
1346Inflamm Bowel Dis • Volume 27, Number 8, August 2021

Atlantic Healthcare Limited, Amgen, Genentech, Gilead Sciences, AbbVie, Janssen, 
Takeda, Lilly, Celgene/Receptos, Pfizer, and Prometheus Laboratories (now Prometheus 
Biosciences); consulting fees from AbbVie, Allergan, Amgen, Arena Pharmaceuticals, 
Avexegen Therapeutics, BeiGene, Boehringer Ingelheim, Celgene, Celltrion, Conatus, 
Cosmo, Escalier Biosciences, Ferring, Forbion, Genentech, Gilead Sciences, Gossamer 
Bio, Incyte, Janssen, Kyowa Kirin Pharmaceutical Research, Landos Biopharma, 
Lilly, Oppilan Pharma, Otsuka, Pfizer, Progenity, Prometheus Biosciences (merger of 
Precision IBD and Prometheus Laboratories), Reistone, Ritter Pharmaceuticals, Robarts 
Clinical Trials (owned by Health Academic Research Trust), Series Therapeutics, Shire, 
Sienna Biopharmaceuticals, Sigmoid Biotechnologies, Sterna Biologicals, Sublimity 
Therapeutics, Takeda, Theravance Biopharma, Tigenix, Tillotts Pharma, UCB Pharma, 
Ventyx Biosciences, Vimalan Biosciences, and Vivelix Pharmaceuticals; and stock or 
stock options from BeiGene, Escalier Biosciences, Gossamer Bio, Oppilan Pharma, 
Prometheus Biosciences (merger of Precision IBD and Prometheus Laboratories), 
Progenity, Ritter Pharmaceuticals, Ventyx Biosciences, Vimalan Biosciences. WJS reports 
that his spouse has been a consultant for Opthotech and Progenity; has had stock options 
from Escalier Biosciences, Oppilan Pharma, Progenity, Prometheus Biosciences (merger 
of Precision IBD and Prometheus Laboratories), Ventyx Biosciencesm and Vimalan 
Biosciences; and has been an employee of Escalier Biosciences, Oppilan Pharma, 
Prometheus Biosciences (merger of Precision IBD and Prometheus Laboratories), 
Ventyx Biosciences, and Vimalan Biosciences.

Address correspondence to: Niels Vande Casteele, PharmD, PhD, Division of 
Gastroenterology, 9500 Gilman Drive, #0956, University of California San Diego, 
La Jolla, CA (nvandecasteele@ucsd.edu).

Review Article - Clinical

Therapeutic Drug Monitoring of Tumor Necrosis Factor 
Antagonists in Crohn Disease: A Theoretical Construct to Apply 
Pharmacokinetics and Guidelines to Clinical Practice

Niels Vande Casteele, PharmD, PhD,*,  Brian G. Feagan, MD, FRCPC,† Douglas C. Wolf, MD,‡ Anca Pop, MD,§ 
Mohamed Yassine, MD,§ Sara N. Horst, MD, MPH,ǁ Timothy E. Ritter, MD,¶ and William J. Sandborn, MD*

Therapeutic drug monitoring (TDM) is the measurement of drug and antidrug antibody concentrations in individuals to guide treatment deci-
sions. In patients with Crohn disease (CD), TDM, used either reactively or proactively, is emerging as a valuable tool for optimization of tumor 
necrosis factor (TNF) antagonist therapy. Reactive TDM is carried out in response to treatment failure, whereas proactive TDM involves the 
periodic monitoring of patients responding to TNF antagonist therapy to allow treatment optimization. In patients with CD, most of the avail-
able data for TDM relate to the first-to-market TNF antagonist infliximab and, to a lesser extent, to adalimumab and certolizumab pegol. Several 
gastroenterology associations, including the American Gastroenterology Association, have endorsed the use of reactive TDM in patients with ac-
tive CD. However, fewer recommendations currently exist for the use of proactive TDM, although several new prospective randomized controlled 
trials evaluating proactive TDM strategies have been published. In this review, the current evidence for reactive and proactive TDM is discussed, 
and a proactive treatment algorithm for certolizumab pegol based on previously published threshold concentrations is proposed.
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INTRODUCTION
Treating patients who have Crohn disease (CD) with 

tumor necrosis factor (TNF) antagonist monoclonal antibodies 

is often complicated by high interpatient variability in clinical 
response, in part because of differences in pharmacokinetics.1-3 
Furthermore, because these monoclonal antibodies are large 
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molecular-weight foreign proteins, they can elicit an immune 
response in a subgroup of patients with CD, resulting in the 
formation of antidrug antibodies (ADAbs). Negative conse-
quences include reduced efficacy as a result of increased drug 
clearance, reduced binding to target, and increased likelihood 
of adverse reactions through several mechanisms.1

