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Five Hundred Patients With Gut Malrotation

Thirty Years of Experience With the Introduction of a New Surgical Procedure
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Objectives: Define clinical spectrum and long-term outcomes of gut malro-

tation. With new insights, an innovative procedure was introduced and

predictive models were established.

Methods: Over 30-years, 500 patients were managed at 2 institutions. Of

these, 274 (55%) were children at time of diagnosis. At referral, 204 (41%)

patients suffered midgut-loss and the remaining 296 (59%) had intact gut with

a wide range of digestive symptoms. With midgut-loss, 189 (93%) patients

underwent surgery with gut transplantation in 174 (92%) including 16 of 31

(16%) who had autologous gut reconstruction. Ladd’s procedure was docu-

mented in 192 (38%) patients with recurrent or de novo volvulus in 41 (21%).

For 80 patients with disabling gastrointestinal symptoms, gut malrotation

correction (GMC) surgery ‘‘Kareem’s procedure’’ was offered with comple-

tion of the 2708 embryonic counterclockwise-rotation, reversal of vascular-

inversion, and fixation of mesenteric-attachments. Concomitant colonic

dysmotility was observed in 25 (31%) patients.

Results: The cumulative risk of midgut-loss increased with volvulus, prema-

turity, gastroschisis, and intestinal atresia whereas reduced with Ladd’s and

increasing age. Transplant cumulative survival was 63% at 10-years and 54% at

20-years with best outcome among infants and liver-containing allografts.

Autologous gut reconstruction achieved 78% and GMC had 100% 10-year

survival. Ladd’s was associated with 21% recurrent/de novo volvulus and

worsening (P > 0.05) of the preoperative National Institute of Health

patient-reported outcomes measurement information system gastrointestinal

symptom scales. GMC significantly (P � 0.001) improved all of the symp-

tomatology domains with no technical complications or development of

volvulus. GMC improved quality of life with restored nutritional autonomy

(P < 0.0001) and daily activities (P < 0.0001).

Conclusions: Gut malrotation is a clinicopathologic syndrome affecting all

ages. The introduced herein definitive correction procedure is safe, effective,

and easy to perform. Accordingly, the current standard of care practice should

be redefined in this orphan population.
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T he twentieth century witnessed great interest in gut development
particularly the complex evolution of midgut.1–7 The different

anomalies of embryonic rotation and mesenteric fixation were
described. The midgut from the fixed point of the duodenum to
the mid-transverse colon is attached to the posterior abdominal wall
by a narrow mesenteric hilum.8 This incites the easy development of
midgut volvulus with the superior mesenteric artery being the central
axis of such a life-threatening event. More recently, advances have
also been made concerning the molecular and genetic defects
associated with these enigmatic abnormalities.9–11 Despite modern
surgical advances, little progress has been made in the management
of such a life-long potentially lethal inherited disorder.12–24

The clinical significance of embryonic midgut anomalies was
revealed in the early 1920s allowing the 1930s seminal introduction
of the life-saving Ladd’s procedure.8,25,26 The operation aimed to
detorse volvulus and treat duodenal obstruction by releasing the Ladd
bands. At the same time, the malrotation was reverted to an earlier
stage, rather than corrected, with widening of the mesentery to
reduce risk of recurrent volvulus.

Over the years, a few short-lived modifications were intro-
duced to the gold standard Ladd’s procedure. The intent was to
amend the anatomic deviation with limited stabilization of the
mesentery.27–30 More recently, a plethora of scientific publications
has emerged, mainly as case series with a few review articles.31–51

These reports attempted to better understand the disease spectrum
and management strategies particularly among the adult population.

In 1990s, a new dimension was added to the management of
patients with catastrophic midgut-loss.52 With the observed life-
threatening complications associated with total parenteral nutrition
(TPN), gut transplantation was introduced. Subsequently, autologous
gut reconstruction has evolved as part of an integrated management
strategy.53,54 In the light of these repercussions, a novel procedure was
conceptualized by the primary author and judiciously implemented to
treat patients with disabling digestive symptoms and prevent midgut
volvulus. The operation stemmed from 30 years of experience in
transplant and digestive surgery combined with recent revelations in
mesenteric and neuroenteric embryonic development.53–56

This is the largest worldwide series that comprehensively
addresses the clinicopathologic spectrum of gut malrotation (GM)
in both children and adults. The long-term efficacy of gut transplanta-
tion and autologous reconstruction is also assessed. The technical
details of the new procedure are illustrated and fully described. Lastly,
outcome risk factors are identified and predictive models are estab-
lished to guide the future management of this perplexing population.
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METHODS

Study Design

This ambispective cohort study comprised of 500 gut malrota-
tion (GM) patients. The retrospective group consisted of 204 (41%)
patients referred with catastrophic midgut-loss. The prospective group
included 125 (25%) with intact gut and disabling gastrointestinal
symptoms that were referred for digestive surgery. The remaining
171 (34%) were retrieved from Cleveland Clinic electronic database
with confirmed radiologic diagnosis utilizing an integrated natural
language processing algorithm. The majority of gut-loss patients were
referred for gut transplantation (GT) and/or autologous gut reconstruc-
tion (AGR) at the University of Pittsburgh Medical Center and most of
the intact gut symptomatic patients were referred to Cleveland Clinic
Center for Gut Rehabilitation and Transplantation.

The retrospective group (n ¼ 204) was examined to assess
long-term efficacy of GT and AGR. The prospective group (n¼ 125)
was studied to define the clinical spectrum of the GM disorder and
durability of the newly introduced gut malrotation correction (GMC)
surgery. The collected data of the total 500 patients were stratified
and analyzed to measure risk of midgut-loss and identify the
distinctive clinical features of GM among those with intact gut.
TABLE 1. Clinical Features of the 500 Patients According to Age

Variable Total

Number of patients (%) 500
Geographic distribution (%)

National 469 (94)
International 31 (6)

Sex (Female : Male) 1.2 : 1
Race/Ethnicity (White : African-American) 8.6 : 1
Prematurity (%) 126 (25)
Associated abdominal congenital anomalies (%) 216 (43)

Gastroschisis 77 (15)
Intestinal atresia 65 (13)
Gastroschisis þ intestinal atresia 15 (3)
Accessory gut organs 59 (12)

Genetic syndromes (%) 51 (10)
Thrombophilia (%) 25 (5)
Age at time of diagnosis (median [IQR], yr) 13 [0–37]
Duration between symptoms and diagnosis (yr)

0–5 341 (68)
>5 159 (32)

Clinical presentation at referral (%)
Midgut-loss 204 (41)
Disabling digestive symptoms 125 (25)
Nonspecific digestive symptoms 171 (34)

History of Volvulus (%) 254 (51)
Connective tissue/autoimmune (%) 25 (5)
Gut dysmotility (%) 56 (11)
Total parenteral nutrition (%) 228 (46)
Prior abdominal surgery

Number of patients (%) 441 (88)
Number of procedures (mean � SD) 3 � 3

Ladd’s procedure (%) 192 (38)
Open 143 (74)
Laparoscopic 49 (26)

Prior organ/cell transplant (%) 26 (5)
Surgical management (%) 269 (54)

Gut transplantation (GT) 174 (65)�

Autologous gut reconstruction (AGR) 15 (5)
Gut malrotation correction (GMC) surgery 80 (30)

Overall survival (%)y 383 (77)

�Sixteen patients had prior autologous gut reconstruction (AGR).
yAs of February 15, 2021.
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The technical concept of the GMC procedure was born as
the result of the primary author’s cumulative experience with
organ transplant and digestive surgery. The instigated techniques
of retrieving the intestinal allograft, preserving the recipient pancrea-
tico-duodenal-complex, and reconstructing native gut were seminal to
the inception of GMC.57,58 The primary surgical principle of the
procedure has been completion of the embryonic 2708 counterclock-
wise-midgut rotation with establishment of the mesenteric-attach-
ments. Colon resection was performed for patients with
concomitant colonic dysmotility.

