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BACKGROUND AND AIMS: Children with very early onset
inflammatory bowel disease (VEO-IBD) are uniquely at risk of
inadequate infliximab (IFX) exposure. We studied the associ-
ation between standard body weight (BW)-based and body
surface area (BSA)-based dosing strategies and outcomes.
METHODS: We identified VEO-IBD patients treated with IFX
before 9 years at a single center. Patients were separated
into those that received a BSA-based dose (200 mg/m?2) and
standard BW dosing (5 mg/kg). IFX drug levels, dose inten-
sification, time on steroids, and long-term outcomes were
compared. Receiver operator characteristic curves deter-
mined the optimal BW- and BSA-based dose to achieve a
trough >10 ug/ml at dose 4 (IFX#4). RESULTS: Forty-three
children with VEO-IBD were identified. Receiver operator
characteristic curves demonstrated optimal BW- and BSA-
based doses to achieve IFX trough >10 upg/ml at [FX#4
were 7.5 mg/kg and 180mg/m2. Children were classified to
standard BW dosing (22/43) and BSA dosing (10/43). [FX#4
trough was significantly higher in those who received BSA
dosing (BSA 18.6 ug/ml [interquartile range 10.8-28.1] vs
BW 5.1 ug/ml [interquartile range 2.6-10.7], P = .04). BSA
dosing was more likely to achieve a target drug level
>10 pg/ml at IFX#4 (BSA 70% vs BW 18%, P = .02). BW
dosing was associated with a greater likelihood of dose
escalation (BW 82% vs BSA 30%, P < .01) and a shorter time
to first escalation. BSA dosing was associated with shorter
time spent on steroids (P = .02). CONCLUSION: Young chil-
dren require higher IFX dosing to achieve adequate drug
exposure. Our data support the use of a BSA-based dose of
200 mg/m? or, if a BW-based approach is used, 7.5 mg/kg.
BSA dosing allows the use of a consistent dose over the age
and weight spectrum.
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Background

he incidence of inflammatory bowel disease (IBD) is

increasing fastest in the youngest children diag-
nosed < 6 years,' considered as very early onset IBD (VEO-
IBD). Infliximab (IFX), an anti-tumor necrosis factor-« bio-
logic, is an established treatment for IBD which uses
weight-based dosing, with a recommended standard 5mg/
kg at induction and subsequently during maintenance.
Body weight (BW)-based (mg/kg) dosing may not be
optimal for all children. Young children have distinct phar-
macokinetics which may affect drug exposure and therefore
treatment efficacy. Dotan et al showed a nonlinear correla-
tion between BW and IFX clearance, with lower BWs having
35% lower drug exposure than patients with double their
weight given 5 mg/kg.” Compared to older children, young
children have higher rates of IFX failure during induction
and maintenance phases® and require more IFX per kg to
achieve target serum drug levels.*

Weight-stratified dosing may lead to better exposure
than BW-based dosing, as has been used with other mono-
clonal antibodies such as tocilizumab, which uses a higher
per kg dosage for patients <30kg (12mg/kg) than for pa-
tients >30kg (8mg/kg).” Recent studies have attempted to

Abbreviations used in this paper: ADAs, antidrug antibodies; BSA, body
surface area; BW, body weight; IBD, inflammatory bowel disease; IFX,
infliximab; IQR, interquartile range; ROC, receiver operator characteristic;
VEO-IBD, very early onset inflammatory bowel disease.
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optimize IFX dosing using model-based tools’® and
dashboard-guided dosing strategies.” However, the ideal
dosing regimen has not yet been defined.

Young children have a larger body surface area (BSA)
relative to their weight with general population data
demonstrating an exponential rise in BSA relative to weight
in young children, transitioning to a more linear relationship
between BSA and weight at older ages and higher weights
that approximate adult weights (Figure A1).? In the phase 3
study of adalimumab in juvenile idiopathic arthritis, BSA
dosing was found to be effective with younger children
having slightly higher steady-state troughs than older chil-
dren. IgG-based therapeutic proteins are predominantly
eliminated by proteolytic catabolism, and therefore BSA-
based dosing may lead to less variable exposure as catab-
olism in mammalian organisms is essentially constant when
expressed per unit of BSA.

We hypothesized that VEO-IBD patients are uniquely at
risk of inadequate IFX exposure using standard weight-
based dosing and that BSA-based dosing results in better
drug exposure and superior short-term outcomes.

