nature publishing group CLINICAL AND SYSTEMATIC REVIEWS

The Prognostic Power of the NOD2 Genotype for
Complicated Crohn’s Disease: A Meta-Analysis
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OBJECTIVES:  Crohn’s disease is often purely inflammatory at presentation, but most patients develop strictures
and fistulae over time (complicated disease). Many studies have suggested that nucleotide-binding
oligomerization domain 2 (NOD2) mutations are associated with a varying but increased risk of
complicated disease. An accurate and sufficiently powerful predictor of complicated disease could
justify the early use of biological therapy in high-risk individuals. We performed a systematic review
and meta-analysis to obtain accurate estimates of the predictive power of the identified mutations
(such as p.R702W, P.GO908R, and p.Leu1007fsX1008) in NOD2 for the risk of complicated disease.

METHODS: An electronic search of MEDLINE, Embase, and Web of Science identified 917 relevant papers.
Inclusion required specification of genetic mutations at the individual level and disease phenotypes
by Vienna classification (inflammatory (B1), stricturing (B2), and fistulizing (B3)). A total of
49 studies met these criteria, which included 8,893 subjects, 2,897 of whom had NOD2 mutations.
Studies were weighted by median disease duration. Studies not providing duration data were
weighted at the level of the study with the shortest disease duration (3.9 years).

RESULTS: The relative risk (RR) of the presence of any NOD2 mutant allele for complicated disease (B2 or
B3) was 1.17 (95% confidence interval (95% CI) 1.10-1.24; P<0.001). P.G908R was associated
with an RR of complicated disease of 1.33 (95% Cl 1.11-1.60; P=0.002). NODZ2 did not predict
perianal disease (P=0.4). The RR of surgery was 1.58 (95% Cl 1.38-1.80; P<0.001). There was
substantial heterogeneity across all studies (?7=66.7%). On the basis of logistic regression of these
data, the sensitivity of any mutation in predicting complicated disease was 36% and specificity was
73%, with the area under the receiver operating characteristic curve 0.56.

CONCLUSIONS: The presence of a single NOD2 mutation predicted an 8% increase in the risk for complicated
disease (B2 or B3), and a 41% increase with 2 mutations. Surgery risk is increased by 58% with
any NOD2 mutation, whereas perianal disease was unchanged. The predictive power associated with
a single NOD2 mutation is weak. The RR of any NOD2 mutations for complicated disease was only
17% across 36 studies. However, the presence of two NOD2 mutations had 98% specificity for
complicated disease. These data provide insufficient evidence to support top-down therapy based
solely on single NOD2 mutations, but suggest that targeted early-intensive therapy for high-risk
patients with two NOD2 mutations might be beneficial, if prospective trials can demonstrate changes
in the natural history in this subset of patients.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/ajg
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INTRODUCTION between the immune system and the intestinal luminal flora
Crohns disease is a chronic immune-mediated inflammatory  trigger chronic inflammatory responses, which results in the
condition of the gastrointestinal tract. Complex interactions development of intestinal fibrosis over time. Initially, the majority
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of patients develop a purely inflammatory presentation of disease
(1,2). However, most patients eventually develop intestinal fibro-
sis, which leads to the development of severe complications, such
as intestinal strictures and fistulae.

The rate at which individuals develop stricturing or penetrating
complications varies widely. The rate of progression seems to be
unpredictable, although many attempts have been made to define
an “aggressive phenotype” (1,3-6). The goal of predicting disease
phenotype is to identify patients at risk of more severe disease who
may benefit from early aggressive therapy. There are two requisite
conditions that must be fulfilled for a predictive strategy to be suc-
cessful. First, the predictive test must be sensitive and specific for
complicated disease. Second, the group predicted to have com-
plicated disease must have a proven response to a cost-effective
change in therapy that results in a significant change in the natural
history of these patients.

Susceptibility genes for Crohn’s disease have been recently eluci-
dated. The first and most promising identified mutations are in the
nucleotide-binding oligomerization domain 2 (NOD?2), also known
as the caspase recruitment domain 15 (CARDI5) gene, located on
chromosome 16q12. NOD2/CARDI5 has been identified as a dis-
ease-susceptibility gene, which confers a risk for the development
of Crohns disease (7-12). Many studies have suggested that NOD2
mutations are associated with a varying but increased risk of compli-
cated disease (10,13-15). Certain NOD2 mutations have been postu-
lated to lead to more severe defects and thus predict more aggressive
disease behavior (14,16-18). However, published data to date are
conflicting as to the prognostic value of NOD2 genotyping (19-21).

Most studies to date have been focused on the risk of disease
development, and do not specifically address disease severity. Rela-
tively few studies have directly investigated the question of disease
severity, although some of the large disease-susceptibility studies
contain information on disease phenotype and severity. Published
studies of disease phenotype have demonstrated varying degrees
of risk attributable to NOD2 mutations (19,20). Some papers have
focused on differences between specific NOD2 mutations, whereas
others have focused on numbers of mutant alleles (10,22-24).

Predictive results vary widely across these studies. For genotyp-
ing patients to be useful in practice, an estimation of the risk of
severe disease associated with a genotype would have to be clearly
defined. If a method of predicting disease severity was accurate,
the benefits to patient care would be tremendous. An accurate and
sufficiently powerful predictor of complicated disease, followed by
targeted, cost-effective intervention for these patients could poten-
tially change the natural history of Crohn’ disease, and justify early
use of expensive biological therapies in high-risk individuals.

Three major polymorphisms in the NOD2 gene have been
reported to be associated with Crohn’s disease. These single-
nucleotide polymorphisms include p.R702W, p.G908R, and
p-Leul007fsX1008. We performed a systematic review of the lit-
erature with meta-analysis to obtain accurate estimates of the pre-
dictive power of these identified mutations (p.R702W, p.G908R,
and p.Leul007fsX1008) in NOD2 for the risk of complicated dis-
ease. Other minor alleles have been reported, and where sufficient
data exist, we attempted to include these data as well. We defined
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complicated disease as stricturing and/or fistulizing Crohn’s dis-
ease for the purposes of this study.

METHODS

Search strategies

This systematic review of the literature and meta-analysis was
performed and reported according to standard guidelines for sys-
tematic review and meta-analysis of diagnostic studies (25-28).
We conducted a computer-aided literature search of MEDLINE
database (Ovid Technologies, New York, NY) from inception to
31 December 2009. The search strategy used free-text words and
MeSH terms ((“genotype/” or “genotype.mp” or nod2 or card15 or
“Nod2 Signaling Adaptor Protein/”) and (“exp Crohn Disease/” or
“exp Inflammatory Bowel Diseases/”) and (“Phenotype/” or “pheno-
type.mp” or “exp Intestinal Obstruction/” or “Constriction, Patho-
logic/” or “stenosis.mp” or “stricture.mp” or “fibrostenosing.mp” or
“stricturing.mp” or “exp Fistula/” or “exp Intestinal Fistula/” or “exp
Digestive System Fistula/” or “exp Fistula/” or “exp Gastric Fistula/”
or “exp Rectovaginal Fistula/” or “exp Rectal Fistula/” or “penetrat-
ing.mp”)) to increase the sensitivity of the search strategy (29).

