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Abstract in German

Einleitung: Das Uberleben von Patient*innen mit angeborenen Bauchwanddefekten
(abdominal wall defects, AWD) hat sich in den letzten Jahrzehnten deutlich verbessert, aber
es fehlen umfassende Untersuchungen, die strukturiert die kardiopulmonale
Leistungsfahigkeit, motorische Fahigkeiten, Bauchwandfunktion sowie patient*innenberichtete

Ergebnisse gemeinsam erfassen.

Methoden: Patient*innen, welche zwischen 2002 und 2013 mit AWD geboren wurden,
wurden in die Studie eingeschlossen und mit einer alters-, geschlechts-, BMI- und
aktivitatsgematchten gesunden Kontrollgruppe verglichen. Die Untersuchungen inkludierten
Spirometrie, kardiopulmonalen Belastungstest, motorische Leistungsdiagnostik,
Oberflachenelektromyographie, Sonographie der Bauchwand, Stand- und Ganganalyse sowie

Erhebungen zur gastrointestinalen Lebensqualitat und kosmetischen Zufriedenheit.

Ergebnisse: 18 Patient*innen mit AWD sowie 18 Kontrollen wurden eingeschlossen.
Lungenfunktion, kardiopulmonale Leistungsfahigkeit sowie Stand- und Ganganalyse zeigten
keine signifikanten Unterschiede zwischen den Gruppen. Im Gegensatz dazu war die
motorische Leistungsfahigkeit (Dordel-Koch-Test) in der AWD-Gruppe signifikant reduziert
(AWD: Median 3,54/IQR 1 vs. Kontrolle Median: 2,8/IQR 1; p=005). Die
Oberflachenelektromyographie zeigte grofdteils eine vergleichbare Muskelaktivierung, obwohl
Unterschiede im Seitenvergleich bei zwei statischen Untersuchungen aufgefallen sind. Der
gastrointestinale Lebensqualitats-Score war in der AWD-Gruppe signifikant niedriger (AWD:
9137,2 + 6,8 vs. Kontrolle 141,4 £ 4,9; p=0,038). Die kosmetischen Ergebnisse wurden

insgesamt Uberwiegend positiv bewertet.

Diskussion und Schlussfolgerung: Patient*innen mit AWD zeigen eine erhaltene
kardiopulmonale Leistungsfahigkeit und Bauchwandmorphologie, weisen jedoch relevante
Einschrankungen der motorischen Leistungsfahigkeit sowie der gastrointestinalen
Lebensqualitdt auf. Diese Ergebnisse unterstreichen die Bedeutung einer strukturierten,
multidisziplindren Langzeitnachsorge, die Uber die rein anatomische Rekonstruktion hinaus
funktionelle Aspekte beriicksichtigt, um Einschrankungen friihzeitig zu erkennen und gezielte

Interventionen einzuleiten.
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Abstract in English

Introduction: Survival of patients with congenital abdominal wall defects (AWDs),
including gastroschisis and omphalocele, has improved substantially over recent decades.
While short-term outcomes are well documented, data on long-term functional performance
and quality of life remain limited and fragmented. In particular, comprehensive assessments
combining cardiopulmonary performance, motor abilities, abdominal wall function, and patient-

reported outcomes are lacking.

Methods: Patients with a history of gastroschisis or omphalocele diagnosed between
2002 and 2013 were evaluated and compared with age-, sex-, BMI-, and activity-matched
healthy controls. Assessments included spirometry, cardiopulmonary exercise testing,
standardized motor performance, surface electromyography, ultrasound of the abdominal wall,

stance and gait analysis, gastrointestinal quality of life, and cosmetic satisfaction.

Results: 18 AWD patients and 18 controls completed the full study protocol. Motor
performance as measured by the Dordel-Koch test was significantly lower in the AWD group,
especially in tasks involving coordination and trunk control (AWD median 3.54 [IQR 1] vs.
control median 2.8 [IQR 1]; p = 0.005). Anthropometry, pulmonary function, and
cardiopulmonary exercise performance as well as gait and stance analyses did not differ
significantly between patients and controls. Surface electromyography revealed comparable
muscle activation between groups, but side-to-side asymmetries were observed in AWD
patients. Gastrointestinal quality of life score was significantly lower in patients (AWD mean
137.2 £ 6.8 vs. control mean 141.4 + 4.9; p=0.038). Cosmetic outcomes were generally rated

favorably.

Discussion and Conclusion: Patients born with AWDs demonstrate preserved
cardiopulmonary capacity and abdominal wall morphology but exhibit significant impairments
in motor performance and gastrointestinal quality of life. These results highlight the importance
of a structured, multidisciplinary long-term follow-up to allow early detection of impairments to

identify limitations early and initiate targeted interventions.

12



1 Introduction

Congenital abdominal wall defects (AWD), such as gastroschisis (GS), omphalocele
(OC), ectopia of the heart, exstrophy of the bladder and cloaca, and Pentalogy of Cantrell are
rare congenital abnormalities affecting the ventral abdominal wall. While various forms exist,
GS and OC are the most frequent, with incidences of 4.5 per 10,000 and 0.6-4.8 per 10,000
live births, respectively (2, 3).

1.1 Gastroschisis

GS is a congenital anomaly of the ventral body wall, first described in 1733 by James
Calder (4). It is characterized by the presence of a hole in the abdominal wall, which allows
the intestinal loops, and sometimes parts of the colon and other organs to eviscerate (Figure
1). The intestine is directly exposed to amniotic fluid, with consecutive swelling and possible

damage to the seromuscular layer (5, 6).

GS primarily occurs to the right of the umbilical cord insertion, though it can
occasionally be found on the left side (7, 8). Unlike other ventral body wall abnormalities such
as OC, ectopia of the heart, exstrophy of the bladder and cloaca, and Pentalogy of Cantrell,

GS is not distinctively located in the midline.

Figure 1: Gastroschisis on day of birth shortly before surgical repair.
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1.1.1 Prevalence, Embryology and Etiology

Over the past decades, the prevalence of GS has been on the rise. Kirby et al. reported
that its occurrence nearly doubled in the United States between 1995 and 2005 (9). In Europe,
the prevalence has increased in the last decades and is currently estimated at approximately
3 per 10,000 live births, in contrast to reported declines in cases in Colombia and China (10-
12). To better understand true prevalence trends on a global level, standardized data collection
through registries, and close collaboration between healthcare professionals, such as within
ERNICA (European Reference Network for Rare Inherited Congenital Anomalies) are required
(13).

The exact etiology of GS remains unclear, but it is believed to have multifactorial
pathogenesis including genetic, environmental, and vascular factors affecting fetal
development. Various theories have been summarized by Chuaire Noack (11). Three principal
mechanisms are described: disturbances in embryonic folding or anatomical development,
ischemic events, such as those caused by occlusion of the right vitelline artery, and rupture of
the amniotic membrane during physiological umbilical herniation between the 6th and 10th
weeks of gestation (11). Each mechanism leads to weakening of the abdominal wall close to
the umbilical cord insertion, resulting in herniation of uncovered bowel into the amniotic cavity.
Although these mechanisms differ in their underlying pathophysiology, they share the concept
of alocalized developmental insult rather than a generalized failure of abdominal wall formation
(14).

Several epidemiological studies have identified factors associated with an increased
risk of GS. One of the strongest associations is maternal age, with teenage mothers showing
the highest prevalence (2, 15-17). It has been hypothesized that younger maternal age might
be linked to environmental exposures or specific genetic susceptibilities that influence
embryonic development (16). In addition, maternal smoking, alcohol consumption, and
recreational drug use, particularly vasoactive substances such as cocaine and amphetamines,

have been implicated in increasing risk of GS (16, 18, 19).

Environmental influences alone, however, are unlikely to fully explain the occurrence
of GS, and genetic contributions have therefore been explored. Familial clustering reported in
a small number of cases suggests a potential hereditary component (20). In a systematic
review by Salinas-Torres et al. described the importance of not focusing solely on
environmental factors, even though genetic causes are unlikely to be the sole explanation for
GS. Their study identified four single nucleotide polymorphisms in three genes. These genes
are all involved in blood pressure regulation. Based on these findings, they propose that

vascular pathogenesis could be the most plausible explanation for the development of GS
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(21). A study by Marquart et.al. concludes that the cause of GS remains unclear but is most
likely due to complex gene—environment interactions and further studies are needed to clarify

specific genetic mechanisms (22).

1.1.2 Classification and Associated Malformations

Most of the GS cases occur as isolated anomalies and are classified as isolated or
simple GS (23).

In 10-15% other malformations can be found and GS is classified as complex (23-26).
The most common associated anomalies involve the gastrointestinal tract. Intestinal atresia, a
condition where a segment of the intestine is absent or closed, occurs in approximately 10-
15% of cases. Other complications such as malrotation, stenosis, and perforation are also
frequently observed, potentially affecting postoperative outcomes and nutritional management
(25). Extraintestinal associated malformations are very scare in contrast to other AWD (24,
27).

Cardiovascular defects have also been identified in GS cases, with a prevalence of
around 2.5%. These range from minor septal defects to more severe congenital heart diseases
(24). In fact, the prevalence of minor septal defects seems to be the same in children without
GS. Therefore, Danish authors propose if this “associated” minor heart defects without any
symptoms might be detected in extended screenings in patients born with GS compared to
patients without GS (25).

The presence of associated malformations in infants with GS can significantly influence
clinical management and prognosis. Early identification through detailed prenatal imaging and
postnatal assessment is crucial for planning surgical interventions and ensuring appropriate
multidisciplinary care. Recognizing potential associated anomalies enables better parental

counseling and helps anticipate complications (24, 25).
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1.1.3 Prenatal Diagnosis and Management

GS is mostly diagnosed prenatally through routine ultrasound examinations. Advances
in prenatal imaging over recent decades have significantly improved early detection, and
management of this condition (12). The key sonographic feature is the presence of free-floating
bowel loops within the amniotic cavity, without a covering membrane. This characteristic
distinguishes GS from OC, where herniated organs are enclosed within a membranous sac.
Prenatal ultrasound demonstrates a high diagnostic accuracy for GS, with detection rates

reported to be approximately 97.7% in isolated cases (28).

More than just confirming diagnosis, prenatal ultrasound is essential for assessing the
condition of the herniated bowel. Sonographic findings such as bowel dilation, wall thickening,
and polyhydramnios can indicate complications such as bowel atresia, stenosis, or ischemia.
Identification of these features is clinically relevant, as complex GS is associated with

increased morbidity and mortality (29).

Although the optimal frequency of prenatal surveillance remains unclear, many centers
schedule their patients for serial ultrasound examinations to assess bowel appearance and
amniotic fluid volume over time. Regarding the mode of delivery, current evidence does not
indicate a clear benefit of elective cesarean section over vaginal delivery. As a result, the mode
of delivery should be based on standard obstetric indications, with planned delivery at a tertiary

care center equipped for neonatal surgical intervention (30-33).

The ERNICA Consensus Statement in Europe suggests vaginal birth between 37+0
and 39+0 weeks in children with uncomplicated GS. The panel recommends assessing fetuses
with GS by ultrasound based on a combination of parameters rather than reliance on individual
markers. Evaluations shoul include bowel wall thickness, gastric dilation, herniation of the
stomach and/or bladder through the abdominal wall defect, the presence of polyhydramnios,
fetal growth parameters, fetal movements, and the size of the abdominal wall defect. In
addition, both intra-abdominal bowel diameter and extra-abdominal bowel diameter should be

considered to improve overall risk stratification (12).

The prognosis for infants with GS has improved significantly in the last decades, with
survival rates now exceeding 90% in high-income countries. However, outcomes depend
largely on the presence, and severity of bowel injury or associated anomalies. Early and
accurate prenatal diagnosis allows for timely multidisciplinary planning, optimizing perinatal

management, and improving neonatal outcomes (28).
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Prenatal management includes neonatal, anesthesia, and pediatric surgery counseling

for the parents to optimally prepare them for the necessary steps after delivery.

1.1.4 Postnatal Management

Delivery should be planned in a tertiary care center after appropriate prenatal
counseling. After delivery, the resuscitation team should include pediatric surgeons when
immediate interventions to prevent bowel damage become necessary (34, 35). The existence
of protocols for a rare disease like GS has improved the management quality, morbidity and
mortality (36, 37).

The exposed bowel should be protected by placing the lower part of the neonate’s body
into a bowel bag (34, 38, 39). Fluid and temperature management is also crucial in these
patients due to the elevated fluid and temperature loss through the exposed bowel (38, 40).
Initial stabilization should include orogastric tube to decompress the stomach and prevent
excessive swallowing of air and thus bowel distension (38). After stabilization, the infant should
be brought in right lateral decubitus position to prevent twisting of the mesenteric vascular
pedicle (27).

1.1.5 Surgical Approach and Postoperative Complications

The primary objectives in the surgical management of GS include the safe reintegration
of the herniated abdominal contents, management of bowel complications—particularly in
complex cases—and definitive closure of the AWD, all while minimizing the risk of abdominal
compartment syndrome. Closure might be achieved early (within approximately 6 hours of
birth) using either sutured or sutureless techniques, or it might be delayed following gradual
reduction of the viscera using a prosthetic silo. However, the most effective and optimal
technique for defect closure in GS remains uncertain and represents an ongoing gap in clinical

knowledge (41).

Because the AWD in GS typically measures only 2—3 cm, initial reduction can be
technically challenging. As illustrated in Figure 2 (17.2), the defect is enlarged superiorly by
incising the fascia under direct protection of a finger placed beneath the abdominal wall to
avoid bowel injury. Superior extension is preferred, as inferior extension risks injury to the
bladder, which lies directly below the defect (42).
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After safe enlargement, the midgut can be reduced gradually into the peritoneal cavity
(Figure 2 (17.3)). Reduction is performed gently to minimize venous congestion and avoid
twisting or kinking of the mesenteric vessels, especially in cases where the bowel is edematous
or covered by a fibrinous peel. Once complete reduction is achieved, primary fascial closure
can be attempted (42).

If tension permits, primary closure is performed by suturing the rectus fascia with
absorbable or non-absorbable material depending on the degree of tension. Figure 2 (17.4)
illustrates placement of interrupted figure-of-eight sutures into well-defined fascial edges. A
thin ribbon retractor might be placed beneath the fascia to prevent accidental incorporation of

bowel during suture tying (42).

A key technical point is appropriate suture placement lateral to the umbilical ring to
prevent postoperative umbilical defects—one of the most common long-term sequelae after
GS repair (43).