Core data including patient characteristics and pertinent clini-
cal features were pooled from a computerized database. Chart review
was conducted to obtain further relevant information. The nationally
shared medical records were also accessed. Telehealth visits and
telephone interviews were conducted for complete follow-up of the
GT, AGR, and GMC patients especially in the midst of COVID-19
pandemic. Institutional Review Board approvals were obtained with
an honest broker for data management.

Definitions
The diagnosis was established utilizing different imaging tech-

niques and was further confirmed during surgery.59 Supplementary
at Time of Gut Malrotation Diagnosis

Children (<18 yr) Adults (� 18 yr) P Value

274 (55) 226 (45) NA
0.5

255 (93) 214 (95)
19 (7) 12 (5)
0.8 : 1 2.1 : 1 <0.0001
8.1 : 1 9.3 : 1 <0.0001

115 (42) 11 (5) <0.0001
174 (64) 42 (19) <0.0001
65 (24) 12 (5) <0.0001
57 (21) 8 (4) <0.0001
14 (5) 1 (0.4) 0.3080
38 (14) 21 (9) 0.1114
36 (13) 15 (7) 0.015
9 (3) 16 (7) 0.003

0.1 [0–6] 40 [28–57] <0.0001
<0.0001

219 (80) 122 (54)
55 (20) 104 (46)

<0.0001
174 (64) 30 (13)
40 (15) 85 (38)
60 (22) 111 (49)

196 (72) 58 (26) <0.0001
5 (2) 20 (9) 0.0003
20 (7) 36 (16) 0.002

190 (69) 38 (17) <0.0001

260 (95) 181 (80) <0.0001
3 � 2 2 � 2 0.07

116 (42) 76 (34) 0.05
100 (86) 43 (57) <0.0001
16 (14) 33 (43)
14 (5) 12 (5) 0.5

187 (68) 82 (36) <0.0001
157 (84) 17 (21)

8 (4) 7 (8)
22 (12) 58 (71)

197 (72) 186 (82) 0.01

� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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Figure-1, http://links.lww.com/SLA/D256 identifies different abnor-
mal locations and configurations of the midgut visceral (Fig. 1A) and
vascular (Fig. 1B) structures. The type of malrotation was difficult to
be categorized because of prereferral midgut-loss or prior
Ladd’s procedure.

Gut malrotation syndrome (GMS) was defined by a cluster of
disabling digestive symptoms. Dysmotility was diagnosed in symp-
tomatic patients with delayed orocecal and colonic transit time. GT
was indicated for irreversible gut failure with TPN-associated com-
plications including liver failure.54 AGR is a digestive surgery that
restores gut continuity and remodels intestinal transit time.54

Study Population
The study was conceived in the mid-2000s with the observed

steady GM-associated midgut-loss referral to transplantation and was
launched with the 2010 development of GMC surgery. Of the 500
collated patients, 274 (55%) were children at the time of GM
diagnosis. Midgut-loss was present in 204 (41%) whereas 296
(59%) had intact gut with a wide range of digestive symptoms
and other extra-gastrointestinal associated pathology. The clinical
TABLE 2. Descriptive Features of the 500 Gut Malrotated Patient

Variable Midgut

Number of patients (%) 204 (4
Geographic distribution (%)

National 190 (9
International 14 (7

Sex (Female / Male) 90 / 1
Race (White / African-American) 180 /
Age at time of diagnosis (median [IQR], yr) 1 [0–
�1 131 (6
>1 to < 18 43 (2
18 to � 40 24 (1
>40 to �60 6 (3
�60 0 (0

Prematurity (%) 96 (4
Associated abdominal congenital anomalies (%) 143 (7

Gastroschisis 67 (4
Intestinal atresia 52 (3
Gastroschisis þ intestinal atresia 15 (1
Accessory gut organs 9 (6

Time between symptoms and diagnosis (yr)
0–5 172 (8
>5 32 (1

History of volvulus (%) 198 (9
History of Ladd’s procedure (%) 50 (2

Open 45 (9
Laparoscopic 5 (10

Prior abdominal surgery
Number of patients (%) 200 (9
Number of procedures (median [IQR]) 3 [2–

Prior organ/cell transplant (%) 6 (3
Gut dysmotility (%) 16 (8
Connective tissue / autoimmune (%) 5 (2
Genetic syndromes (%) 15 (7
Thrombophilia (%) 19 (1
Total parenteral nutrition (%) 199 (9
Surgical management (%) 189 (9

Gut transplantation (GT) 174 (9
Autologous gut reconstruction (AGR) 15 (8
Gut malrotation correction (GMC) surgery 0 (0

Overall survival (%)y 123 (6

NA indicates non-applicable.
�Sixteen patients failed prior autologous gut reconstruction.
yas of February 15, 2021.

� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
features of the total population according to age of diagnosis and
status of midgut are summarized in Tables 1 and 2, respectively.

Of the 204 midgut-loss patients, 189 (93%) underwent surgical
intervention; AGR in 31 (16%) (Table 3) and GT in 174 (92%)
including 16 of the AGR patients (Table 4). The remaining 15 (7%)
continued to receive TPN because of poor surgical candidacy or
unwillingness to proceed with transplant. Of the 125 prospectively-
studied patients with disabling digestive symptoms, 80 (64%) under-
went GMC surgery (Table 5) with the complexity of a few patients
as shown in Supplementary Figure-2, http://links.lww.com/SLA/
D256. Surgery was deferred in the remaining 45 (36%) because of
national/international health insurance denial (n ¼ 16), covid-19
pandemic (n ¼ 14), socioeconomic barriers (n ¼ 8) or patient/parent
desire (n ¼ 7).

Evaluation
The referred patients with midgut-loss underwent a thorough

initial evaluation to assess nutritional status, gut anatomy, and associ-
ated pathology.53,54 The prereferral diagnostic studies and operative
reports were independently reviewed by 2 of the coauthors to confirm
s According to Status of Gut Anatomy at Time of Referral

-loss Intact Midgut P Value

1) 296 (59) NA
0.322

3) 279 (94)
) 17 (6)
14 186 / 110 <0.0001
24 268 / 28 0.002
8] 29 [10–52] <0.0001
4) 42 (14)
1) 58 (20)
2) 96 (32)
) 55 (19)
) 45 (15)
7) 30 (10) <0.0001
0) 73 (25) <0.0001
7) 10 (14) <0.0001
6) 13 (18) <0.0001
1) 0 (0) <0.0001
) 50 (68) <0.0001

4) 169 (57) <0.0001
6) 127 (43)
7) 56 (19) <0.0001
5) 142 (48) <0.0001
0) 98 (69)
) 44 (31)

8) 241 (81) <0.0001
5] 2 [1–4] <0.0001
) 20 (7) 0.025
) 40 (14) <0.0001
) 20 (7) <0.0001
) 36 (12) 0.104
0) 6 (2) 0.228
8) 29 (10) <0.0001
3) 80 (27) <0.0001
2)� 0 (0)
) 0 (0)
) 80 (100)
0) 260 (88) <0.0001
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TABLE 3. Clinical Features and Surgical Anatomy of the Autologous Gut Reconstruction (AGR) Patients

Variable Total No. AGR-only AGR-Gut Transplant P Value

No. patients (%) 31 15 (48) 16 (52)
Age at time of gut-loss (median [IQR], yr) 1 [0–25] 25 [15–40] 0 [0–1] <0.0001
Age at time of surgery (median [IQR], yr) 16 [5–31] 30 [19–44] 5 [2–12] <0.0001
Children (%) 22 (71) 6 (40) 16 (100) 0.0002
Gender (Female : Male) 1.1 : 1 1.5 : 1 0.8 : 1 0.3656
Perinatal diagnosis (�7 d) 15 (48) 3 (20) 12 (75) 0.0022
Prematurity (%) 17 (55) 6 (40) 11 (69) 0.1080
Associated congenital anomalies (%) 24 (77) 8 (53) 16 (100) 0.001

Gastroschisis 14 (45) 3 (20) 11 (69) 0.006
Intestinal atresia 8 (26) 4 (27) 4 (25) 0.915
Gastroschisis þ intestinal atresia 2 (6) 1 (7) 1 (6) 0.924

