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Abstract
The 13C-
pantoprazole breath test (PAN-
BT) is a safe, noninvasive, in vivo
CYP2C19 phenotyping probe for adults. Our objective was to evaluate PAN-BT
performance in children, with a focus on discriminating individuals who, according to guidelines from the Clinical Pharmacology Implementation Consortium
(CPIC), would benefit from starting dose escalation versus reduction for proton
pump inhibitors (PPIs). Children (n = 65, 6–17 years) genotyped for CYP2C19
variants *2, *3, *4, and *17 received a single oral dose of 13C-pantoprazole. Plasma
concentrations of pantoprazole and its metabolites, and changes in exhaled 13CO2
(termed delta-over-baseline or DOB), were measured 10 times over 8 h using high
performance liquid chromatography with ultraviolet detection and spectrophotometry, respectively. Pharmacokinetic parameters of interest were generated
and DOB features derived using feature engineering for the first 180 min postadministration. DOB features, age, sex, and obesity status were used to run bootstrap analysis at each timepoint (Ti) independently. For each iteration, stratified
samples were drawn based on genotype prevalence in the original cohort. A random forest was trained, and predictive performance of PAN-BT was evaluated.
Strong discriminating ability for CYP2C19 intermediate versus normal/rapid metabolizer phenotype was noted at DOBT30 min (mean sensitivity: 0.522, specificity: 0.784), with consistent model outperformance over a random or a stratified
classifier approach at each timepoint (p < 0.001). With additional refinement and
investigation, the test could become a useful and convenient dosing tool in clinic
to help identify children who would benefit most from PPI dose escalation versus
dose reduction, in accordance with CPIC guidelines.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
CYP2C19 genotype is a known determinant of drug disposition and response
for proton pump inhibitors (PPIs). However, it is not the only determinant and
genotype-phenotype discordance can occur.
WHAT QUESTION DID THIS STUDY ADDRESS?
Can the 13C-pantoprazole breath test (PAN-BT) be utilized as a noninvasive
CYP2C19 phenotyping probe for children, and can the test discriminate the
CYP2C19 intermediate metabolizer (IM) phenotype (i.e., children who would
benefit from PPI starting dose reduction) from the normal and rapid metabolizer
(NM and RM) phenotype (i.e., children who would benefit from PPI starting dose
escalation)?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The PAN-BT can discriminate CYP2C19 IMs from NMs and RMs in as little as
30 min (mean sensitivity 0.522, specificity 0.784), and is feasible in children as
young as 6 years of age. Based on recently demonstrated receptiveness to drug
dose individualization for PPIs in pediatrics, additional studies are warranted in
pediatric populations.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?
A convenient, noninvasive, in-office, CYP2C19 phenotyping probe could aide appropriate drug dose selection for PPIs in pediatrics.

I N T RO DU CT ION
Gastroesophageal reflux disease (GERD) affects approximately one in five people in North America, with an increasing prevalence noted over the past 25 years.1 The
efficacy of proton pump inhibitors (PPIs) in treating GERD
and other gastrointestinal disorders (e.g., Helicobacter pylori gastritis and peptic ulcer disease) is well-established for
both adult and pediatric patients. However, only recently
have clinical guidelines been developed to help optimize
and individualize PPI treatment based on an individual’s
genetic variation in CYP2C19, the major drug metabolizing pathway responsible for the biotransformation of
most PPIs to inactive metabolites.2 Based on newly published recommendations from the Clinical Pharmacology
Implementation Consortium (CPIC), a large majority of
patients (those with 2 functional copies of the CYP2C19
allele, including normal function and gain-
of-
function
alleles) would benefit from increasing the standard PPI
starting dose by 50%–100% for efficacious treatment of
several gastrointestinal disorders. The guidelines also recommend consideration of dose reduction for patients with
one or two decreased or no function alleles (e.g., patients
with a CYP2C19*1/*2, *2/*9, or *3/*4 genotype) if efficacy
is achieved and chronic PPI therapy is anticipated.2
Although CYP2C19 genotype is undoubtedly an important determinant of CYP2C19 activity (i.e., phenotype),
it is not the only determinant. CYP2C19 phenotype is also