Therapeutic drug monitoring (TDM), in which serum 
drug and ADAb concentrations are measured in individual pa-
tients, is emerging as a valuable tool to optimize therapy with 
TNF antagonists. It can be performed reactively or proactively: 
Reactive TDM is carried out in response to treatment failure 
(secondary nonresponse), whereas proactive TDM is the pe-
riodic monitoring of patients responding to TNF antagonist 
therapy to allow optimization of treatment by dose adjustment 
to a target drug concentration. Because TNF antagonist treat-
ment regimens consist of both an induction and a maintenance 
phase, there are a number of time points when proactive TDM 
is potentially useful. The aims of this review are to provide 
an overview of assays and guidelines on TDM and of clinical 
studies investigating TDM of TNF antagonists, in particular 
infliximab, adalimumab, and certolizumab pegol, for the treat-
ment of CD, and to provide practical advice for clinicians on 
the use of both reactive and proactive TDM.

TDM OF TNF ANTAGONISTS IN CD
Most of the available data for TDM relate to the first-to-

market TNF antagonist infliximab and, to a lesser extent, to 
adalimumab and certolizumab pegol.

Assays for TDM
Several assays and assay formats have been developed to 

measure TNF antagonist drug and ADAb concentrations in 
serum, some of which are commercially available, either as a kit 
or as a service provided by a specialized laboratory.4, 5 The most 
common assay formats are enzyme-linked immunosorbent 
assay (ELISA), radioimmunoassay, and the homogeneous mo-
bility shift assay. Some first-generation assays (irrespective of 
their format) are drug-sensitive—ie, they do not detect ADAbs 
in the presence of the drug (TNF antagonist) because free drug 
in the serum sample competes for ADAbs with the drug that is 
used to coat the assay plate. A second generation of ADAb as-
says is now available that is drug-resistant.6-9

A comparative study indicated that 4 commercially avail-
able assays for infliximab were suitable for TDM, even in the 
presence of infliximab ADAbs or TNF in the serum sample.10 
Similarly, a comparative study evaluating 2 commercially 
available assays for the assessment of adalimumab concentra-
tions found that both methods were accurate and suitable for 
TDM.11 However, between assays, absolute concentrations of 
TNF antagonist drugs and ADAbs can differ: A comparison of 
the LISA-TRACKER (Theradiag) ELISA-based certolizumab 
pegol assay for the quantification of certolizumab pegol with a 

custom-made ELISA assay developed by UCB Pharma (valid-
ated in line with U.S. Food and Drug Administration/European 
Medicines Agency regulatory requirements for bioanalytical 
methods) showed that certolizumab pegol concentrations 
measured with the LISA-TRACKER certolizumab pegol assay 
were in good agreement with the ELISA assay developed by 
UCB Pharma, with a reported Bland-Altman mean ratio of 
1.19 (95% confidence interval [CI], 1.13-1.25), suggesting a less 
than 20% variation in certolizumab pegol concentration be-
tween the 2 analytic methods.12 Overall, the good agreement be-
tween these two assays suggests that data measured with either 
assay can be extrapolated to clinical practice.12 Although the 
certolizumab pegol concentrations measured with the LISA-
TRACKER certolizumab pegol assay were higher than those 
measured the UCB Pharma ELISA, the variability between 
these 2 assays is to be expected, given that the different format 
and reagents of these assays (see Fig. 1 for a comparison).12 

Furthermore, although a comparison of commercially 
available homogenous mobility shift assay and ELISA to as-
sess infliximab and adalimumab concentrations found good 
correlation between the assays for each biologic (infliximab: 
r = 0.861; P < 0.001; adalimumab: r = 0.935; P < 0.001), agree-
ment between the assays was weak (infliximab intraclass corre-
lation coefficient = 0.356 [95% CI, −0.069 to 0.720]; P < 0.001; 
adalimumab intraclass correlation coefficient = 0.395 [95% CI, 
−0.073 to 0.759]; P < 0.001).13 Therefore, if  the aim is to estab-
lish whether a particular cutoff  concentration of a TNF antag-
onist has been reached as part of a TDM approach, it is always 
recommended to select the assay that was initially used to estab-
lish the respective threshold.

Often the slow turnaround time of the ELISA-based 
assays (up to 8 hours) has constrained the immediate imple-
mentation of treatment decisions based on test results. This sit-
uation has led to the development of more rapid assays with a 
time-to-result of 20 minutes,14, 15 which will in time allow clin-
icians to make appropriate treatment decisions based on rap-
idly available test results at the point of care.