We conducted an additional computer-aided literature search
of the Embase database (Elsevier, New York, NY) from inception
to 31 December 2009. The search strategy was as follows: ((nod2
or card15) and (stricture or stricturing or fistula’/exp or fistula
or fistulizing or penetrating or ‘phenotype’/exp or phenotype
or ‘stenosis’/exp or stenosis) and (‘crohn disease’/exp or ‘crohn
disease’ or ‘regional enteritis’/exp or ‘regional enteritis’)).

The search was not restricted to English-language publications.
In addition, after study selection, we reviewed the bibliographies
of the studies to identify any additional studies relevant to this
topic. Additional searches through ISIT Web of Science (Thomson
Reuters, New York, NY) and Google Scholar (Google, Mountain
View, CA) were performed to identify any additional publications
that may have been missed with the aforementioned searches.

Study selection

Two independent reviewers (J.A. and S.C.R.) read the titles of all
candidate articles. For those articles that were not excluded based
solely on the title, we reviewed the abstract. We then retrieved
the full text of published manuscripts that could not be excluded
based on the title and abstract alone. The articles were read and
checked for inclusion criteria independently. All discrepancies
were resolved by consensus. The final agreement between review-
ers was 100% for study selection.

Study inclusion/exclusion criteria

The selection criteria for inclusion of a study were: (i) clear state-
ment of disease definition; (ii) clear statement of genotyping and
which mutations were studied; (iii) classification of disease phe-
notype by Vienna or Montreal classification with non-overlapping
phenotypes (6,30); (iv) documentation of genotype by phenotype
on individual level data (not population gene frequency data);
and (v) if raw numbers of each genotype-phenotype combination
could be found or clearly calculated from the published data.
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Exclusion criteria were: (i) duplicate publications of a primary
study that contained all or a subset of the original data; (ii) stud-
ies presenting only gene frequency data; and (iii) studies involv-
ing patients with ulcerative colitis or indeterminate colitis. In
cases of potential or suspected overlapping subject populations
(based either on location or authorship), the latest publication or
the study with the largest numbers of patients was included in the
meta-analysis. All others were excluded.

Data extraction
Two independent reviewers (J.A. and S.C.R.) extracted the follow-
ing data from the selected studies onto data abstraction forms:
study characteristics (such as design, country, year of publica-
tion, setting/region, sample size, phenotype data, genotype data,
age at diagnosis, disease duration), population (mean age, sex,
number of patients with each disease phenotype, criteria for
diagnosis, genotyping technique, criteria for definition of pheno-
type), and outcomes (numbers of each NOD2 allele mutation and
genotype—phenotype combinations). Other variables that were
sought included methods for handling indeterminate or missing
data. Discrepancies were resolved by discussion and consensus
with the senior author (PD.R.H.). We included two Spanish-
language papers because one author (J.A.) is literate in Spanish. We
excluded one Polish, two Hungarian, and one German language
paper as we had no available resources to assist in translation.
After completion of manuscript review and data extraction, all
included studies were reviewed for assessment of study quality.
Manuscripts were assessed according to a modified subset of the
QUADAS (Quality Assessment Tool for Diagnostic Accuracy)
guidelines (31).

Statistical analysis
The primary outcome for this analysis was the diagnostic test
performance of NOD2 genotyping for predicting Crohn’s disease
phenotype. We applied the bivariate random-effects regression
model for treatment trial meta-analysis and modified for synthe-
sis of diagnostic test data assuming a binomial error distribution
for sensitivity and specificity (32,33). Sensitivity, specificity, and
diagnostic odds ratios with 95% confidence intervals (95% Cls)
were calculated. The diagnostic odds ratio is defined as the odds of
having a positive test result (mutant allele present) in patients with
disease finding (fistulizing disease, etc.) compared with the odds
of a positive test result in patients without the disease (no fistuliz-
ing disease). The diagnostic odds ratio is a single indicator of test
accuracy that combines data from sensitivity and specificity (34).
The heterogeneity of the results between the studies was assessed
graphically by forest plots, and statistical assessment was performed
with the y¢* test of homogeneity and the inconsistency index (I?) and
Cochrans Q-test for non-combinability. The I* index describes the
percentage of total variation across studies that are due to heteroge-
neity rather than chance. A value between 50 and 75 represents mod-
erate heterogeneity (35). A non-significant Cochrane Q represents
minimal heterogeneity, indicating that the studies can be combined.
The overall performance of NOD2 was assessed with summary
receiver operating characteristic (ROC) curve. We analyzed the
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data using the midas (Meta-analytical Integration of Diagnostic
Accuracy Studies) command (36,37). All statistical analyses
were performed using Stata 11.0 for Mac (StataCorp LP, College
Station, TX).

RESULTS

Literature search

The results of the literature search are summarized in Figure 1.
Two independent reviewers (J.A. and S.C.R.) identified abstracts
and titles of 917 studies for initial review based on the described
search strategies. A total of 357 studies were chosen for detailed
review, and 49 studies that met the inclusion and exclusion
criteria were included in the meta-analysis. There was 100% agree-
ment between reviewers on the selection of studies.

Excluded studies

Upon review of the title and abstract, 560 studies were excluded
for not meeting the pre-specified inclusion criteria. An additional
308 studies were excluded after full review of the published manu-
script. Upon full review of the manuscripts, 96 were identified as
not being studies of Crohn’s disease. A total of 84 studies investi-
gated other genetic mutations than those of NOD2/CARDI5. In
all, 34 studies were excluded for lack of phenotypic information.
An additional 95 studies were excluded for inadequate documen-
tation of genotype—phenotype combinations. Overall, 58 studies
were excluded for not providing original data, being individual
case reports, review articles, commentaries, or small meta-anal-
yses. Six manuscripts contained incomplete or inconsistent
data. An additional 18 studies included only gene frequency or
otherwise did not include patient level data. One paper was
excluded as it was a single patient case report.

Included studies

A total of 49 studies included in this meta-analysis comprised
8,893 patients with Crohn’s disease, of whom 2,897 had NOD2
mutations (Table 1). Of the 33 studies documenting disease dura-
tion, these data included 64,955 patient-years of disease duration.
Studies were weighted by median disease duration. The 16 studies
not providing disease duration data were weighted at the level of
the study with the shortest documented median disease duration
(3.9 years).

Quality assessment

The selection criteria were clearly documented in 10 out of 49
studies. The description of phenotype was clearly documented
in 12 studies. The description of the method for genotyping was
present in all but six papers. The spectrum of patients was gener-
ally reflective of clinical practice, except in four papers. Explicit
documentation of how missing data were handled was present in
only two papers, whereas eight papers clearly had missing data
that were unaccounted for. Only 11 papers included documenta-
tion that those assessing phenotypes were blinded to the results
of genotyping. A summary of the QUADAS criteria is depicted in
Supplementary Figure 1 online.
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Figure 1. Flow diagram of studies identified in the systematic review and meta-analysis. NOD2, nucleotide-binding oligomerization domain 2.

