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Abstract Intestinal malrotation is well covered in the

surgical literature from the point of view of operative

management, but few reviews to date have attempted to

provide a comprehensive examination of the topic from the

point of view of aetiology, in particular genetic aetiology.

Following a brief overview of molecular embryology of

midgut rotation, we present in this article instances of and

case reports and case series of intestinal malrotation in

which a genetic aetiology is likely. Autosomal dominant,

autosomal recessive, X-linked and chromosomal forms of

the disorder are represented. Most occur in syndromic

form, that is to say, in association with other malforma-

tions. In many instances, recognition of a specific syn-

drome is possible, one of several examples discussed being

the recently described association of intestinal malrotation

with alveolar capillary dysplasia, due to mutations in the

forkhead box transcription factor FOXF1. New advances in

sequencing technology mean that the identification of the

genes mutated in these disorders is more accessible than

ever, and paediatric surgeons are encouraged to refer to

their colleagues in clinical genetics where a genetic aeti-

ology seems likely.

Keywords Intestinal malrotation � FOXF1 � Genetics

Embryology

Introduction

The significance and potential seriousness of intestinal

malrotation is well appreciated by paediatric surgeons.

Reviews of the subject in the surgical literature focus on

surgical treatment of the disorder and the prevention of

complications [1–4]. Few reviews to date have attempted

to treat the subject from the point of view of aetiology

and classification, but our improving knowledge of

genetics in both humans and model organisms means

that it is reasonable now to try to undertake a systematic

review of those conditions in which intestinal malrota-

tion has been described as a component. This type of

approach is the one favoured by clinical geneticists, for

whom an understanding of the precise cause of a mal-

formation is essential to their task of advising families of

the likelihood of a recurrence of the same condition

in future offspring. For other malformations such as

oesophageal atresia, recurrence risk data have been pro-

vided [5], but not for intestinal malrotation, to the

authors’ knowledge.

In conducting this review, we have collected together

as comprehensively as possible all clinical reports of

intestinal malrotation where the suggestion of a genetic

aetiology is made. This might be because of apparent

autosomal dominant or autosomal recessive transmis-

sion, parental consanguinity of sibling recurrence;

because of association with a chromosomal imbalance;

or because of the combination of features in addition to

intestinal malrotation is suggestive of a syndrome with

a possible genetic aetiology. This review is preceded

by a brief survey of our knowledge of the embryology

of midgut rotation, with particular reference to those

genes which have been shown to have a role in the

process.

V. Martin � C. Shaw-Smith

Wellcome Trust Sanger Institute, Hinxton,

Cambridge CB10 1SA, UK

V. Martin � C. Shaw-Smith (&)

Institute of Child Health, 30 Guilford Street,

London WC1N 1EH, UK

e-mail: css@sanger.ac.uk

123

Pediatr Surg Int (2010) 26:769–781

DOI 10.1007/s00383-010-2622-5



Embryology of midgut rotation: correlation

of morphological change with molecular events

Recently, an understanding of the molecular events guiding

early development and rotation of the midgut has begun to

emerge, with a key role for the dorsal mesentery in gen-

erating the left–right asymmetry that allows rotation to take

place. The process of midgut formation from trilaminar germ

disc to final position of the gut tube is depicted in Fig. 1.

The key event leading to formation of the dorsal mes-

entery is the division of the lateral plate mesoderm into its

somatic and splanchnic components, creating the coelom or

body cavity, at around weeks 3–4 of gestation (Fig. 1a–g).

The forkhead box transcription factor Foxf1 plays a key

role in this process. Division of the lateral plate mesoderm

is disrupted in mice with targeted knock-out of Foxf1 [6],

with somatic and splanchnic layers either remaining fused

together, or with residual points of attachment leading to

incomplete separation (Fig. 2a–d).

Following division of the lateral plate mesoderm, Foxf1

expression normally becomes restricted to the splanchnic

mesoderm; activation of the homeobox gene Irx3, another

marker for lateral plate differentiation, becomes restricted to

the somatic mesoderm. In Foxf1 null mice, Irx3 expression is

detectable in both somatic and splanchnic mesoderm, sug-

gesting that its expression is normally inhibited by Foxf1.