Figure 2: Primary Reduction (17.2), fascial enlargement (17.3) and primary fascial closure
(17.4) Sources: P. Puri; M. Hollwarth, Pediatric Surgery, Edition 1, 2006, Springer Nature.
Reproduced with permission from Springer Nature.
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When primary closure is not feasible—due to bowel edema, a small abdominal cavity,
or intolerance to reduction—silo placement is the preferred technique. As shown in Figure 3
(17.5), a reinforced silastic sheet can be sutured circumferentially to the fascia using horizontal
mattress sutures of 3-0 silk, creating a temporary silo. The sheet is then wrapped around the

herniated viscera and secured using a continuous running suture (42).

W u 'jf.} o

Figure 3: Use of a Hand-Sewn or Preformed Silo (17.5 and 17.8) Sources: P. Puri; M.
Hollwarth, Pediatric Surgery, Edition 1, 2006, Springer Nature. Reproduced with
permission from Springer Nature.

The preformed spring-loaded silo (Figure 3 (17.8)) has become the most widely used
modern approach. It can be placed at the bedside without general anesthesia and has been
associated with increased rates of successful fascial closure, fewer ventilator days, more rapid
return of bowel function and lower complication rates such as intestinal venous congestion or
infection (44, 45). Daily gradual reduction is performed by compressing the silo contents and
advancing the silastic ring to progressively reduce the bowel until complete reduction allows

definitive fascial closure (42).

In the last years, discussion about sutureless closure of the abdominal wall bed side
either with general anesthesia or analgesia with sedation is widely discussed in cases of
uncomplicated GS (46, 47). Sutureless repair involves the initial manual reduction of the
herniated bowel into the abdominal cavity, after which the residual umbilical cord is positioned
over the defect and secured with an occlusive dressing to facilitate natural epithelialization and
closure (48). A retrospective study of the Midwest pediatric surgery consortium showed
reduced need for general anesthesia, fewer courses of antibiotics, a lower incidence of

superficial, deep surgical site infections, and shorter durations of mechanical ventilation (49).
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Importantly, these improvements occur without prolonging the time to initiation of enteral
feeding, achievement of full feeds, or overall length of hospitalization in appropriately selected
patients. Authors mentioned that longitudinal follow-up of these patients is needed to better

define long-term outcomes and potential complications (49).

The variety in the literature suggests that no single operative strategy is universally
superior. Outcomes depend primarily on patient selection and defect characteristics (50).
Primary closure is favored when reduction is easily tolerated, whereas staged silo reduction
offers greater safety in infants with viscero-abdominal disproportion, severe bowel edema, or
hemodynamic instability. Sutureless closure represents an additional option in selected cases

and might reduce anesthesia exposure and postoperative wound morbidity.

Common complications are prematurity, central line sepsis, necrotizing enterocolitis,
and wound infections. Because of the potentially long time until achieving full enteral feeding,
total parenteral nutrition (TPN) is often required which itself can lead to TPN-related

complications (51-53).

Infections, like postsurgical wound infections and central line sepsis, are the most
common complications in patients born with GS. These infections increase morbidity and costs
in these patients (54-56). Postsurgical infection rate is reported up to 32% in initial hospital

stay using the Clavien-Dindo-Classification (54, 57).

Delayed closure, mostly defined as closure later than 24 hours postnatally, seems to
be a risk factor for postsurgical infection. Several studies indicate that delayed closure is

associated with higher infections rates (55, 58-60).

1.1.6 Long-Term Sequelae of Gastroschisis

Advances in neonatal intensive care and pediatric surgery have markedly improved the
survival of infants born with GS. As mortality has decreased, the focus of research and clinical
care has shifted toward long-term outcomes, including growth, gastrointestinal function,

neurodevelopment, motor performance, and overall quality of life.

Growth and Physical Development

Infants with GS are typically born preterm as well as small for gestational age, and
many experience prolonged hospital stays due to feeding intolerance and the need for
parenteral nutrition. De Bie et al. reported that 81% of infants with GS had weights below the

10" percentile at discharge; however, most children demonstrated catch-up growth within the
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first three years of life. This recovery was most consistent among those with simple GS,

whereas children with complex GS often remained smaller throughout childhood (61, 62).

Persistent nutritional vulnerability, feeding difficulties, and short bowel syndrome are
predominantly seen in complex GS and are major determinants of long-term morbidity (63).

These patients often require extended follow-up by a multidisciplinary team.

Gastrointestinal Morbidity

Gastrointestinal problems represent the most common long-term sequelae. A study
shows that at a median follow-up of four years, 34% of children had gastroesophageal reflux,
33% reported chronic constipation, and 4% experienced fecal incontinence (61). Small bowel
obstruction and adhesive ileus have been reported in approximately 3% of patients overall,

with a higher incidence observed among those with complex GS.

A recent Swedish study from 2024 confirmed that children with complex GS have a
significantly higher risk of intestinal failure and adhesive bowel obstruction compared to those
with simple GS (64). Moreover, many long-term survivors report intermittent abdominal pain
or episodes of subileus decades after repair, emphasizing the need for life-long clinical
awareness of adhesive disease as adhesions and volvulus can occur years after the initial
repair (26, 63-65). Although relatively infrequent, small bowel obstruction remains one of the

leading causes of hospital readmission.

Neurodevelopment and Motor Function

Neurodevelopmental outcomes in GS patients have become a growing area of interest.
A systematic review found that data remain limited but suggest a slightly increased risk of
neurodevelopmental delay, attention-deficit symptoms, and mild motor coordination problems
in some cohorts (66). Early neonatal factors, such as prolonged hospitalization, sepsis, or
parenteral nutrition, might contribute. Preterm birth and low birth weight, both common in GS,
contribute independently to later neurodevelopmental and metabolic vulnerability (62, 66).

Gorra et al. observed that at two years of age, GS patients showed no major cognitive
impairment compared to other neonatal intensive care survivors, but long-term studies beyond
preschool age are scarce. Current evidence indicates that most children with simple GS
achieve normal cognitive development, although light motor and coordination deficits might

persist into adolescence (66, 67).
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Genitourinary Sequelae — Cryptorchidism

Cryptorchidism (undescended testes) is markedly more common in boys with GS than
in the general population (68). A 2022 systematic review and meta-analysis reported a pooled
prevalence of ~19% (95% CIl 13-26) among boys with GS and detailed the anatomical
presentations (non-palpable, prolapsed through the defect, and palpable testes). Early
conservative observation might allow spontaneous descent in a subset, while approximately
half of the patients ultimately require orchidopexy; outcomes after appropriately timed surgery
are generally good (69).

The literature suggests that rates might be higher in some cohorts (~30%) as
prematurity, larger AWD, and “complex” GS correlate with increased risk. These studies also
note that spontaneous descent can occur during infancy, supporting early surveillance
followed by timely orchidopexy if descent is not achieved by 12—18 months (68, 70, 71).

Testicular position should be routinely assessed during follow-up examinations and
patients and parents should be informed about the need for early surgical management if

spontaneous descent does not occur.

Quality of Life (QoL)

Some studies demonstrated good long-term health-related QoL, with most children and

adolescents perceiving themselves as healthy and active (72). These findings highlight that
psychosocial adjustment is usually satisfactory, provided early medical and psychological
support is available (73, 74).

In De Bie et al.’s cohort, children with simple GS had PedsQL™ scores that were
slightly higher than those of healthy controls (61). Nevertheless, children with complex GS or
those who underwent multiple operations reported lower physical health scores and some

cosmetic concerns related to abdominal wall scarring.

While majority of children with simple GS achieve normal growth, and development,
those with complex defects show increased risk for gastrointestinal, neurodevelopmental, and
genitourinary complications. Therefore, a structured, multidisciplinary long-term follow-up
program, including pediatric surgery, pediatric gastroenterology, nutrition, pediatric urology,
and developmental medicine, is essential to identify long term complications early and optimize

overall quality of life.
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1.2 Omphalocele

OC is a congenital defect of the anterior abdominal wall characterized by herniation of
abdominal viscera into the base of the umbilical cord, covered by a three-layered sac
consisting of amnion, Wharton’s jelly, and peritoneum (6, 75). The umbilical cord inserts at the
apex of the sac, distinguishing OC from GS, where the defect is paraumbilical and lacks a

protective membrane (Figure 4).

T e
Figure 4: Omphalocele at intensive care unit.

1.2.1 Prevalence, Embryology and Etiology

Contemporary population-based studies estimate the prevalence of OC to range
between 0.6 and 4.8 per 10,000 live births, with reported differences largely reflecting
variations in registry inclusion criteria and regional reporting practices (76-78). In contrast to
the rising incidence of GS, the prevalence of OC has remained stable or even slightly
decreased during the past decades. This trend might occur due to improvements in prenatal
diagnostic accuracy and the increased detection of severe cases during early gestation(77,
78).

The etiology of OC remains not fully understood. Literature consistently notes that there
is no consensus regarding the precise embryological mechanisms leading to OC, with multiple
theories proposed and ongoing debate among clinicians and embryologists (79, 80).
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Two main embryologic mechanisms have been proposed for the development of OC.
The first is failure of the midgut to return to the abdominal cavity after its physiological
herniation into the umbilical cord between the 6" and 10" week of gestation. During normal
development, the rapidly elongating midgut herniates into the umbilical cord from weeks 6-10
and by weeks 10-12, it returns to the abdominal cavity as the body wall closes in the midline
(81, 82). The second proposed theory is about abnormal body folding or fusion, in which
incomplete closure of the cephalic, caudal, or lateral folds prevents proper formation of the
ventral abdominal wall (81, 83). These mechanisms are discussed in recent reviews and are
supported by embryological studies, but definitive evidence for either remains lacking (79, 80,
82).

However, these classical embryologic explanations do not fully account for the wide
phenotypic variability observed in clinical practice. Increasing evidence suggests that genetic,
epigenetic, and environmental factors act in combination to disrupt ventral body wall
development (77, 78, 84). Chromosomal abnormalities, imprinting defects, and altered gene
expression during early folding have all been implicated (85, 86). Despite ongoing advances
in molecular genetics, the precise developmental mechanisms leading to OC remain
incompletely defined, reflecting the heterogeneous and multifactorial nature of this congenital

anomaly.

Maternal risk factors reported in epidemiologic analyses include advanced maternal
age, pre-existing diabetes, and obesity (77, 87, 88). Overall, OC arises from a multifactorial
interplay of developmental arrest, chromosomal or epigenetic defects, and maternal

influences.

1.2.2 Classification and Associated Malformations

OCs can be usually categorized according to size and content. A small OC generally
contains only intestinal loops, whereas a large or “giant” OC contains the liver and might
exceed 5 cm in diameter(63, 89-91). Another useful classification distinguishes between
isolated and non-isolated OCs. Isolated cases occur without additional malformations or
chromosomal anomalies and tend to have a more favorable prognosis. In contrast, non-
isolated OCs are associated with genetic or structural abnormalities and carry a higher risk of
perinatal mortality(75, 78, 92). Prenatal differentiation between these groups is crucial for

counseling and management.
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OC is frequently associated with additional congenital anomalies, reflecting its complex
developmental origin. Approximately 50—70% of cases present with one or more associated
malformations and in about half, these anomalies determine prognosis more than the OC itself
(75, 78, 93).

The most common accompanying abnormalities involve the cardiac, chromosomal, and
genitourinary systems. Congenital heart disease occurs in up to 50% of affected infants, most
commonly ventricular septal defect, atrial septal defect, tetralogy of Fallot, and left ventricular
outflow tract anomalies (83). Chromosomal abnormalities are present in roughly 30-50% of
cases, with trisomy 13, 18, and 21 being the most frequent (83, 93, 94). Other structural

malformations might include neural tube defects, limb anomalies, and cleft palate.

Syndromic associations are well documented. The two most prevalent are Beckwith—
Wiedemann syndrome and Pentalogy of Cantrell. Beckwith—-Wiedemann syndrome, resulting
from dysregulation of imprinted genes at chromosome 11p15.5, is characterized by OC,
macroglossia, visceromegaly, and hemi-hyperplasia (85, 86). Pentalogy of Cantrell comprises
a combination of midline defects: OC, lower sternal defect, anterior diaphragmatic defect,
pericardial defect, and intracardiac malformation(95). Other syndromic links include the OEIS
complex (omphalocele—exstrophy—imperforate anus—spinal defects), trisomy 18 (Edwards

syndrome), and trisomy 13 (Patau syndrome) (96-98).

The size and content of the OC strongly influence perinatal management and
prognosis. A study demonstrated that the OC—to—thoracic ratio obtained by prenatal imaging
correlates with postnatal respiratory outcome and survival (15). Isolated small OCs generally
have an excellent prognosis, whereas complex or syndromic OCs carry increased risk for

preterm delivery, respiratory distress, and neonatal mortality (2,6,13).

1.2.3 Prenatal Diagnosis

Persistence of herniated viscera beyond this developmental stage, particularly when
accompanied by a covering membrane and a central umbilical cord insertion, is considered
diagnostic for OC (76, 99, 100). First-trimester ultrasound already allows differentiation from
physiological midgut herniation, which resolves by the 12" week. Persistence of herniated
viscera beyond this point, especially when associated with a membrane and a central cord
insertion, confirms the diagnosis (99). In addition to standard ultrasound, advanced imaging
techniques such as fetal magnetic resonance imaging are increasingly applied in cases of
large or complex OC. These modalities allow more detailed assessment of sac contents, fetal

lung volume, extent of liver herniation, and the risk of pulmonary hypoplasia (101, 102).
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Information obtained from advanced prenatal imaging supports individualized counselling and

plays an important role in delivery planning, especially in fetuses with giant OC (103, 104).

Given the high prevalence of chromosomal and syndromic abnormalities,
comprehensive fetal evaluation, including a detailed anatomic survey and the offer of
diagnostic genetic testing should follow diagnosis of OC. Aneuploidies, most commonly
trisomy 13, 18, and 21, are frequent, and in addition the presence of increased nuchal
translucency or multiple associated anomalies further raises suspicion of underlying

chromosomal disease

Once the diagnosis of OC has been established, multidisciplinary counselling involving
neonatology, pediatric surgery, and clinical genetics is crucial. Serial growth
assessments are advised throughout pregnancy. Whenever possible, delivery should be
planned in a tertiary perinatal center with immediate access to neonatal intensive care and

pediatric surgical expertise (99, 100).