Guidelines for Reactive and Proactive TDM in 
Inflammatory Bowel Disease

Several American, Australian, Canadian, and European 
gastroenterology associations have issued recommendations re-
garding the use of TDM of biologics in a reactive and/or pro-
active setting.16-21

Reactive TDM
Guidelines from the American Gastroenterological 

Association (AGA) conditionally recommend the use of  re-
active TDM in patients with active inflammatory bowel di-
sease receiving TNF antagonists.16, 22 Trough concentrations 
(ie, the concentration of  a drug in a patient just before the 
next dose) for reactive TDM in patients with active disease 
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on maintenance TNF antagonist therapy, as suggested by 
the AGA, are ≥5  µg/mL, ≥7.5  µg/mL, and ≥20  µg/mL for 
infliximab, adalimumab, and certolizumab pegol, respectively. 
The AGA trough concentration thresholds have also been 
endorsed by the American College of  Gastroenterology.18 
A  consensus statement funded by the Gastroenterological 
Society of  Australia (GESA) endorsed the use of  reactive 
TDM in patients with secondary nonresponse.19 Trough 
infliximab and adalimumab concentrations of  3.8  µg/mL 
and 5 to 12 µg/mL, respectively, were considered appropriate 
by the GESA panel to achieve clinical remission in luminal 
CD.19 Furthermore, the Toronto consensus statement by the 
Canadian Association of  Gastroenterology recommended 
the use of  TDM in patients who had lost response to anti-
TNF therapy to help with clinical decision-making and dose 
optimization.20 A guideline/consensus paper by the European 
Crohn’s and Colitis Organization concurred that TDM can 
be beneficial in patients with difficult cases, notably in pa-
tients with primary or secondary treatment failure.17 An ex-
pert panel led by Melmed et al23, 24 recommended testing for 

TNF antagonist and ADAb concentrations in patients with 
secondary loss of  response (LOR) and primary nonresponse.

Proactive TDM
Guidelines that endorse a proactive TDM approach have 

been less prevalent than those endorsing a reactive approach. 
The AGA guidelines, for example, do not make any recom-
mendations regarding the use of routine proactive TDM in pa-
tients with quiescent IBD receiving TNF antagonists.16, 22 Those 
that do endorse a proactive approach do so very cautiously or 
only in certain clinical scenarios. For example, the GESA panel 
proposed that proactive TDM should be considered on a pe-
riodic basis only, when test results are likely to affect manage-
ment decisions.19 Furthermore, an expert panel led by Melmed 
et al23, 24 endorsed testing for TNF antagonist and ADAb con-
centrations both during the first year of maintenance therapy 
and after the initial dose after a drug holiday.

Current guidelines do not address the use of TDM during 
induction, although several studies have shown the associa-
tion of early adequate drug exposure with long-term clinically 

FIGURE 1.  Comparison of 2 enzyme-linked immunosorbent (ELISA) assays for therapeutic drug monitoring in patients treated with certolizumab 
pegol: the LISA-TRACKER CZP assay* and a custom-made ELISA assay developed by UCB Pharma. Republished with permission of Future Science 
Ltd. on behalf of UCB Pharma, Copyright © 2017; permission conveyed through Copyright Clearance Center, Inc. Adapted with permission by  
Paul et al.12 *LISA-TRACKER is a product developed and manufactured by Theradiag, France. Miraca Life Sciences (now Inform Diagnostics) has a 
license to run these assays in the United States. CZP indicates certolizumab pegol; HRP, horseradish peroxidase; LLOQ, lower limit of quantification; 
PEG, polyethylene glycol; TMB, 3,3’,5,5’-tetramethylbenzidine; ULOQ, upper limit of quantification.
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important outcomes.25 Furthermore, different phenotypes (eg, 
fistulizing CD) may require different therapeutic thresholds.26, 27

TDM for Infliximab

Factors affecting infliximab exposure
A subgroup of patients (6%–17%) treated with regu-

larly scheduled infliximab (without dose interruption) develop 
ADAbs,28-31 resulting in drug–ADAb complexes that are cleared 
from the body much more quickly than the uncomplexed drug.18 
This development negatively impacts overall exposure to the drug 
and consequently lowers infliximab trough concentrations. Low 
trough concentrations are associated with poor clinical outcome, 
such as LOR. A meta-analysis based on 10 studies and 668 pa-
tients found an association between infliximab ADAbs and LOR. 
The relative risk of LOR to therapy in patients with infliximab 
ADAbs was 3-fold higher than in patients who did not develop 
ADAbs (relative risk  =  3.2; 95% CI, 1.9-5.5; P  <  0.0001).32 In 
some patients, ADAb formation is “transient”—ie, ADAbs dis-
appear over time and LOR is reversed, whereas in many other 
patients ADAb formation is persistent and LOR is sustained.33 
Monitoring infliximab and ADAb concentrations in patients 
receiving infliximab therapy is important to help distinguish be-
tween these 2 patient subgroups based on ADAb status, thus 
aiding clinical decision-making. In patients who test positive for 
ADAbs, combination therapy with immunomodulators (IMMs; 
eg, azathioprine) in addition to TNF antagonist use is recom-
mended to suppress ADAbs formation and is suggested to reverse 
the enhanced clearance of the TNF antagonist.34