Methods

We performed a retrospective single-center (SickKids,
Toronto, Canada) cohort study of VEO-IBD patients diagnosed
at <6 years and treated with IFX before 9 years from January
2010 to July 2021, with a minimum 6-month follow-up. Pa-
tients were excluded if they had a known monogenic cause for
their IBD. Demographic and clinical data at diagnosis and IFX
initiation were collected including age, disease location,
behavior (as per Paris classification), and anthropometrics.
Clinical disease activity was described by Physician Global
Assessment as none, mild, moderate, or severe. Combination
immunomodulator therapy was defined as azathioprine or
methotrexate used in combination with IFX that was started
within 3 months of IFX and continued for a minimum of 3
months. Adverse events during treatment and reasons for [FX
withdrawal were recorded. IFX trough levels were measured as
part of clinical care using a drug-sensitive assay. This was
carried out routinely before the fourth dose of IFX with a
standard dosing schedule at our center of weeks 0, 2, 6, and 12,
which may differ from centers using weeks 0, 2, 6, and 14
dosing. Patients were censored at IFX cessation, surgery, or
transfer to adult care.

All dosing, including induction dosing, treatment intensifi-
cation by dose escalation, and/or interval shortening, was done
based on physician discretion. Importantly, in 2014, physicians
at our center started adopting a strategy of dosing IFX in VEO-
IBD patients based on BSA, rather than using conventional
weight-based dosing. Specifically, patients dosed per BSA were
given 200 mg/m2. This dose was selected because it roughly
equals 5 mg/kg in average-sized adults based on Centres for
Disease Control and Prevention and World Health Organisation
normative anthropometric data; 5mg/kg is the recommended
standard dosing for IFX regardless of age and is the standard
dose used in our center before the use of BSA dosing. Using the
Mosteller formula to calculate BSA and given the average
weight and height of an adult (>20 years) as per the Centres
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for Disease Control and Prevention (male: height 175cm,
weight 90kg, BSA 2.09; female height 161.3cm, weight 77.5kg,
BSA 1.9), a dose of 5 mg/kg translates to a BSA-based dose of
215mg/m? and 204mg/m?, respectively. World Health Orga-
nisation growth charts 50th centile adult (19 years) male and
female anthropometrics (male 176.8cm, 70.5kg, BSA 1.85; fe-
male 163cm, 58kg, BSA 1.6) yield a BSA dosing of 189mg/m?2
and 181mg/m2, respectively. To further validate the choice of a
BSA-based dose of 200 mg/m? we graphically compared the
absolute dose yielded by 200mg/m? to that obtained with a
standard weight-based dose (5mg/kg) using recorded heights
and weights at induction of IFX in a separate 436-patient pe-
diatric IBD cohort treated at SickKids from 2001 to 2018.

We first summarized clinical outcomes for all VEO-IBD pa-
tients in our cohort and examined the association between BSA-
based and standard weight-based dosing and drug exposure.
We constructed receiver operator characteristic (ROC) curves
to determine the optimal BSA-based dose to obtain a drug level
>10 ug/ml prior to the first maintenance dose” (ie, predose 4).

Next, we separated the VEO-IBD cohort into 2 groups: 1)
patients who received a BSA-based dose of 200 mg/m? and 2)
patients who received standard weight-based IFX dosing of 5
mg/kg (both rounded up to the nearest 100 mg). Patients not
falling into either category or falling into both were excluded
from this part of the analysis. We compared the following
outcomes between the 2 groups: time on steroids, IFX dose
intensification, corticosteroid-free clinical remission, surgery,
IFX durability, development of antidrug antibodies (ADAs), and
adverse events.

Continuous variables were summarized as medians with
interquartile range (IQR) and categorical variables as fre-
quencies with proportions. We compared continuous variables
using the Mann-Whitney U test and categorical variables using
the x2 test or Fisher exact test. Kaplan-Meier survival analysis
was performed to evaluate time to escalation of IFX and time on
steroids from induction. Optimal dosing to achieve target IFX
levels was based on ROC curve analysis and Youden'’s index. A P
value < .05 was considered statistically significant. Analyses
were performed using SPSS (IBM, Armonk, NY). This study was
conducted with research ethics board approval from The Hos-
pital for Sick Children.