influenced by age.3 Furthermore, CYP2C19 genotype-
phenotype discordance (sometimes referred to as phenoconversion) has been described as a consequence of diet,
environment, liver disease, metabolic derangement, and
concomitant medication use.4 Highly relevant for individuals on chronic PPI therapy, CYP2C19 phenoconversion is
also common with chronic omeprazole/esomeprazole treatment in as little as 4 weeks of therapy, due to auto-inhibition
of CYP2C19 by these two PPI substrates.5,6 Thus, a CYP2C19
phenotyping, rather than a genotyping test, is perhaps of
highest utility for patient care and clinical practice.
The 13C-pantoprazole breath test (PAN-BT) was previously demonstrated to be a safe, effective, noninvasive, in
vivo CYP2C19 phenotyping test in adults.7,8 For this test,
the pantoprazole molecule is labeled with a stable, nonradioactive isotope of carbon (13C) at the methyl position
and administered as a single oral dose. The labeled methyl
group is cleaved by CYP2C19, liberating 13CH4, which enters the body’s carbon pool, gets converted to CO2, and is
subsequently eliminated in exhaled air. The enrichment of
13
C in exhaled CO2 over time is directly related to CYP2C19
activity and can be measured using infrared spectrophotometry, which compares the baseline 13CO2/12CO2 ratio
in an exhaled breath sample to changes in this ratio over
time after 13C-pantoprazole administration.7
Given that the noninvasive nature of this breath test is
appealing for pediatric use, we evaluated PAN-BT performance in children. Specifically, we examined the ability
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of PAN-BT to discriminate CYP2C19 phenotype (based
on genotype) for children, and assessed the test’s ability
to capture interindividual variability in CYP2C19 activity
independent of CYP2C19 genotype.

M ET H O DS
Study cohort and data collection
The data utilized for this study were collected as part of
a prospective, single-center, pharmacokinetic (PK) study
of pantoprazole (PAN) performed at the Children’s Mercy
Hospital (CMH) in Kansas City, MO (clinicaltrials.gov
NCT01887743). The study was approved by the CMH
Institutional Review Board and conducted in accordance
with the ethical standards of the Declaration of Helsinki.
In this secondary analysis of previously published PAN
PK data,9 we present new plasma metabolite and breath
test data to help inform the relationship between the pharmacokinetics of PAN in plasma and CYP2C19 phenotyping using PAN-BT. The metabolites and breath test data
presented herein have not been previously published.
After an overnight fast, children (6–17 years of age) with
or without GERD and no other significant comorbidities,
abstaining from drugs known to induce/inhibit CYP2C19,
and not receiving concomitant therapy with PPIs, were enrolled during a 22-month period. Participants received a
single oral dose of 13C-PAN-sodium in bicarbonate solution
(Cambridge Isotopes Laboratories), 1.2 mg/kg lean body
weight (LBW), up to 100 mg maximum total dose. LBW was
calculated using a validated equation.10 Using high performance liquid chromatography with ultraviolet detection,
as previously described for PPIs,11 concentrations of PAN
and its CYP2C19-and CYP3A4-mediated metabolites were
quantified in plasma samples collected from an indwelling venous catheter (i.v.), prior to PAN administration and
at 10 timepoints over 8 h after drug administration. The
lower limit of detection for PAN, PAN-Sulfone, and PAN-
N-oxide was 0.025 μM; for 4-desmethyl-PAN and PAN-
sulfide 0.027 μM; for 4-desmethyl-PAN-sulfide-sulfate
0.023 μM; and for 4-
desmethyl-
PAN-
sulfate and
4-desmethyl-PAN-sulfone-sulfate 0.022 μM. All analyses
were performed in duplicate. PK profiles were generated
using standard noncompartmental analysis (Kinetica
version 5).
In addition to plasma samples, breath samples were
collected using standard techniques previously described
by our group12 at predose and at 10, 20, 30, 40, 50, 60, 90,
120, and 180 min postdose to quantify concentrations of
13
CO2 and 12CO2 in the air exhaled, using infrared spectrophotometry (POCone Spectrophotometer; Otsuka
America Pharmaceutical). Enrichment of 13CO2 in breath
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samples after study drug administration is the direct output of the spectrophotometer, expressed as the increase in
the ratio of 13CO2-to-12CO2 relative to the baseline ratio at
predose, termed the delta-over-baseline (DOB) value.
All participants were genotyped for the CYP2C19 no-
function (*2, *3, and *4) and increased-
function (*17)
alleles using commercially available TaqMan assays;
details provided in Table S1. Allelic definitions are per
PharmVar,13 with genotype translated into phenotype
groups recommended by the CPIC, as detailed in Table S1.

