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OBJECTIVES Therapeutic drug monitoring in pediatric inflammatory bowel disease (IBD) has been used to 
achieve and maintain remission. Few guidelines exist to aid clinicians in the adjustment of anti–tumor ne-
crosis factor therapies. The objective was to assess the agreement between real-world postinduction and 
posteriori analysis of retrospective data, using 2 novel pharmacokinetic (PK) models for adalimumab.

METHODS A retrospective chart review was conducted in pediatric IBD patients treated with adalimumab.  
A Bayesian clinical decision support tool (InsightRX) was used. Postinduction serum concentration measure-
ments of adalimumab were performed by drug-tolerant, homogenous shift mobility assay. Predicted serum 
adalimumab concentrations from both models were compared to the actual serum concentrations through 
a Bland-Altman analysis. Paired sample t test was used for equivalence.

RESULTS A total of 47 patients were included. Forty-one patients (87%) had Crohn disease, and 30 (64%) 
were male. Most were induced with 160 mg of adalimumab and maintained on 40 mg biweekly. No signifi-
cant difference resulted between the de Klaver average prediction and mean population concentration  
(p = 0.294). Significant difference was observed between Ternant and mean population serum adalimumab 
concentration (p < 0.001). The Bland-Altman plot for the de Klaver method showed no proportional bias.  
Additionally, 49% of patients required a dose adjustment during maintenance therapy.

CONCLUSIONS The de Klaver model was able to provide less bias than the Ternant model and may aid in 
predicting serum adalimumab concentrations. Approximately half of the patients required dose adjustment 
during maintenance therapy to obtain a therapeutic drug concentration or achieve clinical remission.
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Introduction
Inflammatory bowel disease (IBD) is primarily com-

posed of ulcerative colitis (UC) and Crohn disease (CD). 
These are debilitating, chronic conditions that can lead 
to insufficient growth, late pubertal development, and 
psychosocial problems in children and adolescents. Tu-
mor necrosis factor α (TNF-α) has increased expression 
in the mucosa of inflamed intestines. Therefore, anti–
TNF-α medications can be used to induce and maintain 
remission in both adult and pediatric patients. Currently, 
adalimumab and infliximab are the only monoclonal 
antibodies directed against TNF-α and approved by the 
US Food and Drug Administration for the treatment of 
IBD in pediatric patients.

Although IBD can be treated on the basis of symp-
tomatic relief, data increasingly suggest that full  healing 

of the mucosa, or endoscopic remission, is a more 
appropriate treatment target to achieve long-term 
outcomes. Therapeutic drug monitoring (TDM) allows 
for optimization of therapy to increase the chance of 
achieving meaningful end points, such as endoscopic 
remission.1 Therapeutic drug monitoring has previously 
been used to guide clinical decisions for patients with 
IBD undergoing treatment with infliximab. Deora and 
colleagues2 obtained 107 serum concentrations from  
73 children being treated with infliximab. They found 
that 35% of the serum infliximab concentrations were 
suboptimal (≤3.5 mcg/mL), and 34% required an in-
crease in dosing frequency. Performing TDM in these 
patients allowed significant clinical improvements. 
Similarly, Roblin et al3 found endoscopic remission 
occurred more frequently with an adalimumab trough 
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concentration of 6.5 mg/L, compared with a trough con-
centration of 4.2 mcg/mL. Study patients who initially 
did not achieve endoscopic remission attained this goal 
after undergoing a dose intensification. According to 
Lehtomäki et al,4 induction serum adalimumab concen-
tration >7.5 mg/L was statistically significant for patients 
continuing maintenance therapy at 1 year. Patients still 
receiving therapy at 1 year had higher albumin levels; 
89% were steroid free and had higher rates of clinical 
and histologic remission. A comprehensive literature 
review was performed by Papamichael and colleagues5 
to develop consensus statements on appropriate target 
serum drug concentrations for biologics in use for IBD. 
In a consensus statement in regard to adalimumab the 
authors concluded the minimum drug concentration at 
week 4 for adalimumab should be at least 5 mg/mL. 
Serum drug concentrations greater than 7 mg/mL are 
associated with an increased likelihood of mucosal 
healing.5 A trough concentration of adalimumab is 
commonly drawn at the end of the induction period 
and before beginning maintenance dosing (week 4). 
In their POETIC study, Ungar and colleagues6 recently 
suggested that typical peaks and troughs of many medi-
cations may not be as widely varying with adalimumab. 
The authors checked serum adalimumab concentra-
tions at 4 time points during a 2-week dosing interval, 
and the concentrations were not statistically different. 
Therefore, the time at which a serum adalimumab con-
centration would need to be drawn could vary with a 
lower risk of inaccuracy.

