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lgorithms Outperform Metabolite Tests in Predicting Response of
atients With Inflammatory Bowel Disease to Thiopurines
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ACKGROUND & AIMS: Levels of the thiopurine metab-
lites 6-thioguanine nucleotide (6-TGN) and 6-methylmercap-
opurine commonly are monitored during thiopurine therapy
or inflammatory bowel disease despite this test’s high cost and
oor prediction of clinical response (sensitivity, 62%; specificity,
2%). We investigated whether patterns in common laboratory
arameters might be used to identify appropriate immunologic
esponses to thiopurine and whether they are more accurate
han measurements of thiopurine metabolites in identifying
atients who respond to therapy. METHODS: We identified
74 patients with inflammatory bowel disease on thiopurine
herapy using metabolite and standard laboratory tests over a
4-hour time period. Machine learning algorithms were devel-
ped using laboratory values and age in a random training set
f 70% of the cases; these algorithms were tested in the remain-

ng 30% of the cases. RESULTS: A random forest algorithm
as developed based on laboratory and age data; it differenti-
ted clinical responders from nonresponders in the test set with
n area under the receiver operating characteristic (AUROC)
urve of 0.856. In contrast, 6-TGN levels differentiated clinical
esponders from nonresponders with an AUROC of 0.594 (P �
001). Algorithms developed to identify thiopurine nonadher-
nce (AUROC, 0.813) and thiopurine shunters (AUROC, 0.797)
ere accurate. CONCLUSIONS: Algorithms that use age
nd laboratory values can differentiate clinical response,
onadherence, and shunting of thiopurine metabolism
mong patients who take thiopurines. This approach was
ess costly and more accurate than 6-TGN metabolite mea-
urements in predicting clinical response. If validated, this
pproach would provide a low-cost, rapid alternative to
etabolite measurements for monitoring thiopurine use.

iew this article’s video abstract at www.cghjournal.org.

esalamine compounds fail to maintain remission in
approximately 30% of ulcerative colitis (UC)1 patients

nd approximately 91% of Crohn’s disease (CD) patients.2 Thio-
urines are widely used immunomodulators that have proven
enefits in inflammatory bowel disease (IBD) patients who have
ailed mesalamine compounds.3 These immunomodulators can
ffectively induce both clinical and endoscopic remission and
re steroid-sparing.4,5 Unfortunately, thiopurines have a narrow

herapeutic index, and their pharmacokinetics vary widely be-
ween individuals. Traditionally, the balance between efficacy
nd risk with thiopurines has been managed by monitoring
omplete blood counts (CBC) and chemistry panels. This ap-
roach is inexpensive (�$30) and produces rapid results from

ocal laboratories. However, this approach does not have an
stablished algorithm and is dependent on expert assessment,
hich makes it difficult to reproduce.

More recently, a reproducible approach to thiopurine risk
anagement and evaluation of clinical efficacy has been intro-

uced: the monitoring of 6-thioguanine nucleotide (6-TGN)
nd 6-methylmercaptopurine (6-MMP) metabolites. 6-TGN lev-
ls greater than 235 pmol/108 red blood cells are associated
ith clinical response and 6-MMP levels greater than 5700
mol/108 red blood cells are associated with an increased risk of
epatotoxicity.6 – 8 However, a recent meta-analysis of studies of
hese metabolites shows that their sensitivity for clinical re-
ponse is only 62% and their specificity is only 72%.8 In addi-
ion, monitoring these metabolites is costly ($268),9 and slow
typical time to return results, 5 days). In part because tradi-
ional monitoring does not have a reproducible algorithm, the
erformance of monitoring with CBC and chemistries has never
een tested directly against the performance of metabolite
onitoring.
Metabolite levels correlate poorly with dosing of thiopurines,

eflecting significant variation in pharmacokinetics between
ndividuals. Although the metabolite levels control for this
harmacokinetic variation, they predict clinical response rela-
ively poorly. We hypothesized that the poor performance of

etabolite levels in predicting clinical response was due to
harmacodynamic variation between individuals, who have dif-
erent responses of their immune systems and body chemistries
o the same 6-TGN metabolite levels. If this is the case, mea-
urement of crude markers of the biologic response to thiopu-
ines, the blood counts and chemistries, might be more predic-
ive of clinical response than metabolite measurements. We
urther hypothesized that experienced users of thiopurines in

Abbreviations used in this paper: AuROC, area under the receiver
perating characteristic curve; CBC, complete blood count; CD, Crohn’s
isease; IBD, inflammatory bowel disease; MCV, mean corpuscular
olume; 6-MMP, 6-methylmercaptopurine; 6-TGN, 6-thioguanine nucle-
tide; UC, ulcerative colitis; WBC, white blood cell.

