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[bookmark: _GoBack]Since the publication of the American Gastroenterological Association's (AGA) recommendations in 2017, there have been no significant changes in the biological monitoring recommendations. Lack of evidence on proactive therapeutic drug monitoring (pTDM) over the reactive therapeutic drug monitoring (rTDM) and the absence of recommendations on the individualized dosage methods have been limiting. The aims of this review were to identify updates on TDM strategies and in individualized dosing methods. For the analysis of the TDM strategies and individualized dosing method, a search was carried out in PubMed and Cochrane Central. In TDM case, since 2017. A total of 263 publications were found. Only 7 related to pTDM. Two of them were clinical trials and one systematic review. Of the 8 studies analyzed, 7 found benefit from pTDM over rTDM and one found no difference. Only one study was prospective. Regarding the individualized dosing method, 229 results were found. Population pharmacokinetics was the most widely used technique to explore and develop individual dosage models. It has been used to analyze the influence of factors on drug concentrations (serum albumin, weight... etc. We have not found major changes in TDM strategies. The available evidence is limited and of low quality. Retrospective designs and low power of the studies are the main problems. Population pharmacokinetics methods are the most widely used. But are more used to identify factors that affect drug concentrations than for dosage individualization.
Introduction
The management of biological drugs in inflammatory bowel disease (IBD) has made significant progress in the last decade 1. The possibility of using drugs with new mechanisms of action and the optimization of current therapies have been the main causes. Therapeutic drug monitoring (TDM) is the most used tool for managing the loss of response due to low plasmatic concentration of drug and the appearance of anti-drug antibodies 2,3.

Disease activity and treatment response can be evaluated in different ways. In Crohn's disease, Crohn’s disease activity index (CDAI) scale is used to assess disease activity 4. Clinical trials often use CDAI < 150 to select patients in clinical remission. This scale has some limitations because of this, objective data such as C-reactive protein (CRP), endoscopy, imaging, and even histology are increasingly being used to define remission. Regarding ulcerative colitis, the definition of remission has not been fully agreed upon yet. Some of the commonly used scales are Truelove & Witts or Sutherland, also known as Ulcerative Ulcerative Colitis Disease Activity Index (UCDAI) 5. Remission is best defined using a mixture of clinical measures and no signs of disease at endoscopy. It is generally agreed that a combination of clinical features, analytical results, imaging techniques, and endoscopic findings are used to guide decisions. Nowadays, the best definition of remission combines the patient symptoms and the findings from colonoscopy. Time and scale limitations of the traditional assessments and increasing of real-world studies have led to the use of other indirect measures, such as treatment persistence, to assess response in chronic diseases. This suggestion is based on the assumption that when using a drug that reduces symptoms and prevents complications (but does not cure the disease), patients persist with the treatment as long as they experience or perceive a benefit and they do not experience an unacceptable amount of harm. There are many factors that can influence the response (disease location, severity and behaviour, CRP, drug concentrations, antidrug antibody presence...etc), so persistence is a very useful measure to assess global benefit  6,7. 

The reasons for treatment failure include primary nonresponse, secondary loss of response, inadequate time on therapy, side effects (both true and perceived), lack of mucosal healing, lack of symptom resolution (with or without mucosal healing), and inadequate drug exposure due to a host of reasons, including the inability to pay and poor adherence 8,9.  It is important to understand the causes of therapy fail to determine if a drug or drug class has a hope of effectiveness in the future. Therefore, the goal of therapeutic drug monitoring (TDM) in inflammatory bowel disease (IBD) is to assess drug level and the presence/absence of anti-drug antibodies to adjust therapy to overcome (reactive - rTDM) or prevent (proactive - pTDM) loss of response 10. 