Factors other than ADAbs have also been shown to cor-
relate with increased infliximab drug clearance, including serum 
albumin and C-reactive protein (CRP) concentrations and 
body weight.35-38

Exposure–response relationship
Considerable data support an association between ex-

posure, as defined by blood drug concentrations, and clini-
cally important outcomes in patients treated with infliximab, 
adalimumab, or certolizumab pegol, indicating that this asso-
ciation is a class effect. This finding holds out the possibility 
that greater efficacy could be obtained by individualizing drug 
dosing to ascertain optimal exposure in individual patients, 
consistent with the principle of proactive TDM. Posthoc ana-
lyses that have evaluated the exposure–response relationship of 
infliximab identified a trough concentration >3 µg/mL during 
maintenance as being predictive of lower disease activity or 
sustained remission in patients with CD.39-41 A  posthoc anal-
ysis from the Active Ulcerative Colitis Trials indicated that the 
proportion of patients achieving clinical remission increased 
with increasing quartiles of serum infliximab concentrations, 
with similar trends observed for clinical response and mu-
cosal healing.42 Specifically, infliximab serum concentrations 

≥18.6 µg/mL at week 2, ≥10.6 µg/mL at week 6, and ≥34.9 µg/
mL at week 8 (induction time points) were associated with a 
week 8 Mayo Clinic endoscopic subscore ≤1.43 Infliximab serum 
concentrations ≥5.1 µg/mL at week 14 and ≥2.3 µg/mL at week 
30 (maintenance time points) were associated with a week 30 
Mayo Clinic endoscopic subscore ≤1, whereas higher concen-
trations of ≥6.7 µg/mL and ≥3.8 µg/mL, respectively, were as-
sociated with the more stringent outcome of a subscore of 0.43 
A  retrospective, single-center study identified an infliximab 
concentration ≥15  µg/mL at the end of the induction period 
(week 6; P  =  0.025) as an independent factor of mucosal 
healing.44 Although these studies were conducted in patients 
with ulcerative colitis (UC), they are still relevant to this review 
because similar associations have also been observed in CD: in 
a posthoc analysis of ACCENT 1, a multicenter, randomized, 
placebo-controlled study of patients with CD, serum infliximab 
trough concentrations of >3.5  µg/mL at week 14 were pre-
dictors of durable sustained response during infliximab mainte-
nance therapy at 5 mg/kg.40

Reactive vs proactive TDM
A number of studies have evaluated TDM of infliximab 

in a reactive setting. A prospective, 8-week cohort study evalu-
ated TDM in patients with CD or UC who had received dose 
intensification after secondary failure to infliximab; an increase 
in infliximab trough concentration after dose intensification 
was associated with mucosal healing in both groups of patients 
(P = 0.001; Table 1).45 Furthermore, in a prospective, random-
ized, controlled cost-effectiveness study, patients with sec-
ondary infliximab treatment failure were randomized to either 
a conventional dose intensification (5 mg/kg every 4 weeks) or 
interventions using an algorithm based on combined infliximab 
and infliximab ADAb measurements. The algorithm-based 
treatment approach achieved similar clinical, biological, and 
quality-of-life outcomes to conventional dose intensification 
but at significantly lower costs (ie, 34% at week 12; P < 0.001); 46 
this cost reduction was maintained for up to 1 year (Table 1).47

A number of  studies have reported differences in 
clinical outcomes between patients who were proactively 
managed using TDM vs those who were conventionally 
managed. In the Trough Concentration Adapted Infliximab 
Treatment (TAXIT) randomized controlled trial, patients 
with CD (n = 178) or UC (n = 85) on maintenance infliximab 
therapy all underwent proactive TDM with dose optimiza-
tion to achieve trough concentrations within the 3–7 μg/mL 
window.3 This intervention, in patients with subtherapeutic 
drug exposure, led to a significant increase in the proportion 
of  patients in clinical and biochemical remission, whereas 
in patients with supratherapeutic drug exposure, significant 
cost reductions were achieved with attainment of  response 
and remission status. After dose optimization, patients were 
randomized; those who were managed based on clinical 
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TABLE 1.  Overview of Trials Investigating TDM of TNF Antagonists for CD

Study Number of Patients Study Design
Inter-
vention Primary Endpoint Results

Efficacy studies
Vande Casteele, 

Ferrante, et al 
(TAXIT trial)3

N = 263 patients with CD or UC 1-y  
prospective 
randomized 
controlled 
trial

IFX Clinical and bio-
chemical remis-
sion at 1 y after 
optimization 
phase

No differences in clinical, biological, and en-
doscopic remission between IFX TC-based 
dosing and clinically based dosing arms; 
however, TC-based dosing was associated 
with fewer flares requiring rescue therapy 
and more efficient use of drug. 