All studies included were assessed for quality. Specific items
assessed included the presence of a clear description of selec-
tion criteria. The description of phenotyping was recorded as the
reference standard.

Risk of complicated disease

The risk of complicated disease (stricturing or fistulizing) was
compared between patients with various predetermined combi-
nations of NOD2 mutations (Table 2). The pooled relative risk
(RR) of complicated disease with the presence of any (one or
more) NOD2 mutant allele was 1.17 (95% CI 1.10-1.24; P<0.001;
Figure 2a) across 36 studies with a total of 6,115 patients. There was
moderate evidence of heterogeneity between studies (I*=66.7%;
Cochran’s Q 59.7, P=0.003). Study-specific sensitivities are shown
in Figure 2b, with a pooled sensitivity of 0.36 (95% CI 0.31-0.40)
and a specificity of 0.73 (95% CI 0.69-0.77).

A dose effect was seen with the presence of one NOD2
mutant allele (see Supplementary Figure 2 online) associated
with an RR of complicated disease of 1.08 (95% CI 0.96-1.21;
P=0.2; =44.6%; Q=18.4, P=0.05) across 13 studies, whereas
the presence of 2 NOD2 mutant alleles (see Supplementary
Figure 3 online) had an RR of 1.41 (95% CI 1.26-1.57; P<0.001;
P=55.0%; Q=12.5, P=0.2) with a sensitivity of 0.11 (95%
CI 0.06-0.21) and a specificity of 0.98 (95% CI 0.92-0.99) for
complicated disease. The presence of homozygous mutations
of NOD2 was associated with an RR of complicated disease of
1.45 (95% CI 1.31-1.61; P<0.001; I’=93.8%; Q=4.5, P=0.2),
with a sensitivity of 0.05 (95% CI 0.01-0.16) and a specificity of
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1.00 (95% CI 0.94-1.00) across 7 studies (see Supplementary
Figure 4 online).

When specific individual mutant alleles were assessed, p.G908R
was the only allele found to have a significant association with
complicated disease. In 10 studies with sufficient data to assess its
affect, p.R702W was found to confer an RR of complicated disease
of 1.11 (95% CI 0.92-1.36; P=0.3; I’=67.2%; Q=18.3, P=0.02),
with a sensitivity of 0.28 (95% CI 0.09-0.62) and a specificity of 0.86
(95% CI0.79-0.91). In 10 studies, p.G908R was found to be associ-
ated with an RR of complicated disease of 1.33 (95% CI 1.11-1.60;
P=0.002; *=34.4%; Q=9.0, P=0.3) with a sensitivity of 0.1 (95% CI
0.07-0.13) and a specificity of 0.93 (95% CI 0.88-0.96). In 13 studies,
p.Leul007£sX1008 was associated with an RR of complicated disease
of 1.07 (95% CI 0.94-1.21; P=0.3; P=66.4%; Q=25.0, P=0.009)
with a sensitivity of 0.31 (95% CI 0.11-0.63) and a specificity of
0.89 (95% CI 0.84-0.92) (see Supplementary Figure 5 online).

When homozygous mutations were assessed for individual
mutant alleles, p.Leul007fsX1008 was the only allele found to
have a significant association with complicated disease. In 3 stud-
ies, p.R702W was found to confer an RR of complicated disease
of 1.18 (95% CI 0.31-4.57; P=0.81; ’=0.0%; Q=0.02, P=0.88).
In 3 studies, p.G908R was found to confer an RR of complicated
disease of 1.70 (95% CI 0.77-3.76; P=0.19; I*=0.0%; Q=0.09,
P=0.76). In 5 studies, p.Leul007fsX1008 was found to be associ-
ated with an RR of complicated disease of 1.30 (95% CI 1.10-1.54;
P=0.002; P=17.6%; Q=3.21, P=0.36) with a sensitivity of 0.03
(95% CI 0.01-0.11) and a specificity of 0.99 (95% CI 0.96-100)
(23,38-41).
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Table 1. Study characteristics

Author

Ahmad et al. (47)
Alvarez-Lobos et al. (48)
Annese et al. (49)
Brant et al. (50)
Bianchi et al. (51)
Buning et al. (52)
Canto et al. (53)
Chua et al. (41)
Crawford et al. (40)
Cucchiara et al. (54)
Cukovic-Cavka et al. (55)
Dassopoulos et al. (56)
De Diego et al. (57)
de Ridder et al. (58)
Esters et al. (59)
Fernandez et al. (60)
Ferreira et al. (61)
Fidder et al. (62)
Giachino et al. (63)
Heresbach et al. (64)
Hsiao et al. (65)
Laghi et al. (66)
Lakatos et al. (67)
Lappalainen et al. (68)
Lesage et al. (24)
Linskens et al. (69)
Louis et al. (70)
Maconi et al. (71)
Mardini et al. (39)
Marrakchi et al. (72)
Mendoza et al. (73)
Protic et al. (74)
Radlmayr et al. (75)
Rigoli et al. (76)
Rodrigo et al. (77)
Sabate et al. (78)
Schoepfer et al. (79)
Seiderer et al. (38)
Shaoul et al. (80)
Smith et al. (81)

Sun et al. (82)
Tekin et al. (83)

© 2011 by the American College of Gastroenterology

Year

2002
2007
2005
2003
2007
2004
2007
2009
2007
2007
2006
2009
2006
2007
2004
2004
2005
2003
2004
2004
2007
2005
2005
2008
2002
2004
2003
2009
2005
2009
2003
2008
2002
2008
2007
2008
2009
2006
2009
2004
2003
2009

Country
England
Spain
[taly

USA

Italy
Germany
Spain
Malaysia
USA

[taly
Croatia
USA
Spain
The Netherlands
Belgium
Spain
Portugal
Israel
[taly
France
Taiwan
Italy
Hungary
Finland
Europe
The Netherlands
Belgium
Italy

USA
Tunesia
Spain
Serbia
Germany
Italy
Spain
France
Switzerland
Germany
Israel
Scotland
Germany

Turkey

NOD?2 Predicting Crohn’s Phenotype Meta-Analysis

Number of patients

244
170
316
214
177
180
97
45
205
196
136
183
183
72
344
210
231
170
184
205
10
239
527
240
453
108
101
253
202
75
204
131
97
133
183
239
252
299
125
143
55
45

Median duration of disease (years)
16.2
6
8.0
14.9

10.1
8.2
7.0
11.0
16
NR
14.4
7.1
NR

NR
NR
12
9.3
NR
10.5
39
5
NR
NR

Continued on following page
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Table 1. Continued

Author Year Country Number of patients Median duration of disease (years)
Tomer et al. (84) 2003 USA 101 4.1

Torkvist et al. (85) 2006 Sweden 179 16.5

van der Linde et al. (86) 2007 The Netherlands 114 NR

Vavassori et al. (23) 2004 Italy 165 12.0

Vermeire et al. (87) 2002 Quebec 229 NR

Vind et al. (88) 2005 Denmark, Portugal 87 NR

Total 8,883

NR, not reported.