1.2.4 Postnatal Management

Postnatal management of infants with OC begins with immediate stabilization after
birth. The herniated viscera require protection using warm, sterile, moisture-retaining
dressings or transparent coverings to minimize evaporative heat and fluid loss, and careful
positioning is necessary to avoid external pressure on the defect (99). Routine nasogastric
decompression is routinely performed to minimize gastric distension and resulting respiratory
compromise. Infants with giant OC often present with respiratory insufficiency resulting from
pulmonary hypoplasia and limited abdominal domain, which may necessitate early ventilatory
support and cautious transfer to intensive care or the operating room, depending on clinical
stability (105).

Because OC is frequently associated with additional congenital anomalies, a
systematic postnatal workup is essential. This includes cardiac, abdominal, and cranial
ultrasound, as well as genetic assessment when syndromic features are present. Data from
large institutional cohorts highlight the high rate of associated cardiac and renal malformations,

which substantially influence surgical timing, perioperative risk and early morbidity (91).

Postoperative management focuses on careful monitoring for respiratory deterioration,
hemodynamic instability, and the development of abdominal compartment syndrome. Infants
with giant OC often require prolonged ventilation and delayed enteral feeding. Early
postoperative challenges include ileus, gastroesophageal reflux, feeding intolerance, and the

need for extended parenteral nutrition. Several studies have identified low birth weight, cardiac

26



anomalies, reduced fetal lung volume, and ruptured sacs as key predictors of postoperative

complications and prolonged hospitalization (91).

Respiratory management is a central component of early postoperative care. Limited
pulmonary reserve due to pulmonary hypoplasia frequently necessitates mechanical
ventilation in infants with giant OC. Studies correlating prenatal imaging findings with postnatal
outcomes have demonstrated that reduced fetal lung volumes are associated with longer

durations of ventilation and more complex postoperative recovery (105).

Ruptured OC represents a neonatal emergency requiring immediate intervention.
Management priorities include rapid resuscitation, thermoregulation, fluid replacement, and
the early administration of broad-spectrum antibiotics, followed by urgent surgical treatment.
Despite modern intensive care, ruptured sacs remain associated with higher morbidity and
mortality (106).

Overall, postnatal management of OC demands a tailored, physiology-driven,
multidisciplinary approach. Across the spectrum of disease severity, optimized respiratory
support, thorough diagnostic evaluation, and vigilant postoperative monitoring are essential

to improving neonatal outcomes.

1.2.5 Surgical Approach and Postoperative Complications

The surgical management of OC aims to achieve safe reduction of the herniated
viscera and tension-free closure of the abdominal wall while avoiding excessive intra-
abdominal pressure. Surgical strategy is primarily determined by defect size, viscero-
abdominal disproportion, associated anomalies, and the infant’s physiological stability. In small
and medium-sized defects, primary fascial closure shortly after birth is often feasible and is
associated with a low risk of abdominal compartment syndrome when reduction is performed
gently and without undue tension (99). In contrast, giant OC poses significant challenges due
to limited abdominal domain, reduced thoracic volume and varying degrees of pulmonary
hypoplasia. Early primary closure in such cases is rarely feasible and might result in
hemodynamic compromise, respiratory failure, or abdominal compartment syndrome (99,
107). If primary closure is not feasible due to viscero—abdominal disproportion, multiple staged
approaches have been described, including prosthetic silos, temporary synthetic patches such
as Gore-Tex and cutaneous flap techniques (108, 109). Elevated intra-abdominal pressure
following surgical reduction can impair diaphragmatic excursion, reinforcing the need for
individualized planning and staged repair when intolerance to primary closure is anticipated
(90).
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In small and moderate OCs without significant liver herniation, primary fascial closure
shortly after birth is usually feasible. After opening or excising the sac, the bowel and liver are
gently reduced, and the fascial defect is closed in the midline. The skin is then adapted with or

without an umbilicoplasty, as illustrated in Figure 5 (16.2, 16.3) (42).

Figure 5: Excising sac (16.2) and primary closure (16.3) Sources: P. Puri; M. Hollwarth, Pediatric Surgery, Edition 1, 2006,
Springer Nature. Reproduced with permission from Springer Nature.

When primary fascial closure is not possible but there is sufficient skin to cover the
viscera, staged skin-only closure is an option. In this approach, the sac is partially or
completely excised, wide subcutaneous undermining allows advancement of bilateral skin
flaps over the viscera and the fascia is either left open or bridged with a prosthetic patch as
Figure 6 (16.6) shows. The infant is left with a planned ventral hernia, which is repaired
electively later in childhood. For larger or ruptured OCs, prosthetic silo placement remains a
widely used staged surgical technique (110). A Silastic or Dacron silo is sutured
circumferentially to the fascial edges Figure 6 (16.7), allowing gradual daily reduction of the
herniated viscera before delayed fascial and skin closure once intra-abdominal pressure is
tolerated (42).

In selected infants, component-separation techniques and intra-abdominal tissue
expanders have been employed to enlarge abdominal domain and facilitate midline fascial
closure, although these approaches require multiple procedures and are generally reserved

for specialized centers.
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Figure 6: Closure with prosthetic patch (16.6) or Silo technique (16.7) Sources: P. Puri; M. Hollwarth, Pediatric
Surgery, Edition 1, 2006, Springer Nature. Reproduced with permission from Springer Nature.

Non-operative “paint-and-wait” management constitutes the main alternative to early
surgical reconstruction for giant OC. Here, the intact sac is treated with topical escharotic and
antimicrobial agents such as silver sulfadiazine or povidone—iodine, promoting gradual eschar
formation, granulation, and epithelialization; definitive repair of the resultant ventral hernia is
postponed until later infancy or childhood - Figure 7 (16.10). A systematic review comparing
staged surgical closure with primary non-operative delayed management found similar
mortality but shorter time to full enteral feeds in the conservative group, supporting “paint-and-
wait” as a valid first-line strategy for many giant OCs. Modifications of conservative care
include a serial taping technique in which the intact sac is progressively compressed with
adhesive dressings in the intensive care unit allowing gradual reduction and early fascial

closure within approximately two weeks in most infants.
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Figure 7: “Paint-and-wait” management of omphalocele.
Sources: P. Puri; M. Hollwarth, Pediatric Surgery, Edition 1,
2006, Springer Nature. Reproduced with permission from
Springer Nature.

Ruptured OC presents an acute surgical emergency. The absence of the protective
sac exposes viscera to contamination, heat and fluid loss, and mechanical trauma. Initial
management focuses on resuscitation, sepsis prevention, thermal support, and temporary

coverage of the defect (106).

Postoperative complications in OC repair vary by defect size, associated anomalies,
and surgical technique. In giant OC, respiratory insufficiency is common due to limited lung
volume, and increased intra-abdominal pressure after repair, often resulting in prolonged
ventilation and respiratory support (105). Feeding difficulties, failure to thrive, and the need for
long-term gastrostomy feeding occur particularly in infants with giant OC or complex

anomalies.
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Wound-related complications include infection, seroma, dehiscence, necrosis, and, in
mesh repairs, enterocutaneous fistula formation following OC repair (91). Hernia recurrence is
common when primary closure is attempted under tension or when synthetic mesh is used as
a bridging technique, with reported recurrence rates exceeding 50% in some series (111).
Compartment syndrome is rare but represents a serious complication and might lead to renal
failure, reduced splanchnic perfusion, bowel ischemia, or even loss of bowel, requiring

extensive resection (112).

Overall, postoperative outcome is strongly influenced by the presence of associated
cardiac, renal, or chromosomal anomalies, the degree of pulmonary hypoplasia and the need
for prolonged mechanical ventilation. Infants with isolated OC generally have favorable
outcomes, whereas those with complex giant OC or major anomalies experience significantly
higher morbidity, prolonged hospitalization, and increased need for multidisciplinary follow-up
(90, 105).

1.2.6 Long-Term Sequelae of Omphalocele

Respiratory Morbidity

Long-term respiratory morbidity is one of the most relevant sequelae in children with
OC, particularly giant OC. Pulmonary hypoplasia, caused by reduced thoracic volume and
viscero-abdominal disproportion, persists beyond the neonatal period and might manifest as
chronic respiratory insufficiency, recurrent lower-respiratory-tract infections, reactive airway
disease, and exercise intolerance (113). Prenatal studies using three-dimensional ultrasound
and fetal MRI consistently show that observed-to-expected lung volumes below 50% predict
prolonged ventilation, prolonged hospitalization, and increased risk of long-term oxygen
dependency (102, 113, 114).

Several series report chronic pulmonary hypertension, which can persist into infancy
and childhood. Pulmonary hypertension incidence varies widely, from 8% to over 50%,
depending on patient selection and severity of lung underdevelopment (113, 115). Late-onset
pulmonary hypertension has been described even after initial stabilization, sometimes
associated with sepsis or chronic lung disease and can necessitate long-term pharmacologic
therapy or respiratory support (115). Children with giant OC might remain at risk for recurrent
respiratory symptoms, wheezing, sleep-disordered breathing, and need for tracheostomy
(116). These findings highlight the need for long-term pulmonology follow-up in this cohort,

particularly for infants demonstrating severe neonatal respiratory insufficiency.
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Growth and Nutritional Problems

Growth delay and persistent nutritional challenges are frequently observed in children

with OC, particularly in those affected by giant defects. Feeding-related problems, including
oral aversion and prolonged reliance on enteral or parenteral nutritional support, may extend
well beyond infancy and persist into later childhood (63). Previous studies have reported that
up to two-thirds of infants with giant OC require long-term enteral feeding assistance, most
commonly via nasogastric or gastrostomy tubes, whereas gastrostomy placement is rarely
necessary in cases of small OC (63). Feeding dysfunction might be linked to prolonged
mechanical ventilation, oral-motor delays, neurologic impairment, and altered gastrointestinal
motility. Feeding dysfunction in this population is thought to be multifactorial and has been
associated with prolonged mechanical ventilation, delays in oral-motor development,
neurological impairment, and alterations in gastrointestinal motility. Consequently, impaired
growth or “failure to thrive” has been described in a considerable proportion of affected
children, many of whom require ongoing nutritional monitoring and support throughout
childhood (115).

Gastrointestinal Complications

Patients with OC are confronted with a broad spectrum of gastrointestinal long-term
complications, including gastroesophageal reflux disease (GERD), chronic constipation,
recurrent abdominal pain, adhesive bowel obstruction, and intestinal malrotation. The
prevalence of GERD among OC survivors exceeds that observed in the general pediatric
population, frequently necessitating prolonged medical treatment (63). In severe cases,
surgical management is often necessary, especially in infants with associated anomalies or
prolonged respiratory morbidity. Severe feeding symptoms, such as vomiting, poor weight

gain, or esophagitis, necessitate further evaluation (105).

Late adhesive small bowel obstruction can occur years after neonatal surgery. Long-
term series demonstrate a notable incidence of adhesional morbidity, requiring surgical
intervention in some patients (92). Malrotation is common and persist even after abdominal
wall repair, with a risk of volvulus described in multi-institutional analyses, warranting long-

term vigilance for obstructive symptoms (117, 118).

Neurodevelopmental Outcomes

Neurodevelopmental impairment represents an important long-term concern in children
with OC, particularly among those affected by giant defects. Several studies employing
standardized developmental assessment instruments, including the Bayley Scales, have
reported that a substantial proportion of survivors with giant OC exhibit delays across cognitive,

motor, and language domains during infancy and early childhood (119). These developmental
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delays have been shown to correlate closely with indicators of disease severity, such as
pulmonary hypoplasia, pulmonary hypertension, prolonged mechanical ventilation, neonatal

sepsis, and the need for tracheostomy(119).

In contrast, children born with small OC generally demonstrate favorable
neurodevelopmental outcomes. Large longitudinal cohort studies have reported school
attendance and academic performance in this group that are comparable to those observed in

the general pediatric population(120).

Cosmetic and Abdominal Wall Sequelae

Cosmetic outcome is an important aspect of long-term follow-up in children with OC,
particularly in those presenting with extensive scarring or residual ventral hernias. A study
published in 2024 using the Patient and Observer Scar Assessment Scale (POSAS)
demonstrated significantly increased scar stiffness, thickness, and irregularity in patients with
giant OC when compared with those with smaller defects. While cosmetic results in minor
defects are generally favorable, individuals with giant OC more frequently require secondary
surgical revision or consultation with plastic surgery specialists (121). Dissatisfaction with
aesthetic appearance may adversely affect self-esteem and psychosocial well-being,
especially during adolescence. In addition, residual ventral hernias can necessitate delayed
abdominal wall reconstruction, and persistent abdominal wall weakness may contribute to

reduced core strength or postural impairment (111, 122).

Children born with OC, particularly those affected by giant defects, are at risk for a wide
range of long-term morbidities. Despite substantial improvements in survival, a proportion of
patients continue to experience chronic health-related challenges. Importantly, many of these
complications evolve gradually and may not become evident during infancy, highlighting the
dynamic and lifelong nature of the condition. Coordinated care involving pediatric surgery,
pulmonology, cardiology, gastroenterology, nutrition, developmental pediatrics, psychology,
and physiotherapy facilitate early identification of emerging complications and timely
intervention. Such integrated longitudinal care has the potential to improve functional
outcomes and quality of life while providing sustained support to affected children and their

families.
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1.3 Quality of Life and Long-Term Outcome of Patients with AWD -
Background, and Rationale for the Present Study

AWDs, particularly GS and omphalocele OC, have been extensively investigated with
respect to prenatal diagnosis, neonatal management, and short-term surgical outcomes. By
comparison, data addressing long-term functional outcomes and health-related quality of life
(QoL) remain relatively scare. Existing studies have described long-term complications,
including the need for repeat surgical interventions due to fascial defects or umbilical and
incisional hernias (43, 65). In addition, gastrointestinal symptoms such as stool irregularities,
recurrent abdominal pain, and repeated hospital admissions related to ileus or subileus have
been reported (65). Cosmetic dissatisfaction has also been documented, with approximately
half of affected individuals reporting unfavorable aesthetic outcomes in some cohorts (73, 74,
123). Other studies, however, have revealed that children born with an AWD have the same

QoL compared with the healthy population (74).

These heterogeneous findings show important gaps in the current understanding of
long-term functioning following AWD repair and highlight the lack of standardized outcome
measures across published studies. Many reports rely primarily on parent-reported outcomes,
focus on isolated organ systems, include small and heterogeneous cohorts, or lack

appropriately matched control groups.