Recently, initiation of intestinal rotation has been shown to

be mediated by key ultrastructural changes in the dorsal mes-

entery [7]. Mesenchymal cells on the right side of the mesentery

become more sparse and assume a cuboidal appearance, while

those on the left side become more densely packed and assume a

columnar appearance. As a consequence of this, the dorsal

mesentery acquires a tilt to the left (Fig. 3a, b). This sequence of

events is under the molecular control of two transcription fac-

tors, Pitx2 and Isl1. These genes are themselves asymmetrically

expressed on the left side of the mesentery, under control of

Nodal, whose expression in the left lateral plate mesoderm is the

initial symmetry-breaking event in the embryo.

Following tilting of the dorsal mesentery, rapid elon-

gation of the intestine after week 5 combined with rapid

Fig. 1 Transverse sections showing schema for development of

mesodermal germ layer and gut tube. a Day 17, b day 19, c day 20, d
day 21. The thin mesodermal sheet gives rise to paraxial mesoderm

(future somites), intermediate mesoderm (future excretory units) and

the lateral plate, which divides into parietal and visceral layers lining

the intra-embryonic body cavity. e Day 25 (approx), f day 30

(approx). g Dorsal mesoderm shows leftward tilt. Timing of this event

in humans is currently not known. At the end of the fourth week,

visceral mesoderm layers are fused in the midline and form a double-

layered membrane (dorsal mesentery) between right and left halves of

the body cavity. Redrawn from Langman’s Medical Embryology 11th

Edition, Sadler TW, Figure 6.8, page 75 and Figure 14.3, page 211,

with permission
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growth and expansion of the liver results in temporary

herniation of the intestinal loops of the midgut into the

umbilical cord [1]. Coincident with this growth, the small

intestine rotates around an axis formed by the superior

mesenteric artery, for a total of 270� in an anti-clockwise

direction, the process being completed by the time of the

4C
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Fig. 2 Requirement of normal Foxf1 function for lateral plate

differentiation and coelom formation. Differentiation of somatopleure

and splanchnopleure and the associated formation of the coelomic

cavity is disturbed in Foxf1-/- embryos. a, c Wildtype, b, d
Foxf1-/- embryo at mouse embryonic day 8.5. Separation of the

somatic and splanchnic mesodermal layers is incomplete in the

Foxf1-/- embryo, and formation of the coelomic cavity is disrupted,

with failure of the coelomic cavity to invade the lateral plate

mesoderm. nt neural tube, da dorsal aorta, co coelom, am amnion, so
somatic mesoderm or somatopleure, sp splanchnic mesoderm or

splanchnopleure. Reproduced from Ref. [6], Figure 8, page 163, with

permission
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Fig. 3 Model for the directional looping of the gut tube. See text for

additional explanation. a Initially, the gut tube is suspended

symmetrically from the dorsal mesentery within the body cavity. b
Subsequently, expression of the transcription factors Pitx2 and Isl1
under the influence of Nodal is restricted to the left side, and of Tbx18
to the right. This results in morphological changes to the epithelium

and mesenchyme of the mesentery: columnar epithelium on the left as

opposed to cuboidal on the right, and aggregation of mesenchymal

cells on the left as opposed to dispersal on the right. The result of

these changes is a leftward tilt of the dorsal mesentery, which

consequently takes on a trapezoidal rather than a rectangular shape.

These studies were performed in the chick embryo, stage HH20-22

(Hamburger and Hamilton [56]), corresponding to mouse embryonic

day 10.5–10.75. Redrawn from Davis et al. [7], Figure 7, with

permission
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return of the intestine to the abdominal cavity during the

10th week (Fig. 4a–e).

Overview of intestinal malrotation

The incidence of intestinal malrotation is generally cited in

the literature to be 0.2% or 1 in 500 [1, 3, 4]. This figure is

based on a series of 2,000 consecutive cases of roentgen-

ographic evaluation of the colon [8], in which evidence of

non-rotation of the colon was identified in 4 cases. No

comparable prospective series of upper gastro-intestinal

examinations exists, to the authors’ knowledge. It is worth

emphasizing first, that intestinal malrotation comprises a

spectrum of anomalies, including ‘typical’, ‘atypical’,

‘mixed’ and incomplete’, and second, that the figure of

0.2% includes all cases of malrotation irrespective of

symptoms, and the incidence of symptomatic intestinal

malrotation is likely to be somewhat lower. Both of these

issues have been well discussed in a recent review [1].