Risk of stricturing disease

The risk of stricturing disease was compared between patients
with various predetermined combinations of NOD2 mutations.
The pooled RR of stricturing disease with the presence of any
(one or more) NOD2 mutant allele was 1.33 (95% CI 1.15-1.55;
P<0.001; Figure 3a) across 35 studies. There was moderate evi-
dence of heterogeneity between studies (I*=67.5%; Cochran’s Q
71.5, P=0.001). Study-specific pooled sensitivities and specifici-
ties included a sensitivity of 0.39 (95% CI 0.34-0.45) and a spe-
cificity of 0.73 (95% CI 0.68-0.76). In 12 studies in which there
were sufficient data to consider individual mutations, p.G908R
was found to be associated with an RR of stricturing disease of
1.90 (95% CI 1.17-3.07; P=0.009; I*=56.1%; Q=38.82, P=0.27)
with a sensitivity of 0.11 (95% CI 0.07-0.16) and a specificity of
0.94 (95% CI 0.89-97). There was no attributable risk for strictur-
ing disease with either p.R702W (P=0.5) or p.Leul007fsX1008
(P=0.95) mutations.

Risk of fistulizing disease

The risk of fistulizing disease was compared between patients with
various predetermined combinations of NOD2 mutations. The
pooled RR of fistulizing disease with the presence of any (one or
more) NOD2 mutant allele was 1.16 (95% CI 1.05-1.28; P<0.003;
Figure 3b) across 36 studies. There was little evidence of heteroge-
neity between studies (I* =27.3%; Cochran’s Q 38.2, P=0.3). Study-
specific sensitivities and specificities included a sensitivity of 0.34
(95% CI 0.30-0.38) and a specificity of 0.73 (95% CI 0.69-0.76).
In 9 studies, p.G908R was found to be associated with an RR of
fistulizing disease of 1.42 (95% CI 1.06-1.90; P=0.02; =26.2%;
Q=8.69, P=0.28) with a sensitivity of 0.08 (95% CI 0.05-0.12)
and a specificity of 0.94 (95% CI 0.89-96). In 12 studies, there was
no attributable risk for fistulizing disease with p.R702W (P=0.13)
or p.Leul007fsX1008 (P=0.66) mutations.

Risk of perianal disease

Perianal disease was reported separately from stricturing or
fistulizing phenotype in 17 manuscripts (3,836 patients). When
this end point was analyzed, there was no increased or decreased
risk of perianal disease associated with the presence of any NOD2
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mutant alleles (RR 1.03; 95% CI 0.92-1.16; P=0.6; ?=52.9%;
Q=33.6, P=0.004; Figure 4a), with a pooled sensitivity of 0.38
(95% CI 0.32-0.43) and a specificity of 0.63 (95% CI 0.59-0.66).
However, when individual mutations were considered, p.G908R
was found to have a slightly decreased risk of perianal disease. In 4
studies (RR 0.40; 95% CI 0.19-0.83; P=0.014; ’=61.7%; Q=44,
P=0.1), there was no attributable risk for perianal disease with
either p.R702W (P=0.3) or p.Leul007fsX1008 (P=0.5) mutations
(see Supplementary Figure 6 online).

Risk of surgery

The risk of patients undergoing any surgery specifically for Crohn’s
disease was reported in 17 studies including 3,643 patients. The
risk of surgery was found to be increased if one or more NOD2
mutant alleles were present (RR 1.58; 95% CI 1.38-1.80; P<0.001;
P=63.7%; Q=31.0, P=0.009; Figure 4b) with a pooled sensitivity
0f 0.41 (95% CI 0.34-0.48) and a specificity of 0.74 (95% CI 0.69-
0.78). There were only three studies with complete documentation
of single NOD2 mutant alleles and surgical data and an additional
seven studies with partial data. The risk of surgery was found to
be increased if one NOD2 mutant allele was present (RR=1.48;
95% CI 1.25-1.75) with a sensitivity of 0.31 (95% CI 0.27-0.35),
a specificity of 0.82 (95% CI 0.76-0.87), and area under the sum-
mary ROC (AuROC) 0.53 (95% CI 0.50-0.56). There were only
two studies with complete data documenting the presence of two
NOD2 mutant alleles and surgical data and an additional nine
studies with partial data. The risk of surgery with two mutant
alleles was increased (RR 1.49; 95% CI 1.16-1.87) with a sensiti-
vity of 0.17 (95% CI 0.10-0.28) and a specificity of 0.90 (95% CI
0.34-0.99) with an AuROC of 0.27 (95% CI 0.24-0.30).

Diagnostic accuracy

The summary statistics for the prognostic value of NOD2 muta-
tions for complicated disease are listed in Table 3. The sensitivity
of NOD2 mutations for developing stricturing or fistulizing disease
was 0.36 (95% CI 0.31-0.40). The specificity of NOD2 mutations
for complicated disease was 0.73 (95% CI 0.69-0.77). The positive
likelihood ratio (LR) of the presence of NOD2 being associated
with complicated disease was 1.3 (95% CI 1.2-1.5); the negative
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Table 2. NOD2 mutant alleles and complicated disease

Author

Alvarez-Lobos et al. (48)
Annese et al. (49)
Brant et al. (50)

Canto et al. (53)

Chua et al. (41)
Cucchiara et al. (54)
Cukovic-Cavka et al. (55)
Dassopoulos et al. (56)
De Diego et al. (57)
Esters et al. (59)
Fernandez et al. (60)
Ferreira et al. (61)
Fidder et al. (62)
Giachino et al. (63)
Heresbach et al. (64)
Hsiao et al. (65)

Laghi et al. (66)
Lappalainen et al. (68)
Linskens et al. (69)
Louis et al. (70)
Maconi et al. (71)
Mendoza et al. (73)
Protic et al. (74)

Rigoli et al. (76)
Rodrigo et al. (77)
Schoepfer et al. (79)
Seiderer et al. (38)
Shaoul et al. (80)
Smith et al. (81)

Sun et al. (82)

Tekin et al. (83)

Tomer et al. (84)
Torkvist et al. (85)

van der Linde et al. (86)
Vermeire et al. (87)
Vind et al. (88)

Total

FN, false negative; FP, false positive; NOD2, nucleotide-binding oligomerization domain 2; Num, number of patients; Sens, sensitivity; Spec, specificity; TN, true

negative; TP, true positive.