© 2010 by the AGA Institute
1542-3565/10/$36.00
doi:10.1016/j.cgh.2009.09.031
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BD have an internal algorithm that they use to evaluate com-
on laboratory tests in thiopurine monitoring and that this

lgorithm can be identified through machine learning.
Recently, Mayer10 called for a direct comparison of inexpen-

ive, rapid monitoring with CBC and chemistries with the more
xpensive, slower metabolite monitoring. Previous investigators
ave shown that low white blood cell (WBC) levels and increas-

ng red blood cell size (mean corpuscular volume [MCV]) are
ssociated with clinical response.11,12 Therefore, a defined algo-
ithm using routine laboratory values might differentiate clin-
cal response rapidly and inexpensively. To this end, our study
bjectives were as follows: (1) to determine whether compo-
ents of the complete blood count, chemistry panel, and pa-
ient age can perform the following: (a) differentiate clinical
esponse, (b) identify thiopurine nonadherence, and (c) identify
atients (shunters) who produce a low (�20) 6-TGN/6-MMP
atio when they metabolize thiopurines; and (2) to compare the
est characteristics of algorithms based on common laboratory
ests with the test characteristics of 6-TGN and with logistic
egression models using WBC and MCV.

Methods
Patient Population
The study sample included all patients who had thio-

urine metabolite analysis, CBC, and a comprehensive chemis-
ry panel drawn within a 24-hour period at the University of

ichigan between May 1, 2004, and August 31, 2006. This
tudy was approved by the University of Michigan Medical
nstitutional Review Board with a waiver of explicit consent
rom the subjects. The patient sample included 774 cases, in a
otal of 346 individuals. For the analysis of the outcome of
linical response to thiopurines, 5 exclusion criteria were ap-
lied: exclusion of patients who did not have IBD, exclusion of
atients who had not started on thiopurines at the time when
etabolites were measured, exclusion of patients on biologic

nti–-tumor necrosis factor- therapy, exclusion of patients with-
ut documentation of their clinical status at the time of labo-
atory measurement, and exclusion of patients who had an
nfection that confounded assessment of clinical response.

Data Extraction
Data were obtained though a query of the University of

ichigan Clinical Data Repository. Additional patient data
elds necessary to determine clinical response were extracted

able 1. Dubinsky Criteria for Defining Clinical Responders a

CD

Clinical nonresponders Clinical responders

. mHBI �4 on or off steroids, or,

. mHBI �4, but still requiring
steroids for maintenance of
remission (steroid-dependent), or,

. The presence of draining fistulas for
fistulizing patients

1. CD patients must have
remission as defined by
mHBI �4, off steroids,
open fistulae for at leas
weeks20

HBI, modified Harvey Bradshaw index19; mUCDAI, modified ulcerati
riteria from Dubinsky et al.13
rom clinical records separately by 2 of the authors (A.K.W. and i
.C.J.) who were blinded to the metabolite monitoring values,
nd these fields were entered separately into a Microsoft Access
Microsoft Corp, Redmond, WA) database. The 2 data sets were
ompared with Epi Info 3.3.2 (CDC, Atlanta, GA) to identify
iscrepancies. Discrepancies were resolved by consensus be-
ween the 2 reviewers, with the assistance of the senior author
P.D.R.H.).

Dependent Outcome Variable Definitions
Three dependent outcome variables were measured as

ollows: clinical response, nonadherence, and preferential shunting
o 6-MMP rather than metabolism to 6-TGN. We determined
linical response through medical record review of the 395 cases
ligible for the clinical response outcome. Cases with CD or
C/indeterminate colitis then were classified as clinical re-

ponders (216), nonresponders (179), or unknown responders
1) using the criteria established by Dubinsky et al.13 Table 1
etails the criteria used to classify patients for this outcome.
ases were classified separately on these criteria by 2 authors

A.K.W. and J.C.J.). If there were any discrepancies in data
nterpretation or classification (occurred in �3% of cases), these
ere resolved by review of the clinical notes and consultation
ith the senior author (P.D.R.H.).