Genetic disorders (%) 6 (19) 6 (40) 0 (0) 0.0048
Length of residual intestine

Small bowel (mean � SD, cm) 47 � 43 65 � 52 26 � 10 0.014
Large bowel 0.474
�50% 8 (26) 3 (20) 5 (31)
<50% 23 (74) 12 (80) 11 (69)

Prior abdominal surgery (median [IQR]) 4 [3–6] 4 [3–67] 4 [2–6] 0.6910
Prior stem cell transplant (%) 1 (3) 1 (7) 0 (0) NA
Liver pathology (n) 27 (87) 12 (80) 16 (100) 0.0272

Steatosis/cholestasis (%) 12 (44) 6 (50) 6 (38)
Mild/moderate Fibrosis (%) 15 (56) 6 (50) 10 (63)

Surgical management (%)
Gut reconstruction 11 (35) 8 (53) 3 (19) 0.0258
Bowel lengthening 23 (74) 9 (60) 14 (88) 0.037

Longitudinal (Bianchi) 6 (26) 0 (0) 6 (43)
Transverse (STEP) 17 (74) 9 (100) 8 (57)

Enterotrophic (GLP-2) treatment 1 (3) 1 (7) 0 (0) 0.29
Overall survival (%) 22 (71) 12 (80) 10 (63) 0.28
TPN-free survival (%) 12 (55) 5 (42) 7 (70)� 0.032
Follow-up (median [IQR], yr) 3 [1–11] 3 [0.3–7] 5 [1–13] 0.36

TPN indicates total parenteral nutrition.
�All patients were TPN dependent before transplantation.
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the history of malrotation. Targeted clinical, laboratory, radiologic,
endoscopic and histopathologic examinations were established to
assess candidacy for gut rehabilitation and/or transplantation.54

Patients with intact gut and disabling symptoms were typically
referred after needless work-up for eating, somatoform, and mental
health disorders. Accordingly, a few specific studies were conducted
to confirm the diagnosis and exclude other gastrointestinal/systemic
disorders. Motility studies were conducted for constipated patients
including sitz markers and orocecal transit time with gastric empty-
ing, anorectal manometry, and defecography in selected cases (Sup-
plementary Figure-3, http://links.lww.com/SLA/D256).

The well-established National Institute of Health (NIH)
patient-reported outcomes measurement information system
(PROMIS) gastrointestinal symptom scales were modified and
self-reported by the GMC surgery patients.60 The 8 symptomatology
domains were abdominal pain, gastroesophageal reflux, nausea/
vomiting, bloating, constipation, diarrhea, pelvic floor dysfunction,
and restricted oral intake (Supplementary Figure-4, http://link-
s.lww.com/SLA/D256). With a total of 65 points, frequency and
severity were measured before surgery and during the last follow-up.
Lower scores indicate improvement of the GI symptoms. Patients
with prior Ladd’s (n¼ 45) were asked to answer the questionnaire to
the best of their recollection assessing the symptoms before and after
the procedure. Patients with early childhood Ladd’s (n ¼ 11) were
not able to assess the impact of Ladd’s on the symptomatology scales.

Assessment of the 171 Cleveland Clinic electronic database-
identified patients was based upon the retrieved medical information
including demographics and pertinent clinical features. The diagnosis
584 | www.annalsofsurgery.com
was confirmed by an expert radiologist with supportive clinical and
operative data. Medical history was carefully reviewed to determine
onset of digestive symptoms, time of diagnosis, history of volvulus,
and prior abdominal surgeries including Ladd’s procedure. Special
focus was directed towards details of the digestive symptoms and
development of volvulus with and without midgut-loss.

SURGICAL PROCEDURES

Autologous Gut Reconstruction
The remedial procedures including bowel lengthening were

recently described.54 A total of 31 patients underwent AGR as a
definitive treatment or bridge to transplant. Intestinal lengthening
was performed in 23 (74%) patients; Bianchi in 6 (26%) and serial
transverse enteroplasty in 17 (74%). The freely mobile part of the
duodenum was also lengthened. Correction of the residual gut ana-
tomic location with mesenteric fixation was performed after comple-
tion of the reconstructive procedure(s). With descriptive features
summarized in Table 3, 16 (52%) patients ultimately required GT.

Gut Transplantation
The donor and recipient operative techniques were previously

published.52 Of the 174 patients, 77 (44%) required primary liver-
free allografts with most being isolated intestine (Table 4). The
remaining 97 (56%) received liver-containing allografts with 10
multivisceral including stomach, duodenum, pancreas, intestine,
and liver. With an overall retransplantation rate of 13%, 4 recipients
successfully received a third allograft. Transplant types are
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

http://links.lww.com/SLA/D256
http://links.lww.com/SLA/D256
http://links.lww.com/SLA/D256


TABLE 4. Transplantation for Irreversible Gut Failure after Loss of the Malrotated Intestine

Variable Total Liver-Free Liver-Containing P Value

Number of recipients/allografts 174 / 200 77 / 86 97 / 114 NA
Recipient age (mean � SD, yr) 9 � 7 13 � 12 4 � 4 <0.0001

Children / adults 150 / 24 59 / 18 91 / 6 0.001
Recipient sex (Female : Male) 1: 1.5 1: 1.5 1: 1.4 0.896
Recipient age at time of gut failure (yr) 4 � 4 9 � 8 2 � 2 <0.0001
�1 yr 114 (66) 33 (43) 81 (84) <0.001
>1 to � 18 40 (23) 29 (38) 11 (11)
�18 20 (11) 15 (19) 5 (5)

Prematurity (%) 88 (51) 31 (40) 57 (59) 0.018
Other congenital anomalies (%) 138 (79) 46 (60) 92 (95) <0.0001

Abdominal wall/gut 103 (59) 34 (44) 69 (71) 0.003
Cardiopulmonary/neurocognitive 35 (20) 12 (16) 23 (24) 0.184

Thrombophilia (%) 17 (10) 10 (13) 4 (4) 0.005
Prior liver/stem cell transplant 5 (3) 2 (3) 3 (3) 0.853
Total abdominal surgery (mean � SD) 3 � 2 4 � 2 3 � 2 0.36
Length of residual midgut

Small bowel (mean � SD, cm) 20 � 17 20 � 17 20 � 16 0.95
Large bowel (� 50%) 145 (83) 60 (78) 85 (88) 0.08

TPN duration (median [IQR], month) 20 [12–42] 25 [13–67] 18 [12–33] 0.006
Gut dysmotility (%) 8 (5) 8 (10) 0 (0) <0.0001
Prior autologous gut reconstruction (%) 16 (9) 6 (8) 10 (10) 0.56
Total serum bilirubin (mean � SD, mg/dl) 11 � 13 2 � 2 17 � 13 <0.0001
Liver pathology (steatosis/fibrosis/cirrhosis) 54 / 75 / 43 40 / 35 / 0 14 / 40 / 43 0.001
Primary allograft (%)

Intestine/modified multivisceral 76 / 1 76 / 1 NA NA
Liver-intestine/full multivisceral 87 / 10 NA 87 / 10 NA

Retransplantation (%) 22 (13) 13 (17) 9 (9) 0.057
Positive T/B cell cross-match (n ¼ 169, %) 23 (14) 9 (12) 14 (15) 0.626
Splenectomy (%) 42 (24) 2 (3) 40 (41) <0.0001
Thymoglobulin/campath-1H induction (%) 103 (59) 52 (68) 51 (53) 0.046
Portal drainage (%) NA 28 (36) NA NA
Cold ischemia time (mean � SD, hour) 8 � 2 7 � 2 8 � 2 0.001
Operative time (mean � SD, hour) 12 � 3 10 � 3 13 � 3 0.002
Length of hospital stay (mean � SD, week) 8 � 6 7 � 5 9 � 6 0.011
Graft loss (death/graft failure) (%) 110 (55) 60 (70) 50 (44) 0.0004
Chronic allograft rejection 31 (18) 22 (29) 9 (9) 0.001
Lymphoproliferative disorder (PTLD) 28 (16) 11 (14) 17 (18) 0.56
Graft versus host disease (GVHD) 14 (8) 6 (8) 8 (8) 0.9
Overall patient survival (%) 101 (58) 40 (52) 61 (63) 0.146
TPN-free survival (%) 90 (89) 32 (80) 58 (95) 0.017
Follow-up (mean � SD, yr) 11 � 8 9 � 7 11 � 8 0.06

NA indicates non-applicable; modified multivisceral includes stomach, duodenum, and pancreas en bloc with the intestine; full multivisceral is en bloc inclusion of the stomach,
duodenum, pancreas, intestine, and liver. TPN, total parenteral nutrition.
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illustrated in Supplementary-Figure-5, http://links.lww.com/SLA/
D256 with clinical data featured in Table 4.