Since the publication of TAXIT 11 study in 2015 on the dosage of infliximab (IFX), there have been many studies that have analyzed the usefulness of TDM, although sometimes with different conclusions. In August 2017, the American Association of Gastroenterology (AGA) published a guide to TDM in patients with IBD 12. The AGA suggests rTDM to guide treatment changes in adults with active IBD treated with anti-TNF agents. Subsequently, the Australian Gastroenterology Society (GESA) 13 also published its recommendations on the use of TDM in these patients. GESA suggests TDM for anti‐TNF agents upon treatment failure, following successful induction, when contemplating a drug holiday and periodically in clinical remission only when results would change management. The European Crohn and Colitis Organization (ECCO) 14 clinical guidelines did not make clear recommendations on monitoring strategies, due to the low quality of the evidence. Otherwise, the British Society for Gastroenterology 15 recommends the use of both rTDM and pTDM, although the latter only in the induction phase, not in stable patients in remission.

Since these recommendations, no new guidelines or updates have been made by these scientific societies. Nevertheless, the number of publications of TDM in IBD has been continuously increasing. Therefore, it is convenient to analyze the findings and the contributions that these studies provide.

The two key points mentioned above can be found in the revised guides: the monitoring strategy (rTDM or pTDM) and the individualized dosage method. Because of this, we have focused our review on these two aspects.

TDM can be performed in patients with quiescent disease (pTDM) to maintain trough concentrations within a given therapeutic window to enhance the durability of response 16. Per definition, pTDM is provided to patients in remission, quiescent disease, and aims to adjust biological treatment intensity according to individual PK and pharmacodynamic conditions. The aim is to enhance the durability of response and minimize the risk of later treatment failure resulting from subtherapeutic dosing, or to reduce treatment intensity to save costs in case of supratherapeutic dosing. In contrast,  rTDM is performed in the setting of active disease 17. It concerns patients with manifest treatment failure despite ongoing previously successful therapy and guides interventions based on pharmacokinetics and pharmacodynamics in the direction of biological intensification, changes to another drug of the same class, or switching out of a biologic drug class 18. Concentrations of biologic agents can be associated with a variety of factors, including sex, body mass index, serum albumin concentration, the severity of inflammatory burden, the variability of drug clearance due to both immune and non-immune-mediated mechanisms, and the use of concomitant immunomodulators 19. The evidence suggesting that TDM leads to superior outcomes compared to empiric dose, escalation of therapy based on symptoms and/or biomarkers without TDM, is less clear 17.

Regarding the personalized adjustment of the dosage, when a PK failure occurs due to low drug concentrations, most guidelines recommend increasing the dose. However, they do not indicate how much (dose) or when is the best time to do it (frequency and timing). In routine clinical practice, treatment is intensified by doubling the dose or reducing the interval empirically until achieving control of symptoms or reaching target concentrations. This empirical strategy has important limitations. 

A good clinical decision support tool for accurately forecasting drug exposure would significantly impact TDM results.  Fixed-dose escalation or algorithm approaches not provide a personalized dosage and may prolong the time necessary to achieve symptoms control or target concentrations. Some authors have been proposing a more accurate dosing strategy based on the use of computer-aided methods 17,20–22.

Nowadays we can use three dosage methods. The first is the use of traditional simple compartmental and non-compartmental deterministic mathematical models (which no randomness is involved in the development of future states of the system) 23. Through different PK equations, the theoretical behavior of a drug can be modeled and calculate drug concentrations using different doses or intervals. It is the simplest prediction system. They can be simplified with the use of graphical interpretations of the equations (nomograms). Its limitation is the lack of precision due to the differences between the theoretical and actual behavior.

The second method is performed using probabilistic prediction systems based on Bayes' theorem aside from some complex approaches (linear time‐invariant dynamic system, artificial‐neural‐network, fuzzy‐logic, and fractal...etc) 24. They are an evolution of the previous model. They use PK information from population models along with actual samples from each patient to make an estimate of a patient's PK behavior. New point-of-care (POC) assays for monoclonal antibodies are being developed that would determine this drug concentration easily and quickly. In addition, friendly systems have been developed that facilitate the use of these methods. They are the most widely used methods today, with a good balance between precision and complexity 25.