Nonadherence was defined as a 6-TGN level of �25 because
o adherent patients on 25 mg of azathioprine daily (the lowest
ecorded dose in our data set) had a 6-TGN level of less than 30.
hunting of thiopurine metabolism away from 6-TGN was
efined a priori as a 6-TGN/6-MMP ratio of less than 0.05 in
atients who had 6-TGN levels of greater than 25.

Independent Predictor Variables
Independent predictor variables were derived from the

BC (with automated differential) values, chemistries, patient
ge, 6-TGN, and 6-MMP serum values. Patient demographic
nformation, CBC, chemistries, and 6-TGN and 6-MMP serum
alues were obtained from the University of Michigan Clinical
ata Repository. The age was calculated as the number of years

etween the date of birth and the date of the laboratory draw at
hich thiopurine metabolites were obtained.

Statistical Analysis
Machine learning approaches were used to develop al-

orithms for the 3 dependent variables: clinical response, non-
dherence, and shunting. The machine learning methods used

onresponders for CD and UC

UC

Clinical nonresponders Clinical responders

in

o

1. mUCDAI �4 on or off
steroids, or,

2. mUCDAI �4, but still requiring
steroids for maintenance of
remission (steroid-dependent)

1. UC patients must have
been in remission as
defined by a mUCDAI
�4 off steroids

litis disease activity index.
nd N

been
a

and n
t 3

ve co
ncluded boosted trees,14 RuleFit,15 and Random Forest16 meth-
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ds, which produced similar predictive results. Only the results
f the random forest methods are presented for the sake of
revity. The machine learning approaches were used to develop
lgorithms on a model development data set, which was a
andom sample of 70% of the data. The algorithms developed
hen were validated by testing on the remaining 30% of the data,
he model validation data set. All areas under the receiver
perating characteristic curve (AuROCs) and 95% confidence

ntervals (CIs) presented are calculated based on the model
alidation data set. The AuROCs were calculated using the
ioconductor package ROC. When the AuROC is p, the vari-
nce was estimated with the formula s2 � p*(1 � p)/n, where
is the number of observations in the training set. The 95% CI

or the AuROC was calculated with p � 1.96(s). In comparing
ifferent AuROCs, we determined whether the 95% CIs over-

apped, which is a 2-sided test. A graph of the relative impor-
ance of the independent variables is presented for each of the

algorithms.
R version 2.8.1, with the software package “randomForest”,

as used for machine learning algorithm development. The
ffect of varying the number of trees in the random forest
pproach was tested, and the results are stable with at least 500
rees, which was the number of trees used for each of the 3
lgorithms. The number of input variables randomly selected at
ach split also was tuned, using a 10-fold cross-validation based
n the training data. The selected numbers of variables were 3,
, and 5, respectively, for clinical response, adherence, and
hunting. All predictor variables were continuous in nature, and
he importance of each variable computed from the random
orests is conditional on the existence of other variables. The
nal algorithms, consisting of 500 trees each, are not presented
ere for the sake of brevity.

The AuROC produced by the 6-TGN metabolite as a predic-
or of clinical response was compared with the AuROC of the

achine learning algorithm based on the laboratory tests. To
valuate the accuracy of the machine learning model in com-
arison with the measurement of 6-TGN in predicting clinical
esponse, we used the results of the 6-TGN criterion (6-TGN �
35 � likely clinical responder7) for the initial classification of
ases, and the machine learning model was used for reclassifi-
ation. The gain in diagnostic accuracy was assessed with the
et improvement in reclassification statistic.17 To test whether
he 6-TGN metabolite would add to the value of the machine
earning algorithm, a new random forest algorithm was created
ith the laboratory tests, age, and 6-TGN, to determine the
arginal benefit (in terms of AuROC) of adding the 6-TGN

esult.
Because many practitioners use reductions in WBC and/or

ncreases in MCV as inexpensive guides to thiopurine therapy,
e also evaluated how valuable these 2 variables were in pre-
icting the 3 outcomes of clinical response, adherence, and
hunting with logistic regression modeling. The models were
valuated using AuROC graphs, and their calibration was
hecked with Hosmer–Lemeshow tables. Because the MCV and