Beyond Qol, substantial uncertainty persists regarding long-term physical
performance, particularly cardiopulmonary capacity and core muscle function. Research in
children with other congenital anomalies, such as esophageal atresia or anorectal
malformations, has demonstrated reduced cardiopulmonary exercise capacity and impaired
motor performance when compared with healthy controls (124, 125). These findings raise the
possibility that similar functional limitations may also be present in individuals with AWDs. To
date, however, only a single study has assessed cardiopulmonary performance in patients with
large AWDs. That investigation, which included 18 children, reported overall preserved
cardiorespiratory function despite the severity of the underlying defects (126). Importantly, no
previous study has systematically evaluated abdominal wall muscle morphology, muscle
activation patterns, gait and stance characteristics, or objectively measured motor
performance in patients with AWDs. This represents a relevant knowledge gap, given the
potential long-term impact of early abdominal wall reconstruction on trunk stability and
biomechanics. Moreover, although cosmetic outcomes have been addressed in selected
studies, parameters such as core strength, motor coordination, and functional trunk stability,
dependent on the integrity of the rectus abdominis, oblique, and transversus abdominis

muscles, have not been examined in a structured and comprehensive manner.
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To address these gaps, we conducted a single-center observational case—control study

with a uniquely broad methodological approach. We assesed:

e cardiopulmonary performance using standardized protocols (127)

« static lung function (spirometry)

e detailed gait and stance analysis

e electromyographic activity of the abdominal wall

e ultrasound-based abdominal muscle morphology

» validated assessment of motor abilities by Dordel-Koch-Test (DKT) (128)

e gastrointestinal quality of life using the gastrointestinal quality of life index (GIQLI) (129)

» cosmetic satisfaction using POSAS

No prior study has combined objective biomechanical, cardiopulmonary,
morphological, and QoL assessments within the same cohort in AWD patients before. By
comparing our patients to an age-, sex-, BMI-, and activity-matched healthy control group, we
sought to generate high-quality evidence to clarify whether AWD survivors experience

measurable long-term impairments that are not captured in routine clinical follow-up.

Hypothesis

Null hypothesis (H0): Patients born with congenital AWDs do not exhibit impairments

in motor abilities compared with matched healthy controls.

Alternative hypothesis (H1): Patients born with congenital AWDs demonstrate

reduced motor performance compared with matched healthy controls.

In addition, cardiopulmonary exercise capacity, abdominal wall muscle function, gait
and stance parameters, gastrointestinal quality of life, and cosmetic satisfaction were
systematically assessed to provide a comprehensive long-term functional characterization of
this patient population and to identify potential domains requiring targeted follow-up or

intervention.
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2 Patients and Methods

2.1 Study Design and Setting

This single-center observational case—control study was carried out at the Department
of Paediatric and Adolescent Surgery, Medical University of Graz. The aim was to evaluate
long-term motor performance, cardiopulmonary capacity, abdominal wall function, and health-
related quality of life in children and adolescents with a history of GS and OC compared with

healthy peers.

All clinical investigations and functional tests were performed in the outpatient setting
of our pediatric surgical and sports medicine units. To minimize day-to-day variability, each

participant completed the entire examination program within one study visit.

The study was conducted in accordance with the Declaration of Helsinki and national
regulations in minors. The institutional review board of the Medical University of Graz approved
the protocol (EK 32-231 ex 19/20). Written informed consent was obtained from all participants
aged =8 years and from parents or legal guardians of all minors, with age-appropriate assent

from younger children.
2.2 Study Population

The institutional database was screened for all patients with a diagnosis of GS or OC
who were born between January 2002 and December 2013 and treated primarily at our
department. All individuals meeting these criteria and available for follow-up at the time of

investigation formed the initial study population (n=55).

Clinical records were reviewed to confirm the diagnosis, type of AWD, associated
anomalies, surgical management, and postoperative course. Perinatal data (gestational age,
birth weight, APGAR scores, and details of neonatal management (type and timing of defect
closure, need for silo placement or prosthetic patch, duration of mechanical ventilation, length
of neonatal intensive care stay) were abstracted from the medical records using a standardized
case report form. For each participant, we documented the total number of subsequent
abdominal operations, indication (e.g. adhesive small-bowel obstruction, incisional or umbilical
hernia, stoma closure), and age at the last surgery. Complications during the first year of life

and late complications (beyond 1 year) were recorded separately.

GS cases were categorized as simple or complex according to widely used criteria.

Complex GS was defined by the presence of associated malformation such as intestinal
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atresia, perforation, necrosis or volvulus requiring bowel resection or stoma formation (23, 26,
130). For OC, we differentiated giant from non-giant defects. In line with recent pediatric

surgical literature, a giant OC was defined as an AWD 25 cm in diameter (63, 91).

2.2.1 Inclusion and Exclusion Criteria

Patients with major chromosomal aberrations or syndromic diagnoses were not
excluded a priori, as these conditions are part of the OC spectrum. At the time of evaluation,
children and adolescents were eligible if they had been born with GS or OC and undergone

initial repair at our institution and:

e were between 6 and 18 years of age
e were able to understand study instructions and to perform exercise testing
e agreed (together with their legal guardians) to participate and provided written

informed consent.

Exclusion criteria were:

e hemodynamically relevant congenital or acquired heart disease (e.g.
uncorrected complex cardiac malformations, significant valve disease)

e neurological or psychiatric disorders interfering with motor testing or
cooperation

e acute respiratory infection within 2 weeks prior to assessment

Application of these criteria resulted in 18 participating AWD patients (12 with GS, 6
with OC).

2.2.2 Control Group

For each patient, a healthy control subject matched for sex, age (1 year), body mass
index (BMI; £2 kg/m?), and habitual physical activity level was recruited. Potential controls were
from social circles of hospital staff. None had a history of congenital malformation, chronic
pulmonary or cardiac disease, abdominal surgery or neuromuscular disorder. Matching for
habitual activity was based on a short questionnaire asking about the frequency of organized

sports or vigorous play (categories: “daily”, “several times per week”, “once per week” or “less

than once per week”).
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2.3 Study Protocol

All examinations were scheduled in the morning or early afternoon. Participants were
advised to refrain from strenuous exercise on the day before the visit and to consume only a
light meal at least 2 hours before cardiopulmonary exercise testing. Medication was not

routinely withheld, and any regular drugs (e.g. inhaled bronchodilators) were documented.

After arrival, a brief medical history was taken, focusing on respiratory symptoms,
exercise tolerance, gastrointestinal complaints, and musculoskeletal problems. Participants

were instructed to classify their physical activity into one of four categories: “daily,” “several

times per week,” “once per week,” or “once per month. This was followed by the measurement

sequence described below.
2.3.1 Anthropometry, Body Composition and Laboratory Parameters

Body height and weight were measured with participants barefoot and wearing light
clothing, using a wall-mounted stadiometer and a calibrated digital scale. BMI was calculated

as weight divided by height squared (kg/m?).

Segmental multi-frequency biocimpedance spectroscopy (Combyn™ ECG device,
Academic Technologies at the Institute of Cardiovascular Medicine, Graz, Austria) was used
to estimate total body water, extracellular fluid, fat mass and appendicular skeletal muscle
mass according to the manufacturer’s algorithms and published validation data (131). The

measurements were obtained in the supine position after at least 5 minutes of rest (Figure 8).

A 12-lead resting electrocardiogram (ECG) and non-invasive brachial blood pressure

were recorded to exclude relevant arrhythmias or arterial hypertension prior to exercise testing.

If patients agreed, a blood sample was taken to a standard serum vial for determination

of liver enzymes.
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Figure 8: Recording ECG and body composition.

2.3.2 Pulmonary Function Testing

Lung function was assessed with a pediatric spirometer (Oxycon Pro®, Carl Reiner
GmbH, Vienna, Austria). After instruction and demonstration, children performed at least three
technically acceptable forced expiratory maneuvers in the sitting position, following

international recommendations for spirometry in children.

The highest values of forced vital capacity (VC_max) and forced expiratory volume in
the first second (FEV) were used for analysis. The Tiffeneau index (FEV,/VC_max, %) was
calculated. Predicted values were derived from age-, height-, and sex-specific reference
equations. A pattern with reduced VC_max and normal or increased FEV,/VC_max was
classified as restrictive, whereas a reduced FEV,/VC_max with or without reduced FEV;

indicated an obstructive pattern (132).
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2.3.3 Cardiopulmonary Exercise Performance Testing (CPET)

CPET was performed on an electronically braked cycle ergometer suitable for children
(Excalibur Sport®, Lode, Groningen, Netherlands). Participants sat upright with appropriate
saddle and handlebar adjustment. Breath-by-breath gas exchange and ventilatory parameters

were recorded during the exercise (Figure 9).

After a resting phase of 3 minutes sitting quietly on the ergometer, subjects started
pedaling at 60 revolutions per minute (rpm) with an initial workload of 20 Watt (W) (younger
children) or 25 W (older children and adolescents). Resistance was then increased in a
stepwise ramp protocol every minute, using increments adapted to age, sex, and anticipated
fitness in accordance with previously validated pediatric protocols (127). The test was
terminated when the child reached volitional exhaustion, was unable to maintain the target
cadence (>60 rpm) despite encouragement, or when clinical symptoms (e.g. chest pain,

severe dyspnea, dizziness) occurred.
The following variables were derived:

e peak oxygen uptake (peak VO,, ml/kg/min), defined as the highest 30-s
average of VO,

¢ oxygen pulse (O,/Heartrate (HR))

e respiratory exchange ratio (RER=VCO,- /VO,)

e ventilatory equivalent for oxygen (EQO,=minute ventilation (VE)/oxygen uptake
(VO2))

o ventilatory reserve index (breathing reserve (BR)/FEV1%)

A cool-down phase of 3 minutes at the starting workload followed each test. Heart rate
was monitored continuously by 12-lead ECG; peripheral oxygen saturation was recorded with
a finger pulse oximeter. Capillary blood samples (20 ul) from the heparinized earlobe were
taken before exercise, at the end of each workload step, immediately after exhaustion and at
the end of the cool-down period to measure lactate concentration using an enzymatic

amperometric method (Biosen C_line®, EKF Diagnostics, Cardiff, UK).

Relative performance capacity was expressed as the percentage of age- and sex-
specific reference values for maximal workload on cycle ergometry (133). A peak RER >1.10

was considered indicative of a maximal effort (134).
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Figure 9: Patient performing CPET.

2.3.4 Motor Performance: Dordel-Koch-Test

Global motor performance and basic motor skills were assessed using the Dordel-

Koch-Test, a standardized test battery developed for school-aged children (128).

The DKT comprises the following subtests (Figure 10):

e Lateral jumping (coordination and speed)

e Sit-and-reach test (flexibility of the posterior chain)
o Sit-ups in 40s (trunk flexor endurance)

e Standing long jump (explosive leg power)

e One-legged stand with eyes open (static balance)
e Push-ups in 40s (upper body strength)

e Endurance run

41



In our study, the endurance component was replaced by the CPET results, because
cycle ergometry provided a more detailed and objectively measured assessment of endurance
capacity. For each item, age- and sex-adjusted grades from 1 (excellent) to 6 (poor) were
assigned according to published normative data and an overall DKT score was calculated as

the arithmetic mean of all items. Lower scores indicate better motor performance (128).

Figure 10: Dordel-Koch-Test - (a) One-legged stand (b) lateral jumping in 40s (c) standing long
jump (d) Sit-and-reach test (e) Sit ups in 40s.
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2.3.5 Surface Electromyography of the Abdominal Wall

To evaluate abdominal wall muscle activation, wireless surface EMG (Ultium® system,
Velamed GmbH, Cologne, Germany) was used (135, 136). Eight self-adhesive bipolar
electrodes were positioned bilaterally over the rectus abdominis, the external and internal
oblique muscles, and the transversus abdominis (Figure 11). After skin preparation, electrode

placement was checked visually, and by test contractions.

- Rectus up left (RUL)
Rectus up right (RUR)

Obliquus internus right (OIR) Obliquus internus left (OIL)

Rectus low right (RLR) Rectus low left (RLL)

Obliquus externus right (OER)

Obliquus externus left (OEL)

Figure 11: Placement of self-adhesive bipolar electrodes for surface
EMG(1). Licensed under CC BY 4.0.
http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

Participants performed a series of standardized tasks engaging the core musculature,
including relaxed supine breathing, active trunk flexion, straight-leg raise, plank, and side plank
(Figure 12). For each muscle and task, EMG signals were sampled, band-pass filtered, and
rectified. To allow comparisons between subjects, amplitudes were normalized to the maximal
voluntary isometric contraction (MVC) recorded during dedicated maneuvers for each muscle
group and expressed as percentage of MVC. This normalization approach follows
recommendations for trunk EMG studies (137).
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PEESSNS——— - — ] d
Figure 12: Standardized test series for EMG —(a) relaxed supine breathing (b) plank (c) straight-
leg raise and hold (d) active trunk flexion (e¢) MVC Rectus abdominis (f) MVC oblique muscles
(1) Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. No changes were
made.

2.3.6 Stance and Gait Analysis

For stance and gait analysis, a pressure-sensitive walkway (Zebris FDM system,
Velamed GmbH, Cologne, Germany) was used. During ordinary relaxed standing and
Matthias’ Arm-Raising Test, the trajectory of the center of pressure (COP) was recorded for 30
s, yielding COP path length, sway area, and mean sway velocity as indicators of postural
stability. During walking at a self-selected speed for 3 min, spatiotemporal gait parameters
(cadence, step length, stride time, stance phase, single-support time) were obtained (Figure
13).
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Figure 13: Stance analyses: (a) Ordinary relaxed stand (b) Matthias' Arm-Raising Test (c) Gait analyses:
walking over the plate for 3 minutes (1) Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/.
No changes were made.

2.3.7 Ultrasound of the Abdominal Wall

High-resolution B-mode ultrasound (Vivid S5, GE Healthcare, 12L-RS linear probe,
Dusseldorf, Germany) was used to measure the thickness of the rectus abdominis, external
and internal oblique, and transversus abdominis muscles. A standardized measurement grid
was established based on the distance between xiphoid and symphysis. This distance was
halved (mark C) and then divided into proximal and distal thirds (marks B1 and B2).
Additionally, crossings of the medio-clavicular and anterior axillary lines with transverse lines

at B1, B2 an C (I-VI) were marked on the skin, as illustrated in Figure 14.

With the patient in the supine position and relaxed, three repeated measurements were
taken at each site (I-VI) on both sides of the abdomen. For the rectus abdominis, thickness
was determined at its maximal width in the sagittal plane at B1, B2, and C. For the lateral

abdominal muscles, thickness of the external oblique, internal oblique, and transversus

45



abdominis was measured in the sagittal plane at each of the six transverse levels (I-VI). All

examinations were performed by the same investigator to minimize inter-observer variability.