LR was 0.88 (95% CI 0.84-0.93). A positive LR of > 10 and a nega-
tive LR of <0.1 are generally considered useful predictors. As a

Num

170
316
214

97

45
196
136
183
183
344
210
231
170
184
205

10
239
240
108
101
253
204
131
133
183
252
299
125
143

55

45
101
179
114
229

87

6,115
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25
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5

664

NOD?2 Predicting Crohn’s Phenotype Meta-Analysis

FN
63
65
78
43
21
55
51
86
57

138
77
9
57
62
67

117
113
50
32
156
76
42
54
105
97
144
13
34
11
11
17
36
42
60
31
2,259

prognostic indicator, NOD?2 is a poor predictor of the complicated

TN

55
105
43
24
10
66
47
70
76
51
67
57
67
58
59
6
43
81
35
23
6
61
43
14
49
64
36
58
77
8
23
55
24
66
37
1,664

disease phenotype (Figure 5a).
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a
Study Events, Events,
ID RR (95% Cl)  Mutation Wild type
Vermeire (2002) —_— 1.18 (0.92, 1.52) 58/103 60/126
Brant (2003) _— 1.27 (1.08, 1.49) 76/93 78/121
Fidder (2003) > 1.04 (0.73,1.49) 22/46 57/124
Louis (2003) & : 0.78 (0.53, 1.16) 21/46 32/55
Mendoza (2003) - 1.21(0.97,1.52) 45/67 76/137
Sun (2003) ~ 1.20 (0.77,1.86) 25/36 11/19
Tomer (2003) : 0.58 (0.21, 1.59)  4/29 17/72
Esters (2004) —f 1.05(0.93,1.19) 119/155  138/189
Fernandez (2004) _ 1.25(0.99, 1.57) 44/66 771144
Giachino (2004) —_— 1.32 (1.04, 1.69) 41/60 62/120
Heresbach (2004) _— 1.37 (1.11,1.70)  57/78 67/126
Linskens (2004) _ 1.40 (1.08,1.82) 19/23 50/85
Smith (2004) > - 0.92 (0.49, 1.71) 9/32 34/111
Annese (2005) —————————  154(1.22,1.95) 86/146  65/170
Ferreira (2005) —_ 1.18 (0.99, 1.42) 59/80 94/151
Laghi (2005) —_— 1.23(1.09, 1.39) 71/79 117/160
Vind (2005) > 1.62 (1.11,2.35) 14/19 31/68
Cukovic—Cavka (2006) = 1.16 (0.85, 1.60) 23/38 51/98
De Diego (2006) T * 1.35(1.00, 1.84) 29/50 57/133
Seiderer (2006) —_— 0.99 (0.88, 1.11) 94/119  144/180
Alvarez-Lobos (2007) _— 1.22 (0.94,1.59) 34/52 63/118
Canto (2007) o 0.88 (0.62, 1.27) 17/30 43/67
Cucchiara (2007) o 1.11(0.83, 1.50) 38/75 55/121
Rodrigo (2007) o - 0.86 (0.62, 1.19) 17/29 105/154
van der Linde (2007) _— 1.31(1.05, 1.63) 40/48 42/66
Lappalainen (2008) _— 1.27 (1.08, 1.56) 34/46 113/194
Protic (2008) ] ———————> 1.72(1.34,2.20) 39/46 42/85
Rigoli (2008) —_— X 0.81(0.66, 1.01) 42/65 54/68
Chua (2009) * - 0.95 (0.60, 1.50) 9/14 21/31
Dassopoulos (2009) & - 0.98 (0.58, 1.65) 7/13 86/156
Maconi (2009) —_ 0.99 (0.94, 1.05) 87/91 156/162
Schoepfer (2009) —_— 1.11(0.92,1.35) 61/91 97/161
Shaoul (2009) L 3 1.54 (0.79, 3.03) 13/46 13/71
Tekin (2009) o 1.12(0.45,2.82) 4/11 11/34
Hsiao (2007) 1 (Excluded) 0/0 4/10
Overall (I = 66.7%, P = 0.000) <> 1.17 (1.10, 1.24)  1358/2022 2223/3887
1
T T . T T
0.5 75 1 1.5 2
Inflammatory (B1) Complicated (B2/B3)
b
StudyName year TP FP FN TN = 1 — Sensitivity (95% Cl) = 1 - Specificity (95% Cl)
1 1
van der Linde 2007 40 8 42 24 —f I-o— — 0.49[0.38 - 0.60 — —e——— 0.75[0.57 - 0.89
Vind 2005 14 5 31 37 —f——e —~ 0.31[0.18 - 0.47 — l—e-—1— 0.88[0.74 - 0.96
Vermeire 2002 58 45 60 66 = l-e- — 0.49[0.40 - 0.59 — el — 0.59[0.50 - 0.69
Torkvist 2006 n .36 . et — 0.23[0.12-0.38 — — 0 -
Tomer 2003 4 25 17 55 —f-——e— —~ 0.19[0.05 - 0.42 — —e-——— 0.69[0.57 - 0.79
Tekin 2009 4 7 11 23 - — 0.27[0.08 - 0.55 — —¢——1— 0.77[0.58 - 0.90
Sun 2003 25 11 11 8 = [——e——— 0.69[0.52 - 0.84 - —e— — 0.42[0.20 - 0.67
Smith 2004 9 23 34 77 == —~ 0.21[0.10-0.36 — -e-—I— 0.77[0.68 - 0.85
Shaoul 2009 13 33 13 58 — — — 0.50[0.30 - 0.70 — —e — 0.64[0.53-0.74
Seiderer 2006 94 25 144 36 — - — 0.39[0.33 - 0.46 — —e—i — 0.59[0.46 - 0.71
Schoepfer 2009 61 30 97 64 = o —~ 0.39[0.31 - 0.47 — ~ot——I— 0.68 [0.58 — 0.77,
Rodrigo 2007 17 12 105 49 —f—e} — 0.14[0.08 - 0.21 — 4e-—— 0.80[0.68 - 0.89
Rigoli 2008 42 23 54 14 — Lo- — 0.44[0.34 - 0.54 e — 0.38[0.22-0.55
Protic 2008 39 7 42 43 = e —~ 0.480.37 - 0.60 — Le-—1- 086[0.73-0.94
Mendoza 2003 45 22 76 61 — -- — 0.37[0.29 - 0.46 — -+~ 0.73[0.63-0.83
Maconi 2009 87 4 156 6 = -+ —~ 0.36[0.30 — 0.42 — —s———— 0.60[0.26 - 0.88
Louis 2003 21 25 32 23 = - — 0.40[0.26 - 0.54 — —— — 0.48[0.33 - 0.63
Linskens 2004 19 4 50 35 —f—-er — 0.28[0.17 - 0.40 — 1~ 0.90[0.76 - 0.97
Lappalainen 2008 34 12 113 81 —f——e=; — 0.23[0.17 - 0.31 — r-e—t= 0.87[0.79 - 0.93
Laghi 2005 71 8 117 43 — .- — 0.38[0.31-0.45 — te-—f— 0.84[0.71 - 0.93
Hsiao 2007 0 0 4 6 —fe—i— — 0.00[0.00 - 0.60 — —+—e-— 1.00[0.54 - 1.00
Heresbach 2004 57 21 67 59 = - —~ 0.46[0.37 - 0.55 — =#=———= 0.74[0.63 - 0.83
Giachino 2004 41 19 62 58 — do- — 0.40[0.30 - 0.50 — - 0.75[0.64 — 0.84
Fidder 2003 22 24 57 67 —|—-et — 0.28[0.18 - 0.39 — -&-——t— 0.74[0.63 - 0.82
Ferreira 2005 59 21 94 57 = - —~ 0.39[0.31 - 0.47 — —-—1— 0.73[0.62 - 0.82
Fernandez 2004 44 22 77 67 — - — 0.36[0.28 - 0.46 — -+ 0.75[0.65-0.84
Esters 2004 119 36 138 51 — - —~ 0.46[0.40 - 0.53 — - — 0.59[0.48 - 0.69
De Diego 2006 29 21 57 76 = -+ — 0.34[0.24 - 0.45 — 1+ 0.78[0.69 - 0.86
Dassopoulos 2009 7 6 8 70 —|-e— — 0.08[0.03-0.15 — - 0.92[0.84 - 0.97
Cukovic-Cavka 2006 23 15 51 47 = - — 0.31[0.21 -0.43 — —a=-——t= (.76 [0.63 - 0.86
Cucchiara 2007 38 37 55 66 = - —~ 0.41[0.31 - 0.52 — -t — 0.64[0.54-0.73
Chua 2009 9 5 21 10 —f——e— — 0.30[0.15-0.49 — —e— |~ 0.67[0.38 - 0.88
Canto 2007 17 13 43 24 —f—et — 0.28[0.17 - 0.41 — —e——t= 0.65[0.47 - 0.80
Brant 2003 76 17 78 43 — I-e- — 0.49[0.41 - 0.58 — —é=—— 0.72[0.59 - 0.83
Annese 2005 86 60 65 105 — | e — 0.57[0.49 - 0.65 — -o-! — 0.64[0.56 - 0.71
Alvarez-Lobos 2007 34 18 63 55 = -+— —~ 0.35[0.26 — 0.45 — -IB- — 0.75[0.64 - 0.85
COMBINED 1369 66422591664 —| + L 0.36[0.31 - 0.40] — + — 0.73[0.69 - 0.77]
B=14[7- 21] L —r, - F=7[3-12] -1 i — F=8[3-13]
00 05 1.0 00 05 1.0
Sensitivity Specificity