D’Haens et al 
(TAILORIX 
trial)49 

N = 122 patients with CD randomized  
to 3 maintenance regimens: (1) dose 
intensification based on clinical symp-
toms, biomarker analysis, and serum TC 
IFX; (2) dose intensification of IFX to 
5-10 mg/kg based on the same criteria; 
(3) IFX dose intensification to 10 mg/kg 
based on clinical symptoms alone

Prospective 
random-
ized dou-
ble-blind 
controlled 
trial

IFX Sustained,  
steroid-free clin-
ical remission 
from weeks 22-54 
and absence of 
ulceration at 1 y 
based on endos-
copy 

Proactive IFX TC-based dose intensifica-
tion was not superior to clinically based 
dose intensification.

Paul, Del 
Tedesco, et al45

N = 52 patients with CD or UC with  
secondary failure to IFX

Prospective 
8-wk cohort 
study

IFX n/a An increase in IFX TC after dose opti-
mization was associated with mucosal 
healing in patients with CD and with 
UC (P = 0.001).

Assa et al63 N = 78 pediatric patients with CD naïve 
to treatment with TNF antagonists

Nonblinded 
randomized 
controlled 
trial

ADA Sustained 
corticosteroid-
free clinical 
remission at all 
visits (wks 8-72)

Proactive TDM of ADA TCs re-
sulted in significantly higher rates of 
corticosteroid-free clinical remission 
than did reactive TDM.

Chiu et al55 
CLASSIC 
subanalysis 

N = 275 patients with CD receiving ADA 
as induction therapy in CLASSIC 
I and II studies

Prospective 
study

ADA n/a A positive correlation between serum ADA 
and remission was identified at several 
time points up to week 56.

Karmiris et al60 N = 168 patients with CD after failure of 
IFX therapy

Prospective 
observa-
tional study

ADA n/a ADA TCs were lower in patients who dis-
continued; patients with ADA ADAbs 
had lower median ADA TC throughout 
entire follow-up period (P < 0.0001) 

Bodini, 
Giannini, 
Savarino, 
et al54 

N = 23 patients with CD Prospective 
72-week 
study

ADA n/a ADA TCs were significantly higher 
(11.9 µg/mL) in patients with remission 
vs mild and moderate/severe disease 
(5.5 µg/mL; P = 0.0002).

Ward et al71 N = 19 patients with CD on  
maintenance ADA regimen had ADA 
concentrations measured repeatedly to 
predefined schedule

Prospective 
observa-
tional study

ADA n/a ADA concentrations ≥4.9 µg/mL obtained 
during the first 9 days predicted ther-
apeutic ADA TCs with reasonable 
confidence.

Vande Casteele, 
Feagan, 
Vermeire, 
et al70

N = 2157 patients with CD CZP  
simulation 
study based 
on data from 
9 clinical 
trials

CZP n/a CZP concentrations of 36 µg/mL and 
15 µg/mL at weeks 6 and 12 were associ-
ated with attaining a combined effi-
cacy outcome of CDAI ≤150 and FCP 
≤250 µg/g at week 26. 

Cost-effectiveness studies
Steenholdt 

et al46, 47

N = 69 patients with secondary IFX 
failure were randomized to conven-
tional dose intensification (5 mg/kg 
every 4 weeks) or interventions based 
on serum IFX and IFX ADAbs using 
an algorithm

Randomized 
controlled 
single-blind 
study

IFX Accumulated mean 
cost per patient 
for CD at week 
12 in the algo-
rithm group vs the 
group receiving 
conventional dose 
intensification

Algorithm-based treatment achieved sim-
ilar clinical, biological, and quality of 
life outcomes to conventional dose inten-
sification but at significantly lower costs; 
this cost reduction was maintained for 
up to 1 year. 

ADA indicates adalimumab; CDAI, Crohn’s Disease Activity Index; CZP, certolizumab pegol; IFX, infliximab; n/a, not available; TC, trough concentration.