Finally, we find the methods based on physiological models. They are the most complex but provide a direct biological interpretation of their results. In the previous models, the estimated concentration is calculated using a mathematical model without direct biological interpretation (half-life or volume of distribution are theoretical variables with no biological meaning). However, physiological models are built from biological parameters (anatomical and functional), so their mathematical modeling provides data with a direct biological interpretation. This allows the drug concentration in the intestinal mucosa or brain to be calculated. With the corresponding advantage in explaining the effect and toxicity of each drug 26.

The aims of this review were to identify updates on TDM strategies (reactive and proactive) since 2017 and in individualized dosing methods.
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For the analysis of the TDM strategies, a search was carried out in PubMed and Cochrane Central since August 2017 with the base terms “inflammatory bowel disease AND therapeutic drug monitoring” and additional terms “AND (Crohn’s disease OR ulcerative colitis)” and “AND (proactive monitoring OR reactive monitoring)”.

[Figure 1]
Figure legend: Publications comparing TDM strategies.

For the analysis of the individualized dosing method, a search was carried out in PubMed and Cochrane Central with base terms: “inflammatory bowel disease” and additional terms: “AND therapeutic drug monitoring AND biologics dosage AND (physiologically based pharmacokinetic OR physiologically based pharmacokinetic OR dashboards OR calculator OR nomograms OR forecasting OR compartmental OR non-compartmental OR (dosage methods AND (dashboards OR population pharmacokinetics)”, “AND pharmacokinetic AND modeling AND dosing”.

[Figure 2]
Figure legend: Publications of individualized dosage methods.
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[bookmark: _ewo1wvt1v72h]Monitoring strategy: reactive (rTDM) vs proactive (pTDM)
A total of 263 publications were found but only 7 related to active TDM, including those with pTDM. Two of them were clinical trials (figure 1).

Two clinical trials, with prospective temporal design, were found: D’Haens et al (TAILORIX) 27 and PAILOT 28.

TAILORIX trial had a prospective, randomized, multicenter, double-blind design from July 2012 to September 2015. A total of 122 patients with Crohn's disease (CD), naive to treatment with infliximab (IFX) were evaluated. The aim was to achieve trough concentrations of IFX > 3 mcg/mL through active TDM and to compare the results with dosage adjustments based on symptoms or biomarkers (control group). The primary endpoint was corticosteroid-free clinical remission. This objective was reached equally in all groups 37%, 27% and 40% (p= 0.5). Therefore, it didn't show any advantage of the active TDM versus passive TDM. The main limitation of this study was its low power, due to the stratification of groups and the consequent low number of patients per group. Patients were randomized 1:1:1 into 3 different regimens. It is worth noting the high incidence of dose intensification in the control group, where 40% of the patients had a dose escalation of 5 to 10 mg/Kg. Furthermore, dose escalations occurred on the same day as the measurement in the biomarker-based group, while the dose increase in the active TDM group was 8 weeks after the measurement (in the next dose), demonstrating different opportunities between groups. A post hoc analysis of TAILORIX 29 demonstrates the usefulness of monitoring in the induction phase and the combination of this with biomarkers, such as faecal calprotectin, in the induction phase to increase opportunities for response and endoscopic remission.

PAILOT 28 trial had a prospective, randomized, multicenter design from July 2015 to December 2018. The primary endpoint was to assess the loss of response (LOR) during treatment with adalimumab (ADA). Patients with LOR were defined as those with a good initial clinical response to ADA, with a subsequent clinical and biochemical relapse defined as Pediatric Crohn Disease Activity Index (PCDAI) ≥ 10 (for patients in remission) or an increase of 15 PCDAI points from the start of induction and PCR > 0.5 mg/dL and/or faecal calprotectin > 150 mcg/g.  The study compared a group with follow-up pTDM versus another with rTDM. In the pTDM group, drug concentrations were monitored every 2 months, except for the first 2 visits. The dose or interval adjustment was performed according to the concentrations, considering that a minimum concentration of 5 mcg/mL should be reached. Anti-adalimumab antibodies were determined when the drug concentration was undetectable (< 0.3 mcg/mL). In the rTDM group, blood drug determination was requested according to the medical decision when signs of LOR were observed. The dose and interval adjustment was carried out in a conventional way. The primary endpoint was reached by 82% of the patients in the pTDM group versus 48% in the rTDM group (p= 0.002). At the end of the study, more patients had been intensified in the pTDM group compared to the rTDM group (87% vs 60%, p < 0.001). An important characteristic of this study is that the study population was pediatric, under 18 years of age. Therefore, the results should not always be extrapolated to the adult population directly. Table 1 lists these and other studies that directly compare rTDM versus pTDM in IBD. 