Data analysis
Utilizing the collected data, we undertake a series of
analyses to characterize CYP2C19 phenotype reflected in
plasma pantoprazole PK and DOB, evaluate concordance
of PAN-
BT with established genotype-
based CYP2C19
phenotypes, and assess the potential of PAN-BT to directly
predict CYP2C19 phenotype independent of CYP2C19
genotype. Details for each analysis can be found in the respective sections to follow, and a visual summary of each
analysis can be found in Figure 1.

Association of CYP2C19 activity with
genotype-based phenotype groups
In line with recent CPIC guidelines, the first section of
this paper focuses on the comparison of CYP2C19 activity (measured as plasma PK and breath DOB) across established CYP2C19 phenotype groups based on CYP2C19
genotype (i.e., CYP2C19 poor metabolizer [PM], intermediate metabolizer [IM], normal metabolizer [NM], rapid
metabolizer [RM], and ultrarapid metabolizer [UM]). As
expected, only a small number of children (n = 2) in our
cohort were homozygous for CYP2C19 variant alleles;
therefore, the one PM and one UM identified were excluded from statistical analyses. All subsequent analyses
focus specifically on the cohort of IM and NM/RM children, as they represent the majority of the population.
Based on the actionable dosing recommendations by
CPIC to increase PPI starting dose by 50%–100% for both
CYP2C19 NMs and RMs, these two phenotype groups
were combined into a single study group (NM/RM).
Four distinct measures of CYP2C19 activity in plasma
were compared for NM/RM versus IM. These included PAN
total area under the concentration-time curve (AUCtot; μM
per mg/kg), PAN apparent clearance (CL/F; L/h/kg total
body weight), and the ratios of parent drug concentrations
(PAN) to CYP2CY19-and CYP3A4-
mediated metabolite
concentrations. For each measure, a series of summary statistics were computed, and nonparametric Mann-Whitney
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F I G U R E 1 Visual summary of the data analysis approaches performed and their anticipated results output. AUC, area under the
concentration-time curve; DOB, delta-over-baseline; IM, intermediate metabolizer; NM, normal metabolizer; PAN-BT, 13C-pantoprazole
breath test; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer

U tests were performed to assess for differences between
genotype-based phenotypes and activity levels.

Concordance of breath test with CYP2C19
phenotype groups based on genotype
Next, we undertook analyses to contextualize the relationship between data obtained from the PAN-BT and
CYP2C19 genotype-
based phenotype groups. First, we
replicated work performed in adults by Thacker et al.,
which compared DOB values between genotype-
based
14
phenotypes at various timepoints. Taking this comparison one step further, we explored nuance of interindividual variability within each phenotype group. To
quantitatively assess differences across the distributions,
we performed a linear mixed model analysis, modeling
DOB as a function of phenotype and time from baseline
(20 min, 30 min, etc.). The model specification included
a random patient intercept to account for clustering of
repeated measures within each individual. T0 was excluded from this analysis, as DOB values at T0 were all 0
and did not add meaningful information. Given the small
sample size for UM (n = 1) and PM (n = 1), comparisons
were made exclusively between IM (n = 13) and NM/RM
(n = 46). To aid in interpretation, visualizations via paired
boxplots were created for each included genotype-based
phenotype group at each sampled timepoint.