Adalimumab is currently prescribed in maintenance 
therapy as a standard dose, based on weight catego-
ries, every other week. However, current data have 
demonstrated a primary nonresponse rate of 10% 
to 40% and a secondary nonresponse rate of 21% to 
46%.7 Primary nonresponse occurs when a patient 
continues to display symptoms of active disease, such 
as abdominal pain, rectal bleeding, or worsening stool 
frequency, despite having received an induction dose 
followed by a maintenance dose of adalimumab.8 
Patients classified as secondary nonresponders had 
previously benefited from adalimumab, but they sub-
sequently show signs of disease recurrence during 
maintenance therapy.9 Response in these patients may 
be recovered through increasing the dose or adjusting 
the dosing interval. There are no standard guidelines 
or validated clinical decision support tools to aid in 
the process of dose intensification in these patients. 
InsightRX (San Francisco, CA) has developed a clinical 
decision support tool that aims to provide predictions 
for serum concentrations and dose intensification 
guides. This calculator combines patient-specific data, 
pharmacokinetics (PK) models, and Bayesian forecast-
ing to determine an optimal dosing regimen for each 
patient. The InsightRX calculator was recently included 
in a study by Kantasiripitak et al10 that evaluated mul-
tiple model-informed precision dosing software. The 

calculator performed well in the 8 key factors assessed. 
Our aim was to determine if 2 novel adalimumab PK 
models implemented in this software can accurately 
predict postinduction serum adalimumab concentra-
tions, using real-world patient data. In addition, we 
seek to determine the rate of dose escalations during 
the first year of therapy.

Materials and Methods
A retrospective chart review of pediatric patients 

with IBD treated with adalimumab was conducted 
from January 1, 2010, to August 11, 2020. All patients 
were followed up by the Division of Pediatric Gastro-
enterology, Hepatology, and Nutrition at University 
Hospitals Rainbow Babies and Children’s Hospital, 
Cleveland, Ohio. A preexisting, local gastroenterology 
database, the electronic health record, and Thera-
doc (Charlotte, NC) were used to search for patients 
meeting the following inclusion criteria: ≤18 years 
of age at the time of diagnosis of IBD, treated with 
adalimumab for at least 1 year, and had a postinduc-
tion drug trough concentration drawn. Postinduction 
serum adalimumab concentrations were considered 
if the trough concentration was drawn between doses 
4 and 6 following the induction dose. Because adali-
mumab doses were administered at home, serum 
trough concentrations were scheduled to be drawn 
prior to the administration of the following dose be-
tween doses 4 and 6. Patients were excluded if there 
were no drug trough concentrations drawn during 
the first year of adalimumab therapy, postinduction 
concentrations were unmeasurable, or if the calcula-
tor could not determine a prediction. Postinduction 
drug concentrations and antibody concentrations 
were extracted from the local electronic health re-
cord system. Additional patient data were collected 
to include a baseline for C-reactive protein (CRP), 
albumin, and hemoglobin, as well as postinduction 
concentrations of each.