There have been few attempts to provide a classification

of intestinal malrotation based on aetiology, perhaps

because little is known of the cause when malrotation

occurs in isolation (non-syndromic), and because when it

occurs in association with other malformations, such as gut

atresias, short bowel, biliary or pancreatic malformations,

heart defect and so on, these tend to overshadow malro-

tation in terms of severity and significance. The main

purpose of this review is to draw attention to those

instances of intestinal malrotation where the aetiology is

known, or likely to be, genetic.

Intestinal malrotation due to mutations in known genes

Intestinal malrotation due to mutations in the forkhead

box transcription factor FOXF1

Recently, it was shown that intestinal malrotation results

from inactivating heterozygous mutations in the forkhead

transcription factor FOXF1 [9]. As well as intestinal mal-

rotation, congenital short bowel has been reported in one

case. These patients have in addition a severe develop-

mental lung abnormality termed alveolar capillary dys-

plasia with misalignment of pulmonary veins (ACD/MPV)

in which failure of development of the intrinsic pulmonary

vasculature of the lungs occurs [9 and references therein].

There is minimal response to supportive measures and

death usually occurs within the first month of life. Mal-

formations of the urinary tract also occur in these patients.

6 weeks
gestation

8 weeks
gestation

9 weeks
gestation

11 weeks
gestation

12 weeks
gestation

First stage Second stage

Third stage

a b c

d e

Fig. 4 Normal intestinal

rotation. a, b Primary intestinal

loop before rotation (lateral
view). The superior mesenteric

artery forms the axis of the loop

and of subsequent rotation. c–e
Counter-clockwise rotation of

the gut occurs through 270�
concomitantly with herniation

of the small intestinal loops

followed by return of the gut to

the abdominal cavity during the

third month of gestation.

Redrawn from Filston and Kirks

[2], with permission
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The critical role of the dorsal mesentery in mediating

normal rotation of the intestine and the role of Foxf1 in

formation of the dorsal mesentery in mice make this find-

ing perhaps unsurprising. Curiously, intestinal malrotation

has not been reported in mice with inactivation either of

one or of both copies of Foxf1, although these mice do

have oesophageal atresia and tracheo-oesophageal fistula

[6]. It is not clear whether malrotation in these mice is truly

absent or whether it has been overlooked, or not specifi-

cally sought.

It is worth noting that the clinical features occurring in

patients with FOXF1 mutations have features in common

with the heterotaxy syndromes described above and in

Table 1. As well as intestinal malrotation, pulmonary

isomerism and situs abnormalities of the great vessels occur.

One patient with deletion of FOXF1 and the neighbouring

MTHFSD gene had in addition absent spleen and transverse

orientation of the liver, both features of heterotaxy.

Intestinal malrotation due to mutations in genes

controlling L–R patterning

Intestinal malrotation, along with complex congenital heart

defect, abnormalities of lung lobation, and other abnor-

malities of abdominal visceral situs, is a cardinal feature of

situs abnormality. A detailed treatment of this large and

complex subject is beyond the scope of this review, but

nonetheless a review of intestinal malrotation without some

consideration of it would be incomplete.

Asymmetric placement of the thoracic and abdominal

organs in the normally developed vertebrate is the rule

rather than the exception. In the abdomen, the stomach,

liver, spleen, small and large intestine, and biliary tract are

all asymmetrically placed. In the last 10–15 years, muta-

tions have been identified in genes with a role in specifying

L–R asymmetry in the early embryo, and the clinical

problems associated with these mutations have been elu-

cidated in humans. Table 1 lists features of clinical syn-

dromes due to mutations in L–R asymmetry genes. Only

those genes for which intestinal malrotation has been

described as a component of the clinical syndrome are

included; a detailed review of the whole subject has been

provided by Maclean and Dunwoodie [10].

Intestinal malrotation: likely genetic but chromosomal

locus and gene mutations not yet identified

In this section, instances of intestinal malrotation are

presented, in which familial recurrence and/or parental

consanguinity point to a likely genetic aetiology.