Figure 2. Forest plots of NOD2 and complicated disease. (a) Forest plot of NOD2 mutant alleles and complicated disease showing study relative risk (RR)

and 95% confidence interval (95% Cl) of complicated disease. There was moderate heterogeneity between studies (P=66.7%; Cochran's @ 59.7, P=0.003).
Study-specific mean sensitivity (left axis) and specificity (right axis) are shown in b. FN, false negative; FP, false positive; NOD2, nucleotide-binding oligomeriza-
tion domain 2; TN, true negative; TP, true positive.
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a
Study Events, Events,
ID RR (95% CI) Mutation Wild type
Vermeire (2002) -4 1.51(0.90,2.54) 23/68  19/85
Brant (2003) _ 1.74 (1.15,2.61) 26/43  23/66
Fidder (2003) 0.93(0.49, 1.75) 9/33 28/95
Louis (2003) - 1.11(0.50,2.45) 10/35  8/31
Mendoza (2003) _ 1.85 (1.06, 3.21) 16/38 18/79
Sun (2003) 1.45(0.74,2.83) 18/29 6/14
Tomer (2003) - o 2.15(0.14, 33.11) 1/26 1/56
Esters (2004) B — 1.08 (0.78, 1.49) 35/71 43/94
Fernandez (2004) —:—0— 1.91 (1.11, 3.29) 16/38 19/86
Giachino (2004) —_— 1.46 (1.04,2.06) 27/46 39/97
Heresbach (2004) —— 1.62 (1.21, 2.15) 43/64 42/101
Linskens (2004) —_—— 1.53(1.07,2.18) 13/17  35/70
Smith (2004) T 0.76 (0.18,3.31) 2/25 9/86
Annese (2005) ———> 276 (1.72,4.42) 44/104 19/124
Ferreira (2005) | ———— 1.52(0.99,2.33) 21/42  28/85
Laghi (2005) —_—— 1.41 (1.11,1.78) 31/39 56/99
Vind (2005) [=————> 2.89(1.44,5.81) 8/13 10/47
Cukovic—Cavka (2006) ¢ - 1.03 (0.51,2.09) 7/22 21/68
De Diego (2006) > 2.34 (1.21,4.52) 12/33 14/90
Seiderer (2006) —_—— 0.93 (0.68, 1.28) 28/53 47/83
Alvarez-Lobos (2007) > 1.25 (0.62, 2.52) 8/26 18/73
Canto (2007) y 0.60 (0.32, 1.13)  7/20 34/58
Cucchiara (2007) -_ 1.52 (0.89, 2.60) 19/56 19/85
Rodrigo (2007) « 0.26 (0.04,1.74) 1/13 21/70
van der Linde (2007) —_— 1.34(0.77,2.32) 10/18 17/41
Lappalainen (2008) _— 1.52 (1.15,2.02) 26/38  66/147
Protic (2008) ! —¢—> 3.03(1.94,4.71) 32/39 16/59
Rigoli (2008) s H 0.73(0.52, 1.03) 24/47  32/46
Chua (2009) - 0.95 (0.45, 2.00) 5/10 11/21
Dassopoulos (2009) — 1.13(0.57,2.24) 5/11 471117
Maconi (2009) —_ 0.98 (0.88,1.09) 41/45  79/85
Schoepfer (2009) —_—— 1.18(0.88,1.58) 36/66  55/119
Shaoul (2009) + 1.33(0.57, 3.09) 8/41 10/68
Tekin (2009) T 1.50 (0.33, 6.86) 2/9 4/27
Hsiao (2007) ! (Excluded) 0/0 0/6
Overall (I = 67.5%, P = 0.000) <> 1.33 (1.15, 1.55) 614/1278 914/2578
1
T T - T T
0.25 0.5 1 2 4
Inflammatory (B1) Stricturing (B2)
b
Study Events, Events,
ID RR (95% Cl) Mutation Wild type
Vermeire (2002) —_— 1.14 (0.81, 1.61) 35/80 41/107
Brant (2003) _— 1.33(1.06, 1.66) 50/67  55/98
Fidder (2003) —_— 1.16 (0.68, 1.98) 13/37 29/96
Louis (2003) —_— 0.60 (0.34, 1.05) 11/36 24/47
Mendoza (2003) —_— 1.17 (0.86, 1.58) 29/51 58/119
Sun (2003) - 1.01(0.41,2.48) 7/18 5/13
Tomer (2003) o 0.48 (0.15, 1.51) 3/28 16/71
Buining (2004) — 1.18 (0.89, 1.56) 29/43  48/84
Esters (2004) —— 1.08 (0.91,1.27) 84/120  95/146
Fernandez (2004) — 1.21(0.89,1.64) 28/50  58/125
Giachino (2004) — 1.49 (0.88,2.53) 14/33  23/81
Heresbach (2004) —_— 1.34 (0.80, 2.27) 14/35 25/84
Linskens (2004) - > 2.00 (1.03,3.87) 6/10 15/50
Smith (2004) — 0.95 (0.46, 1.98) 7/30 25/102
Annese (2005) — 1.35(0.97, 1.89) 42/102  46/151
Ferreira (2005) L 1.20 (0.93,1.54) 38/59  66/123
Laghi (2005) —_— 1.42 (1.16, 1.74) 40/48 61/104
Vind (2005) > 1.51 (0.80, 2.85) 6/11 21/58
Cukovic-Cavka (2006) B 1.32 (0.85,2.06) 16/31 30/77
De Diego (2006) —_— 1.24 (0.81,1.90) 17/38 43/119
Seiderer (2006) —_— 0.99 (0.84, 1.17) 66/91 97/133
Alvarez-Lobos (2007) —_—— 1.31(0.95, 1.82) 26/44 45/100
Canto (2007) — 1.59 (0.77,3.30) 1023  9/33
Cucchiara (2007) _ 0.96 (0.61, 1.51) 19/56  36/102
Rodrigo (2007) —O—f— 0.90 (0.64, 1.28) 16/28 84/133
van der Linde (2007) —_— 1.55(1.12,2.13) 30/38  25/49
Lappalainen (2008) 3 1.09 (0.61,1.95) 8/20 47/128
Protic (2008) — 1.33(0.72,2.43) 7/14 26/69
Rigoli (2008) —o—'—. 0.72 (0.47, 1.11) 18/41 22/36
Chua (2009) T 0.89 (0.38, 2.08) 4/9 10/20
Dassopoulos (2009) > 0.70 (0.20, 2.38) 2/8 39/109
Maconi (2009) — 0.99 (0.90, 1.10) 46/50  77/83
Schoepfer (2009) _— 1.15(0.79, 1.67) 25/55 42/106
Shaoul (2009) - > 2.68 (0.68, 10.56) 5/38 3/61
Tekin (2009) & 0.95 (0.24, 3.80) 2/9 7/30
Hsiao (2007) ! (Excluded) 0/0 4/10
Overall (I =27.3%, P =0.071) <> 1.16 (1.05, 1.28) 773/1451 1357/3057
1
T T - T T
0.25 0.5 1 2 4
Inflammatory (B1) Fistulizing (B3)

