-
ered an outlier in terms of crown rump length (CRL) or
weight, but missing data in the non-DS group prevents us
from drawing this conclusion. Maternal factors like gesta-
tional diabetes could have influenced early fetal growth,
but this information is not registered in the Dutch Fetal
Biobank. As the Biobank consists of only one DS fetus of
21-24 weeks of gestation, we were unable to enlarge this
sample size and further investigate the statistically sig-
nificant result. This is explained by the early moment of
prenatal DS diagnosis and subsequent termination of
pregnancy, usually around 12-18 weeks of gestation. We
did not encounter any tracheal anomalies in either DS or
non-DS fetuses, which can be attributed to the rarity of
these anomalies.?® Second, the lower airways were
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dissected in the DS fetuses, whereas whole-body fetal
imaging was performed in the non-DS fetuses. Our expe-
rience with micro-CT scanning technique improved over
time (primarily by optimization of tissue staining and fix-
ation). By the time the control samples were scanned, we
had learned that tissue dissection was not necessary for
this study. Although DS and non-DS fetuses underwent
different tissue processing, we reason that this did not
influence study results as the robust construction of the
airway is not compromised by our staining and fixation
techniques. Third, it is important to recognize the hetero-
geneity of the non-DS group. The group contains fetuses
whose pregnancy was terminated because of parental
request, in addition to fetuses with specific syndromes.
Marfan syndrome has been associated with
tracheomegaly, but morphometric analysis of tracheal
lumen of this fetus was not different from DS fetuses and
other control fetuses of the same gestational age.2® Tra-
cheal anomalies have not been described as being part of
Alpers syndrome and Klinefelter syndrome.
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Fig. 3. Scatter plots of tracheal length (A), tracheal volume (B), tracheal cross-sectional area (C), and minimum tracheal cross-sectional area
(D) in relation to the gestational age for both the Down syndrome (DS) fetuses (red) and non-DS fetuses (blue). [Color figure can be viewed in

the online issue, which is available at www.laryngoscope.com.]

CONCLUSION

This study demonstrates that tracheal development
in DS fetuses is similar to non-DS fetuses between the
gestational age of 13 and 21 weeks. Although a narrowed
diameter of the tracheal lumen is considered a feature of
DS children, examination of fetal DS samples did not pro-
vide confirmation. We hypothesize that the narrowed tra-
cheal diameter in DS children cannot be explained by a
deviant development in early fetal period, but may occur
later in fetal development or result from intubation
trauma after birth. Future research should be performed
with a larger cohort and encompass the unexplored time-
frame spanning from 24-week gestational age to birth. It
is crucial to emphasize that the latter recommendation
may encounter hurdles in implementation and is difficult
to perform due to the sensitive nature of these cases.
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