Subdivision is made into those forms which are

non-syndromic (i.e., isolated intestinal malrotation), and

syndromic, in which other malformations occur, either

within the GI tract or elsewhere. A summary of all of the

conditions cited in the text is presented in the table.

Non-syndromic intestinal malrotation

Familial non-syndromic intestinal malrotation associated

with midgut volvulus and with clear evidence for autoso-

mal dominant inheritance was published in 1972 by Stuart

L Smith, a surgeon at the Lutheran Hospital, Wheat Ridge,

CO, USA [11]. Eight affected individuals, five male and

three female in three generations were reported. Additional

affected individuals are likely to have been born since the

publication of this report, and it would be of great interest

to make a further study of this family with a view to

identifying the genetic lesion responsible.

A second family with possible autosomal dominant

inheritance was published more recently [12], in which

three siblings (two girls and one boy) presented with

intestinal malrotation; barium studies in the mother, who

had symptoms of constipation and vomiting, revealed

‘incomplete duodenum without normal distal flexure’, but

not malrotation.

Syndromic intestinal malrotation

Four syndromes featuring intestinal malrotation and other

GI tract malformations, as well as extra-intestinal malfor-

mations, and all with strong evidence for autosomal

recessive inheritance (sibling recurrence and parental

consanguinity in each) have been reported, and all appear

to be distinct, although some are sufficiently similar that a

common genetic aetiology should be considered a possi-

bility. Gastro-intestinal atresias feature prominently in

some of these syndromes, and indeed, the possible rela-

tionship between intestinal malrotation and gastro-intesti-

nal tract atresias has previously been explored [13].

The first of these conditions, originally reported by

Martinez-Frias [14] and recently reviewed by Chappell

et al. [15], has been termed Martinez-Frias syndrome and

comprises multiple gastro-intestinal atresias with malrota-

tion in some cases, abnormalities of the biliary system

(agenesis of the gall bladder, intra- and extra-hepatic bili-

ary atresia) and pancreas (hypoplasia, agenesis, neonatal

diabetes mellitus). Malrotation as well as extra-intestinal

manifestations (hypospadias, congenital heart defect) has

been described. Several candidate genes have been

screened, but no causative mutations identified to date [15].

The second condition has been termed multiple gastro-

intestinal atresias. Many of the reported cases have been in

the French-Canadian ethnic group [16], although a report in

a kindred from Ireland exists [17]. Again, there is good

evidence for autosomal recessive inheritance with sibling

Pediatr Surg Int (2010) 26:769–781 773
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recurrence and parental consanguinity. Intraluminal calci-

fication of intestinal contents trapped within atretic seg-

ments is characteristic of this syndrome, and this may be

visible during pre-natal ultrasound, or post-natally on a

plain abdominal radiograph [18]. Cystic dilation of pan-

creatic and biliary ductal systems occurs and is probably

secondary to impaired drainage into a blind duodenal loop.

Extra-intestinal manifestations are rare. In a review of 18

cases, death occurred in infancy in each instance [19].

The combination of intestinal malrotation and short

bowel has been reported. The best documented example is

a kindred from Israel, featuring six affected individuals,

again with consanguinity and sibling recurrence [20], but

there are other instances in the literature [21]. In the Israeli

kindred, very short bowel (range 35–51 cm) was observed

in three individuals who died in infancy; a surviving child

had a bowel length of 95 cm, with malrotation and two

other surviving individuals had, at the time of the report,

avoided surgery, but did have malrotation and short bowel

documented by barium meal examination. Extra-intestinal

manifestations do not appear to be a feature of this condition.

The syndrome of Megacystis, Microcolon and Intestinal

Hypoperistalsis (MMIH) is well-documented with many

reports in the literature, including many instances of

parental consanguinity and sibling recurrence. A detailed

review was provided by Anneren et al. [22]. Intestinal

malrotation is a common feature. The condition appears to

be a disorder of hollow viscera only, with no abnormalities

outside these organs. Mice lacking the beta2 and beta4

subunits of the neuronal nicotinic acetyl choline receptor

have a phenotype resembling this disorder [23], but

mutations in these genes have to date not been identified in

patients with it.