Figure 3. Forest plots of NOD2 and stricturing and fistulizing disease. Forest plot of the presence of one or more NOD2 mutant alleles predicting (a) stricturing
disease and (b) fistulizing disease for Crohn’s disease. B1, inflammatory; B2, structuring; B3, fistulizing phenotypes; NOD2, nucleotide-binding oligomerization
domain 2; RR, risk ratio; 95% Cl, 95% confidence interval.
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a
Study Events, Events,
D RR (95% Cl)  Mutation Wild type
Ahmad (2002) _ 0.90 (0.68, 1.19) 41/94  73/150
Lesage (2002) _— 1.07 (0.80, 1.43) 67/224  64/229
Brant (2003) T 0.78 (0.56, 1.09) 33/93 55/121
Mendoza (2003) 0.50 (0.27, 0.92) 11/72 35/114
Tomer (2003) - 0.41 (0.10, 1.74) 2/29 12/72
Biining (2004) : 0.97 (0.65, 1.45) 23/64 43/116
Fernandez (2004) ' > 3.89(2.13, 7.09) 33/87 12/123
Annese (2005) : 0.97 (0.65, 1.44) 34/146 41170
Laghi (2005) L 1.38 (0.76, 2.51) 15/79 22/160
Lakatos (2005) 1.06 (0.79, 1.42) 51/185 89/342
De Diego (2006) n 0.94 (0.60, 1.47) 17/50 48/133
Alvarez-Lobos (2007) - 0.95 (0.60, 1.50) 15/31 25/49
Canto (2007) 1.60 (0.55, 4.62) 5/30 7/67
Cucchiara (2007) - 0.91(0.49, 1.69) 13/75  23/121
Sabate (2008) . 1.09 (0.79, 1.51) 35/85  58/154
Maconi (2009) 0.99 (0.60, 1.64) 19/91 34/162
Hsiao (2007) (Excluded) 0/0 2/10

Overall (I =52.9%, P = 0.007) <]

-

1.03(0.92, 1.16) 414/1435 643/2293

T T
0.5 0.75 1

No Perianal Disease
b

Study
ID

T T
1.5 2

Perianal Disease

Events, Events,

RR (95% Cl) Mutation  Wildtype

Vermeire (2002) —0—'— 1.33(1.08, 1.73) 60/103  55/126
Fidder (2003) 1.08 (0.51,2.28) 8/46 20/124
Tomer (2003) - 0.83 (0.18, 3.86) 2/29 6/72

Buining (2004) —_— 2.09 (1.55, 2.83) 45/64 39/116
Esters (2004) : 1.13(0.95, 1.34) 98/155  106/189
Giachino (2004) 1.45 (0.79, 2.66) 14/60 20/124
Annese (2005) : ——> 324 (2.12,4.94) 64/146  23/170
Lakatos (2005) —_— 128/342

Vind (2005)

—|—0_> 2.32(1.32,4.06) 11/19 17/68

(
(
(
(
(
E
1.33(1.09, 1.62) 92/185
(
(
(
(
(
(
(

De Diego (2006) _ 1.87 (1.15,3.05) 19/50  27/133
Torkvist (2006) —_— 1.14 (0.74,1.76) 13/27  64/152
Alvarez-Lobos (2007) —_— 1.51(1.07,2.15) 28/52  42/118
Cucchiara (2007) o Eme e er— 1.37 (0.85,2.21) 23/75  27/121
Lappalainen (2008) —_— 1.51(1.20,1.91) 33/46  92/194
Schoepfer (2009) . 1.35 (0.90, 2.03) 29/91 38/161
Tekin (2009) 1.03 (0.42, 2.55) 4/11 12/34
Maconi (2009) : (Excluded) 91/91 162/162
Overall (I = 63.7%, P = 0.000) <> 1.58 (1.38, 1.80) 634/1250 878/2406
T T T T
0.25 0.5 1 2 4
No Surgery Surgery

Figure 4. Forest plots of NOD2 and perianal diseases and surgery. Forest plot of the presence of one or more NOD2 mutant alleles predicting (a) perianal
disease and (b) any surgery for Crohn’s disease. RR, risk ratio; Cl, confidence interval, B1, inflammatory; B2, structuring; B3, fistulizing phenotypes. B1, inflam-
matory; B2, structuring; B3, fistulizing phenotypes; NOD2, nucleotide-binding oligomerization domain 2; RR, risk ratio; 95% Cl, 95% confidence interval.