BC were reasonably predictive for the outcome of clinical
esponse, we developed a simple prediction rule that practitio-
ers can use to calculate the probability of clinical response

rom MCV and WBC. We did not test a machine learning
pproach for these models with few predictors because machine
earning has little advantage over simpler logistic models when

here are only a few predictors. I
Because steroids can alter some of the common laboratory
arameters (increase glucose, decrease eosinophils), and steroids
ere part of the outcome definition of Dubinsky et al,13 there was
danger of circular reasoning in our model development (steroid
se could alter laboratory values [ie, white blood cell count or
lucose], which would differentiate steroid use/failure of thiopu-
ines). We therefore assessed whether the algorithms also were
ffective to differentiate clinical responders from nonresponders in
he subset of patients not on steroids. All machine learning meth-
ds were performed with algorithms in the statistical language R
version 2.8.1), with the package randomForest,18 by S.W. and J.Z.
ll data preparation, logistic regression, and graphing was per-

ormed using Stata 10.0 (StataCorp, College Station, TX) by
.K.W. and P.D.R.H., and 2-sided P values less than .05 were
onsidered statistically significant.

able 2. Study Population Demographics (n � 346
individuals)

ex, M:F 175:171
ercent Caucasian 88.1% [28 race not reported]
edian age, y (IQR) [range] 23 (16–40) [5–86]
isease type
CD 218
UC 93
Indeterminate colitis 12
Not IBD 23

isease location
CD

Small bowel 26
Large bowel 24
Both 168

UC
Proctitis 2
Left-sided 15
Pancolitis 76

edian disease duration, y (IQR) 4.12 (2.10–7.96)
hiopurine type
Azathioprine (N � 234)

Median dose, mg/d (IQR) 100.00 (80.00–150.00)
Median duration of current

dose, mo
5.42

6-mercaptopurine (N � 90)
Median dose, mg/d (IQR) 75.00 (50.00–100.00)
Median duration of current

dose, mo (IQR)
10.28 (2.61–21.86)

Median duration of current
dose for all individuals on
thiopurines, mo (N � 324)

6.51

ot taking thiopurines on date of
blood draw (N � 22
individuals)

Ever steroid use?
Yes 338
No 8

Current steroid use?
Yes 101
No 245

edian concomitant steroid dose,
mg/d (IQR) in those
currently using steroids

20.00 (10.00–30.00)

oncomitant mesalamine use 118 of 346
QR, interquartile range.
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Results
Table 2 describes the characteristics of our total study

ample by patient, which included 774 cases, in a total of 346
ndividuals. Of note, no patients were found to be on concom-
tant allopurinol. The application of the exclusion criteria for
linical response, as illustrated in the flowchart in Figure 1,
arrowed the study population for the clinical response end
oint to 395 cases with a total of 240 individuals in the study
opulation. Of note, 30 individuals appear as both clinical
esponders and clinical nonresponders at different points in
ime, as distinct cases in the data set. No patients were excluded
or the outcome of nonadherence, and thus this study sample
ncluded all 774 cases in a total of 346 individuals. An addi-
ional exclusion criterion was applied for the shunting out-
ome, which was to exclude patients who were nonadherent.
hese exclusions narrowed the study sample for the shunting
nd point to 716 cases in a total of 322 individuals.

The median duration of disease and median dose of thiopu-
ine were similar between the clinical responder and nonre-
ponder groups. A detailed breakdown of the characteristics of
he 119 clinical responders and 121 clinical nonresponders is
resented in Table 3. These 2 groups were largely similar,
lthough the thiopurine nonresponders were more likely to be
n steroids, tended to be older (median age, 28 vs 18 y), and had

igure 1. Sample selection for
he 3 study end points. The flow
iagram illustrates the exclu-
ions and definitions of the clini-
al response, nonadherence,
nd shunting end points. *Note
hat individuals can appear more
han once as distinct cases, so
hat 30 individuals appear as
oth clinical responders and
linical nonresponders at differ-
nt points in time, as distinct
ases in the data set. Similarly,
4 individuals appear as adher-
nt or nonadherent at different
oints in time in this data set,
nd 41 individuals meet the cri-
eria for shunting at one point in
ime, but not at other points in
ime in the data set.
een on thiopurines and their current thiopurine dose for a t
horter time than clinical responders. There was no evidence of
ignificant hepatotoxicity associated with the medications in
ur sample.