Vi

Figure 14: Standardized protocol for ultrasound of the abdominal wall.(1). Licensed under
CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

2.3.8 Quality of Life and Cosmetic Satisfaction

Gastrointestinal health-related quality of life was quantified using the GIQLI. The
questionnaire contains 36 items covering five domains (core gastrointestinal symptoms,
physical, psychological, social, and disease-specific aspects). Each item is scored on a 5-point
scale (0—4), resulting in a total score between 0 and 148, with higher scores indicating better
quality of life (129). The German version was administered and when necessary, read aloud

to younger children (129).

Stool consistency over the preceding 4 weeks was rated by the child or adolescent
using the Bristol Stool Form Scale, which classifies stool form into seven categories ranging

from hard pellets (type 1) to watery diarrhea (type 7) (138). Stool frequency, episodes of
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abdominal pain, symptoms suggestive of bowel obstruction, and presence of gastro-
esophageal reflux were assessed using a structured questionnaire. Frequency of back pain

was also recorded (never, monthly, weekly, daily).

Cosmetic outcome of the abdominal scar was evaluated using POSAS (139, 140). Both
the participant (Patient Scar Assessment Scale, PSAS) and the examiner (Observer Scar
Assessment Scale, OSAS) rated scar characteristics (pain, itching, color, stiffness, thickness,
irregularity, and surface area) on 10-point scales; the sum score ranges from 6 (best) to 60
(worst). In addition, an overall opinion of the scar appearance (1=very good, 10=very poor)
was recorded. The POSAS has been validated for linear surgical scars in children and adults
(139, 141).

During clinical examination, the length, and maximal width of the main abdominal scar
were measured with a flexible ruler. Presence or absence of an umbilicus, hypertrophic
scarring, scar hardening, additional scars, and visible suture marks were documented

systematically. A picture of the abdominal wall was taken in each patient.

2.3.9 Statistical Analysis

Data were entered into a dedicated database (Microsoft Excel 2016) and analyzed with
SPSS Statistics 27 (IBM Corp., Armonk, NY). Continuous variables were checked for normal
distribution using the Kolmogorov—Smirnov test. Normally distributed data are presented as
mean = standard deviation and compared between groups using unpaired two-sided t-tests.
Non-normally distributed data are expressed as median and interquartile range (IQR) and

analyzed with Mann-Whitney-U tests.

Categorical variables were summarized as counts and percentages and compared with
Fisher's exact test. Correlations between two continuous variables were assessed by
Pearson’s correlation coefficient, whereas relationships between ordinal and continuous

variables were examined using Spearman’s rank correlation.

All tests were two-sided and a p-value <0.05 was regarded as significant. Given the
exploratory nature of this pilot study and the limited sample size inherent to patients with rare

congenital anomalies, no adjustment for multiple testing was performed.
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3 Results

A total of 55 children with AWDs born between 2002 and 2013 and treated at our center
were initially identified. After verification of diagnosis, 35 patients had GS and 20 had OC.

Subsequent stepwise screening reduced the pool of eligible participants. One GS
patient had died in the neonatal period and two survivors with GS had severe cognitive
impairment that precluded participation in functional testing. Three OC patients were excluded
due to hemodynamically relevant congenital heart disease. The most frequent reason for
exclusion was inability to contact families because of outdated contact information, affecting
nine GS and four OC cases. After all criteria had been applied, 23 GS and 7 OC patients
remained reachable and eligible. Of these, 18 patients (12 GS: 8=2; 4=, 6 OC: 3=9; 3=J),
with a mean age of 12.6 £ 3.5 years (range 7—18 years) agreed to participate and completed

all components of the assessment (Figure 15).

Detected patients with AWD
born between 2002-2013 n=55
and treated at our center

Differentiaon between
gastroschisis and Gmpftalzcele
omphalocele n=2

Exclusion criteria:
Death

Exclusion criteria:
mental retardation

Exclusion criteria:

Hemodynamically relevant
cardiac malformation

Exclusion criteria:

Unable to contact due to
outdated contact data

Patients agreed to
participate

Figure 15: Trial flow diagram from the original publication(1). Licensed under CC BY 4.0.
http://creativecommons.org/licenses/by/4.0/. Adapted by the author.
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Clinical characteristics, associated malformations, type of neonatal repair and
subsequent abdominal operations are summarized in Table 1.

Within the GS subgroup, one child (8%) presented with a colonic atresia and was
therefore categorized as a complex case, while the remaining eleven children (92%) showed
the typical presentation of simple GS without additional intestinal malformations. Among the
six participants with OC, two had large defects consistent with giant OC, whereas four
exhibited smaller OC. One of the small OC cases had previously required neonatal surgery for
an ileal atresia. A detailed list of coexisting malformations is provided in Table 1 from the
original publication.

Regarding initial surgical management, primary abdominal closure during the first day
of life was possible in 14 out of 18 participants (77.8%). Two neonates, both affected by
intestinal atresia, underwent stoma creation in combination with closure of the abdominal wall.
In one infant, the abdominal cavity was initially too small to allow tension-free closure.
Therefore, a spring-loaded silo was used until reduction was tolerated. Another child
underwent patch-assisted secondary closure after temporary silo placement, reflecting the
heterogeneity of early postoperative courses (Table 1).

Across the entire cohort, children required an average of 2.2 + 1.4 abdominal wall—
related surgical interventions from birth to the time of follow-up. The highest individual number
was five procedures. When comparing defect types, children with OC tended to undergo more
surgeries than those with GS, although this difference did not reach statistical significance (OC
mean 2.8 + 2 vs GS mean 1.9 £ 0.9; p=0.334; unpaired two-sided t-test).

A total of eight children experienced complications that required operative treatment
during the first twelve years of life. Half of these events occurred in infancy, including adhesive
bowel obstruction (two cases), midgut volvulus in one child, an umbilical hernia in another and
an infected patch that had to be removed at two months of age. Later complications were also
documented as two umbilical hernias were repaired during early childhood (ages one, and two
years), one child developed volvulus with adhesive obstruction at six years, and another
underwent surgery for an adhesive ileus at twelve years. These findings underline the

variability in long-term surgical burden associated with AWDs.
The control group included 18 healthy children (=7, 9=11) matched for age, sex, BMI,

and activity level. Their mean age was 12.3 + 3.3 years (range: 7-17 years), which did not

differ significantly from the AWD group (p=0.798; unpaired two-sided t-test).
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Table 1: Clinical data of 18 AWD patients including type of AWD, surgical procedure, associated malformations, complications and total number of operative procedures affecting

the abdominal wall(1). Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. No changes were made.

ID Age Sex Type of AWD Classification Associated Malformations Procedure Complications Total number
[years] of procedures
1 7 f gastroschisis uncomplicated - PC UH (22 mo) 2
2 7 f gastroschisis complicated colon atresia e+ 2
colostomy
3 8 f gastroschisis uncomplicated - PC 1
4 10 f gastroschisis uncomplicated - PC 1
5 11 f gastroschisis uncomplicated - PC IDA (1mo) 3
6 15 f gastroschisis uncomplicated - PC IDA and MV (6yo) 2
7 15 f omphalocele small - PC 1
8 16 f omphalocele small - PC 1
9 16 f gastroschisis uncomplicated - PC UH (25 mo) 2
10 18 ‘ omphalocele small ileum atresia, combined immune- PC + IDA (12y0) 5
deficiency, intractable diarrhea ileostomy
1 18 f gastroschisis uncomplicated - PC 1
12 8 m omphalocele small - PC 1
13 12 m gastroschisis uncomplicated - SC (silo) 2
14 13 m omphalocele giant pulmonary hypo- and dysplasia, ASD, PC 5
eventration of the right diaphragm

15 13 m gastroschisis uncomplicated - PC

16 13 m gastroschisis uncomplicated - PC MV/IDA (1wo/3mo) 4
17 13 m gastroschisis uncomplicated - PC UH, DR (23mo) 2
18 13 m omphalocele giant pulmonary hypoplasia, ASD SC PI (2mo) 4

(silo+patch)

ASD - atrial septal defect, PC — primary closure, SC — secondary closure, UH — umbilical hernia, IDA — ileus due to adhesions, MV — midgut volvulus, DR — diastasis recti,

Pl — patch infection

50



3.1 Main Analysis

3.1.1 Anthropometry, Body Composition and Laboratory Parameters

Comparison of anthropometric measurements revealed no significant differences

between groups. Height, weight, BMI, body fat percentage, and appendicular skeletal muscle

mass were comparable between AWD patients, and healthy controls. The distribution of

habitual physical activity levels was also not significantly different, indicating successful

matching of baseline fitness characteristics (Table 2).

Eleven patients agreed to take a blood sample and only in one cases slightly elevated

aminotransferases (ALT- alanine aminotransferase 39 U/l [-35 U/l], AST - aspartate

aminotransferase=51 U/l [-35 U/l]) were found. This subject had prolonged total parenteral

nutrition because of intractable diarrhea.

Table 2: Anthropometric data of AWD patients and age-, sex-, and BMI-matched controls. All data are displayed

as mean = standard deviation unless otherwise specified(1). Licensed under CC BY 4.0.

http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

AWD patients Controls p-value
[n=18] [n=18]
Age 126+ 3.5 12.3+3.3 0.798
Anthropometry
Height [m] 1.59 (0.28)? 1.60 (0.24)? 0.983"
Body Weight [kg] 48.1 £ 16.7 49.7 £ 16.3 0.785
BMI [kg/Height?] 194 +4.4 19.7+4.0 0.787"
Body Fat [%] 13.8 (18.1)? 10.8 (20.0)? 0.888"
Muscle Mass® 6.3+£1.3 6.2+1.5 0.943"
Physical Activity Level® 2(1) 2 (0) 0.521"

AWD...abdominal wall defect; m...meter; kg...kilogram;
" unpaired t-test, © Mann-Whitney-U test,
2median (IQR)

b n=14; it was not possible to detect muscle mass in 4 cases

¢ Physical Activity Level (once per month=0, once per week=1 several times a week=2, daily=3)
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3.1.2 Pulmonary Function

Resting spirometry demonstrated largely preserved pulmonary function across both
groups. Neither forced vital capacity (VC_max) nor FEV,/VC_max ratio differed significantly
between AWD patients and controls (Table 3). Two individuals in the AWD cohort exhibited a
restrictive pattern, both of whom were known to have giant OCs associated with pulmonary

hypoplasia.

Table 3: Results of spirometry of AWD patients and age-, sex-, and BMI-matched controls. All data are displayed
as mean = standard deviation(1). Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. Adapted

by the author.
AWD patients Controls p-value
[n=18] [n=18]
VCmax [L] 29+1.0 3.1+£1.1 0.558"
Tiffeneau Index [%] 86.4+7.6 86.5+7.6 0.965

AWD...abdominal wall defect; VCmax...maximum vital capacity;
" unpaired t-test

3.1.3 Cardiopulmonary Exercise Performance

Thirteen patients were able to complete CPET and five had to be excluded because of
patient height. Across all measured variables, including relative performance capacity, peak
oxygen uptake (peak VO,), oxygen pulse, respiratory exchange ratio (RER), ventilatory
equivalent for oxygen (EQO.), and breathing reserve no significant differences were observed
between patients and controls. Mean RER values exceeded 1.10 in both groups, indicating

reliable maximal effort (Table 4).
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Table 4: Results CPET of AWD patients and age-, sex-, and BMI-matched controls. All data are displayed as mean
+ standard  deviation unless  otherwise  specified(1). Licensed under CC BY 4.0.

http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

AWD patients Controls p-value
[n=13?] [n=13?]

Relative Performance [%] 97.9+243 98.0 + 20.3 0.986"
RER 1.16 £ 0.08 1.14 £ 0.11 0.600
peak VO2 [ml/kg/min] 40.3 (11.0)° 39.7 (17.0)° 0.555™
O2/HR [ml] 11.0 (4.0)° 11.2 (4.0)° 0.751"
EQO:2 21.7+3.1 19.7+24 0.071"
BR/FEV1% 10.5+ 10.8 142 +17.7 0.510°

RER...respiratory exchange ratio; peak VO:2...peak oxygen uptake; O2/HR...oxygen pulse;
EQO:...respiratory equivalent for oxygen, BR...breathing reserve; FEV1%...Forced Expiratory
Volume;

"Unpaired t-test, ” Mann-Whitney-U test,

a5 patients were not able to perform CPET because they were too short for ergometry

b median (IQR)

3.1.4 Assessment of Motor Abilities

Motor performance differed between the groups. AWD patients displayed significantly
higher overall scores in the Dordel-Koch-Test (median 3.4 vs. 2.80; p=0.005; unpaired two-
sided t-test), representing lower motor function. The most pronounced deficits were observed
in the “lateral jumping” and “sit-up” tasks (Table 5).

Correlational analyses revealed no association between DKT results and BMI (r=0.213,
p=0.213; Spearman test), muscle mass (r=0.241, p=0.183; Spearman test), body fat
percentage or relative performance capacity (r=-0.001, p=0.994; Spearman test). However, a
significant negative correlation was observed between DKT score and habitual physical activity
(r=-0.379; p=0.022; Spearman test).
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Table 5: Dordel-Koch-Test (DKT) of AWD patients vs. age-, sex-, and BMI-matched controls. All data are displayed

as median and interquartile range; statistical comparisons were performed with the Mann-Whitney-U test(1).

Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. No changes were made.

AWD Controls p-value
[n=18] [n=18]

Lateral Jumping 4 (1) 3(2) 0.037
Sit and Reach 4(2) 3(1) 0.171
Sit-Ups 4 (1) 3(2) 0.003
Long Stand Jump 45 (1) 4 (1) 0.068
One-legged Stand 1(3) 1(0) 0.252
Push-Ups 3(1) 2(1) 0.111
DKT 34 (1) 2.8 (1) 0.005

3.1.5 Surface Electromyography of the Abdominal Wall

Surface electromyography of the abdominal wall demonstrated no significant

intergroup differences in muscle activation across all recorded tasks beside right obliquus

internus muscle in exercise “straight leg raise and hold” (Table 6). The time participants were

able to maintain the “plank” position did not significantly differ between groups (Table 6).