GMC Surgery
Contrary to Ladd’s (Supplementary-Figure-6, http://links.

lww.com/SLA/D256), the 2 essential steps of the GMC ‘‘Kareem’s’’
procedure were liberation of the duodenum with completion of the
2708 counterclockwise-rotation and establishment of all mesenteric-
attachments. The aim was to alleviate gastrointestinal symptoms
and prevent volvulus. Resection of the convoluted colon was per-
formed in patients with distorted or shortened mesocolon and colonic
dysmotility.

With a few exceptions, most of the procedures were elective.
Through a midline incision, the abdomen was explored with identi-
fication of the midgut anatomy including duodenum, cecocolon, and
mesenteric hilum. Tissue dissection was sharp with judicious use of
thermal hemostasis. Omentectomy and adhesiolysis were often
required because of prior abdominal surgeries. Ladd bands were
never seen in any of the patients.
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
Attention was first directed towards dissection of the duode-
num through a combined anterior and posterior approach. In most
cases, the duodenum was tethered anteriorly by the uncinate process/
gastrocolic ligament and trapped posteriorly between the posterior
pancreatic surface and retroperitoneal cava (Fig. 1A). There was a
single example of the proximal duodenum being imprisoned within
the liver parenchyma and proximal jejunum being detained in a
diaphragmatic defect because of prior reconstructive surgery during
infancy (Fig. 1B,C). Internal hernia with cocoon of the midgut was
observed in 3 cases with situs ambiguous in one and history of
multiple Ladd’s in 2 (Fig. 1D).

The next step was dissection of the colon that was mostly located in
the center or left side of the abdomen (Fig. 1E). The transverse and/or left
colon were commonly tortuous with contracted mesentery (Fig. 1E). In
some patients, the descending and sigmoid colon were sagging into the
pelvic cavity due to a floppy mesorectum (Fig. 1E).

When indicated, colectomy was performed before the counter-
clockwise-rotation of the duodenum posterior to the mesenteric vessels
with duodenopexy and creation of a neo-ligament of Treitz (Fig. 2A–C).
www.annalsofsurgery.com | 585
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TABLE 5. Clinical Features and Operative Details of the Gut Malrotation Correction (GMC) Surgery Patients

Colonic Dysmotility

Variable Total No Yes P Value

Study patients (%) 80 55 (69) 25 (31) NA
Children / Adults 6 / 74 4 / 51 2 / 23 0.437

Sex (Female : Male) 3 : 1 2.2 : 1 7.3 : 1 0.05
Race (White / African-American) 79 / 1 54 / 1 25 / 0 0.5
International patients (%) 9 (11) 7 (13) 2 (8) 0.257
Hospital to hospital transfer (%) 11 (14) 9 (16) 2 (8) 0.3
Age at onset of symptoms (mean � SD, yr) 22 � 17 21 � 17 25 � 17 0.31
Age at time of diagnosis (mean � SD, yr) 29 � 17 27 � 18 32 � 14 0.015
Age at time of surgery (mean � SD, yr) 36 � 14 35 � 14 37 � 13 0.58
Time from diagnosis to surgery (median [IQR], yr) 3 [1–9] 2 [1–9] 4 [1–6] 0.06
Duration of symptoms (mean � SD, yr) 14 � 15 14 � 14 12 � 11 0.05
Total parenteral nutrition requirement (%) 13 (16) 8 (15) 5 (20) 0.5
Recurrent bowel obstruction/volvulus (%) 23 (29) 14 (25) 9 (36) 0.3
Scores of NIH-PROMIS-GI symptom scales (mean � SD) 29 � 9 28 � 9 32 � 9 0.19
Small bowel bacterial overgrowth (%) 20 (25) 10 (18) 10 (40) 0.04
Prior abdominal surgery

Number of patients (%) 68 (85) 48 (87) 20 (80) 0.2
Number of procedures (mean � SD) 2 � 2 2 � 2 3 � 2 0.2

Number of prior Ladd’s procedure (%) 45 (56) 28 (52) 17 (68) 0.2
Elective 34 (76) 20 (71) 14 (82) 0.147
Open 25 (56) 14 (50) 11 (65) 0.2

Prior liver transplant 2 (3) 2 (4) 0 (0) NA
Prior bariatric surgery (%) 3 (4) 0 (0) 3 (12) NA
Connective tissue/autoimmune disorders (%) 16 (20) 5 (9) 11 (44) 0.0005
Total surgical procedures (%)

Completion of upper midgut rotation 79 (99)� 54 (98) 25 (100) 0.373
Foregut reconstruction 6 (8) 2 (4) 4 (16) 0.0314
Duodenoplasty 4 (5) 2 (4) 2 (8) 0.228
Reduction of jejunal intussusception 2 (3) 2 (4) 0 (0) NA
Colon resection 52 (65) 31 (56) 21 (84) 0.007
Pyloroplasty 3 (4) 0 (0) 3 (12) 0.002
Diverting stoma 4 (5) 0 (0) 4 (16) 0.002

Operative time (mean � SD, hour) 6.5 � 2.1 6.5 � 2.1 6.3 � 2.3 0.5
Operative blood loss (mean � SD, ml) 75 � 41 75 � 41 75 � 43 0.9
Length of hospital stay (mean � SD, d) 13 � 5 13 � 6 12 � 3 0.3
Clavien-Dindo complication grade (%) 7 (9) 5 (9) 2 (8) 0.44

Grade I-II 4 (5) 3 (5) 1 (4)
Grade IIIa-IVa 3 (4) 2 (4) 1 (4)

Readmission (%)y 6 (8) 3 (5) 3 (12) 0.0019
Total loaded cost (mean � SD, $)z 64 � 22 63 � 21 70 � 23 0.6
Overall survival (%) 100 100 100 1.0
Follow-up (mean � SD, mo) 37 � 23 37 � 21 35 � 28 0.7

NA indicates non-applicable.
�The liberated duodenum of the remaining patient was maintained and fixed on the left side (See Supplementary Figure 8, http://links.lww.com/SLA/D256).
yWithin first postoperative year.
zIn thousands.
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With completion of the 1808 counterclockwise enteromesenteric-rota-
tion, vascular-inversion was consequentially reversed (Fig. 2D). The
right-sided newly-oriented cecum and ascending colon were then fixed
to the posterior and parietal peritoneum (Fig. 1D). Subsequently, the root
of the mesentery was snugly anchored to the posterior peritoneum along
the long diagonal axis between the fixed lower right cecum and upper left
neo-ligament of Treitz (Fig. 1E). Segmental transverse or left colon
resection was required for patients with contracted mesentery and
redundant colon (Figure 3A–B). Subtotal colectomy was required for
patients with severe colonic dysmotility (Figure 3C). After restoration of
gut continuity, colopexy and sigmoidopexy were completed (Fig. 3). Full
technical details are available at Cleveland Clinic video platform. https://
www.youtube.com/user/ClevelandClinic
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Postoperative Care
Infection prophylaxis was utilized for all patients. Thrombo-

prophylaxis was universal and life-long anticoagulation was needed
for thrombophilic individuals. Prokinetic and antidiarrheal agents
were required for AGR patients with periodic treatment of bacterial
overgrowth in selected cases. GLP-2 was given to a single AGR
patient who failed TPN weaning.54

The complex management of transplant recipients stemmed
from the high intestinal allograft immunogenicity and intricacy of
the surgical procedures52–54 Immunosuppression was tacrolimus-
steroid based with induction/preconditioning in 103 (59%)
(Table 4). Postoperative monitoring included early diagnosis
and treatment of rejection, graft versus host disease (GVHD),
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. The observed intraoperative anatomic abnormalities and configurations of duodenum, small intestine, and large bowel.
Note tethering of the duodenum anteriorly with the uncinate process and posteriorly between inferior pancreatic surface and
retroperitoneal cava (A). In a patient with repaired duodenal atresia at birth, the liver grew over the anterior duodenal wall (B) and
another patient with proximal jejunum herniating into a missed diaphragmatic defect (C). Internal hernia with cocoon encasement
was discovered in 3 patients with situs-inversus (n¼1) and redo Ladd’s procedure (n¼2) (D). A very convoluted transverse colon with
contracted mesentery and left colon with a floppy mesenteric attachment were common findings (E ). Note sagging of descending
and sigmoid colon into the pelvic cavity.