Predicting Clinical Response
A random forest algorithm using laboratory values and

atient age differentiated clinical response from nonresponse in
he model validation data set with an AuROC of 0.856 (95% CI,
.793– 0.919) (Figure 2A). In comparison, 6-TGN levels differ-
ntiated clinical response from nonresponse with an AuROC of
.594 (95% CI, 0.546 – 0.642). The difference between the 2 areas
as highly significant, with a P value of less than .001. The most

mportant independent variables in differentiating clinical re-
ponders from nonresponders were neutrophil count, alkaline
hosphatase, red cell distribution width, age, and WBC count

Figure 2B). Adding the 6-TGN independent variable as an
nput to the model did not significantly improve the AuROC,
hich changed from 0.856 to 0.862 (95% CI, 0.800 – 0.924).

Because steroid use was part of the definition of nonre-
ponse, we considered the possibility that steroid use could
lter laboratory values (ie, increase glucose, lower eosinophil
ount, and increase neutrophil count) in reproducible ways that
ould allow the algorithm to identify patients as clinical re-

ponse failures largely by identifying those on steroids. We

ested whether the algorithm still was effective in identifying
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February 2010 MACHINE LEARNING IN THIOPURINE TREATMENT 147
linical response failures who were not on steroids, and when
xcluding steroid users, found that the AuROC was reduced
nly slightly, from 0.856 to 0.807 (95% CI, 0.721– 0.893). This
alue is still significantly greater than the AuROC of 6-TGN,
hich was 0.555 (95% CI, 0.497– 0.613) when tested on the

ubjects not on steroids.
Reclassification is a more concrete measure of improved

linical discrimination the AuROC. We evaluated the propor-
ion of the patients misclassified by the 6-TGN model who

able 4. Reclassification Table for Clinical Response to Thio

True clinical responders
reclassification by RFA

Initial test classification
based on 6-TGN �235

RFA test
responders

RFA test
nonresponders

T

-TGN test responders 74 (0.79) TP ¡ 20 (0.21) FN
-TGN test nonresponders 81 (0.66) TP ¢ 41 (0.34) FN
otals classified by RFA 155 (0.72) TP 61 (0.28) FN

OTE. The net improvement in reclassification was 0.36 (P � .0001
eclassification.
old, correctly reclassified; italic, incorrectly reclassified.
R, true clinical responders; CNR, true clinical nonresponders; RFA,

able 3. Study Population Characteristics by Responder Stat

o. of individuals
ex, M:F
ercent Caucasian
edian age, y (range)

BD, CD:UC
edian disease duration, y (IQR) 3.66 (2
isease location
UC

Left-sided
Pancolitis
Unknown

CD
Perianal
Large bowel
Small bowel
Both
Unclear

edian duration of thiopurines, y (IQR) 2.04 (0
edian thiopurine dose (IQR) 100.00
edian duration of current thiopurine dose, y (IQR)
ercent on steady-state thiopurine dose
rior steroids
No
Yes
Unknown
Concomitant mesalamine

oncomitant steroid dose, mg/d
None
�10
�10
Unknown

OTE. Each individual only appears once in this table, based on his or h
QR, interquartile range
ositive; TN, true negative.
ould be reclassified correctly with the random forest model for
he clinical response end point. The net improvement in reclas-
ification was 0.362 (P � .001). Table 4 illustrates the reclassi-
cation of results from 6-TGN classification by the random

orest algorithm.
In addition, we evaluated simple logistic regression models

o explain nonadherence using the predictors MCV and WBC
ecause these are used commonly in clinical practice to estimate
he response to thiopurines. We found that the ratio of MCV to

es

True clinical nonresponders:
reclassification by RFA

classified
6-TGN

RF test
responders

RF test
nonresponders

Totals classified
by 6-TGN

TP 18 (0.33) FP ¡ 37 (0.67) TN 55 FP
2 FN 24 (0.19) FP ¢ 100 (0.81) TN 124 TN
6 CR 42 (0.23) FP 137 (0.77) TN 179 CNR

the RFA in contrast to the 6-TGN result. Arrows indicate direction of

om Forest Algorithm; TP, true positive; FN, false negative; FP, false

esponders Nonresponders

119 121
67:52 56:65
84.8% 78.5% (8 race not reported)