Association of breath test features and
CYP2C19 activity reflected in plasma PK
The final analysis of this paper explores bypassing the
CYP2C19 phenotype assignments based on genotype, and
instead assesses the potential of the PAN-BT to reflect
plasma PAN PK and to predict CYP2C19 activity.
We began by constructing an augmented feature set
designed to capture attributes of a patient’s PAN-BT DOB
curve. In addition to raw DOB value at each timepoint,
three additional features (i.e., explanatory variables) were
derived utilizing data up to and including the respective
timepoint; these included area under the DOB curve, a
line of best fit, and time to maximum concentration of the
DOB. Details around the definition of each can be found
in Table 1. Samples were also assigned a class label of inlier or outlier defined as those above or below the typical
therapeutic PAN plasma AUCtot after a 40 mg oral dose
administration (i.e., 7–17 µM).15,16 For participants missing a single breath sample (n = 4), the missing DOB value
was interpolated utilizing the Piecewise Cubic Hermite
Interpolating Polynomial algorithm to account for the
irregular shape of the DOB curve.17 To facilitate comparisons across children receiving different total PAN doses
(as dosing was weight-based and ranged from 20–100 mg),
data were normalized by total drug dose received.
Utilizing the computed breath feature set, combined
with demographic attributes shown to influence CYP2C19
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T A B L E 1 Description of the derived
breath test feature set
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Feature

Definition

AUC-DOB

The total integrated area under the DOB curve provides a more precise
representation of total CYP2C19 activity over time. To compute
this value, the AUC is closely approximated from the set of discrete
DOB values using the robust composite Simpson’s rule. Given the
unequal timepoints and nonlinear shape of the DOB curve, this
approach was selected as it approximates each point among three
adjacent points as a parabola.

Line of best fit

A line of best fit through the available data. Regression was used to
model DOB at each timepoint as a function of elapsed time. Given
the nonlinear nature of the data, a quadratic term for time was
included in the model along with the linear term.

Tmax-DOB

Time of maximum DOB was converted to percentage of total time
elapsed out of 180 min. Given the irregular shape of the curve, in
the event that the maximum DOB value occurred at multiple time
points, the earliest elapsed timepoint was used.

Abbreviations: AUC, area under the concentration-time curve; DOB, delta-over-baseline; Tmax, time of
maximum concentration.

phenotype (age, sex, and weight status),15,18 we built a
500-tree Extremely randomized Extra-Tree Forest to predict outlier status of each child.19 Similar to random forests, Extra-Trees are an ensemble of single decision trees
created using subsets of available features to improve generalizability. However, rather than using an optimal split
criterion to grow the tree, each split is selected randomly,
which has been shown to improve generalizability to unseen data when highly informative features (e.g., AUC)
would dominate the split-order in any tree for which they
were selected.
To estimate the expected performance of such a
model, we utilized a robust bootstrap approach. Under
the bootstrap paradigm, a sample of children was drawn
with replacement until the size of the original dataset
was reached, and stratified to preserve the prevalence of
genotype-based phenotype categories of NM/RM, IM, and
other (i.e., UM and PM) observed in the original cohort
(i.e., bootstrap sample). By sampling with replacement,
each bootstrap sample leaves out, on average, 37.8% of patients from the full cohort. These excluded cases (known
as out-of-bag [OOB] samples) can then be used as test
data on which to evaluate the performance of a model
trained on the resampled data. The process was repeated
for 10,000 iterations, and in the rare occurrence that no
children in a bootstrap sample were labeled as outliers, a
replacement bootstrap sample was drawn.
At each iteration, sensitivity, specificity, and F1 (harmonic mean of precision and recall) were computed for
the OOB predictions. F1 results were reported as averages
for inlier and outlier classes weighted by the class size.
The performance of two baseline classifiers was also computed at each iteration: one which predicts the activity
group (inlier/outlier) at random for each child, and one

that predicts accordingly with the observed population inlier/outlier distribution from the training cohort. All statistical analyses were completed using Python 3.7, Pandas
1.1.1, SkLearn 0.23, Numpy 1.19, and Scipy1.5.20–23