There are two apparently distinct autosomal recessive

disorders featuring ‘apple peel’ atresia in association with

intestinal malrotation. In this rare form of atresia, there is

significant loss of bowel length and small intestinal atresia;

the small intestine curls around the superior mesenteric

artery giving the impression of an apple peel [24]. Other

descriptive terms include ‘Christmas tree’, ‘pagoda’, and

‘maypole’ [25]. Farag et al. [25] reported a consanguineous

family with four affected sibs, and reviewed the literature,

which contains several similar families [26]. In these

families, the bowel abnormality is isolated with no other

intestinal or extra-intestinal malformations.

In the second disorder featuring apple peel atresia, extra-

intestinal manifestations do occur, specifically microceph-

aly and ocular anomalies (microphthalmia; anterior eye

chamber anomalies: corneal opacities, iris hypoplasia,

adhesions between iris and cornea). van Bever and others

reported a patient and reviewed the literature. Autosomal

recessive inheritance is possible based on one report of

sibling recurrence [24].T
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There are several less well-documented and rarer enti-

ties featuring syndromic intestinal malrotation with sibling

recurrence, but without parental consanguinity. Pumberger

et al. [27] reported the combination of duodenal atresia,

malrotation, absent dorsal mesentery and absent superior

mesenteric artery in four individuals, two of whom were

sisters, and argued that this is distinct from the more

commonly recognized apple peel small bowel atresia.

Stalker and Chitayat [28] described intestinal malrotation

and facial anomalies (high forehead, long palpebral fis-

sures) in two sisters. McPherson and Clemens [29] reported

the combination of bilateral cleft lip and palate with severe

congenital heart defect and central nervous system abnor-

malities in a brother and sister. Hardikar syndrome [30] is

reasonably well-characterized, with obstructive liver and

biliary tract disease, intestinal malrotation, obstructive

uropathy, congenital heart defect, cleft lip and palate, and a

characteristic (‘cats paw’) retinopathy. In serpentine fibula

syndrome [31], characteristic skeletal manifestations, other

than the ‘S’-shaped fibula, are bowing of the radius and

ulna, and flattening of the vertebrae. Heart malformations

and polycystic kidneys are also described. Kapur and Toriello

[32] described a brother and sister with multiple congenital

anomalies including intestinal malrotation, rectal stenosis and

ectopic gastric mucosa in a Meckel diverticulum.

Syndromes featuring intestinal malrotation of uncertain

inheritance/aetiology

Microgastria with limb reduction defects is well-described

in the literature, with several case reports [33]. There have

been no familial instances, and the aetiology therefore

remains uncertain. Two other multiple malformation syn-

dromes have been the subjects of single case reports [34, 35].

Intestinal malrotation due to chromosomal imbalance

Some chromosomal disorders have been associated with

malrotation; in these cases, there are usually multiple other

abnormalities: other malformations which may contribute

to a reduction in life expectancy; restricted growth; dys-

morphic facial features, and learning disability, if the child

survives. Chromosomal loci with associated phenotype are

summarized in the table.

In the light of the phenotype due to deletions at chro-

mosome 16q24.1 discussed above, it is interesting that

duplication (trisomy as opposed to monosomy) of the long

arm of chromosome 16 is likewise associated with a

number of GI tract abnormalities, reviewed in detail by

Brisset et al. [36]. These include malrotation, congenital

short bowel, imperforate anus and gall bladder agenesis.

Brain, cardiac, genito-urinary tract and vertebral anomalies

also occur. The authors attempted to make a genotype–

phenotype correlation based on chromosome banding; it

will be interesting to repeat the exercise on future cases

using high-resolution microarray analysis, and to determine

whether the FOX transcription factor cluster at 16q24.1 is

or is not involved in the aetiology.

Midgut malrotation has been reported in association

with ring chromosome 4 [37], a rare structural abnormality

in which loss of chromosomal material from both short and

long arms of the chromosome occurs. There are fewer than

20 reports of ring chromosome 4 in the literature, of which

two have been associated with midgut volvulus [37, 38].

Congenital short bowel [38], duodenal atresia [39] and

aplasia of the gall bladder [40] have also been reported in

association with this chromosome abnormality.