Annals of Surgery � Volume 274, Number 4, October 2021 A Novel Gut Malrotation Surgical Procedure
posttransplant lymphoproliferative disorders (PTLD), and cytome-
galoviral infection.

Long-term follow-up included regular visits which were more
frequent and comprehensive for the transplant recipients. The GMC
surgery patients required yearly follow-up with upper gastrointesti-
nal contrast series for certain patients (Supplementary Figure-7,
http://links.lww.com/SLA/D256).

Quality of Life Assessment
The assessment was limited to the surgical patients. A

chart review was completed for the transplant survivors with special
focus on neurocognitive functions, mental health issues, and socio-
economic status documented by mental health professionals.61

The GMC surgery patients were prospectively evaluated for changes
in the modified eight NIH-PROMIS gastrointestinal symptom domains
and TPN requirement. Postoperative complications, hospital readmis-
sions, reoperations, and current body mass index status were used as
surrogate markers of global health. The physical performance status of
transplant survivors and GMC surgery patients was assessed utilizing
the Karnofsky/Lansky scale system.
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
Data Management and Statistical Analysis
Data were collated into a master file and stratified

according to age at time of GM diagnosis and status of midgut.
The prospectively collected data of the midgut-loss patients were
classified according to the type of surgical intervention. Both AGR
and GT patients were sub-grouped according to subsequent need
for transplant and type of required allograft, respectively. The
GMC surgery group was classified according to status of colonic
motility.

Data were summarized as mean � standard deviation or
median (interquartile range, IQR) for continuous and percentages
for categorical variables. Group differences were assessed with
paired/unpaired t test, ANOVA, and nonparametric Kruskal-Wallis
rank-sum. Noncontinuous variables were examined using the Pear-
son chi-square test.

Time to development of midgut volvulus with and without
midgut-loss was illustrated in a scatter plot. Survival and cumulative
risk of midgut-loss were calculated using Kaplan-Meier product limit
and group comparison was with log-rank test. All events were
computed as of February 15, 2021.
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FIGURE 2. The technical steps of the gut malrotation correction (GMC) surgery ‘‘Kareem’s procedure’’. After dissection of the
duodenum, the third and fourth part were rotated (curved arrow) to the left side 1808 behind the mesenteric hilum (superior
mesenteric artery and vein) to complete the embryonic 2708 counterclockwise midgut rotation (A-B). With proper vascular
orientation, duodenopexy was completed with interrupted silk sutures creating a neo-ligament of Treitz (red arrow) in the left upper
abdominal compartment (B-C). After complete dissection and freeing of the colon, the cecum and right colon were placed in the
right side of the abdominal cavity and fixed into the posterior and lateral peritoneum, respectively (D). Note the resultant
subsequent reversal of the vascular inversion (red arrow) . After colonic resection, when indicated, the mesenteric root is fixed to the
posterior peritoneum along the diagonal long axis (double arrow line) between the cecum and neo-ligament of Treitz with
interrupted silk sutures (E).

A B C

FIGURE 3. Concomitant colon resection with the gut malrotation correction (GMC) surgery. A) Segmental resection of the
transverse colon in patients with convoluted and contracted transverse mesocolon (insert). B) Segmental left colon resection in
patients with convoluted and redundant descending / sigmoid colon (insert). C) Subtotal colectomy in patients with severe colonic
dysmotility with a colo-ileal anastomosis in a side to end fashion. Note completion of the colopexy after the colonic resection. In
patients with pelvic floor dysfunction, sigmoidopexy as well as rectopexy are indicated (B-C).
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Predictive Modeling
The total population was computed to develop midgut-loss

predictive and GMS defined models. For midgut-loss, Cox propor-
tional hazard model was used with time to event being calculated from
date of birth to date of midgut-loss or last follow-up. Age at time of GM
diagnosis, sex, race, prematurity, gastroschisis, intestinal atresia,
autoimmune/systemic disorders, Ladd’s, and volvulus were computed
as exposure variables. For the GMS model, the 125 patients with
disabling gastrointestinal symptoms were computed in reference to the
rest of the 296 intact gut patients. The exposure variables were
abdominal pain, gastro-esophageal reflux, nausea/vomiting, bloating,
and altered bowel habits. The stepwise variable selection and univari-
ate/multivariate analyses methods were used to develop the general-
ized linear regression model. All analyses were done using R. software
package (R studio, version 3.5.2, Boston, MA).
RESULTS

Total Population Descriptive Analysis
The complexity of the total study population was indicated by

history of volvulus in 51% and associated abdominal congenital
anomalies in 43% with genetic, connective tissue, and gut motility
disorders in 26%. History of abdominal surgery was documented in
88%. Prior transplants included liver (n ¼ 17), kidney (n ¼ 3), stem
cell (n¼ 3), heart (n¼ 2), and double-lung (n¼1). History of Ladd’s
was documented in 192 (38%) patients.

Sex, race, prematurity, associated abdominal congenital
anomalies, duration of symptoms, prior abdominal surgeries, and
volvulus were significant features of both early GM diagnosis
(Table 1) and midgut-loss (Table 2). History of Ladd’s, connective
tissue disease, autoimmune disorders, and dysmotility were observed
at a significantly (P< 0.0001) higher rate among patients with intact
gut. The digestive symptoms among the 296 patients with intact gut
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FIGURE 4. The clinical presentation of the 500 gut malrotation pati
age categories. Note the highest incidence among infants includin
one gastrointestinal symptom with 125 (42%) had gut malrotation
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were abdominal pain (67%), gastro-esophageal reflux (36%), nausea/
vomiting (58%), bloating (38%), constipation (45%), and/or diarrhea
(29%). GMS was identified in 42% of the study population.

The distribution of midgut-loss according to age is shown in
Figure 4A. The inverse correlation between age and volvulus devel-
opment is illustrated in Figure 4B. Note the highest incidence of
volvulus and midgut-loss during the first year of life, including
30 neonates.

Volvulus after Ladd’s Procedure
With the intent to treat, volvulus was documented in 97 of the

192 patients who underwent Ladd’s procedure with an overall
incidence of 51%. The midgut was rescued in 50 patients with an
overall success rate of 52%. With a mean follow-up of 16 � 3 years
(range: 1–74), recurrent or de novo volvulus was documented in 41
of the 192 patients with an overall risk of 21%. Of these, 18 (44%)
ultimately lost the midgut.

Autologous Gut Reconstruction
Of the 31 AGR patients, 22 (71%) were children with none of

the patients having hepatic cirrhosis (Table 3). The ultimate need for
GT was denoted by higher percentages of perinatal diagnosis,
younger age, associated gut anomalies particularly gastroschisis,
and shorter bowel length. In the AGR-only patients, the number
of primary reconstructive procedures was significantly higher with
less need for bowel lengthening (Table 3).