RESULTS
Of the 71 children enrolled, 65 completed the study. Only
those children who provided both evaluable DOB and
plasma samples were included in this analysis (n = 61). Of
the four children excluded, two were excluded due to poor
breathing techniques, one due to collection of less than
60% of the postdose breath samples, and one due to premature loss of i.v. for plasma collection. Characteristics of the
remaining 61 participants are summarized in Table 2, and
the comparison of their plasma PAN AUCtot as a function
of CYP2C19 genotype is depicted in Figure 2. Adjusted for
the mg/kg of the drug received, children with CYP2C19
*1/*2 genotype tended to have substantially higher plasma
PAN AUCtot than children with *1/*1 or *1/*17 genotype
(p < 0.015), whereas children with *1/*1 and *1/*17 genotypes had no statistically significant differences in PAN
AUCtot (p = 0.561). Together, *1/*2, *1/*1, and *1/*17 genotypes accounted for 95% of our patient cohort.
The violin plots in Figure 3 highlight the distribution
of children with the NM/RM and IM CYP2C19 phenotype assignments (based on genotype) across six primary CYP2C19 activity measurements in plasma: PAN
AUCtot, PAN CL/F, and PAN-
to-
metabolite ratios for
CYP2C19-mediated metabolites (i.e., 4-desmethyl-PAN
and 4-desmethyl-PAN-sulfate), and CYP3A4-mediated
metabolites (i.e., PAN-
Sulfone and PAN-
Sulfide). To
account for contribution of metabolites formed as a
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TABLE 2

Study cohort characteristics
Mean (SD)

Range

Age, years

13.81 (3.36)

[6.08–17.92]

Weight, kg

61.71 (21.57)

[18.50–124.00]

BMI z-score

1.07 (0.84)

[−0.92–2.83]

BMI %

79.27 (20.07)

[18.00–99.80]

PAN dose, mg

50.42 (15.89)

[16.5–88]

Sex

n (%)

Male

26 (42.62)

Female

35 (57.38)

Race or ethnicity

n (%)

White

42 (68.85)

African American

11 (18.03)

Hispanic

6 (9.84)

Mixed

2 (3.28)
PAN plasma AUCtot (µM per
mg/kg TBW)

Genotype
*17*17

n (%)
1 (1.64)

Mean (SD)
4.18 (–)

Range
–

*1*1

30 (49.18)

10.04 (6.81)

[2.68–33.75]

*1*17

16 (26.23)

7.84 (4.52)

[2.26–18.59]

*2*17

3 (4.91)

10.42 (3.40)

[7.71–14.23]

*1*2

10 (16.40)

*2*2

1 (1.64)

18.07 (11.20)
226.59 (–)

[7.36–41.31]
–

Abbreviations: AUCtot, total area under the concentration-time curve; BMI,
body mass index; PAN, pantoprazole; TBW, total body weight.

consequence of both CYP2C19 and CYP3A4 activity
(i.e., 4-desmethyl-PAN-sulfone-sulfate and 4-desmethy
l-PAN-sulfide-sulfate), these metabolite concentrations
were alternatively counted toward total CYP2C19 activity
(Figure 3e) or total CYP3A4 activity (Figure 3f). In addition to significantly increased plasma PAN AUCtot and significantly decreased PAN CL/F (p = 0.001; Figure 3a,b),
plasma ratios of PAN to CYP2C19-mediated metabolites
were significantly higher in NM/RM versus IM (p ≤ 0.001;
Figure 3c,e). Although the ratio of PAN to CYP3A4-
mediated metabolites was slightly higher in NM/RM versus IM, this difference did not reach statistical significance
(p ≥ 0.198; Figure 3d,f).

Concordance of breath test with CYP2C19
phenotype assignments based on genotype
Having established significant differences in CYP2C19
activity between NM/RM and IM in plasma (Figure 3),
Figure 4a presents the mean DOB values at each sampled timepoint for the four CYP2C19 phenotype groups

based on genotype. As expected, we observe a nearly
monotonical increase in early DOB values as a function of functional/suprafunctional alleles (i.e., from
PM → IM → EM → UM).
Taking this one step further, in Figure 4b, we display
interindividual variability (and subsequent observed degree of overlap) within the NM/RM and IM phenotype
assignments. To quantify this overlap, our repeated measures mixed model assessed the average difference between NM/RM and IM (referent). Although differences
appeared minimal (β 95% confidence interval: [−0.004–
0.017], p = 0.26), individuals in the NM/RM group tended
to have higher means at several timepoints. Nonetheless,
the range of values for the IM group was found to nearly
or completely overlap with the range of values in the NM/
RM group.