Likewise, the duration of the “straight leg raise and hold” task showed no significant group

difference (Table 6). Activation amplitudes of the rectus abdominis, external oblique, internal

oblique, and transversus abdominis showed significant difference between left and right side

of abdominal wall muscles in the AWD group in exercise “plank” and “straight leg raise and

hold” as shown in Table 7.
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Table 6: Normalized data of surface electromyography of all AWD patients vs. age-, sex-, and BM-matched controls

comparing activation of left and right abdominal wall muscles. Data are displayed as median (IQR); statistical

comparisons were performed with the Mann-Whitney-U test unless otherwise specified.

AWD Control p-value
[n=18] [n=18]
Left Right Left Right Left/Right

Ordinary Relaxed Stand

Rectus up [%] 2.5(4.0) 2.5(4.0) 1.0 (4.0) 2.0 (3.0) 0.164/0.772

Rectus low [%] 3.0 (5.0) 3.0 (5.0) 5(4.0) 3.0 (4.0) 0.772/0.798

Obliquus internus [%] 8.0 (12.0) 8.0 (12.0) 0(8.0) 8.0 (10.0) 0.281/0.851

Obliquus externus [%] 4.0 (8.0) 4.0 (8.0) 0(3.0) 4.0 (5.0) 0.670/ 0.746
Matthias' Arm-Raising Test

Rectus up [%] 2.0 (3.0) 2.0 (3.0) 0(3.0) 2.0 (3.0) 0.075/ 0.932

Rectus low [%] 2.5(3.0) 2.5(3.0) 0(2.0) 2.0 (2.0) 0.297/0.224

Obliquus internus [%] 8.0 (15.0) 8.0 (15.0) 5(6.0) 10.0 (12.0) 0.422/0.746

Obliquus externus [%] 5.0 (10.0) 5.0 (10.0) 0 (4.0) 4.0 (4.0) 0.646/ 0.365
Abdominal Press

Rectus up [%] 14.5(27.0) 14.5(27.0) 6.0(15.0) 7.0 (13.0) 0.365/ 0.932

Rectus low [%] 13.0(30.0) 13.0(30.0) 7.0(13.0) 9.0 (13.0) 0.422/0.798

Obliquus internus [%] 50.0 (83.0) 50.0(83.0) 29.0(24.0) 42.0(41.0) 0.055/ 0.695

Obliquus externus [%] 26.0(31.0) 26.0(31.0) 22.0(16.0) 18.0(23.0) 0.621/0.721
Concentric Phase of Sit-Up

Rectus up [%] 65.5(30.0) 65.5(30.0) 61.5(41.0) 64.5(39.0) 0.443/ 0.646

Rectus low [%] 65.5(53.0) 65.5(53.0) 725(56.0) 72.5(55.0) 0.646/ 0.959

Obliquus internus [%] 67.5(90.0) 67.5(90.0) 70.0(65.0) 66.5(40.0) 0.551/0.721

Obliquus externus [%] 50.0 47.0) 50.047.0) 54.0(36.0) 51.5(65.0) 1.000/ 1.000
Excentric Phase of Sit-Up

Rectus up [%] 345(21.0) 345(21.0) 28.0(17.0) 30.5(19.0) 0.088/ 0.281

Rectus low [%] 43.0 (32.0) 43.0(32.0) 33.5(38.0) 39.5(25.0) 0.224/0.443

Obliquus internus [%] 40.0 (66.0) 40.0(66.0) 29.0(34.0) 31.0(24.0) 0.251/0.551

Obliquus externus [%] 33.5(26.0) 33.5(26.0) 225(19.0) 27.0(18.0) 0.109/ 0.297
Plank

Duration of exercise 20.7 £ 14.72 20.8 + 11.02 0.825

Rectus up [%] 38.5(80.0) 38.5(80.0) 25,5(51.0) 35.0(36.0) 0.146/0.232

Rectus low [%] 58.0 (82.0) 58.0(82.0) 79.5(98.0) 43.5(40.0) 0.602/ 0.415

Obliquus internus [%] 25,5(53.0) 255(53.0)0 52.5(64.0)0 54.0(30.0) 0.325/ 0.232

Obliquus externus [%] 42.5(52.0) 425(52.0) 53.0(59.0) 19.5(24.0) 0.692/ 0.755
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Straight Leg Raise and Hold
Duration of exercise
Rectus up [%]

Rectus low [%]
Obliquus internus [%]

Obliquus externus [%]

17.4 + 11.0°
38.5(80.0) 38.5(80.0)
61.5(64.0) 61.5 (64.0)
53.0 (60.0)  53.0 (60.0)
38.5(51.0) 38.5(51.0)

19.5 + 9.6
58.5(73.0) 58.0 (66.0)
79.0 (85.0)  60.5 (74.0)
62.0 (61.0)  70.0 (61.0)
56.5 (36.0) 10.5(21.0)

0.126
0.854/ 0.064
0.728/ 0.093
0.728/ 0.047
0.294/0.759

" unpaired t-test

2mean * standard deviation
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Table 7: Normalized data of surface electromyography of all AWD patients comparing activation of left and right
abdominal wall muscles. All data are displayed as median (IQR); statistical comparisons were performed with the

Wilcoxon test.

Left Right p-value
[n=18] [n=18]
Ordinary Relaxed Stand
Rectus up [%] 2.5(4.0) 1.5 (2.0) 0.081
Rectus low [%] 3.0 (5.0) 3.0 (3.0) 0.452
Obliquus internus [%] 8.0 (12.0) 8.5 (5.0) 0.451
Obliquus externus [%] 4.0 (8.0) 5.0 (1.0) 0.504
Matthias' Arm-Raising Test
Rectus up [%] 2.0 (3.0) 1.0 (2.0) 0.086
Rectus low [%] 2.5(3.0) 2.0 (3.0) 0.873
Obliquus internus [%] 8.0 (15.0) 10.0 (7.0) 0.776
Obliquus externus [%] 5.0 (10.0) 5.0 (5.0) 0.305
Abdominal Press
Rectus up [%] 14.5 (27.0) 10.5 (27.0) 0.102
Rectus low [%] 13.0 (30.0) 11.0 (32.0) 0.379
Obliquus internus [%] 50.0 (83.0) 42.0 (57.0) 0.140
Obliquus externus [%] 26.0 (31.0) 23.0 (25.0) 0.133
Concentric Phase of Sit-Up
Rectus up [%] 65.5 (30.0) 57.0 (39.0) 0.334
Rectus low [%] 65.5 (53.0) 63.0 (51.0) 0.173
Obliquus internus [%] 67.5(90.0) 59.0 (64.0) 0.093
Obliquus externus [%] 50.0 47.0) 53.5 (73.0) 0.733
Excentric Phase of Sit-Up
Rectus up [%] 34.5 (21.0) 33.0 (20.0) 0.495
Rectus low [%] 43.0 (32.0) 38.0 (20.0) 0.608
Obliquus internus [%] 40.0 (66.0) 33.5 (38.0) 0.056
Obliquus externus [%] 33.5 (26.0) 34.5 (28.0) 0.910
Plank
Rectus up [%] 38.5 (80.0) 245 (28.0) 0.071
Rectus low [%] 58.0 (82.0) 25.5(32.0) 0.019
Obliquus internus [%] 25.5 (53.0) 37.5 (35.0) 0.937
Obliquus externus [%] 42.5 (52.0) 21.0 (15.0) 0.015
Straight leg Raise and Hold
Rectus up [%] 45.5(31.0) 32.0 (26.0) 0.030
Rectus low [%] 61.5 (64.0) 44.5 (38.0) 0.016
Obliquus internus [%] 53.0 (60.0) 42.0 (43.0) 0.152
Obliquus externus [%] 38.5(51.0) 11.0 (17.0) 0.001
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3.1.6 Stance and Gait Analysis

Postural measurements during quiet standing and during the Matthias Arm-Raising
Test revealed no significant differences between groups. Centre-of-pressure variables,
including sway path length, sway amplitude, mean sway velocity, and postural shift, were
similar in AWD patients and controls across all tested conditions and showed no significant
difference.

Gait assessment showed that for most spatiotemporal parameters there were no
significant differences between AWD patients and healthy controls (Table 8). Cadence was
slightly higher in the AWD group and stride time was marginally shorter. Both differences
reached statistical significance. No significant group differences were observed for step length,
walking speed, stride length, stance phase duration, or single-support time. No asymmetries

or abnormal gait patterns were recorded in any participant.
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Table 8: Stance and gait analyses of AWD patients vs. age-, sex-, and BMI-matched controls; all data are displayed
as median and interquartile range; statistical comparisons were performed with the Mann-Whitney-U test (1).
Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

AWD Controls p-value
[n=18] [n=18]
Stance Analyses
Ordinary relaxed stand (ORS)
Test duration [sec] 30.0 (4.5) 29.4 (1.97) 0.590
COP sway ellipse [cm?] 2.1(6.4) 4.6 (6.1) 0.483
total COP path [mm] 302.0 (308.8) 372.0 (386.8) 0.303
COP average speed [mm/s] 9.5(9.3) 13.0 (13.0) 0.369
Matthias' Arm-Raising Test
(MART)
Test duration [sec] 29.2 (4.7) 28.9 (4.6) 0.732
COP sway ellipse [cm?] 2.6 (6.0) 5.7 (6.1) 0.232
total COP path [mm] 299.0 (286.0) 369.0 (386.3) 0.184
COP average speed [mm/s] 10.0 (10.0) 13.5(12.8) 0.153
Change in COP
27.0 (239.0) -81.5 (227.0) 0.163
ORS / MART [cm?]
Gait Analysis
Stance time [%] 63.1(2.8) 63.2 (1.6) 0.481
Single support [%] 37.0 (2.8) 36.8 (1.6) 0.481
Gait line [mm] 209.5 (42.0) 208.5 (27.9) 0.462
Cadence [steps/min] 112.0 (19.0) 104.0 (11.8) 0.031
Gait speed [cm/s] 3.7(0.7) 3.5(0.7) 0.389
Step length [cm] 55.0 (11.3) 55.5 (9.5) 0.770
Step time [ms] 535.5 (75.0) 592.5 (75.9) 0.086
Stride length [cm] 112.0 (15.0) 114.5 (28.0) 0.782
Stride time [ms] 1073.0 (151.0) 1154.0 (136.0) 0.031

COP...center of pressure



3.1.7 Ultrasound of the Abdominal Wall

Ultrasound measurements of abdominal wall morphology revealed no significant

differences between AWD and control patients (Table 9). No systematic variation in muscle

thickness was detected in relation to defect type or previous surgical interventions. No

significant difference was found between the left and right side of the abdomen in muscle
thickness (Table 10).

Table 9: Ultrasound of the abdominal wall of AWD patients vs. age-, sex-, and BMI-matched controls. All data are

displayed as median and interquartile range; statistical comparisons were performed with the Mann-Whitney-U test

and data

median and (IQR) (1). Licensed
http://creativecommons.org/licenses/by/4.0/. No changes were made.
AWD Controls
[n=18] [n=18] p-value
I OE 3.4 (4.0) 2.5(0.9) 0.135
Il OE 29 (1.7) 2.2 (1.5) 0.211
Il OE 3.8 (2.3) 3.1(1.8) 0.203
IV OE 4.2 (2.5) 3.2 (1.8) 0.192
V OE 5.0 (3.9) 6.2 (2.0) 0.239
VI OE 5.5(3.7) 6.5 (2.2) 0.696
| Ol 3.1(1.7) 3.8 (1.5) 0.057
Il Ol 3.5(2.0) 3.2(1.8) 0.279
1ol 5.1 (2.4) 4.7 (2.1) 0.839
IV Ol 4.6 (2.9) 4.8 (2.6) 0.443
Vv Ol 6.3 (3.5) 6.7 (3.0) 0.372
VI Ol 7.1(2.9) 6.1 (3.0) 0.521
I TA 2.5(1.2) 2.6 (0.9) 0.287
I TA 26(1.4) 27 (1.2) 0.660
I TA 22(2.1) 2.6 (1.6) 0.152
IV TA 2.4 (1.6) 3.0(1.1) 0.171
V TA 3.4 (2.2) 3.1(1.6) 0.888
VITA 3.3(1.9) 3.4 (1.8) 0.963
B1 RA right 8.0 (4.8) 8.3(3.2) 0.782
B1 RA left 8.7 (4.1) 7.7 (5.1) 0.546
B2 RA right 8.6 (3.6) 8.6 (4.1) 0.839
B2 RA left 9.6 (4.3) 8.8 (3.9) 0.462
C RA right 8.7 (3.6) 8.5(4.7) 0.963
C RA left 8.9 (3.5) 8.6 (4.6) 0.815

displayed as

under CcC BY 4.0.

OE...m. obliquus externus; Ol...m. obliquus internus; TA...m. transversus abdominis; RA... m. rectus

abdominis
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Table 10: Ultrasound data of all AWD patients comparing thickness of left and right abdominal wall muscles. All
data are displayed as mean + standard deviation unless otherwise specified; statistical comparisons were
performed with the Wilcoxon test(1). Licensed under CC BY 4.0. hitp://creativecommons.org/licenses/by/4.0/. No

changes were made.

Right Left

p-value

[n=18] [n=18]
| OE /Il OE 2.7 (1.9)° 2.6 (1.5)° 0.270°
I1OE/ IV OE 3.5(1.9) 3.4 (2.1) 0.654P
V OE / VI OE 5.8 (2.5)° 5.9 (3.3)¢ 0.561°
[ OI/11 Ol 3.3 (2.0)¢ 3.2 (2.0)c 0.957°
lNolt/iv ol 5.0 (2.0)¢ 4.7 (2.5)¢ 0.667°
V Ol / VIOl 6.6+1.7 6.6+1.7 0.9002
ITA/II TA 2.8+0.9 27+0.8 0.5782
N TA/IVTA 2.5 (2.0) 2.9 (1.5)¢ 0.471°
VTA/VITA 3.5+1.2 3.5+1.0 0.1632
B1 RA right / left 83124 8527 0.2822
B2 RA right / left 8825 9.0+25 0.2782
C RA right / left 9.0+27 89126 0.3392

OE...m. obliquus externus; Ol...m. obliquus internus; TA...m. transversus abdominis; RA... m. rectus
abdominis
a paired t-test; ® Wilcoxon test; ¢ median (IQR)

3.1.8 Quality of Life and Cosmetic Satisfaction

Gastrointestinal quality of life, assessed using the GIQLI questionnaire, differed
significantly between groups. Children with AWDs reached a mean GIQLI score of 137.2 £ 6.8,
whereas healthy controls achieved 141.4 + 4.9 (p=0.038, unpaired two-sided t-test). When
comparing the two defect types, GS (137.5 £ 7.7) and OC (136.5 * 5.2) showed no significant
difference (p=0.749, unpaired two-sided t-test). The total number of abdominal surgeries did
not correlate with GIQLI outcomes (r=0.154, p=0.542, Spearman test). Analysis of the
individual GIQLI items revealed that AWD patients most frequently reported occasional
abdominal discomfort and episodes of bloating.