1351

Therapeutic Drug Monitoring of TNF Antagonists in CDInflamm Bowel Dis • Volume 27, Number 8, August 2021�

factors had a greater need for rescue therapy compared with 
patients who were managed based on trough concentrations 
of  infliximab. However, overall remission rates were similar 
between the 2 arms 1 year after proactive dose optimization 
in all participants (ie, the primary endpoint; Table  1). The 
limitations of  the TAXIT trial are the design (ie, carryover 
effect of  dose optimization in all patients before randomiza-
tion) and the relatively short follow-up.3 A follow-up retro-
spective study of  TAXIT evaluating longer-term outcomes 
showed that concentration-based dosing was associated with 
fewer infliximab discontinuations for all reasons than dosing 
based on clinical factors (P = 0.04).48

TAILORIX, a randomized controlled trial, evaluated 
122 patients with CD who were randomized to 3 mainte-
nance regimens: (1) infliximab dose intensification to 10 mg/
kg based on clinical symptoms alone; (2) dose intensifica-
tion in 2.5  mg/kg increments based on clinical symptoms, 
biomarker analysis, and serum trough concentrations of 
infliximab; and (3) dose intensification of  infliximab to 5 to 
10  mg/kg based on clinical symptoms, biomarker analysis, 
and serum trough concentrations of  infliximab (Table  1).49 
Infliximab trough concentration–based dose intensification 
was not superior to clinically based dose intensification with 
regard to achieving the primary endpoint of  steroid-free clin-
ical remission from weeks 22 to 54 and the absence of  ulcera-
tion at 1 year based on endoscopy.49 However, note that only 
14% of  patients in TAILORIX actually underwent dose op-
timization based on infliximab trough concentrations in the 
combined intervention groups.

The concept that combination therapy with IMMs 
may not be necessary if  adequate TNF antagonist concen-
trations are attained using proactive TDM is supported by 
a number of  studies. In a pilot observational study, optimi-
zation of  infliximab (“optimized monotherapy”) to a trough 
concentration of  ≥5 µg/mL using TDM was reported as an 
alternative strategy to combination therapy with concomi-
tant IMMs in a subset of  patients.50 A  retrospective study 
also showed that infliximab trough levels of  >5 µg/mL had 
similar drug persistence after at least 6 months regardless of 
IMM therapy.51 Furthermore, in a posthoc analysis of  the 
Study of  Biologic and Immunomodulator-Naïve Patients in 
Crohn’s Disease trial, stratification of  infliximab trough con-
centrations showed a similar outcome (corticosteroid-free 
remission at week 26) within each concentration quartile re-
gardless of  IMM therapy.52

In summary, considerable research supports an expo-
sure–response relationship in patients treated with the ap-
proved dosing regimen of infliximab; however, the controlled 
studies performed to date do not provide strong evidence for 
proactive TDM. Conversely, reactive TDM has become well 
established in the management of patients with IBD and has 
some controlled data to support its use.

TDM for Adalimumab

Factors affecting adalimumab exposure
A comprehensive population pharmacokinetics (PK) 

analysis of adalimumab in patients with moderate-to-severe 
CD was recently published. Intense serum sampling enabled 
characterization of the absorption phase of this subcutane-
ously administered drug and revealed a 4-fold difference in the 
range of serum adalimumab concentrations 7 days after the first 
dose (160 mg). Substantial interindividual variability was also 
observed in clearance, and the presence of adalimumab ADAbs 
and higher lean body weight were found to be predictors of ac-
celerated drug clearance.53

Exposure–response relationship
The relationship between trough adalimumab concentra-

tions and clinical outcomes in the management of patients with 
CD is similar to that of infliximab, albeit less well described. 
Increased adalimumab trough serum concentrations have been 
reported as a key predictor of improved therapeutic outcome in 
CD.53-57 A prospective subanalysis study evaluating data from 
the Clinical Assessment of Adalimumab Safety and Efficacy 
Studied as Induction Therapy in Crohn’s Disease I and II trials 
identified a positive association between serum adalimumab 
concentration and remission at several time points up to week 
56 (Table 1).55 However, in this study it was not possible to iden-
tify cutoff  concentrations indicative of clinical remission.55 In 
a prospective 72-week study, trough adalimumab concentra-
tions were significantly higher (11.9  µg/mL) in patients with 
remission vs mild and moderate/severe disease (5.5  µg/mL; 
P = 0.0002; Table  1).54 In addition, in a cross-sectional study 
of 40 patients, median trough concentrations of adalimumab 
were higher in patients in clinical remission (6.0 µg/mL) than in 
those with active disease (3.2 µg/mL; P < 0.012).57 Finally, in a 
cross-sectional study evaluating 118 trough serum samples from 
adalimumab-treated patients, higher adalimumab trough serum 
concentrations were associated with remission (P < 0.001), 
with an adalimumab serum cutoff value of >5.85 µg/mL being 
identified as a positive predictor for attaining remission. High 
adalimumab ADAb concentrations were positively associated 
with disease activity.56