With a median follow-up of 3 years (range: 1–11), 22 (71%)
were alive including those who were rescued with transplant achiev-
ing an overall TPN-free survival of 55%. TPN-dependent survivors
were under evaluation or not candidates for transplant. The 3 AGR-
only mortalities were due to line-infection, pneumonia-associated
severe combined immune deficiency (SCID), and GVHD after stem
cell transplant for SCID. The overall Kaplan-Meier cumulative
survival was 78% at 1, 5, and 10 years.
B 

N=500

Age (year)

ents according to age. A) Incidence of midgut-loss according to
g 30 neonates. Most of the patients with intact gut had at least
syndrome (GMS) according to the newly introduced modified
rrelation between age and development of volvulus with ( dark
atients who did not develop volvulus were presented with gray
curred among older patients.
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Gut Transplantation
At the time of transplant, 150 (86%) patients were children

with a higher need for liver-containing allograft (61%) particularly
among infants (84%) (Table 4). Interestingly, liver-containing trans-
plant was required at a significantly higher rate among premature
children and patients with abdominal wall and/or gut anomalies.
With a maximum of 13 prior abdominal surgeries, 5 patients had
prior liver (n ¼ 4) or stem cell (n ¼ 1) transplant. A few years after
transplant, the 4 liver recipients developed midgut volvulus compli-
cated with mesenteric infarction requiring retransplantation with
liver-free (n ¼ 1) and liver-containing (n ¼ 3) visceral allografts.
Operative and postoperative details are given in Table 4.

With a mean follow-up of 11 � 8 years, 101 (58%) patients
were alive with TPN-free survival of 89%. Leading causes of death
were sepsis (32%), rejection (23%), PTLD (11%), technical com-
plications (10%), and GVHD (8%). With a maximum follow-up of
30 years, cumulative patient survival was 86% at 1-year, 71% at
5-years, 63% at 10-years, and 54% at 20-years (Fig. 5A). Infants
(Fig. 5B) and liver-containing allografts (Fig. 5C) had the best
survival with 20-year rates of 64% and 61%, respectively.

Neurocognitive and mental health disorders were documented
in 45% and 60% of 89 current survivors, respectively. Common
impairments were intellectual disability, developmental delay, anxi-
ety, depression, and autism. Risk factors were age at time of midgut-
loss (odds ratio¼ 1.1, P¼ 0.017) and associated congenital disorders
(odds ratio ¼ 2.4, P ¼ 0.04).

Most adult survivors completed high school or higher educa-
tion with the younger age group continuing to attend schools with an
D
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Liiver-Containing

FIGURE 5. Kaplan-Meier cumulative survival among the 269 surgi
Recipient survival according to age, C) Survival of the liver-free and l
correction (GMC) surgery patients compared to autologous recon
among infants and liver-containing allografts with no mortalities a
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overall education index of 97%. With 56% still being students, 30%
were fully employed with 3% homemakers. The remaining 11%
were either unemployed (6%) or in preschool/day care (5%). Equally
impressive was the achievement of 80% to 100% Lansky/Karnofsky
performance score in 85% of total survivors. Remarkably, 2 female
recipients gave birth to a total of 3 healthy children and 4 male
patients fathered 6 children.

GMC Surgery ‘‘Kareem’s Procedure’’
Of the 80 GMC surgery patients, 74 (92%) were adults and 6 (8%)

were children including a 13-month old baby. Associated colonic
dysmotility was observed in 25 (31%) patients (Table 5). The dysmotility
patients were all White with female predominance. Other distinguishing
features were concomitant connective tissue disease and autoimmune
disorders including Ehlers Danlos syndrome, older age at time of
diagnosis, bacterial overgrowth, and shorter duration of symptoms.

Surgical correction of the midgut anatomic abnormalities was
complete in all but 1 adult patient with long-segment duodenal
atresia requiring duodenojejunal reconstruction at birth. As such,
all the steps of GMC surgery were performed with the exception of
fixing the entire duodenum to the right of the mesenteric hilum
(Supplementary Figure-8, http://links.lww.com/SLA/D256). Simul-
taneous foregut reconstruction was performed in 6 patients; gastro-
gastric (n ¼ 2), gastroplasty (n ¼ 1), jejunal interposition (n ¼ 1),
reversal of fundoplication (n ¼ 1), and simultaneous gastric-bypass
(n ¼ 1). Prior bariatric surgery was documented in 3 patients
with sleeve (n ¼ 2) and Roux-en Y (n ¼ 1). Duodenoplasty was
required for 4 incidental duodenal diverticulae with ectopic gastric
0.0
10

cally treated patients: A) Overall transplant patient survival , B)
iver-containing allografts, and D) Survival of the gut malrotation
structive and transplant surgery. Note best transplant survival
mong GMC surgery patients.
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mucosa in one. With reduction of 2 jejunal intussusception, midgut
reconstruction was required in another case with enterocutaneous
fistula due to a technically-flawed operation before referral. Colon
resection was required at a significantly (P ¼ 0.007) higher rate
among dysmotility patients with concomitant need for pyloroplasty
and diverting stoma in few cases (Table 5). It is imperative to
emphasize that these adjunct digestive surgeries were performed
in the patients who needed colon resection.

With the perioperative data given in Table 5, there were no
technical complications. With minimal operative blood loss, the
mean operative time was 6.5 hours. In patients with no history of
multiple abdominal operations or need for simultaneous foregut and
colonic surgeries, the mean operative time was 4.1 � 1 hour with a
minimum of 2.9 and maximum of 6 hours. Nonetheless, all proce-
dures were open with hand-sewn anastomoses in the milieu of a
teaching environment. The postoperative hospital recovery was
relatively slow among patients with motility disorders.

Postoperative complications developed in a total of 7 (9%)
patients with 4 experiencing Clavien-Dindo grade I-II due to wound
and line infections. The remaining 3 had grade IIIa-IVa with short-
lived respiratory insufficiency due to fluid overload, line placement-
induced pneumothorax, and intra-abdominal infection with percuta-
neous drainage. Hospital readmission within the first 90 postopera-
tive days was required for 3 (5%) of the non-colonic dysmotility
patients due to line-induced bacteremia (n¼ 2) and vague abdominal
pain (n¼ 1). Another 3 (16%) gut dysmotility patients were admitted
within the first year for uncomplicated sigmoid diverticulitis, line
infection, and radiologically-proven functional bowel obstruction.
(n=74)
A B

FIGURE 6. The impact of gut malrotation correction (GMC) surgery
patient-reported outcomes measurement information system (P
patients (n¼74) with highly significant improvement in each of
procedure and complete study points (n¼34). Note worsening of
after GMC surgery. The significant improvement in the eighth oral
limitations in the utilized illustration computer program.
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None of the patients required surgical intervention. However, a total
of 11 (10%) patients with recurrent refractory constipation required
completion colectomy during the study period with concomitant
ventral hernia repair in 5 cases.

With a mean follow-up of 36 � 23 months, all patients were
alive with no single example of de novo or recurrent volvulus. The
long-term survival was better compared to those who developed
midgut-loss and underwent AGR and/or GT (Fig. 5D).

With a maximum of 10 year follow-up and exclusion of
patients with adjunct major foregut reconstruction, the preoperative
scores of the eight NIH-PROMIS gastrointestinal symptom scales
significantly (P < 0.001) improved in all of the 74 study patients
(Fig. 6A). The same level of significance was also observed among
patients with worsening symptoms after Ladd’s (Fig. 6B). Similar
results were observed among patients with and without gut dysmo-
tility (Fig. 7A). Furthermore, such a significant improvement was
maintained among the 22 patients without colon resection (Fig. 7B).
These testimonial results leave no doubt concerning the therapeutic
efficacy of GMC surgery in treating the GM-associated digestive
symptoms (Fig. 7B). All of the 13 patients with preoperative-TPN
achieved full nutritional autonomy maintaining an average body
mass index of 25 kg/m2.