Demographic data collected included the patient’s 
age, weight, sex, diagnosis date, disease duration, and 
disease type. Data of dose change, time from induction, 
and clinical adjustment were gathered to determine the 
rate of dose adjustments seen by our clinicians. Dose 
adjustments were performed at the discretion of the 
provider, based on active symptoms, weight adjust-
ments, or low serum adalimumab concentrations. If a 
patient underwent a dose adjustment, the most recent 
antidrug antibody concentration and CRP, albumin, and 
hemoglobin levels were collected.

All serum concentration testing was performed by 
using size exclusion chromatography based on mobility 
shift assay on high-performance liquid chromatography 
performed as a send-out test to Prometheus Biosci-
ences (San Diego, CA).11 This drug-tolerant assay allows 
for detection of antidrug antibodies even in the pres-
ence of active drug concentrations. The test is able to 
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detect adalimumab concentrations ranging from 0.018 
to 50 mg/L and antibodies to adalimumab from 0.063 
to 25 mcg/mL.

The Ternant model was described in a study by 
Ternant et al.12 The model was developed following 
an analysis of 65 adult patients with IBD treated with 
subcutaneous adalimumab. Patients were induced with 
160/80 mg at weeks 0/2 or 80/40 mg and maintained 
on 40 mg every 2 weeks. Adalimumab concentrations 
were measured with enzyme-linked immunosorbent 
assay. The Ternant model retrospectively assessed 
these trough concentrations to develop a population 
PK model. Using a 1-compartment model with first-
order absorption and elimination rates, the following 
parameters were estimated: volume of distribution 
of 13.5 L, clearance of 0.42 L/day, and a first-order 
absorption rate constant of 0.15 day−1. Drug clearance 
was calculated to be 5.5 times higher in the presence 
of antidrug antibodies. Finally, the elimination half-life 
without antidrug antibodies was 22 days, and 4.1 days 
in the presence of antidrug antibodies.

The de Klaver model was developed by using 5 
different population PK model parameters. Of these 
5 models, 2 were PK models based on patients with 
a diagnosis of CD, 2 were PK models for plaque 
psoriasis, and 1 was a model involving patients with 
rheumatoid arthritis. In 1 CD population PK model, 
patients’ ages ranged from 6 to 17 years, and in the 
4 other PK models, patients were >17 years of age. 
The authors took these 5 population PK models and 
tested each with 96 adult patients with CD to deter-
mine their accuracy with the existing patients’ serum 
adalimumab trough concentrations.13 Patients with 
CD were given 80 mg at week 0, 40 mg at week 2, 
and 40 mg every 2 weeks; or a fast-loading schedule 
with 160 mg at week 0, 80 mg at week 2, and 40 mg  
every 2 weeks. The same fast-loading schedule 
was used in patients with UC.14 Using these data, 
a 1-compartment model with first-order absorption 
and elimination rates was developed. The following 
parameters were estimated: clearance, 0.409 L/day; 
volume of distribution, 21.2 L; and first-order absorp-
tion rate constant, 0.2/day.

Data values from the actual and posteriori analysis 
of retrospective data were compared via Bland-Altman 
analysis. First, the mean difference between the  
2 measurements was determined by subtracting the 
actual value from the predicted value, and a 1-sample 
t test for mean equivalence to 0 was performed. This 
allowed for an assessment of systematic bias in the 
predicted value from the gold standard (actual value).  
A scatterplot graph of the difference in the measure-
ments plotted against the average difference provided 
a visual check to determine potential for bias associated 
with smaller or larger values. A regression line was fitted 
to the points with 95% confidence error to determine if 
the slope of the line is 0. Additionally, the confidence 

region of the difference in values was determined and 
specific values where bias is possible were identified. 
This allowed for identification of specific bias associ-
ated with specific measurement values.

Results
A total of 85 patients were screened; however,  

38 patients were excluded, leaving a total of 47 patients 
for evaluation. Most patients excluded (16) had been 
treated with adalimumab for less than a year. Ten 
patients were missing critical data. Two patients had 
postinduction concentrations >50 mcg/mL and there-
fore could not be evaluated, 3 patients were excluded 
because of PK calculator error, and 3 patients were older 
than 18 years at initiation. Four patients were excluded 
owing to other reasons.