Further questionnaire data indicated that gastro-esophageal reflux symptoms were
present in a minority of AWD participants. Symptoms were recorded in two AWD patients (one
monthly, one daily) and in one control (monthly). Statistical comparison revealed no significant
group differences (p=0.500, Fisher exact test). Six patients in the AWD group reported back
pain (five monthly, one weekly) and in the control cohort, four children described similar
symptoms (two monthly, two weekly). This distribution did not differ significantly between

groups (p=0.354, Fisher exact test).
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Stool habits were comparable between groups and show. In the AWD cohort, 16 of 17
respondents (94%) reported a normal stool frequency (“every other day to twice daily”), while
one child (6%) indicated more frequent bowel movements. In the control group, 13 children
(76%) described normal frequencies and four (24%) reported more frequent stools.

According to the Bristol Stool scale stool consistency were described by AWD as type
2 (n=1), type 3 (n=5), type 4 (n=11), and type 6 (n=1) and in contrast the control group
described type 3 (n=12) and type 4 (n=6).

Assessment of scar characteristics showed a heterogeneous pattern. In nine patients
(6 GS, 3 OC), the umbilicus represented the only visible scar following neonatal closure.
Among the remaining participants, seven children (4 GS, 3 OC) had a horizontal abdominal
scar, while one patient presented with a vertical midline scar. Six children (3 GS, 3 OC) had
one or more additional abdominal scars and in twelve cases (10 GS, 2 OC) remnants of skin
sutures were visible as fine linear marks.

The patient-rated overall impression averaged 3.9 = 2.8 and the observer rating
reached 2.7 = 1.4 (lower values indicating better appearance). The median POSAS values
were 16.7 £ 8.6 for the Patient Scale (PSAS) and 13.5 £ 5.7 for the Observer Scale (OSAS).

Correlation analysis demonstrated a significant positive association between OSAS
scores and scar length (r=0.685, p=0.002, Spearman test). No associations were found
between PSAS or OSAS scores and the number of surgeries, defect type or scar morphology

beyond length. Data are shown in Table 11.

Table 11: Cosmetic satisfaction; all data are displayed as median and interquartile range unless otherwise

specified(1). Licensed under CC BY 4.0. http://creativecommons.org/licenses/by/4.0/. Adapted by the author.

p-value
AWD [n=18] PSAS OSAS (PSAS / OSAS)
Cosmetic Satisfaction
Umbilicus (yes=15, no=3) 15 (19), 14 (0) 12 (6), 21 (0) 0.8247/0.076
Hardening of the scar (yes=5, no=13) 18 (12), 14 (16) 12 (15), 13 (6) 0.503°/0.775
Additional scars (yes=6, no=12) 14.5 (3), 15.5 (23) 18 (9), 11 (4) 1.000°/ 0.003"
Visible stiches (yes=12, no=6) 15.5(14), 10 (16) 13.5(7), 10.5 (11) 0.2507 0.250"
Correlation Coefficient
Length of the scar (mm) 0.137 0.685 0.5891/ 0.0021
Width of the scar (mm) -0.045 -0.123 0.8611/0.6261
BMI (kg/m?) 0.290 -0.016 0.2431/0.951%
Number of surgeries 0.217 0.568 0.3871/0.014f

" Mann-Whitney-U; T Spearman test
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3.2 Subgroup Analysis

For subgroup analyses we separated AWD population in GS and OC, and for further
analyses we compared uncomplicated and complicated GS as well as simple, and giant OC.

Comparison between defect types showed that scar width differed significantly, with
GS patients having broader scars than those with OC (21.8 £ 9.2 mm vs. 11.5 + 8.2 mm;
p=0.034, unpaired two-sided t-test). In contrast, neither scar length nor subjective cosmetic
ratings (PSAS, OSAS) differed between the two groups. Across all other comparisons, GS vs.
OC, as well as uncomplicated vs. complicated GS and small vs. giant OCs, likewise showed

no significant differences in any recorded parameters. Data are shown in Table 12 - 14.
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Table 12: Anthropometric data, results of spirometry, CPET, DKT, and QoL of patients with GS and OC. All data
are displayed as mean * standard deviation unless otherwise specified (1). Licensed under CC BY 4.0.

http://creativecommons.org/licenses/by/4.0/. No changes were made.

Gastroschisis Omphalocele p-value
[n=12] [n=6]
Age 11.9+35 13.8+34 0.2872
Anthropometry
Height [m] 1.57 (0.28)° 1.69 (0.17)° 0.151b
Body Weight [kq] 45.7 + 16.3 53.0 £ 18.1 0.4032
BMI [kg/Height?] 19.3+4.7 19.5+4.1 0.9542
Body Fat [%] 7.75 (19.0)° 17.5(18.1)¢ 0.820°
Muscle Mass® 6.3+1.3 6.2+x14 0.8742
Number of surgeries 6.3+£1.3 62+14 0.5882
Physical Activity Levelf 2 (0)e 2 (1) 0.616°
Spirometry
VCmax [%] 28+1 3.0+0.9 0.7652
Tiffeneau Index [%)] 86.6+7.6 859+3,9 0.7812
CPET [n=8¢] [n=5°]
Relative Performance [%] 93.6 + 14.9 104.6 £ 36.0 0.5462
RER 1.14 £ 0.08 1.19+0.07 0.2612
peak VO [ml/kg/min] 421 (11)¢ 38.4 (17)° 0.717°
O2/HR [ml] 10.6 (5)° 12.7 (4)° 0.796°
EQO:2 22.3+3.0 209+3.3 0.4502
BR/FEV% 11.9+10.2 84+126 0.6192
DKT
Mean DKT 3.6 (1.0)° 3.3 (1.0) 0.820°
Lateral Jumping 4.0 (1.0)c 4.0 (2.0)c 1.000°
Sit and Reach 3.5 (2.0) 4.5 (3.0)¢° 0.494p
Sit-Ups 4.0 (1.0)¢ 3.5(2.0) 0.291°b
Long Stand Jump 5.0 (2.0)° 4.0 (1.0)c 0.385°
One-legged Stand 1.0 (3.0)c 2.0 (4.0)¢ 0.494b
Push-Ups 3.0 (1.0)c 2.0 (2.0) 0.494b
QoL
GlQLl 137.5+7.7 136.5+5.2 0.7492
Bristol Stool scale 3.5+1.0¢ 4.0+1.0° 0.0532
Cosmetic satisfaction 26.8+5.8 28.0+4.42 0.6202
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Cosmetic Satisfaction

PSAS 17.8+8.7 14.7+8.9 0.493
OSAS 129+3.2 147194 0.673
Length of the scar [mm] 37.5(78)° 25.0(112)c 0.335°
Width of the scar [mm] 21.8+9.2 11.5+8.2 0.034

m...meter; kg...kilogram; VCmax...maximum vital capacity; RER...Respiratory Exchange Ratio; peak
VOq...peak oxygen uptake; O2/HR...oxygen pulse; EQO:...respiratory equivalent for oxygen,
BR...breathing reserve, FEV...Forced expiratory volume; DKT...Dordel-Koch-Test; QoL...quality of
life; GIQLI...Gastrointestinal Quality of Life Index

a unpaired t-test, ® Mann-Whitney-U test, ¢ median (IQR)

4 n=14; it was not possible to detect muscle mass in 4 cases

¢ 5 patients were not able to perform CPET because they were too short for ergometry

f Physical Activity Level (once per month=0, once per week=1 several times a week=2, daily=3)
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Table 13: Stance and gait analyses of GS vs. OC; all data are displayed as median and interquartile range;

statistical comparisons were performed with the Mann-Whitney-U test.

Gastroschisis Omphalocele p-value
[n=12] [n=6]
Stance Analyses
Ordinary relaxed stand (ORS)
Test duration [sec] 30.1 (2.5) 28.7 (15.4) 0.591
COP sway ellipse [cm?] 1.7 (2.2) 4.7 (13.6) 0.591
total COP path [mm] 269.0 (313.0) 286.5 (458.5) 0.884
COP average speed [mm/s] 9.0 (10.0) 9.5 (9.0) 0.733
Matthias' Arm-Raising Test
(MART)
Test duration [sec] 29.3 (7.1) 28.2 (3.8) 0.591
COP sway ellipse [cm?] 2.1(2.2) 6.4 (6.1) 0.122
total COP path [mm] 299.0 (317.0) 347.0 (270.3) 0.808
COP average speed [mm/s] 10.0 (12.0) 12.0 (7.8) 1.000
Change in COP
0.27 (2.1) 0.52 (7.7) 0.733
ORS / MART [cm?]
Gait Analysis
Stance time [%] 62.2 (2.6) 63.8 (2.0) 0.067
Single support [%] 37.8 (2.6) 36.2 (2.0) 0.067
Gait line [mm] 209.5 (43.3) 196.8 (40.1) 0.750
Cadence [steps/min] 113.0 (14.5) 107.5 (26.0) 0.335
Gait speed [cm/s] 3.7 (0.9) 3.8(1.0) 0.494
Step length [cm] 54.5(10.9) 56.5 (7.8) 0.679
Step time [ms] 530.8 (69.6) 570.0 (154.8) 0.371
Stride length [cm] 112.5 (29.0) 114.5 (18.0) 0.682
Stride time [ms] 1062.0 (119.0) 1118.0 (275.0) 0.291

COP...center of pressure
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Table 14: Ultrasound data of GS and OC patients. All data are displayed as mean * standard deviation unless

otherwise specified.

Gastroschisis

Omphalocele

p-value

[n=12] [n=6]
| OE 3.9+17 3.6+23 0.8062
Il OE 3.1+1.6 3.6+1.6 0.5712
Il OE 3.8 (2.2)c 4.1 (3.5)¢ 0.892°
IV OE 40+1.6 44+1.6 0.6392
V OE 6.1+24 55+24 0.6302
VI OE 6.0+2.1 58+24 0.8452
| Ol 3.1+11 3.0£11 0.9872
IOl 35+£1.0 43+1.8 0.3272
I Ol 47+15 6.2+2.2 0.1512
IV Ol 43+15 6.4+21 0.0612
V Ol 6.3+1.7 6.4+21 0.9292
VI Ol 6.8+2.0 6.8+2.0 0.9732
I TA 29+0.8 23109 0.1462
I TA 3.0 (1.5)¢ 2.6 (0.6)° 0.961°
I'TA 2.0 (2.3)¢ 2.4 (2.5)¢ 0.750p
IV TA 2.3 (1.4) 3.4 (2.2) 0.180v
VTA 3.6+£1.8 36+£1.5 0.9832
VI TA 3.7+x1.1 3.0£11 0.2267
B1 RA right 8.6+27 7.8+3.6 0.6372
B1 RA left 8.8+27 8.8+41 0.9422
B2 RA right 9.0+27 8.8+3.1 0.8842
B2 RA left 93+28 95+3.2 0.8922
C RA right 8.8+27 9.3+34 0.7782
C RA left 8.7+26 8.9+35 0.9012

a unpaired t-test; ® Mann-Whitney-U test; °median (IQR)
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4 Discussion

4.1 Answer to Research Questions and Summary of Results

The present study provides a broad overview of long-term functional outcomes in
patients with congenital AWDs. In summary, the results reveal a heterogeneous pattern: while
several objective measures were comparable to those of healthy controls, other domains
showed significant differences. Motor abilities were the most affected area, with AWD patients
performing less well in tasks requiring coordination and trunk involvement. Gait parameters
and postural stability, in contrast, demonstrated only minor deviations.

Cardiopulmonary exercise testing yielded normal peak performance in almost all
patients and no significant reduction compared with matched controls was identified. Resting
pulmonary function was also largely preserved, with restrictive changes confined to isolated
cases with a history of giant OC. Assessment of abdominal wall function using surface EMG
and ultrasound did not show relevant group differences in activation patterns or muscle
thickness.

Patient-reported outcomes indicated slightly lower gastrointestinal quality-of-life scores
in the AWD cohort, although most specific gastrointestinal symptoms occurred at similar
frequencies as in the control group. Cosmetic results were generally rated favorably by both
patients and examiners, despite some variation in scar characteristics. A proportion of patients
experienced abdominal wall-related complications or required re-operations during childhood,
consistent with published long-term follow-up data (142, 143).

Overall, the findings demonstrate that long-term survivors of GS or OC show preserved
cardiopulmonary and abdominal wall function, while mild motor impairments and subtle

gastrointestinal limitations remain detectable in a part of the cohort.

Subgroup Analysis

Beside a significant difference in width of the scar, we could not find any significant
differences in our outcome parameters comparing OC and GS, uncomplicated and

complicated GS or small and giant OCs.
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4.2 Anthropometry, Body Composition and Laboratory Parameters

In the present cohort, anthropometric parameters and body composition did not differ
between patients with AWDs and matched healthy controls. Height, body weight, BMI, body
fat percentage, and appendicular skeletal muscle mass were comparable between groups,
indicating a valuable matching of the control group.

While infants with GS or OC are frequently born preterm and with reduced birth weight,
longitudinal data suggest that most children achieve normal growth trajectories during
childhood and adolescence. Persistent growth impairment has mainly been described in
patients with complex GS or giant OC, short bowel syndrome or prolonged dependence on
parenteral nutrition, conditions that were rare in the present cohort (61, 144-146).

Laboratory findings were largely unremarkable. Mildly elevated liver enzymes were
observed in only one patient with a history of prolonged parenteral nutrition due to severe
gastrointestinal morbidity. This isolated finding aligns with existing evidence that hepatobiliary
complications are predominantly restricted to patients with extended neonatal intestinal failure

and are uncommon in long-term survivors without ongoing nutritional dependency (147).

4.3 Pulmonary Function

In the present cohort, long-term pulmonary function was largely preserved in patients
with AWDs when compared with matched healthy controls. Spirometry parameters, including
VC_max, and FEV, were predominantly within age- and sex-adjusted reference ranges and
no clinically relevant differences were observed between groups. These findings indicate that,
despite early-life respiratory challenges, most patients achieve adequate pulmonary
development into childhood and adolescence.