[Table 1]
Table legend: Studies with comparisons of different TDM strategies since 2017.

Papamichael et al 30 compared long-term outcomes of patients with IBD undergoing proactive vs reactive monitoring of serum concentrations of infliximab. They performed a multicenter, retrospective study of 264 consecutive patients with IBD (167 with Crohn's disease) receiving infliximab maintenance therapy, with a mean follow-up of 2.4 years. Treatment failure was defined as drug discontinuation for loss of response or serious adverse event, or need for surgery. In the pTDM group, the treatment was discontinued in 7% of the patients vs 47% in the rTDM group (odds ratio - OR: 0.08 (0.04 - 0.18), p < 0.001). The pTDM group also improved the percentage of patients without surgery 6% vs 19% (OR: 0.29, 95% confidence interval - CI: 0.12 - 0.66) and that of developing anti-drug antibodies 9% vs 28% (OR: 0.24, 95% CI: 0.12 - 0.50).

In 2018 Papamichael et al 31 showed positive results for pTDM over rTDM. In this study, patients receiving IFX treatment with pTDM had fewer treatment failures and fewer hospitalizations related to their pathology. Subsequently, in August 2019, Papamichael et al 32, observed for the first time the utility of pTDM in patients receiving ADA treatment compared with empirical dose escalation and rTDM. It was found at the end of the follow-up that 17% of the patients with at least one pTDM failed to therapy, in contrast to 36% and 62% in the standard therapy and rTDM respectively.

Recently, in 2020, Fernandes et al 33 compared a prospective arm (pTDM) versus a retrospective control group (no-TDM). This study included post-induction patients (such as TAILORIX) with Crohn’s disease and Ulcerative colitis. Patients were proactively escalated several times over 2 years until a fixed ranged (3 - 7 mcg/mL in CD and 5 - 10 mcg/mL in UC). One of the main endpoints was endoscopic remission with mucosa healing. Patients with pTDM strategy showed better rates over rTDM - 73.2% vs 38.9% (p < 0.0001). 

Other publications compared pTDM without directly comparing with rTDM, such as the PANTS 34 study. It had an observational prospective design that shows IFX and ADA serum concentrations at week 14 above 7 mcg/mL an 12 mcg/mL respectively were associated with clinical remission at week 14 and 54.

There is also a systematic review and meta-analysis published by Ricciuto et al 17 in August 2018. They conclude that either of the two treatment strategies is superior to the other in terms of clinical remission rates. However, it finds evidence that pTDM management was associated with a better duration of treatment response as well as lower discontinuation rates and lower relapse rates.
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We found a total of 229 distinct results. We found 157 results with base terms search (“biologics dosage methods” AND “therapeutic drug monitoring” AND “inflammatory bowel disease”). No results found in Cochrane Central. Adding the terms "calculator", "dashboard", "forecasting" and "population pharmacokinetics" we found 13, 2, 9 and 4 results respectively. However, these results were already included in the first search. Therefore, they did not add any additional information. Additional terms provided 75 results, but some duplicated references were found.

Regarding publication dates, 190 articles were published in the last 10 years (82.97%). We found 91 publications (39.74%) published since 2017. Only a small part of the selected articles (12.23%) specifically discussed personalized dosage methods. A total of 19 studies used population pharmacokinetics as an analysis tool. Other techniques were used by Piester T et al 35, who developed a mobile dosing calculator for therapy optimization based on dose escalation and Chudasama VL et al 36, who developed site-specific target-mediated PK models. 