Endpoints such as mucosal healing (ie, lack of endo-
scopic and histologic inflammation) may require even higher 
adalimumab concentrations (in the range of 13-14  µg/mL) 
than those required for clinical endpoints, as was reported in 
a cross-sectional study evaluating 66 patients with CD and 
UC.58 Furthermore, in a cross-sectional study of 40 patients, 
trough concentrations were higher in patients with mucosal 
healing (6.5  µg/mL) than in those without mucosal healing 
(4.2 µg/mL; P < 0.005). Trough concentrations and duration of 
adalimumab treatment were independently associated with mu-
cosal healing. Absence of mucosal healing was associated with 
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trough concentrations <4.9 µg/mL.57 Similar to what has been 
observed for infliximab, the presence of adalimumab ADAbs 
was associated with a higher LOR to adalimumab.59-61 The re-
cent Study to Evaluate the Safety and Efficacy of Two Drug 
Regimens in Subjects With Moderate to Severe Ulcerative 
Colitis trial compared higher adalimumab induction doses 
with the standard induction dosing regimen. After 8 weeks 
of treatment, standard adalimumab induction doses resulted 
in similar clinical and endoscopic efficacy compared with the 
high-induction doses. The similar efficacy was observed de-
spite adalimumab trough concentrations being higher after 
the higher induction dosing regimen vs the standard induction 
dosing regimen (mean [standard deviation] = 19.3 [9.5] µg/mL 
vs 8.0 [4.9] µg/mL, respectively).62 These results indicate that 
not all patients may benefit from higher doses, but rather a se-
lection of patients who are at risk of accelerated drug clearance.

Reactive vs proactive TDM
Reactive vs proactive TDM of adalimumab was com-

pared in the Pediatric Crohn’s Disease Adalimumab Level-
Based Optimization Treatment trial, a nonblinded randomized 
controlled trial of 78 pediatric patients with CD.63 Proactive 
TDM of adalimumab trough concentrations resulted in signifi-
cantly higher rates of corticosteroid-free clinical remission at all 
visits from weeks 8 to 72 (P = 0.002; primary endpoint; Table 1) 
compared with reactive TDM.63 Furthermore, a positive ef-
fect was noted for a composite endpoint including sustained 
corticosteroid-free clinical remission, CRP (≤0.5 mg/dL), and 
fecal calprotectin (FCP; ≤150  µg/g; P = 0.003), a surrogate 
marker for mucosal healing.63 However, although the effect of 
proactive TDM was significant for clinical remission, the ben-
efit was only seen for mild exacerbations, not for moderate to 
severe exacerbations. Furthermore, drug-related discontinu-
ations were similar between the proactive TDM and the reac-
tive TDM treatment arms.63

In summary, an exposure–response relationship similar to 
that established for infliximab has been shown for adalimumab. 
Proactive vs reactive TDM were directly compared in a ran-
domized controlled trial, with a significant effect on clinical 
remission being observed in patients with mild exacerbations.

TDM for Certolizumab Pegol

Factors affecting certolizumab pegol exposure
Similar to infliximab and adalimumab, a subgroup of pa-

tients receiving certolizumab pegol develop ADAbs that may 
result in increased drug clearance from the body.64-66 A popula-
tion PK model was developed that made it possible to describe 
the time-varying nature of covariates and certolizumab pegol 
ADAb concentrations and how this affects certolizumab pegol 
PK parameters, such as clearance.67 This model predicted that 
high certolizumab pegol ADAb concentrations are more likely 

to lead to certolizumab pegol exposure below therapeutic con-
centrations compared with lower certolizumab pegol ADAb 
concentrations.67 Whereas this population PK model identified 
time-varying body weight and CRP as additional factors that 
increase certolizumab pegol clearance, it identified albumin as 
a factor that decreases clearance.67

Exposure–response relationship
An exposure–response relationship has been described 

for certolizumab pegol, similar to infliximab and adalimumab. 
Two studies have evaluated certolizumab pegol concentrations 
and certolizumab pegol ADAbs and correlated these with 
clinical outcomes in patients with CD.64, 68 A  posthoc anal-
ysis by Colombel, Sandborn, Allez, et al68 reported that higher 
certolizumab pegol serum concentrations at week 8 (n = 80) 
were associated with endoscopic response (P = 0.0016; area 
under the receiver operating curve = 0.69) and clinical remis-
sion at week 10 (P = 0.0302, area under the receiver operating 
curve  = 0.70) in patients with CD. At week 54 (n = 45), the 
rates of endoscopic remission correlated with certolizumab 
pegol plasma concentrations. Furthermore, there was an in-
verse relationship between certolizumab pegol plasma concen-
trations and body weight (P = 0.0373) and CRP concentrations 
(P = 0.0014) at baseline.68 

In a retrospective study using endoscopic and radiologic 
data to investigate certolizumab pegol treatment in patients 
with IBD, certolizumab pegol trough concentrations >27.5 µg/
mL were associated with radiological healing, radiological re-
sponse, and symptomatic response. No association was found 
between median certolizumab pegol trough concentrations 
and mucosal healing. Lower trough concentrations (<27.5 µg/
mL) were significantly associated with changes in clinical man-
agement (including a decrease in dose interval, addition of an 
IMM, or certolizumab pegol discontinuation; P = 0.007).64