There are several reports, reviewed in Ref. [41], of

deletions of the long arm of chromosome 13 in association

with Hirschsprung disease and other GI tract malforma-

tions: malrotation, jejunal and ileal atresia, agenesis of

mesentery and hypoplastic gallbladder. Heterozygous

mutations in EDNRB, which is found within the deletion

interval, result in Hirschsprung disease, but other GI tract

malformations have not been reported in conjunction with

EDNRB mutations, suggesting that additional genes within

the interval may contribute to the non-Hirschsprung GI

malformations in these cases.

A tentative anatomical classification of intestinal

malrotation

Four aetiological groups for intestinal malrotation may

tentatively be suggested, comprising abnormalities of left–

right patterning, of the dorsal mesentery, of the intestine

itself, and of other abdominal contents. Abnormalities of

left–right patterning have been covered above. The second

category, abnormalities of the dorsal mesentery, is inferred

from the fact that a key role for the dorsal mesentery in

intestinal rotation has now been established, and secondly

from the fact that mutations in FOXF1, a key gene in the

establishment of the dorsal mesentery, are associated with

intestinal malrotation. The third category is inferred from

the observations that abnormalities of the bowel such as

congenital short bowel or the presence of multiple atresias

are frequently associated with malrotation, and it is likely,

though unproven, that the malrotation is a consequence of

the bowel abnormality and not the other way around. The

fourth category is outside the scope of this review. Briefly,

incorrect placement of the intestine or of other organs of

the abdominal cavity during embryonic development may

lead to intestinal malrotation. Exomphalos, gastroschisis

and diaphragmatic hernia are all examples of this.
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Syndromal examples include limb-body wall complex [42]

with gastroschisis and a short, non-rotated intestine; and

Fryns syndrome [43], in which diaphragmatic hernia and

intestinal malrotation both occur.

Concluding remarks

In this review, we have attempted to collect together

reported instances of intestinal malrotation where a genetic

approach may shed light on the aetiology of this common

gastro-intestinal malformation. The identification of new

genes with a role in intestinal development brings benefit

both to families, who may be greatly helped by genetic

counselling, information about recurrence risk, and possi-

bly pre-natal diagnosis where the disorder is lethal; and to

researchers in genetics and developmental biology who

seek to understand both normal and abnormal development

of the gastro-intestinal tract.

For the geneticist, the traditional approach of disease

gene identification by linkage analysis has been and is

being supplemented by two new technologies. The first is

high-resolution chromosome analysis by DNA micro-

arrays, also termed molecular karyotyping [44, 45]. This

has improved the resolution of detection of chromosomal

imbalances by orders of magnitude and greatly improved

the diagnostic rate for children with a combination of

learning difficulties and congenital malformations. The

identification of the role of FOXF1 in intestinal malrotation

was a direct result of the application of this technology.

The second new approach has arisen because of huge

improvements in sequencing technology, which now make

the sequencing of entire individual genomes feasible,

though still currently expensive. This technology can be

applied to the detection of mutations in individuals without

any prior chromosomal localization. No successful appli-

cations of this method have been reported to date, but the

next few years are likely to bring exciting results.

It is, therefore, more timely than ever for clinical

geneticists to appeal to their colleagues in other speciali-

ties, in this case in paediatric gastroenterology and paedi-

atric surgery, for help in the recruitment of suitable

families for genetic studies. Enquiry about family history,

referral to the local clinical geneticist where there is

parental consanguinity or recurrence within a family, and

requests for a syndromal diagnosis are all encouraged, and

it is the authors’ hope that increased cross-talk between our

two specialities will bring benefits for all parties—the

family, the surgeon, the clinical geneticist and the research

community.

Note added to proof Since submission of this manuscript, evidence

has emerged that Martinez-Frias syndrome is due to mutations in

RFX6.

Smith SB, Qu HQ, Taleb N, Kishimoto NY, Scheel DW, Lu Y,

Patch A, Grabs R, Wang J, Lynn FC, Miyatsuka T, Mitchell J, Seerke

R, Desir J, Eijnden SV, Abramowicz M, Kacet N, Weill J, Renard

ME, Gentile M, Hansen I, Dewar K, Hattersley AT, Wang R, Wilson

ME, Johnson JD, Polychronakos C, German MS (2010) Rfx6 directs

islet formation and insulin production in mice and humans. Nature

463:775–780.
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