The publications of population pharmacokinetics can be divided into two groups. The first focuses on its use to explore and quantify the effect of covariates on drug concentrations. This allows to build prediction models. The second group focuses on the use of these models to carry out a personalized dosage adjustment.

Covariates exploration showed the following relevant results.

Between 2009 and 2011, Fasanmade et al 37,38 analyzed infliximab PK properties. They used a two-compartment, population pharmacokinetic model with interoccasional variability, using NONMEM. They found that distribution volume increased as body weight increased, higher clearance values were found in patients who showed drug antibodies and low serum albumin concentration. Infliximab PK properties appeared to be comparable between pediatric and adult patients with CD. Although weight affects infliximab PK properties age was not found to influence infliximab PK.

Passot C et al 39 analyzed the influence of the underlying disease on infliximab pharmacokinetics in 2016. They used a population approach using the nonlinear mixed-effects modeling software Monolix, which combines the stochastic expectation-maximization (SAEM) algorithm and a Markov chain Monte-Carlo procedure for likelihood maximization. The infliximab PK parameters estimated in this study were used to predict the distribution of infliximab trough concentrations at steady-state and compare them with cut-off concentrations predictive of good clinical response. Compared to ankylosing spondylitis, rheumatoid arthritis patients have a higher clearance, whereas CD and UC patients both have a higher clearance and a higher distribution volume. Furthermore, rheumatoid arthritis patients without methotrexate may benefit from initiation infusion doses higher than 3 mg/kg.

In dose optimization studies, the following relevant results were found.

In 2015, Pérez-Pitarch et al 40 explored optimal dosing strategies of infliximab in treatment-naïve patients with UC through predictive Monte Carlo simulations based on a validated population of Fasanmade et al 37. They concluded that optimizing maintenance therapy of colitis with infliximab by a pharmacokinetic approach could be of benefit in naïve patients with ulcerative colitis. Even with some limitations, personalized PK regimens provided benefits versus standard maintenance dosing schedules.

An in silico study performed by Wojchichowski et al 41 in 2017, showed the benefit of personalized dosage using a dashboard system based on R package (mrgsolve). These authors demonstrated that the Bayesian guide dosing strategy resulted in reduced time to the first target trough achievement and less interpatient variability compared to standard dosing according to the label. When target serum levels are achieved earlier in the disease course, it is to be expected that fewer patients will develop clinically relevant ADA resulting in LOR. The authors suggest that these results supports the need for the investigation of model-based dosing strategies for biologics in clinical practice.

In 2019, Dreesen E et al 42 found that cumulative area under the infliximab concentration-time curve until endoscopy (CAUC endoscopy) was the best exposure metric for predicting mucosal healing. This is a relevant result because it related a parameter of systemic exposure to the drug with a clinical result. Unlike traditional trough concentrations, which only provide timely and surrogate information on the degree of exposure to the drug. The model predicted that 70% of patients will attain mucosal healing with infliximab administered at days 0, 14 and 42 and a target CAUC endoscopy of 3752 mg/L*day at day 84.

No study on physiologically based systems applied to explore covariates or dosage optimization were found.
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Establishing correct monitoring of concentrations could have preventive purposes of failure or allow the rescue of therapeutic failure. Therefore, drug concentrations are the cause of clinical evolution. But this question has not been resolved and remains unsolved. One of the most important features of selected publications were their retrospective design. This temporal perspective does not allow to know the causality of the studied intervention. Retrospective studies can lead to misinterpretations because it is difficult to interpret if the variations in plasmatic drug concentration are the cause or a consequence of patient evolution. It could also happen that there is a non-causal association between both variables. Only prospective designs like TAILORIX or PAILOT could provide this information. However, the interventions made in TAILORIX does not match with pTDM neither rTDM definition exactly. Dose modifications were made considering symptoms, biological markers, and drug concentrations, not evaluating if the disease was in a quiescent or active state (active TDM). Although the Fernandes study could favor the use of pTDM, it is still limited by its retrospective design again 33. 