A recent longitudinal report from the 7-year Pegylated 
Antibody Fragment Evaluation in Crohn’s Disease: Safety 
and Efficacy-3 study (N = 594) examined the impact of tran-
sient (defined as >2.4 U/mL with transient or no effect on 
certolizumab pegol plasma concentration [>5  μg/mL]) vs 
persistent (defined as >2.4 U/mL with continuous impact on 
certolizumab pegol plasma concentration) certolizumab pegol 
ADAbs on certolizumab pegol concentrations and markers of 
inflammation.69 There were 134 (22.6%) patients who were posi-
tive for ADAbs at least once during the study. Of those, 40 were 
categorized as having transient ADAbs and 94 were categor-
ized as having persistent ADAbs.69 In patients with persistent 
certolizumab pegol ADAbs, median plasma concentrations of 
the inflammatory biomarkers CRP and FCP were significantly 
higher (P < 0.05 at some visits) and plasma certolizumab pegol 
concentrations were significantly lower (P < 0.0001) compared 
with patients who were certolizumab pegol ADAb-negative.69 
However, in patients with transient certolizumab pegol ADAbs, 
plasma certolizumab pegol, CRP, and FCP concentrations 
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were similar to those in patients who were certolizumab pegol 
ADAb-negative, which may suggest that transient ADAbs may 
not affect certolizumab pegol concentrations or the clinical re-
sponse to certolizumab pegol.69

When the above-mentioned population PK model was 
applied to pooled data from 9 clinical trials investigating 
certolizumab pegol in adult patients with CD, approximate 
certolizumab pegol concentrations of 36  µg/mL at week 6 
and 15 µg/mL at week 12 were associated with attainment of 
a robust combined efficacy outcome (Crohn’s Disease Activity 
Index ≤ 150 and FCP ≤ 250  µg/g, respectively) at week 26 
(Table 1).70 Knowledge of specific drug concentration thresh-
olds that corresponded with efficacy outcomes, such as the week 
6 certolizumab pegol concentrations of 36 µg/mL and 15 µg/
mL at week 12 identified in this analysis, may inform TDM and 
guide decisions in clinical practice.70

In summary, similar to infliximab and adalimumab, ex-
tensive research supports an exposure–response relationship 
in patients with CD receiving approved doses of certolizumab 
pegol. Concentration thresholds have been identified that cor-
respond with efficacy outcomes.

A theoretical construct for proactive certolizumab 
pegol TDM

Although no controlled studies evaluating proactive 
TDM of certolizumab pegol have been conducted to date, 
we propose a theoretical construct for TDM of certolizumab 
pegol in patients in clinical remission based on previously pub-
lished certolizumab pegol trough concentration thresholds, as 
illustrated in Fig. 2. In this treatment algorithm, certolizumab 
pegol trough concentrations are measured after induction and 
during maintenance therapy. Patients with subtherapeutic 

certolizumab pegol trough concentrations (<36 µg/mL at week 
6 and/or <15 µg/mL at week 12, as described previously70) are 
identified and evaluated further for ADAb status. Patients with 
negative ADAbs are considered for the addition or optimiza-
tion of IMM therapy and/or dose escalation. Patients with 
positive ADAbs may need repeat TDM (perhaps after an inter-
vention such as dose escalation and/or addition or optimization 
of IMM therapy at provider discretion) to differentiate between 
persistent vs transient ADAbs. In patients with confirmed per-
sistent ADAb status, switching to another TNF antagonist or 
to a different drug class should be considered.

LIMITATIONS OF CURRENT DATA AND 
KNOWLEDGE GAPS

Limitations of the data on which the proposed TDM 
treatment algorithm for certolizumab pegol is based include the 
absence of endoscopic outcomes, which were often not assessed 
in historic trials of CD. There is a need for studies evaluating 
clinical outcomes that support the long-term benefits of a pro-
active TDM strategy, with regard not only to steroid-free clin-
ical remission but also to endoscopic and histologic healing. 
Furthermore, the causal relationship between certolizumab 
pegol exposure and clinical outcomes is not clearly established. 
A potential solution is a prospective, interventional clinical trial 
looking at early and optimized dosing of certolizumab pegol vs 
a reactive approach per standard of care.

CONCLUSIONS
There is substantial variability in pharmacokinetics and 

observed response rates between TNF antagonists in CD. We 
find that TDM offers the potential to optimize therapy in indi-
vidual patients. Reactive TDM is supported by guidelines and 
is currently being widely adopted in clinical practice. Proactive 
TDM has current uncertainties, but data are emerging that in-
dicate that it is an effective strategy for the improved retention 
of TNF antagonist therapy.
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