Association of breath test features and
CYP2C19 activity reflected in plasma PK
Given the observed degree of overlap in DOB between the
NM/RM and IM groups, our final analysis focused on use
of PAN-BT to directly predict the expected CYP2C19 activity without consideration of pre-assigned phenotype labels based on CYP2C19 genotype. Specifically, we focused
on the prediction of those patients who fall outside the
typical PAN plasma AUCtot range previously associated
with therapeutic response (7–17 µM).15,16
Figure 5 presents the sensitivity, specificity, and F1
performance distributions over the 10,000 bootstrap iterations at each DOB timepoint. The DOB derived features
from PAN-BT illustrate improved performance over the
stratified dummy classifier (Wilcoxon signed-
rank test
p < 0.001 between each iteration repeated at each timepoint adjusted for multiple comparisons). Notably, the
random classifier outperformed the model-
based approach, particularly at the later timepoints in terms of
sensitivity. However, this phenomenon is simply a result
of the random overclassifying of outliers (i.e., increased
false-positive results). We can reaffirm this looking at the
F1 score, where the negative class is weighted by the class
size. Again, we find the proposed model using PAN-BT
to outperform both the stratified and random classifiers
(p < 0.001). For completeness, we also inspected the class-
wise recall rate and confirmed that the random classifier
had the lowest inlier-recall values.

DISC USSION
Similar to previous findings in adults, our data demonstrate that PAN-BT can be used in children to discriminate
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*1*2 vs.
*1*2 vs.
*1*2 vs.
*2*17 vs.
*2*17 vs.
*1*1 vs.

*2*17
*1*1
*1*17
*1*1
*1*17
*1*17
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(p=0.561)
(p=0.014)
(p=0.012)
(p=0.561)
(p=0.561)
(p=0.561)

Log PAN AUCtot (uM/mg/kg TBW)

5

4

3

2

1

*2*2
(n=1)

*1*2
(n=10)

*2*17
(n=3)

*1*1
(n=30)

*1*17
(n=16)

*17*17
(n=1)

CYP2C19 Genotype
F I G U R E 2 Plasma pantoprazole (PAN) AUCtot as a function of CYP2C19 genotype. AUCtot data are adjusted for mg/kg drug received
and log-transformed. Pairwise comparisons across genotype groups are reported in the figure legend with statistically significantly lower
AUCtot observed in CYP2C19 *1*2 compared to *1*1 or *1*17 individuals (p < 0.015, α < 0.05, adjusted for multiple comparisons with Holm
step-down procedure). Individuals genotyped as CYP2C19 *2*2 (n = 1) and *17*17 (n = 1) were excluded from statistical analysis. Horizontal
line in box-whisker plots represents the median, with whiskers denoting the interquartile range (IQR) and diamonds corresponding to
values greater than 1.5 times outside the IQR. AUCtot, total area under the concentration-time curve

individuals with two functional CYP2C19 alleles (i.e., NM/
RM genotype-
based phenotype) from individuals with
one functional allele (i.e., IM genotype-based phenotype)
in a timespan as short as 1 h (e.g., mean sensitivity 0.522
and specificity 0.784 at 30 min). This finding is clinically
important because new CYP2C19 genotype-
based PPI
dosing guidelines from the CPIC advocate for 50%–100%
escalation of the standard PPI starting dose for CYP2C19
NM/RMs for certain conditions (e.g., erosive esophagitis),
and consideration of 50% PPI dose reduction for IMs. As
recently demonstrated in a multicenter, pragmatic, pediatric trial of genotype-guided PPI dose selection, both patients and prescribers are ready to embrace such precision
dosing for PPIs, and willing to wait up to 2 weeks for genotyping results prior to starting therapy.24 PAN-BT could
offer a convenient, noninvasive, in-office precision dosing