Results

We identified 43 children with VEO-IBD treated with IFX
(patient characteristics shown in the first column of Table 1).
The median IFX induction dose over the first 3 infusions for
the entire cohort was median 7.0 (IQR 5.4-10.4) mg/kg or
175.9 (IQR 130.7-259.6) mg/m?2. This did not change signif-
icantly over one and 2 years of follow-up. The median time
from dose 1 to dose 4 was 69 (IQR 56-84) days, which re-
flects accelerated induction in some children. IFX trough level
prior to IFX#4 was median 12.0 (IQR 4.6-28.0) ug/ml. Clinical
outcomes are shown in column 1 of Table 2.

The ability to achieve a target drug level of >10 ug/ml
prior to IFX#4 was associated with a significantly higher
median IFX induction dose (weight-based: median 10.1 [IQR
7.2-15.8] vs 5.8 [IQR 5.6-6.8] mg/kg, P = .012; BSA-based:
median 249.6 [IQR 185.2-379.8] vs 1519 [IQR
128.6-220.3] mg/m?, P = .02). There was no difference in
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Table 1. Baseline Characteristics

Baseline characteristics Overall (n = 43) 5mg/kg (n = 22) 200mg/m? (n = 10) P values
Male 22 (51.2%) 13 (40.6%) 4 (12.5%) 32
Age (y) at diagnosis, median (IQR) 3.5(2.3,5.2) 3.3(2.1,5.1) 2.5(1.8,4.3) 45
Age (y) at IFX start, median (IQR) 5.7 3.7, 7.3) 6.2 3.7, 7.5) 5.0 (3.3, 5.9) 15
Weight at IFX start (kg), median (IQR) 19 (15, 21.5) 19.5 (15.8, 21.7) 16 (11.7, 19.2) 042
BSA at IFX start (mg/m?), median (IQR) 0.77 (0.64, 0.85) 0.78 (0.68, 0.85) 0.67 (0.54, 0.77) .25
Albumin at IFX start (g/L), median (IQR) 35 (32, 41) 37 (33, 40) 33 (29, 37) .80
Hemoglobin at IFX start, median (IQR) 100 (84, 115) 107 (79, 117) 96 (79, 115) .80
IBD type
cD 15 (34.9%) 7 (31.8%) 4 (40%) 85
L2 12 (27.9%) 6 (27.2%) 4 (40%) 43
L3 3 (7%) 1 (4.5%) 0 (0%) 43
UC/IBDU 28 (65.1%) 14 (63.6%) 6 (60%) .84
Perianal disease 3 (7%) 0 (0%) 0 (0%) 1.00
Physician Global Assessment at IFX start
Mild 1(2.4%) 1 (4.5%) 0 (0%) .48
Moderate 28 (65.1%) 14 (63.6%) 5 (50%) 37
Severe 13 (30.2%) 6 (27.2%) 5 (50%) .24
Global Endoscopic Severity at IFX start
Mild 1 (2.4%) 1 (4.5%) 0 (0%) .48
Moderate 15 (34.8%) 7 (31.8%) 5 (50%) .28
Severe 9 (20.9%) 7 (31.8%) 2 (20%) 42
Unknown 18 (41.8%) 7 (31.8%) 3 (30%) 92
Combination immunomodulator therapy 11 (25.6%) 7 (31.8%) 1 (10%) .19
Steroids at infliximab start 27 (62.8%) 15 (68.1%) 9 (90%) 19

CD, Crohn’s disease; IBD-U, IBD-unclassified; UC, ulcerative colitis.

ap < .05.

albumin levels at induction between those who did or did

not achieve this target drug level (IFX level>10 ug/ml:

median albumin 35 [IQR 32-41] vs IFX level<10ug/ml:
median albumin 34 [IQR 31-41] g/L, P = 1.00).

Table 2. Infliximab Dosing Details and Outcomes

Based on ROC curves (Figure 1A), the optimal weight-

based dose to achieve an IFX trough > 10 ug/ml at dose
4 was 7.5mg/kg; the positive predictive value for a dose of
5mg/kg was low at 59% (sensitivity 100%, specificity 7%)

Infliximab dosing details and outcomes Overall (n = 43) 5mg/kg (n = 22) 200mg/m? (n = 10) P values
Dose’kg

Induction-median dose 1-3 (IQR) 6.9 (5.4,10.4) 5.6 (5.1, 6) 11.9 9.7, 17.1) .001%

1y (IQR) 8.2 (6.4, 10) 7.4 (6.1, 9.8) 8.7 (7.5, 8.7) 1.00

2y (IQR) 8.7 (6.3, 9.7) 8 (6, 9.6) 10.9 (10.9) A7
Dose/m?