Effect of diagnostic threshold

The sensitivity and specificity of the presence of any NOD2 mutant
alleles for complicated disease in each study are displayed on the
summary ROC diagram. The summary ROC curve and the sum-
mary operating point (with 95% confidence contour) are shown in
relation to the individual studies. It must be noted that a coin flip has
a diagnostic accuracy of 0.5. The AuROC was 0.56 for complicated
disease (Figure 5b) and 0.54 for perianal disease, consistent with low
diagnostic accuracy. The AuROC for stricturing disease was 0.61, the
AuROC for fistulizing disease was 0.54, and the AuROC was 0.63
for surgery for Crohn’s disease all of which represent poor diagnos-
tic accuracy (see Supplementary Figure 7 online). The AuROC
was 0.98 for p.Leul007fsX1008 homozygous mutations predicting

The American Journal of GASTROENTEROLOGY

complicated disease. This represents excellent diagnostic accuracy;
however, the positive LR is 2.6 (95% CI 0.4-16.6), and the negative LR
is 0.98 (95% CI 0.94-1.03) (see Supplementary Figure 8 online).

DISCUSSION

NOD2/CARDI15 was identified to be associated with Crohn’s dis-
ease. There is abundant evidence supporting NOD2 as a suscepti-
bility allele conferring risk for developing Crohn’s disease. As the
early studies of NOD2, and with the later advent of other genes
associated with Crohn’s disease, interest has grown toward identi-
fying specific mutations that may be responsible for distinct dis-
ease behavior phenotypes.

www.amjgastro.com



Table 3. Meta-analysis summary statistics

95% confidence

Parameter Estimate interval
Sensitivity 0.36 0.31-0.40
Specificity 0.73 0.69-0.77
Positive likelihood ratio 13 1L.2=1l5
Negative likelihood 0.88 0.84-0.93
ratio

Diagnostic odds ratio 1 1-2

NOD2, nucleotide-binding oligomerization domain 2.

Summary estimates for all the studies for any NOD2 mutation predicting
complicated (stricturing or fistulizing) disease.

There have been conflicting reports from early in the literature
as to the prognostic value of NOD2. Abreu et al. (10) in 2002 found
that NOD2 mutations were specifically associated with fibrosten-
osing disease and not penetrating disease. That same year, Lesage
et al. (24), found no association between NOD2 mutations and
specific disease phenotypes. Alvarez-Lobos et al. (13) and Ince
et al. (21) showed an association between NOD2 mutations and
increased surgical rates in Crohn’s disease, whereas Baptista et al.
(19) found no measurable associations with disease behavior could
be detected at all.

There have been a number of small meta-analyses that have
looked to answer these questions, but no full review of the literature
to date exists (22,42,43). We undertook a full systematic review of
the published literature to gain a better understanding as to how
the presence of NOD2 mutations modifies disease behavior.

This meta-analysis showed that the presence of a single NOD2/
CARDI5 mutation has poor predictive ability for disease pheno-
type in Crohn’s disease with an AuROC of 0.56. Summary estimates
showed poor sensitivity and fairly low specificity for aggressive
stenosing or fistulizing phenotypes. However, the presence of two
mutations in NOD2 (either homozygous or complex heterozygous)
has a high degree of specificity for aggressive disease phenotype,
although the sensitivity and AuROC remain poor. The presence
of homozygous mutations in NOD2 for p.Leul007fsX1008 has an
even higher degree of specificity for aggressive disease phenotype,
although the sensitivity remains poor. These results show that the
presence of multiple mutations identifies a particularly high-risk
group, although this is a very insensitive prognostic test. In con-
trast, the presence of single mutations in NOD2 is not a reliable
predictor of disease phenotype.

These findings do not minimize the role NOD2 and other genetic
mutations have in the development of Crohn’s disease. NOD2 has
a clear role as a susceptibility gene for the risk of development of
Crohn’s disease. However, at this point, the ability of NOD2 to pre-
dict disease severity is limited to patients with multiple mutant
alleles. It is clear that genetics has a key role in the susceptibility to
developing Crohn’s disease, and likely has a role in disease behav-
ior. The pathophysiology is complex, and the role genetics has is far
more nuanced than the presence or absence of one mutation deter-
mining a certain disease behavior. More likely, a reliable disease
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Figure 5. Prognostic accuracy of NOD2 for complicated disease.

(a) Likelihood ratio (LR) scatter plot matrix of the presence of any NOD2
mutant alleles associated with complicated disease. The summary

LR point is represented by the red diamond. The bars represent 95%
confidence intervals. All studies are in the right lower quadrant providing
neither exclusion nor confirmation, demonstrating that NOD2 is a weak
predictor of complicated disease phenotype. (b) Summary receiver operat-
ing characteristics (sSROC) curves for the presence of one or more NOD2
mutant alleles as a predictor of complicated Crohn'’s disease phenotype.

A perfect test has an area under the sROC curve (AuROC) close to 1,

and a poor test has an AUROC close to 0.5. The AuROC curve of 0.56 for
complicated disease is consistent with low prognostic accuracy. AUC, area
under the curve; LLQ, left lower quadrant; LRN, likelihood ratio negative;
LRP, likelihood ratio positive; LUQ, left upper quadrant; NOD2, nucleotide-
binding oligomerization domain 2; RLQ, right lower quadrant; RUQ, right
upper quadrant; SENS, sensitivity; SPEC, specificity.

phenotype prediction will require a multifactorial approach, which
will include environmental factors, genetic factors, medication
exposure, smoking, initial clinical presentation, etc.

The findings of this meta-analysis suggest that the presence of
two mutant NOD?2 alleles is quite specific for future complicated
disease. Although the sensitivity is poor and the AuROC is poor,
the high degree of specificity may be sufficient to recommend test-
ing for double mutations if we can identify therapies that can truly
change the outcomes for this high-risk stratum of patients. Test-
ing for double mutations would likely miss many patients with
aggressive disease. However, the presence of double mutations,
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particularly mutations in p.Leul007fsX1008, does identify a high-
risk stratum of reagent-grade patients that should be identified
and analyzed as a distinct subgroup in clinical trials. If prospec-
tive trials can show a change in outcomes in these patients, this
would be a strong justification for targeted top-down therapy in
this group of high-risk patients to prevent stricturing or fistuliz-
ing complications.

The other major finding of this meta-analysis is the lack of prog-
nostic value of the presence of one mutant allele for predicting
Crohn’s disease behavior. Although we specifically studied NOD2
mutations, recent genome-wide association studies have identified
numerous other genes that contribute to the susceptibility of devel-
oping Crohn’s disease (44-46). It is likely that the level at which
genetics contributes to phenotypic disease expression is complex
and multiple risk alleles contribute to complex interactions. Further
studies addressing disease behavior will likely require large-scale,
multicenter trials to obtain sufficient clinical data to accurately
ascertain the cumulative risk from clinical, genetic, and environ-
mental factors. Once additional predictive factors are identified
and validated, we will be better able to study targeted therapies in
high-risk patients.
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