The preoperative Karnofsky/Lansky performance scores sig-
nificantly (P < 0.0001) improved after GMC surgery. The preoper-
ative scores were below 50% in 52 (65%) patients and between 50%
and 70% in the remaining 28 (35%). At the last follow-up, most
patients experienced performance scores of 80% to 100% resuming
full daily activities.
(n=34)

on the modified preoperative National Institute of Health (NIH)
ROMIS) gastrointestinal Symptom Scales. A) The total study
the symptom domains. B) The sub-cohort with prior Ladd’s
the symptom scales after Ladd’s with significant improvement
restricted intake scale is not shown in the figure because of data
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FIGURE 7. The impact of gut malrotation correction (GMC) surgery on the preoperative modified National Institute of Health (NIH)
patient-reported outcomes measurement information system (PROMIS) gastrointestinal symptom scales. A) The study patients
without and with gut dysmotility. B) The non-dysmotility patients with and without adjunct colectomy. Note the universal
significant improvement among all study patients including those who did not undergo colon resection confirming the sole
therapeutic efficacy of the GMC surgery.
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Outcome Analysis and Predictive Models
With univariate analysis, volvulus, prematurity, gastroschisis,

intestinal atresia, and male sex were risk factors for midgut-loss.
Ladd’s, autoimmune/systemic disorders, White race, and increasing
age were associated with reduced probability of midgut-loss. The
overall cumulative risk of midgut-loss among the total population
was 30% at 10 years, 43% at 50 years, and 47% at 80 years (Fig. 8A).
The cumulative risk with each variable is depicted in Figure 8B to F.
With the intent to treat, midgut-loss still occurred with Ladd’s at a
cumulative incidence of 18% at 10-years, 31% at 50-years, and 38%
at 80-years (Fig. 8F). With multivariate analysis, volvulus, prematu-
rity, gastroschisis, and intestinal atresia continued to be significant
midgut-loss risk factors while Ladd’s and increasing age continued to
be associated with reduced risk of gut-loss (Table 6). Full details
including the receiving operating characteristics (ROC) curve and the
linear predictive equation are exhibited in Supplementary Figure-9A,
http://links.lww.com/SLA/D256.

The generalized linear predictive model defined GMS with
abdominal pain, nausea/vomiting, and bloating being the distinctive
clinical symptoms. The syndrome was identified in 42% of the study
patients. With the overall probability of 0.96, bloating had the highest
statistical weight. With multivariate analysis, gut dysmotility, White
race, Ladd’s procedure, and female sex were significant predictors of
GMS (Table 6). The model was formulated with 91% sensitivity and
94% specificity. Full details including the linear predictive equation
592 | www.annalsofsurgery.com
are provided in Supplementary Figure-9B, http://links.lww.com/
SLA/D256.

DISCUSSION

With great wisdom, Professor Ladd warned us that GM is rare
enough so that it is likely to escape the mind and it is common enough
to be important.8 He also stated that timely and suitable surgical
intervention offers the only chance for cure and restoration of the
health of these patients.26 Accordingly, scientists and clinicians
across the world continued to tackle such a puzzling and potentially
lethal disorder.2–7,9–24,62–64

During the last century, the field has experienced certain
misconceptions and controversies. Most physicians continued to
believe that GM is a childhood disorder.44–46 The congenital syn-
drome was also considered as a simple morphologic anomaly
resulting in misnomenclature of the type of malrotation.1 Of utmost
importance, have been the surgical controversies concerning restitu-
tion of the mesenteric-attachments and management of the asymp-
tomatic patients.15–20,36 This study and other recently published data
emphasized the clinicopathologic diversity of the syndrome with
subtle and often overlooked symptoms in a considerable number of
patients.13–24,65,66 With increased awareness and frequent use of
dedicated imaging studies, it is anticipated that there will be less
misdiagnosis with increased recognition of GM as a clinical syn-
drome particularly in adults.
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 6. Predictors of Midgut-loss and Development of Gut Malrotation Syndrome (GMS)

Midgut Loss (N ¼ 500)

Hazard Ratio (HR) 95% Confidence Interval P Value

Volvulus 27.144 11.861–62.120 <0.001
Prematurity 2.137 1.556–2.937 <0.001
Gastroschisis 1.667 1.209–2.299 0.002
Intestinal atresia 1.445 1.028–2.032 0.034
Ladd’s procedure 0.323 0.228–0.457 <0.001
Age at time of diagnosis 0.945 0.931–0.958 <0.001

Gut Malrotation Syndrome (n ¼ 296)

Odds Ratio (OR) 95% Confidence Interval P Value

Gut dysmotility 14.99 4.9–45 0.003
Race/Ethnicity (White) 4.11 1.23–13.7 0.021
Ladd’s procedure 1.8 1.06–3.06 0.028
Sex (female) 1.76 1.01–3.08 0.046
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FIGURE 8. The Kaplan-Meier cumulative risk of midgut-loss in patients with gut malrotation. A) Total population, B) According to
development of volvulus, C) Prematurity, D) Gastroschisis, E) Intestinal atresia, and F) Ladd’s procedure. Volvulus was the most
significant risk factor and Ladd’s procedure was protective. Solid lines are the curves for cumulative risk, dotted lines are patients at
risk, and shaded areas are the confidence interval (CI).

Annals of Surgery � Volume 274, Number 4, October 2021 A Novel Gut Malrotation Surgical Procedure
Recent years witnessed new paradigms in the pathogenesis of
GM. The role of the mesentery in the embryonic development and
support of the human digestive organs has been elucidated.4–7,9,55,56

In addition, human biologists and geneticists advocated an interplay
between the aberrant enteric nervous system and the abnormally
rotated midgut67,68 Such a notion was supported by the recent
documentation of intrinsic neuropathologic abnormalities in a mal-
rotated human intestine.69 A similar study is currently in progress at
our institution with intriguing initial results. Accordingly, it is time
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
for clinicians and surgeons to recognize GM as an enteromesenteric
syndrome with intrinsic motility disorders.

This large series addressed the full clinical spectrum of GM in
both children and adults. There was an observed wide gap between
onset of symptoms, diagnosis, and surgical treatment. Associated
genetic defects and other congenital abdominal anomalies seemed to
drive the earlier childhood diagnosis.70–72 Connective tissue, auto-
immune, and gut motility disorders were common among patients
with adulthood diagnosis. These commonalities could be partially
www.annalsofsurgery.com | 593
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explained by the differential disruption of the intercellular molecular
and genetic signals that regulate migration, differentiation and
maturation of the endodermic, mesodermic, and neural crest cells.
It has also been speculated that intrauterine vascular insults could be
another contributing factor.4–7,9

The many faces of malrotated gut were portrayed with special
emphasis on clinical presentations in milieu of age at diagnosis and
necessity for surgical intervention. The development of midgut
volvulus with the imminent risk of mesenteric infarction was the
most devastating feature particularly among the pediatric popula-
tion.73,74 This study is the first to document the cumulative incidence
of midgut-loss with identification of several risk factors including
volvulus, prematurity, gastroschisis, and intestinal atresia. Along
with other scattered publications, Ladd’s procedure and increasing
age reduced but did not prevent the risk of volvulus.15–24,31–48

Patients with intact gut experienced digestive symptoms
which were commonly incapacitating. With the first adult case being
reported in 1960s, recent literature highlighted the common devel-
opment of GM symptoms in both adults and children.37–41 This study
is the first to define the GMS comprising of pain, nausea/vomiting,
and bloating. The frequency and severity of these symptoms varied
according to the distorted anatomy and altered motility of midgut
with the development of intermittent volvulus.17–19,49–51 The
designed herein patient-generated report captured the breadth and
depth of the patient illness experience.

With the largest series and the longest follow-up ever reported in
the literature, this study featured recent advances in the surgical man-
agement of midgut malrotated patients. With massive midgut-loss,
integrative surgical management with AGR and GT achieved long-term
10-year survival of 78% and 63%, respectively. Infants experienced the
best outcome with 20-year survival rate of 64%. Overall, 2 decades of
functional survival were attainable with better quality of life.