Induction-median dose 1-3 (IQR) 177.4 (130.7, 283.9) 136 (124,161.5) 283.9 (236.8370.8) .0012

1y (IQR) 211.4 (170.6, 263.9) 200 (159.8, 247.2) 231.3 (188.5, 231.3) 1.00

2y (IQR) 224.8 (164.1, 257.7) 215.3 (161.4, 247.8) 314.1 (314.1) A7
Infliximab level predose 4 (ug/ml) (IQR) 12 (4.6, 28) 5.1 (2.6, 10.7) 18.6 (10.8, 28.1) 047
Interval dose 1 — dose 4 IFX (d), median (IQR) 69 (56, 84) 70 (56,87) 58 (56, 71) 1
Infliximab cessation 19 (44.1%) 12 (54.5%) 5 (50%) 1.00
Infliximab escalation 26 (60.5%) 18 (81.8%) 3 (30%) .0047
CSF remission

Post induction 13 (30.2%) 6 (27.3%) 3 (30%) .87

6 mo 20 (54.1%) 8 (42.1%) 4 (50%) 71

1y 20 (71%) 12 (75%) 4 (67%) .70

2y 12 (63.2%) 10 (67%) 2 (100%) .33
Time to stopping steroids (d), (IQR) 67.5 (39.8, 138.5) 106 (49.5, 178) 53.5 (32, 99) .65
Colectomy 6 (13.9%) 5 (22.7%) 1 (10%) .39

CSF, corticosteroid free.
ap < .05.
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(area under the curve 0.77; 95% confidence interval [CI]
0.60-0.95). The optimal BSA-based dose for a trough of
10ug/ml at dose 4 was 180 mg/m? (area under the curve
0.74; 95% CI 0.56-0.91), with a positive predictive value of
79% (sensitivity 79%, specificitiy 71%). This supported our
use of 200 mg/m? (180mg rounded up) as the BSA-based
dose. Moreover, in examining anthropometric data from a
separate cohort of 436 IFX-treated children at our center,
with an age range of 1.6-18 years at induction, we found
that 200 mg/m? resulted in higher absolute doses than 5
mg/kg up until about 70 kg, or adult weight, at which point
the 2 converged (Figure 2A).

In part 2 of the analysis, 22/43 were classified to the
standard weight-based group (BW) (5mg/kg), and 10/43 to
the BSA-based group (BSA) (200mg/m?). Patient charac-
teristics for both groups are shown in columns 2 and 3 of
Table 1. Median induction dosing (per kg) was significantly
higher in the group dosed according to BSA compared to
those receiving standard weight-based dosing (BSA 11.9
[IQR 9.7-17.1] vs BW median 5.6 [IQR 5.1-6.0] mg/kg, P =
.001), but the induction time interval (from dose #1 to #4)
was similar in both groups. IFX trough level predose #4 was
significantly higher in those who received BSA dosing (BSA
18.6 ug/ml [IQR 10.8-28.1] vs BW median 5.1 ug/ml [IQR
2.6-10.7], P = .04) (Figure 1B). Children dosed according to

200

Infliximab dose mg/kg

dosing regimen.

BSA were also significantly more likely to achieve a target
drug level greater than 10 ug/ml at the start of maintenance
phase (BSA 70% vs BW 18%, P = .02). Standard weight-
based dosing was associated with a greater likelihood of
dose escalation (BW 82% vs BSA 30%, P < .01) and a
shorter time to first escalation (Figure 3A). For children who
were on steroids when IFX was started, patients dosed ac-
cording to BSA had shorter time on steroids (Figure 3B).
BSA-based dosing did not differ from BW-based dosing
in rates of corticosteroid free remission at 6 months, 1 year
or 2 years, nor in overall rates of IFX cessation (Table 2).
Importantly, by 6 months, dosing was more similar across
the groups due to interim dose escalation in the children
originally treated with standard weight-based dosing
(Figure 2B). ADAs were identified in 4 children, all of whom
were in the standard weight-based dosing group. The me-
dian time to develop ADAs was 707 (IQR 236-1230) days.

Discussion

In our VEO-IBD cohort, standard weight-based IFX
dosing resulted in inadequate drug exposure as supported
by low trough levels at the end of induction, more frequent
ADA development, and longer time to wean steroids.