Forty-one patients (87%) received a diagnosis of 
CD, and 30 (64%) were male. Only 5 patients included 
received a diagnosis of UC, and 1 patient had IBD-
unclassified. On average, patients were 14 years of age, 
with a range from 8 to 18 years. A complete table of 
demographics is shown in Table 1. Most patients were 
induced with 160 mg of adalimumab and maintained 
on 40 mg every 2 weeks.

The average postinduction serum adalimumab con-
centration for our population was 14.6 mg/L. As seen 
in Table 2, when compared to the average postinduc-
tion serum adalimumab concentration predicted by 
the de Klaver model of 13.7 mcg/mL, the predicted 
average postinduction serum concentration from the 

Table 1. Population Baseline Characteristics

Characteristic Population (N = 47)

Male sex, n (%) 30 (64)

Diagnosis, n (%)
 Crohn disease 41 (87)
 Ulcerative colitis 5 (11)
 Unclassified 1 (2)

Age, mean ± SD, yr 14 ± 2.6

Weight, mean ± SD, kg 50 ± 17

Disease duration, mean ± SD, yr 5.4 ± 2.5

Induction dose, n (%)
 160 mg 34 (73)
 80 mg 11 (23)
 40 mg 2 (4)

Initial maintenance dosing, n (%)
 40 mg every 2 wk 38 (81)
 20 mg every 2 wk 9 (19)

Hemoglobin, mean ± SD, g/dL 12 ± 1.5

C-reactive protein, mean ± SD, mg/dL 1.7 ± 2.8

Albumin, mean ± SD, g/dL 3.8 ± 0.63
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Ternant method was 8.4 mg/L. The de Klaver method 
Bland-Altman plot had a nonsignificant slope (p = 0.188), 
whereas the Ternant method’s Bland-Altman plot 
showed a significant slope and constant, as seen in 
 Figures 1 and 3. When analyzing the de Klaver scat-
terplot compared with the Ternant model, it shows 
a stronger positive relationship between actual and 
predicted serum trough concentrations, as seen in 
Figures 2 and 4, respectively. A box plot was created 
to visually inspect the variation between the predictions 
of the 2 methods, as seen in Figure 5. Figure 3 shows 

a larger range with the Ternant method than with the 
de Klaver method.

For our secondary outcomes, we recorded 23 dose 
adjustments during the course of therapy, as seen in 
Table 3. Although there is no standard for approach-
ing dose adjustments of adalimumab, the decision to 
either increase dose or increase the dosing interval 
was made at the discretion of the treating pediatric 
gastroenterologist. Of those 23 patients, 9 required a 
dose adjustment within the first year of therapy. Most 
adjustments (15 patients) involved an interval increase; 
7 patients received a larger dose, 5 patients had anti-
drug antibodies, and 1 patient was reinduced after an 
undetectable postinduction serum adalimumab con-
centration. Among the patients who required a dose 
adjustment, 14 had a low concentration, 4 had active 
symptoms despite a therapeutic serum adalimumab 
concentration, 3 had an endoscopy suggesting active 
disease, and 3 were adjusted for weight.

Finally, an analysis was conducted of the recom-
mendations recorded from the InsightRX software 

Table 2. Postinduction Drug Concentration 
 Comparison

Parameter Mean ± SD (range) p value

Actual drug concentration 14.6 ± 9.04 (0–39.5)

Predicted de Klaver method 13.7 ± 8.03 (0–33.3)

Actual de Klaver method 0.8 ± 5.40 0.294

Predicted Ternant method 8.4 ± 3.31 (1.2–18.2)

Actual Ternant method 6.1 ± 6.94 <0.001

Figure 1. A de Klaver method Bland-Altman plot  
with 95% CI. The slope for the de Klaver model is  
nonsignificant (p = 0.188), indicating no proportional bias.