One of the primary objectives of this study was to introduce
the new operation and assess its therapeutic efficacy. The surgical
principles of the GMC surgery stemmed from the normal embryonic
development and rotation of the human midgut. In contrast to Ladd’s,
the procedure normalizes the enteromesenteric structural and vascu-
lar anatomy with restoration of the defective interface between the
mesentery and retroperitoneum.

The anatomically-based procedure is safe, effective, and easy
to perform in all ages. It should be recognized as an integral part of
the surgical armamentarium. Collective efforts should be directed
towards training both pediatric and adult digestive surgeons as a part
of the surgical training curriculum with establishment of a current
procedural terminology (CPT) code. It remains to be seen if the
procedure can be laparoscopically performed.

This article calls for 2 evidence-based recommendations. First,
the current favorable long-term outcomes with gut rehabilitation and
transplantation substantiate a definitive rather than a comfort care for
neonates and infants with midgut infarction.61,75,76 Second, the proven
herein therapeutic efficacy of GMC warrants utilization of the proce-
dure for the GM symptomatic patients, those with volvulus after
Ladd’s, and expectantly the asymptomatic patients.77 Despite the need
for additional long-term follow-up, the entailed enteromesenteric
corrections are proven to preclude the risk of midgut volvulus.
Furthermore, new advances in the perinatal diagnosis of midgut
malrotation/volvulus with prompt surgical intervention are expected
to enhance the outcome of such a potentially life-threatening compli-
cation.78–80
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DISCUSSANT

Dr. Gail Besner
Thank you for allowing a pediatric surgeon to comment on

Dr. Abu-Elmagd’s beautiful presentation of 500 patients with a
history of intestinal malrotation. In this report, patients with signifi-
cant intestinal loss mainly underwent transplantation, and those
without intestinal loss but with disabling GI symptoms, underwent
a newly described procedure called ‘‘gut malrotation correction.’’

Ladd described his procedure to correct malrotation almost a
century ago. Very interestingly however, the procedure that we as
www.annalsofsurgery.com | 595
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pediatric surgeons do is very different than the GMC that the authors
describe. We detorse the bowel if there is a volvulus, divide Ladd’s
bands and completely straighten out the duodenum, and broaden the
base of the small bowel mesentery by putting all of the small bowel
on the right and all of the colon on the left, like opening the pages of a
book. We do not try to recreate normal rotational anatomy. Although
the Ladd’s procedure does not decrease the chance of a future midgut
volvulus to zero, it makes it extremely unlikely, probably in part
because of the development of postoperative adhesions.

My questions are regarding the GMC performed in 80
patients. The authors describe that some of their patients had tethered
duodenum or internal small bowel hernias, and two thirds had
redundant colon requiring partial colectomy. These abnormalities
were corrected at the same time as the duodenopexy, colopexy, and
mesentericopexy. Is it possible that correction of the small bowel or
colonic problems alone, without recreation of rotation, may have
been enough? Also, do the authors recommend any changes in the
operative technique performed by pediatric surgeons when we
operate for malrotation, which is often in the first months of life?
Thank you again for a lovely presentation.

Response Dr. Kareem M. Abu-Elmagd
Thank you Dr. Besner for reviewing the manuscript and I greatly

appreciate your kind remarks. First, I would like to address 2 controver-
sial issues in your comments. The Ladd’s is not a correction procedure as
clearly stated in the presentation and the manuscript. The procedure
primarily aimed to rescue patients, particularly infants, with midgut
volvulus and duodenal obstruction. Along with widening of the mesen-
tery, the malrotated distal midgut was reverted to an earlier stagewith 908
clockwise rotation to separate the cecum and right colon from the
duodenum and proximal bowel. In essence, the midgut rotational
anomaly was converted from asynchronous to synchronous mode.

Your statement that future midgut volvulus is extremely
unlikely to occur after Ladd’s is an interesting one. In fact, this
evidence-based study showed the contrary. Despite its potential
nonelective therapeutic benefits and with the intent to treat, Ladd’s
procedure was still associated with a cumulative risk of recurrent or
de-novo midgut volvulus with mesenteric infarction of 10% at
10 years and up to 38% at 80 years. The manuscript fully addressed
such a pivotal point with the longest ever published follow-up time.
Nonetheless, we all must agree that every gut and every life matters.

To answer your 2 questions, I would like to clarify certain
relevant points stated in your discussion. The tethered duodenum was
found in almost every patient and the internal hernia was observed in
only a few cases. The colon was redundant but coiled because of
shortened and contracted mesentery. To fully address the first
question, the gastrointestinal symptomatology domains data were
analyzed in patients with and without colon resection and
highlighted in the final manuscript. The improvement in each of
the symptom scales continued to be highly significant in the cohort
without colon resection. Accordingly, surgical recreation of the
embryonic normal rotational anatomy is the essence of symptoms
improvement. In a nutshell, GM is an enteromesenteric disorder that
it is hard to explain but easy to fix.

I truly believe, based on the data presented today, that all patients
with malrotation including infants and adults with incidental diagnosis
should be offered the new operation and for the lack of a better term you
can call it ‘‘Kareem’s procedure.’’ The operation is easy to perform. The
total operative time ranges from 3 to 4 hours particularly in patients
596 | www.annalsofsurgery.com
without prior multiple abdominal surgeries and those who do not require
adjunct procedures or extensive colon resection. I am committed to
provide both the pediatric and adult surgeons with the exposure needed
to perform such a simple procedure with the hope for imminent
introduction of a safe laparoscopic approach.

If he were with us today, I believe that Professor Ladd would
certainly welcome such an important contribution to the field since
his landmark presentation at the Boston Surgical Society nearly a
century ago.

Dr. Andreas Tzakis (Cleveland, OH)
I want to thank Dr. Abu-Elmagd for sharing his manuscript with

me. This is a landmark paper. It not only reviews the author’s unique
lifelong experience with the care of patients with GM but establishes
guidelines for diagnosis and innovative treatment. A first principle is to
stop applying just comfort measures for babies who lost their gut!
Agree 100%. The first year of life is when most of these patients lose
their gut. With transplantation more than half of them will live long
term. There is a paradox: despite of hospitalizations, surgeries, immu-
nosuppression, most survivors complete education, maintain full
employment, and some gave childbirth.

I have 2 questions regarding the surgical treatment: Patients
who underwent gut reconstruction suffered 22% mortality in the first
postoperative year. Do you have a plan or proposals on how to
mitigate these early losses? Losses after transplantation are continu-
ous and present even more than 10 years after transplantation. The
liver has a protective effect. The losses are for the most part due to
undiagnosed rejections. We think that these undiagnosed rejections
are due to lack of monitoring and for this reason we introduced serum
Citrulline as a practical marker of intestinal damage. Like other
markers we use in transplantation, it indicates damage and is not
specific for rejection. If not Citrulline, do you have other suggestions
for effective monitoring?

Dr. Kareem M. Abu-Elmagd
Thank you Andy for your kind remarks and your significant

contribution to the field of intestinal and multivisceral transplantation.
First, I would like to emphasize that there was no mortalities after the
GMC surgery. The 3 deaths among the AGR patients were inevitable
due to SCID. Two patients died of infection and the third was a victim
of fatal GVHD after stem cell transplant. It is imperative to emphasize
that none of these 3 patients were candidate for GT because of the
prohibitive risk of post-transplant GVHD due to the combined
immune deficiency.

With GT, I agree that the field is waiting for a reliable,
sensitive, and specific biomarker for early detection with prompt
treatment of acute intestinal allograft rejection. However, sepsis,
PTLD, GVHD, and the sinister problem of chronic rejection contin-
ued to play an important role in early and late graft loss. The
favorable long-term outcome observed among the liver-containing
allografts is a testimony of the immunoprotective effect of the liver
that we have revealed more than two decades ago. Innovative tactics
including achievement of clinical allograft tolerance are still needed
to overcome the long-term hazards of chronic rejection among liver-
free allografts and infection in multivisceral recipients. The annual
meeting of this prestigious association witnessed, on at least 6
occasions, our contribution to the evolution of the field with the
introduction of novel surgical techniques, effective immunosuppres-
sive strategies, and better postoperative care.
� 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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