8 (5–76) 28 (5–86)
76:43 76:45

.17) 6 missing 3.80 (1.78–9.00) 13 missing

9 14
30 27
4 4

4 1
12 9
15 18
35 38
10 10

.31) 26 missing 0.99 (0.33–2.85) 33 missing
58–131.25) 4 missing 100.00 (75.00–150.00) 5 missing
5 (0.33–2.15) 0.33 (0.10–0.92)

97.1 82.4

10 5
92 109
17 7

50 of 119 55 of 121

118 42
0 21
0 58
1 0

inical response status at his or her first presentation in the data set.
purin

:

otals
by

94
12
21

) by

Rand
us

R

1

.50–6

.75–3
(64.
0.7

er cl
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BC was a simple predictor of clinical response. The MCV/
BC ratio had an AuROC of 0.715 (95% CI, 0.597– 0.833). This
odel was developed and tested on the entire data set, biasing

oward good fit and a high AuROC. This predictor is signifi-

igure 2. Algorithm accuracy and predictor importance of random fore
or clinical response with the random forest clinical response algorithm a
esponse algorithm. (C) AuROC for nonadherence with the random fore
onadherence algorithm. (E) AuROC for shunting to 6-MMP with the rand
hunting algorithm.
antly inferior to the random forest model, and is not signifi- r
antly better than 6-TGN alone. However, for clinicians who
ould like to use these 2 laboratory values to identify patients

ikely to have good clinical response, the MCV/WBC ratio can
e used with a cut-off point of 12 or greater predicting clinical

chine learning models based on common laboratory tests. (A) AuROC
ith 6-TGN alone. (B) Predictor importance for the random forest clinical
nadherence algorithm. (D) Predictor importance for the random forest
orest shunting algorithm. (F) Predictor importance for the random forest
st ma
nd w
st no
om f
esponse. Subjects with ratios of 12 or greater had a probability
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f clinical response of 0.67, and those less than 12 had a
robability of clinical response of 0.35. These results are com-
ared with the cut-off point of 6-TGN of 235 or greater and the
andom forest algorithm in Table 5.

Predicting Nonadherence
A random forest algorithm using laboratory values and

atient age differentiated thiopurine adherence from nonadher-
nce with an AuROC of 0.813 (95% CI, 0.763– 0.863) (Figure
C). The proportional importance of each input variable in the
andom forest model is shown in Figure 2D. The most impor-
ant independent variables in differentiating adherent from
onadherent patients were as follows: mean platelet volume,
emoglobin, MCV, protein, and mean corpuscular hemoglobin.
2-predictor logistic regression model to explain nonadherence
as constructed using the predictors WBC and MCV. This
odel had an AUC of 0.704 with a 95% CI from 0.637 to 0.771.
lthough this result is biased in favor of the logistic model, it

s less effective than the random forest model.

Predicting Shunting to 6-MMP
A random forest algorithm using laboratory values and

atient age differentiated thiopurine shunters from nonshunt-
rs with an AuROC of 0.797 (95% CI, 0.743– 0.850) (Figure 2E).
he proportional importance of each input variable in the

andom forest model is show in Figure 2F. The most important
ndependent variables in differentiating shunting from non-
hunting patients were as follows: creatinine, age, mean platelet
olume, alanine aminotransferase, and platelet counts. A 2-pre-
ictor logistic regression model to predict shunting also was
onstructed, using the predictors WBC and MCV. This model
ad an AuROC of 0.613 with a 95% CI from 0.561 to 0.665. This
odel is not nearly as good as the random forest model, and its

ower confidence bound approaches an AuROC of 0.5 (approx-
mates a coin flip in predictive ability).