Figure 3. Ternant method Bland-Altman plot with  
95% CI limits. The Bland-Altman plot for the Ternant  
method shows a slope and constant that are significant  
(p < 0.001), suggesting that the Ternant method has 
the potential to show an initial overprediction at lower 
values and an underprediction at larger values.

Figure 2. A de Klaver scatterplot of actual versus 
predicted concentration. The de Klaver scatterplot 
demonstrates a strong positive relation between  
actual serum trough concentrations and the  
predicted serum trough concentrations.

Figure 4. Ternant scatterplot of actual versus  
predicted concentration. The Ternant method  
scatterplot shows a weak positive relationship between 
the actual serum trough concentrations compared with 
predicted serum trough concentrations.
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to determine if both models would adjust in a similar 
manner. The resultant κ was 0.437 with an SE of 0.096, 
representing a low match rate, as seen in Table 4. 
Covariates of the individual models are listed in the 
Supplemental Table.

Discussion
This external validation study is the first known one 

to date that examines the agreement of PK models 
with real-world postinduction serum adalimumab 
concentrations in pediatric patients with IBD. Analysis 
of the 2 methods included in the InsightRX calculator 
suggests that the de Klaver method more accurately 
predicts postinduction serum adalimumab concentra-
tions in pediatric patients with IBD. The Ternant method 
has the potential to overpredict smaller values and 

underpredict larger values. Additionally, a κ statistic was 
calculated to determine the variability between the rec-
ommendations of the 2 PK models. A κ of 0 shows no 
level of agreement, whereas a κ of 0.9 or above shows 
an almost perfect level of agreement.15 A κ of 0.437 
demonstrates that the 2 methods have a weak level 
of agreement and give different recommendations. In 
addition, we found that up to 50% of patients required 
a dosing adjustment during therapy with adalimumab.

Dosing calculators have been used to aid in dos-
ing of infliximab in IBD. A prospective observational 
cohort study was completed in pediatric and young 
adult patients following the creation of a mobile inflix-
imab dosing calculator. The global adaptation of the 
calculator was deemed to be feasible and effective.  
A total of 81% of patients included in the cohort reached 
therapeutic trough concentrations during the study 
period, 12% higher than before the calculator implemen-
tation.16 Although the calculator recommended a dose 
escalation for 13% of the infusion events, the treating 
physician could still decline the recommendation. Loss 
of response following the implementation of the calcu-
lator was observed only for 1 patient. The calculator was 
developed to target patients with underlying PK and 
disease characteristics that could lead to suboptimal 
concentrations. To date, only the InsightRX adalimumab 
calculator has been evaluated for precision dosing,12 
emphasizing the need for continual improvements to 
target these patients. Furthermore, despite increasing 
literature suggesting a need for dose escalation, many 
insurance companies will only allow the dispensing of 
two 40-mg injections every 28 days or 40 mg every 
other week.17,18 In CLASSIC II, 30% of patients required 
a dose escalation to 40 mg every week.17 Local expe-
rience has also shown difficulty getting insurances to 
approve weekly adalimumab dosing, causing a delay 
in therapy. Such delays can lead to further progression 
of IBD, development of complications, and patient suf-
fering. Providing patient-specific PK data with optimal 
dosing regimens could potentially decrease these 
delays in therapy.

Figure 5. Box plots comparing the distribution of 
the de Klaver and Ternant predictions. After plot-
ting the difference between actual and predicted 
serum trough concentrations, the 2 methods were 
compared to determine the degree of variability in 
their predictions. The Ternant method demonstrated 
a larger distribution than the De Klaver—Berend 
method, showing greater variability in the differ-
ence between actual and predicted serum trough 
concentrations.

о Outliers.
* Extreme outliers.