‘ Figure 2.Infliximab dosing by body
I weight and body surface area (A) Cor-

relation between 5mg/kg and 200mg/m?
dosing in a pediatric IBD cohort of 436

Weight (kg)

e 5mgikg
200mg/m?

patients. (B) Infliximab dosing across
time points in a very early onset-IBD
cohort.
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Interestingly, longer-term outcomes such as rates of IFX
cessation, corticosteroid-free remission rates, and colectomy
did not differ between groups, likely due to dose conver-
gence in both groups over time. This was evidenced by the
higher rate of dose optimization in the weight-based dosing
group with comparable dosing by 1 and 2 years. Similarly,
DeBruyn et al’ and Jongsma et al* showed that children
under 10 years had higher rates of [FX optimization.

Although IFX dosing is weight based, previous studies
have shown that the correlation between IFX clearance and
BW is not linear.”'° In their pharmacokinetic model based
on serum I[FX concentration data from 692 patients,
including 112 children (>6 years), Fasanmade et al'®
demonstrated that the volume of distribution in the pe-
ripheral compartment was higher in the pediatric popula-
tion. Weight emerging as a covariate suggests inadequate
correction of body size by the per-kilogram dosing scheme.
This may lead to underdosing in children or low-weight
adults. This model was further used by Frymoyer et al to
determine IFX troughs during maintenance in children with
Crohn’s disease. They suggested an optimized dosing strat-
egy of 7.5 or 10 mg/kg every 4 weeks for albumin levels of 3
g/dl; and 5 mg/kg every 4 weeks or 10 mg/kg every 6
weeks for albumin levels of 4 g/dl in children with a weight
of 32kg.

Our data similarly support the use of routine higher IFX
dosing in young children, specifically 7.5 mg/kg at induc-
tion, if using a weight-based approach, based on our ROC
analysis targeting a drug level of at least 10ug/ml at the
start of maintenance (predose 4). Serum albumin, although
well described in other studies as influencing trough lev-
els,'' 12 was not found to be a factor in our cohort with no
difference seen in median albumin levels in those who did
or did not achieve the target drug level.

Previous studies exploring pharmacokinetics and ideal
dosing of IFX in children have focused mainly on children >
6 years of age."”** Our study looks at the youngest cohort of
IBD patients who due to their low weight are most
vulnerable to under dosing. In adults, a standard weight-
based (5 mg/kg) IFX dose is approximately equal to a
BSA-based dose of 200 mg/m2. The same is not true in
young children, in whom a standard weight-based dose
systematically results in a lower absolute dose than a BSA-

Days Days

o 5mgikg
200mg/m?

based dose. BSA dosing has been previously explored in
other monoclonal antibodies, including adalimumab which,
like IFX, targets tumor necrosis factor-a. Although BSA
dosing was found to be effective, tiered fixed dosing is used
largely due to the complexity of the formula for calculating
BSA and practitioner preference.” However, with the wide-
spread use of electronic medical record systems, BSA can be
automatically calculated. In comparison to stratified dosing,
BSA dosing has the advantage of a consistent dose/m? over
the age and weight spectrum.

This study is limited by its retrospective design. Dosing
was at the individual physician’s discretion which increased
the risk for bias and may have led to population differences
between our 2 groups. Those who received BSA dosing were
lighter, had lower albumin levels, and shorter dosing in-
tervals. Although not statistically significant, lower albumin
levels have a potential negative impact on trough levels,
while shorter dosing intervals may have contributed to the
higher troughs seen. However, a prospective study in this
relatively small population would require a long time. In
addition, a drug-sensitive assay was used for measuring
ADAs which may underestimate the rate of antibody for-
mation in this cohort.

Conclusion

BSA-based IFX dosing offers a novel approach to IFX
dosing in young children with IBD. Should weight-based
dosing be used, our data support the routine use of a dose
higher than standard 5 mg/kg, specifically 7.5 mg/kg, tar-
geting a drug level of >10ug/ml at the start of maintenance.
However, given the nonlinear relationship between BSA and
weight in young children, this weight-based dose may need
to be reassessed over time as patients age and grow. BSA-
based dosing allows the use of a consistent dose over the
age and weight spectrum.

Supplementary Materials

Material associated with this article can be found in the
online version at https://doi.org/10.1016/j.gastha.2023.11.
004.
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