Although the definitions of pTDM and rTDM are based on disease activity, some studies have looked at the usefulness of TDM from other scenarios. Considering a broader perspective of TDM, it can be classified as active or passive. It would be called passive when it is used after the appearance or bad evolution of signals (biomarkers, previous drug concentrations, symptoms, increased stools or abdominal pain ... etc) that may be related to worsening disease or treatment failure 27. These signals are not always directly related to an increase in activity, among other reasons because it depends on whether these signals are considered in the scale of activity used. Conversely, when TDM is carried out in the absence of signals, for preventive or classification purposes they could be called active. Although with same targets as rTDM and pTDM, the trigger for drug concentration analysis is different. Although there is a correspondence between these two situations (active vs proactive and passive vs reactive), they are not always the same. These differences could explain the different results found. Active TDM incorporates more variables and greater heterogeneity of the population. This greater uncertainty requires studies of greater power to show differences. This low power was one of the limitations found in TAILORIX.

Regarding individualized dosage methods, a different situation was found. Important advances have been made in the identification of variables that affect drug concentrations and in the available prediction methods. Although most of the authors used NONMEM as POP-PK analysis software, several POP-PK models have been published in inflammatory bowel disease 37,43–46 and free software alternatives have appeared 47–50. Only two studies used different software: Monolix 39 and R package called mrgsolve 51. Although they have fewer options, offer good fits results comparable to NONMEM in many cases 52,53. Its main advantage for use as individualized dosing methods is that they are free and have a friendlier user interface. 

Regarding limitations found in dosage methods, its use in real clinical practice conditions have not been properly evaluated yet. They have been analyzed in small series or in virtual patient cohorts. Therefore, it should be used with care, within research projects or carrying out intensive follow-up programs until they are properly evaluated for use in clinical routine. Another limitation of these methods is their learning curve due to its complexity and time consumption 20,40,54. Although many efforts have been made to facilitate its use by developing user interfaces more friendly 20,54–58 (figure 3), they still require extensive knowledge of the theoretical basis of modeling techniques for its routine use. Therefore, it requires trained personnel and adequate technological infrastructure. 

Furthermore, a particularly important aspect is that most of the advances in dosing methods are published in computer programming journals. This significantly limits the professionals' knowledge of the existence and usefulness of these tools. This indicates the importance of interdisciplinary groups of professionals to achieve the best therapeutic objectives.

Considering future applications of TDM, it may be useful to classify the drug response profile. Drug concentrations have been related to the response with a sensitivity and specificity similar to C-reactive protein or calprotectin, even higher in some scenarios 29,59–62. Regardless of whether it is a causal relationship. This association seems to be valid not only for anti-TNF drugs but also for other biologics like vedolizumab and ustekinumab 46,62–64. This converts drug concentrations into specific markers of pharmacological therapy, complementary to general biomarkers of disease progression.

In addition to the commented strategies, there are some novel ones such as the combination of pharmacokinetic/pharmacodynamic (PK/PD) parameters to improve the number of clinical and endoscopic remissions or the PK analysis with physiological models 29,65. The latter, although no study has been found to apply them in inflammatory bowel disease, it is important to point out the recent development of these methods to the dosage of therapeutic proteins. It is a method with great potential that must be explored.

[Figure 3]
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We have not found major changes in the evidence for the benefits of TDM since 2017. The available evidence is limited and of low quality 1. Retrospective designs and low power of the studies are still problems. We achieve at the same conclusions as Sha R et al 1 and  Ricciuto et al 17. Since the AGA recommendations, no prospective studies have been published to help clarify this issue. Regarding individualized dosage methods, although there are several published methods, the most widely used in ibd are those based on population pharmacokinetics. Being more used to identify factors that affect drug concentrations than to individualize the dosage. These methods can guide the dosage accurately and have more precise parameters of drug exposure (CAUC) than current measurements of trough concentrations. The use of prospective temporal design and the new dosage methods are critical to study the role of TDM correctly.
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