Two patients in our cohort showed restrictive ventilation disorders. Both suffered from
giant OC and born with pulmonary hypoplasia. Reduced lung volumes and restrictive
ventilatory patterns have been described in neonates and infants with AWDs, particularly in
patients with giant OC due to associated pulmonary hypoplasia (113, 148). These results
demonstrate the necessity of long-term follow-up including pulmonary function testing in

patient with AWDs, especially if they were born with giant OC.
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4.4 Cardiopulmonary Exercise Performance

Cardiopulmonary exercise performance is widely recognized as an important
determinant of long-term health, functional capacity, and overall well-being in children and
adolescents (149). Multiple systematic reviews confirm favorable associations between
cardiorespiratory fitness and indicators of anthropometry, adiposity, cardiometabolic health,
vascular health, and mental well-being (150, 151). In other conditions requiring major neonatal
surgery, such as esophageal atresia or anorectal malformations, reduced exercise capacity
has been reported, suggesting that early surgical interventions may be associated with
persistent functional limitations despite successful anatomical correction (124, 125).

In comparison, data on cardiopulmonary exercise performance in patients with AWDs
remain scarce. To date, only one study has specifically addressed this aspect. Zaccara et. al
investigated a small cohort of patients with large AWDs who underwent treadmill-based
exercise testing until exhaustion. They reported shorter exercise duration and lower maximal
oxygen uptake compared with reference values from healthy children. However, the authors
suggested that reduced physical fithess rather than disease-specific limitations might have
contributed to these findings and emphasized the need for further studies (126).

The present study adds to the existing literature by providing a comprehensive
evaluation of cardiopulmonary exercise performance using standardized cycle ergometry
combined with breath-by-breath gas analysis. In contrast to the results reported by Zaccara et
al., cardiopulmonary performance in the present cohort was largely preserved. None of the
assessed parameters differed significantly from those observed in matched healthy control
subjects.

Several factors may help explain these differing observations. Methodological
differences between treadmill- and cycle-based exercise testing are known to influence
performance outcomes, particularly in pediatric populations where familiarity with the testing
modality plays an important role. In addition, the inclusion of a control group matched not only
for age and sex but also for habitual physical activity reduces the potential confounding effect
of general fitness levels. This methodological approach supports the interpretation that
preserved exercise capacity in the present cohort reflects intact cardiopulmonary function
rather than compensatory mechanisms.

Ventilatory responses during exercise further support this interpretation. Breathing
reserve remained preserved at peak workload and ventilatory efficiency, as assessed by the
ventilatory equivalent for oxygen, did not differ between groups. These findings indicate that
exercise performance was not limited by ventilatory constraints and that pulmonary adaptation
following neonatal abdominal wall repair is sufficient to meet increased physiological demands

during exercising.
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The present findings suggest that long-term survivors of GS or OC do not exhibit
clinically relevant impairments in cardiopulmonary exercise performance. Nevertheless, given
the heterogeneity of neonatal courses and defect severity, cardiopulmonary exercise testing
remains a valuable tool in selected patients and might help identify individuals who could

benefit from targeted interventions or structured physical activity programs.

4.5 Assessment of Motor Abilities

Motor performance represents an important component of functional outcome and
everyday participation in childhood and adolescence (152). Standardized assessment of motor
abilities therefore provides valuable information beyond organ-specific or anatomical outcome
measures, particularly in patients with congenital conditions requiring major neonatal surgery.

In the present study, motor abilities were evaluated using the DKT, a well-established
test battery for the assessment of basic motor skills in children and adolescents (128). The
DKT has previously been applied in cohorts with congenital anomalies, including patients with
anorectal malformations, in whom reduced locomotor performance compared with healthy
peers has been reported (125).

Patients with AWDs achieved higher DKT scores than control subjects, reflecting
reduced motor proficiency.. In particular, the “sit-up” and “lateral jumping” exercises showed
significantly lower performance in the patient group. Both tasks impose substantial demands
on dynamic trunk stabilization and coordinated abdominal muscle activation, suggesting that
these functional domains may be particularly susceptible to long-term impairment in patients
born with an AWDs.

While surface electromyography and ultrasound assessments did not reveal
generalized abnormalities in abdominal wall muscle activation or thickness, the motor tasks
included in the DKT rely on complex, dynamic interactions between multiple muscle groups
and sensory feedback mechanisms. Standardized motor testing may uncover functional
limitations that are not detectable through isolated or static assessments of muscle morphology
or activation.

Importantly, reduced motor performance was observed despite preserved
anthropometric parameters and intact cardiopulmonary capacity. This means that impaired
motor abilities cannot be explained by reduced muscle mass, growth retardation or limited
aerobic fitness alone. Instead, functional factors such as altered motor coordination, reduced
trunk control or subtle deficits in neuromuscular integration might contribute to the observed
findings.

In addition, secondary influences should be considered. Children born with AWD often
experience prolonged neonatal hospitalization, delayed mobilization, recurrent abdominal

symptoms, or multiple early surgeries , all factors known to influence neurodevelopmental and
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motor development (153). Comparable findings have been described in other congenital
conditions involving early intensive care, such as anorectal malformations, where motor
deficits similarly persist (125, 154). The observed negative correlation between physical
activity level and DKT score in the present cohort further supports the assumption that reduced
habitual activity, rather than anatomical impairment alone, may play a role in diminished motor
proficiency.

From a clinical perspective, reduced motor abilities may have relevant implications for
participation in physical activity, engagement in sports, and long-term musculoskeletal health.
Children with lower motor proficiency may be less motivated to participate in regular physical
activity, potentially reinforcing functional limitations over time (155, 156). Although the
observed impairments were generally mild, they were consistent and measurable,
underscoring the importance of structured functional evaluation.

Patients with AWDs might benefit from long-term follow-up strategies that include
assessment of motor development. Early identification of reduced motor performance could
allow timely referral to targeted physiotherapy or structured exercise programs focusing on

coordination, trunk stability, and functional strength.
4.6 Surface Electromyography of the Abdominal Wall

Surface electromyography provides insight into neuromuscular activation patterns of
the abdominal wall and complements structural and functional assessments of trunk
performance. Until now, it has not been used to evaluate patients born with AWD but has been
applied in a broad range of settings, including neuromuscular, urodynamic, and laryngeal
disorders before (157-159). In patients with congenital AWDs, concerns have been raised that
early disruption of abdominal wall integrity, surgical reconstruction, and scar formation could
lead to long-term alterations in muscle activation or coordination (99, 160).

In the present study, surface electromyography of the abdominal wall demonstrated
largely comparable muscle activation patterns between patients with AWDs and healthy
controls across a majority of tested exercises. No significant intergroup differences were
observed for most muscles and tasks, indicating preserved global activation capacity of the
rectus abdominis, external oblique, internal oblique, and transversus abdominis muscles
during standardized core exercises. An exception was identified for the right internal oblique
muscle during the “straight leg raise and hold” exercise, where a significant difference between
AWD and control group was detected. This isolated finding did not extend to other muscles or
tasks and was not associated with reduced task endurance, as the duration of both the “plank”

and “straight leg raise and hold” exercises was comparable between patients and controls.
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Subgroup analysis revealed significant side-to-side differences in muscle activation
amplitudes in patients with AWDs during the “plank” and “straight leg raise and hold” exercises.
These asymmetries were observed across multiple abdominal wall muscles and were less
present in the control group. Previous studies have shown that symmetrical exercise tasks do
not typically result in side-dependent activation patterns in healthy individuals (161, 162). In
this context, the observed asymmetries may be indicative of altered neuromuscular
coordination or compensatory activation strategies rather than generalized muscle weakness.

However, identification of side-to-side activation differences could be clinically relevant
in patients presenting with reduced motor performance or musculoskeletal complaints and may
help guide individualized physiotherapeutic interventions aimed at improving symmetry and

coordinated trunk activation.

4.7 Stance and Gait Analysis

Assessment of stance and gait parameters provides valuable information on functional
mobility and postural control and has been used for children with cerebral palsy before (163,
164). In patients with congenital AWDs, altered trunk mechanics or subtle impairments in core
stability could theoretically influence balance and gait patterns in the long term.

In the present cohort, however, stance and gait parameters in patients with AWDs were
largely comparable to those observed in matched healthy control subjects. These findings
indicate that basic locomotor function is generally preserved and support the notion that
potential functional consequences of AWDs are subtle and may become apparent primarily

during tasks placing higher demands on coordination or trunk control.
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4.8 Ultrasound of the Abdominal Wall

Ultrasonography represents a non-invasive and widely available method for assessing
the morphology of the abdominal wall and its individual muscle layers (165-167). In patients
with congenital AWDs, ultrasound allows evaluation of potential long-term structural alterations
following neonatal surgical repair, including differences in muscle thickness, symmetry, and
distribution.

In the present study, ultrasonographic assessment of the abdominal wall did not reveal
relevant differences in muscle thickness between patients with AWDs and healthy controls.
Measurements of the rectus abdominis as well as the lateral abdominal wall muscles, including
the external oblique, internal oblique, and transversus abdominis, were comparable across
groups at all predefined measurement points. These findings suggest preserved structural
development of the abdominal wall musculature into childhood and adolescence.

The ultrasonographic findings align with the surface electromyography results of this
study, which demonstrated preserved global activation of the abdominal wall muscles.
Together, these complementary modalities suggest that neither muscle morphology nor basic
voluntary activation capacity is substantially compromised in long-term survivors of AWDs.

Nevertheless, structural integrity assessed by ultrasound does not necessarily equate
to full functional performance (168). While muscle thickness was comparable between groups,
functional assessments revealed significant impairments in motor abilities. This discrepancy
underscores the multifactorial nature of trunk function, which relies not only on muscle
morphology but also on neuromuscular coordination, timing of muscle activation, and
integration with postural control mechanisms.

From a clinical perspective routine long-term follow-up of asymptomatic survivors of
AWD does not necessitate repeated imaging of the abdominal wall. Instead, ultrasonography
might be informative in selected patients presenting with clinical signs suggestive of abdominal

wall weakness, asymmetry, hernia development, or otherwise unexplained pain.
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4.9 Quality of Life and Cosmetic Satisfaction

Beyond objective health measures, quality of life captures how individuals experience
health, well-being, and participation in everyday life (169). Therefore, the assessment of QoL
represents an essential component of long-term outcome evaluation in patients with congenital
AWDs, as survival rates have improved substantially and functional as well as psychosocial
aspects have gained increasing importance. In addition to physical health, gastrointestinal
well-being, and cosmetic outcome might influence daily functioning, self-perception, and
overall life satisfaction.

Previous investigations have evaluated QoL in patients with AWDs using generic
pediatric instruments such as the Pediatric Quality of Life Inventory (PedQolL), with some
studies reporting differences particularly in adolescent and young adult populations (74, 92,
170). Chronic abdominal symptoms have been described in a subset of these patients,
affecting approximately one quarter of individuals and have been attributed in part to intra-
abdominal adhesions (92). To date, disease-specific assessment of gastrointestinal quality of
life in this population has been limited. In the present study, the GIQLI was applied for the first
time in patients with AWDs (129). Patients demonstrated significantly lower GIQLI scores
compared with controls, indicating a measurable impact of gastrointestinal aspects on daily
life. However, no significant differences were observed between groups regarding stool
frequency, stool consistency back pain, and signs of gastrointestinal reflux.

Cosmetic outcome and scar appearance represent other relevant aspects of long-term
outcome, particularly during adolescence. In the present cohort, cosmetic outcomes were
generally rated favorably by both patients and observers. Individual perception of aesthetic
results, however, appears to be shaped by multiple factors, including scar location and size,
patient expectations, and the broader psychosocial context (171).

Previous studies have identified dissatisfaction related to the absence or altered
appearance of the umbilicus as a relevant concern, with individuals reporting associated
psychological distress (99, 172). In this cohort, no significant association was identified
between the absence of an umbilicus and cosmetic satisfaction. However, perception of
cosmetic outcome may evolve over time, particularly during adolescence and young
adulthood, when body image becomes increasingly important (173). In line with this, umbilical
reconstruction is often considered at a later age in selected patients (99, 172, 174, 175).

A part of our patients experienced abdominal wall-related complications or required
additional surgical procedures during childhood, including hernia repair or adhesiolysis. This
observation is consistent with published long-term follow-up data and underscores that AWDs
might be associated with ongoing surgical morbidity (142, 143). Importantly, in the present
cohort, these events did not appear to have a substantial negative impact on overall quality of

life.
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4.10 Limitations

Some limitations of this study should be acknowledged. The sample size was relatively
small, reflecting the rarity of congenital abdominal wall defects and limiting statistical power,
particularly for subgroup analyses comparing gastroschisis and omphalocele or uncomplicated
(n=10) and complicated (n=1) as well as simple (n=4) and giant (n=2) defects. As a result,
subtle differences between subgroups may have remained undetected.

In addition, the study was conducted at a single tertiary care center. While this
approach ensured standardized surgical management and follow-up protocols, the
generalizability of the results to centers with differing treatment strategies or patient
populations may be limited. Furthermore, the cross-sectional design provides a single time-
point assessment of long-term outcomes and does not allow conclusions regarding functional
trajectories over time. Longitudinal investigations would therefore be required to better
understand the evolution of motor performance, pulmonary function, and quality of life from
childhood into adulthood.

Although a comprehensive functional assessment was performed, certain outcomes
relied on patient-reported questionnaires, which are inherently subjective and may be
influenced by individual perception, coping mechanisms, and psychosocial context. Similarly,
habitual physical activity was assessed using self-reported measures rather than objective
monitoring, which may have introduced reporting bias.

Despite these limitations, the present study offers a detailed and multidimensional
evaluation of long-term functional outcomes in patients with abdominal wall defects and
contributes novel data to an area in which long-term evidence remains scarce. A particular
strength of the study lies in the extended duration of follow-up, with a mean follow-up period
of 13 years (range 7-18 years), combined with the inclusion of a control group carefully

matched for age, sex, body mass index, and habitual physical activity.
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5 Conclusion

In our cohort long-term survivors of GS and OC demonstrate preserved
cardiopulmonary function and normal abdominal wall morphology. At the same time, relevant
limitations were identified in motor performance and gastrointestinal quality of life, whereas
overall cosmetic satisfaction was generally favorable. These findings emphasize the
importance of structured, multidisciplinary long-term follow-up strategies that extend beyond
anatomical and cardiopulmonary outcome measures. A focus on functional domains may
facilitate early identification of emerging limitations and support timely initiation of targeted

therapeutic interventions.
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