Discussion
Historically, thiopurine monitoring with blood counts

nd chemistries in IBD has been based on a gestalt assessment
f common laboratory values by experienced practitioners. Me-
abolite monitoring has offered an appealingly reproducible
lternative, although at a substantial increase in cost. The value
f metabolite monitoring has been questioned, but no repro-
ucible algorithm for monitoring thiopurines with standard

aboratories has been available for comparison with metabolite
esting. In this study, we have developed and tested a machine
earning algorithm for differentiating thiopurine clinical re-
ponders from nonresponders and found that it performs sig-
ificantly better than metabolite monitoring in predicting clin-

cal response. Additional machine learning algorithms were able

able 5. Clinical Response Classification by 6-TGN, MCV/WB

6-TGN

Test classification Cutoff % Clinical response Cuto

esponder �235 63 �1
onresponder �235 50 �1

LA, machine learning algorithm.
o identify nonadherent and shunting patients with good ac- p
uracy. There is no additional cost associated with implemen-
ation of the algorithm. The only expense incurred is for stan-
ard monitoring with blood counts and chemistries, typically
erformed every 3 months while patients are on stable doses of
he medication.

One limitation of this study was the patient sample,
btained from a single tertiary care center, because the re-
ults may not be generalizable to all patients with IBD. It is
ossible that patients in whom metabolites perform poorly
ere more likely to be referred to our tertiary center, and this
ay have led to the reduced predictive value of 6-TGN in this

ample (AuROC, 0.594), compared with the 62% sensitivity
nd 72% specificity of metabolites for clinical response in the
eta-analysis by Osterman et al.8 A second limitation of this

tudy was that it was cross-sectional, rather than longitudi-
al. This prevented us from assessing whether the results
f the clinical response algorithm could be used prospec-
ively to direct dose changes of thiopurines or changes in
herapy.

The strengths of this study included the use of the same
linical response definitions used to define clinical response
y Dubinsky et al;7 the use of common, inexpensive, and
eadily available laboratory tests as the inputs for the algo-
ithms; and the use of the open source software R for
mplementation. We have been able to implement the calcu-
ation of the probabilities of clinical response, nonadherence,
nd shunting in our electronic medical records system. Be-
ause R is freely available, this should allow ready implemen-
ation in many clinical settings.

The results of this study suggest that pharmacodynamic
ariation is an important part of the variability in the clinical
esponse to thiopurines, that clinical response to thiopurines
nly weakly is predicted by metabolite levels or reductions in
he WBC count and increases in the mean corpuscular vol-
me. We find it striking that mild increases in the eosinophil
ount are an important predictor of clinical response, sug-
esting that effective doses of thiopurines may be polarizing
he patient’s immune system toward Th2 immune responses.
he sometimes surprising results of modeling can generate
ew hypotheses about the mechanism of action of old med-

cations.
By showing that there are patterns in common laboratory

alues that can differentiate accurately between thiopurine re-
ponders and nonresponders, this study raises the possibility
hat these patterns could be used to guide thiopurine dosing (or
o help decide when thiopurines simply will not be effective) in
he future. This would require an appropriately powered pro-
pective clinical trial, and we currently are pursuing funding for
his project.

We hypothesize, based on the data presented here, that the

tio, and Random Forest MLA

CV/WBC ratio MLA scores

% Clinical response Cutoff % Clinical response

68 ��0.16 75
34 ��0.16 19
C Ra

M

ff

2
2

hysiologic parameters measured in common laboratory tests
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nd incorporated in these algorithms are surrogate markers for
hanges in the immune system induced by effective thiopurine
herapy. It seems likely that patients with inadequate responses
n these parameters are underdosed, and that some patients,
ven at high doses, will not achieve these physiologic changes,
ecause of differences in pharmacodynamics. Other patients
ay achieve these physiologic changes without a clinical re-

ponse. These patients likely would have either symptoms
aused by noninflammatory causes, or have an autoimmune
hysiology that is not amenable to thiopurine therapy, which
ould prompt a change to a different therapy (methotrexate,
iologics, and so forth). We speculate that the eventual clinical
tility of this machine learning approach, depending on a
ositive outcome of a prospective clinical trial, will be in guid-

ng thiopurine dosing and timely changes to a different class of
herapy.
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