Table 3. Dose Adjustment Analysis

Population 
(N = 47)

Dose adjustment required, n (%) 23 (49)

Average time to dose adjustment, mo 18.4

Dose adjusted in first year of therapy, n (%) 9 (39)

Adjustment performed, n (%)
 Dose 7 (30)
 Interval 15 (65)
 Reinduced 1 (5)

Table 4. Outcome Summary

Variable or Statistic Study Cohort (N = 47)

Dosage change, n (%)
 No 24 (51.1)
 Yes 23 (48.9)

Reason, n (%)
 Low level 14 (60.9)
 Active symptoms 4 (17.4)
 Endoscopy suggestion 3 (13.0)
 Weight 3 (13.0)

κ agreement—Berend and Ternant  
method recommendations
 κ (SE) 0.437 (0.096)
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A recent study by Papamichael et al20 showed an 
independent association between proactive adalim-
umab TDM and lower rates of treatment failure with 
standard of care. Similarly, a randomized controlled trial 
involving pediatric patients with CD, ages 6 to 18 years, 
was conducted to determine if proactive TDM was as-
sociated with higher rates of corticosteroid-free clinical 
remission. Patients with low serum adalimumab trough 
concentrations (defined as <5 mg/L) underwent a dose 
or interval adjustment. Patients in the reactive monitor-
ing group had a serum concentration drawn after loss 
of response. The study discovered that more patients in 
the proactive monitoring group had corticosteroid-free 
clinical remission than those in the reactive monitoring 
group.21 Through proactive TDM in our study, we identi-
fied 23 patients (49%) who required dose adjustments. 
Nine patients (19%) required dose adjustments during 
the first year. These rates are similar to those published 
in a systematic review describing the loss of response 
and need for adalimumab dose intensification in CD.21 
On average, 18.2% of primary responders have a loss 
of response, with an annual risk of 20.3% per patient 
year. Loss of response to anti-TNF agents has been 
reported, up to 50%.22–24

The strengths of this study include the exclusively 
pediatric nature of our data, as well as the use of a 
drug-tolerant assay, which determines both the trough 
serum adalimumab concentrations and the presence 
or absence of antidrug antibodies. Our study was not 
without limitations. Despite collecting information on 
antidrug antibodies, we were not able to incorporate 
these into our PK calculations. The retrospective 
nature of the study has the potential for selection 
bias and was performed at a single pediatric center 
with a limited number of patients. Additionally, the PK 
models included in the InsightRX calculator were not 
designed for pediatric patients; specifically, the Ternant 
model was based on patients ages 17 to 61 years, and 
because our population consisted primarily of patients 
in a pediatric age group, body weight may not have 
been accurately accounted for with PK estimates of 
clearance and volume.

Time-varying patient biomarkers, such as albumin 
and CRP levels, were not included in the PK models. 
These markers are used in clinical practice in addition 
to the adalimumab concentrations to determine disease 
control, as seen in a study by Sandborn et al.22 In this 
study, there was a correlation between higher CRP 
and lower albumin levels with increased adalimumab 
clearance. Documentation of the first induction dose 
was found in the patient charts, but subsequent doses 
were given at home. This led to estimation of dosing 
intervals, based on the prescription details. Although 
the Bland-Altman analysis was able to show which 
method produced values closer to the average drug 
concentration of the population, it does not tell the 
clinician whether or not the differences are clinically 

acceptable. A cutoff value was not determined prior to 
data analysis to evaluate these concentrations clinically.

In conclusion, our study provides the first informa-
tion on the use of an adalimumab calculator to provide 
patient-specific, optimized dosing in a pediatric popu-
lation with IBD. The de Klaver model was able to ret-
rospectively predict postinduction serum adalimumab 
concentrations with less bias than the Ternant model 
and may aid clinicians in predicting patient concentra-
tions. Further investigations should be performed to 
determine if the dose optimization provided by the 
calculator led to clinically meaningful end points, such 
as clinical and endoscopic remission. Consideration 
should be given to the development of further guides 
based on adalimumab PK data.
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