tool alternative, with more quickly and readily available
results. DOB is the direct output of spectrophotometry
equipment that is already readily available at many hospitals and clinics for other routine clinical testing (e.g., urea
breath test for Helicobacter pylori and lactulose breath test
for small bowel bacterial overgrowth). Administering an
oral dose of 13C-PAN to children about to be prescribed a
PPI for clinical indications, collecting a sample of exhaled
air predose and postdose (at the end of a clinical visit, for
example), and running the breath sample through a spectrophotometer on site should therefore, theoretically, pose
few logistical barriers for implementation. However, we
fully acknowledge that additional research is necessary
before steps can be taken to implement the test for clinical purposes. Although formal statistical analysis to assess
PAN-BT’s capacity to discriminate UM and PM CYP2C19
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NM/RM

NM/RM

IM

IM

NM/RM

IM

Ratio

NM/RM

IM

NM/RM

IM

Ratio

NM/RM

IM

Ratio

Ratio

NM/RM

F I G U R E 3 Violin plots of CYP2C19 activity measures in plasma for individuals with the intermediate metabolizer (IM; blue) CYP2C19
genotype-based phenotype versus the normal metabolizer and rapid metabolizer genotype-based phenotype (NM/RM; orange). Dashed lines
in violin plots represent the mean (---) and standard deviation (---) for each plasma activity measure. The mean and standard deviation
values are provided in the figure panel titles, with comparisons between CYP2C19 NM/RM and IM made using the Mann-Whitney U
test (α < 0.05). Activity measures per panel include (a) AUCtot for pantoprazole (PAN) adjusted for mg/kg drug received; (b) apparent
oral clearance for PAN (CL/F); (c–f) PAN-to-metabolite ratios where 4-desmethyl-PAN and 4-desmethyl-PAN-sulfate represent the main
CYP2C19-mediated metabolites (2C19 Main; panel c), PAN-Sulfone and PAN-Sulfide the main CYP3A4-mediated metabolites (3A4 Main;
panel d), and 4-desmethyl-PAN-sulfone-sulfate and 4-desmethyl-PAN-sulfide-sulfate metabolites formed as a byproduct of combined
activity from both CYP2C19 and CYP3A4. To capture total CYP activity, these latter “combination” metabolites were summed with the main
CYP2C19 metabolites (Total 2C19; panel e), or with the main CYP3A4 metabolites (Total 3A4; panel f). AUC, area under the concentration-
time curve

phenotypes could not be performed in our study due to
the small sample size (n = 2), visual inspection of DOB
curves in Figure 4a suggests that this may be possible
within a timeframe as short as 30 min.
One added advantage of PAN-BT over genotyping is
the test’s ability to capture real-time, CYP2C19 activity
in vivo, which, in addition to CYP2C19 genotype, is influenced by factors such as age, diet, concomitant medication use, etc.4 Thus, the test is ideally suited to account
for the relevant, real-world sources of interindividual

variability in CYP2C19 activity not captured by genotype
alone. Indeed, measures of CYP2C19 activity in plasma
(Figure 3) and breath samples (Figure 5b) in our study
showed a substantial degree of overlap across the conventional phenotype groups based on CYP2C19 genotype
(i.e., RM/NM/IM). For this reason, in addition to evaluating the accuracy of genotype-based phenotype, we
elected to apply PAN-BT to predict individuals whose
plasma PAN AUCtot would fall outside of the typical
therapeutic range associated with a standard 40 mg oral
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F I G U R E 4 Relative enrichment of 13C in expired CO2 (termed delta-over-baseline [DOB]) over 3 h, after pantoprazole breath test
administration. Although, the mean DOB values illustrate logical increases from PM → IM → EM → UM (a), there is a significant overlap
across phenotypes when considering individual-level variance at each timepoint (b). No statistical difference (α < 0.05) in the group’s mean
DOB across timepoints was found using linear-mixed model with patient random intercepts. IM, intermediate metabolizer; NM, normal
metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer

dose of pantoprazole (Figure 5). Given the large number of bootstrap iterations performed, this model-based
approach using PAN-BT is expected to outperform a random selection based on the expected outlier rates seen in
the general population (i.e., what is currently practiced
at the bedside). Presumably, it is these outlier patients
whose systemic drug exposures fall above or below the
therapeutic range from a standard PPI dose, who would
benefit most from PPI dose adjustment, independent of
their CYP2C19 genetic makeup.
Evidence is mounting that systemic PPI drug concentrations outside the therapeutic range are not as benign
as once thought. Subtherapeutic exposures can result in
therapeutic failure to eradicate H. pylori infection or heal
erosions from acid damage, for example.2 Conversely,
supratherapeutic exposures, especially over a prolonged
period of time, can lead to increased risk of adverse
events, such as kidney disease,25 osteopenia and mineral
deficiencies,26,27 and enteral and respiratory infections,
particularly in children.27,28 In a pilot, genotype-guided,

pragmatic trial, Cicali and colleagues recently demonstrated comparable PPI efficacy and a trend toward
fewer respiratory adverse events in children (p = 0.07)
over a 12-week treatment course for GERD, when PPI
dose selection was informed by CYP2C19 genotype
compared to a conventional “one-dose-fits-all” dosing
approach.24 A phenotype-based dosing approach using
PAN-BT can be expected to offer comparable benefit,
with the added advantage of accounting for genotype-
phenotype discordance secondary to disease, dietary
components or concomitant medications competing for
CYP2C19-mediated metabolism, and/or auto-inhibition
of CYP2C19 from chronic PPI therapy. Thus, further
research to establish PAN-BT DOB reference ranges to
inform drug dose selection across the PPI drug class are
warranted. This is especially true for pediatrics, where
patients and prescribers are ready for a shift in the traditional PPI dosing paradigm toward individualized precision dosing, as illustrated in the pragmatic trial by Cicali
et al.24
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F I G U R E 5 Predictive performance of the 13C-pantoprazole breath test on outlier prediction for plasma pantoprazole (PAN) AUCtot
adjusted for mg/kg drug received, (a) sensitivity, (b) specificity, and (c) harmonic mean of precision and recall (F1). Boxplots represent
score distributions across the 10,000 bootstrap iterations. Horizontal line represents the median performance, with whiskers denoting the
interquartile range (IQR). Models evaluated included a completely random classifier (blue), a stratified random classifier based on overall
outlier proportion in the training data (orange), and the Extra-Tree model with breath test delta-over-baseline (DOB) and derived features
(green). Performance to the stratified random classifier was compared at each iteration using nonparametric Wilcoxon signed-rank test and
found to be significant (α < 0.05, adjusted for multiple comparisons with Holm step-down procedure)
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Study limitations
To our knowledge, our study represents the first published pediatric experience with the PAN-BT; however,
as with any study, it has limitations. Although our preliminary results are strong, the generalizability of the
predictive values and association magnitudes is limited
by overall sample size. Confirmatory studies aimed at
evaluating performance with improved precision will
require larger diverse patient cohorts. This diversity
will be essential to expand phenotype comparison from
the UM (n = 1) and PM (n = 1) assignments based on
CYP2C19 genotype. Given that our study population is
primarily (>85%) White and African American, the observed prevalence of these phenotypes is in line with the
expected population prevalence (~ 2%) based on race/
ethnicity.29
Additional limitations may include our decision to
combine children with the CYP2C19 *1*1 and *1*17 genotypes into a single study group. However, this decision
was made deliberately because the actionable CPIC recommendation to increase the PPI starting dose by 50%–
100% is the same for CYP2C19 *1*1 and *1*17 individuals.2
Last, some children in our study had trouble mastering
the breathing technique for PAN-BT, which likely contributed to the irregularity of the DOB curves, necessitating
additional processing of the DOB data directly outputted
by the spectrophotometer. More broadly, prospective assessment of the test’s utility in guiding dosing decisions
across the PPI drug class are needed before the test could
be implemented as a precision dosing tool in the clinic.
However, collection of such data is promising as, with
proper coaching, 97% of children were ultimately successful in providing adequate DOB data.

CON C LUS I ON S
Our study supports the assertion that the PAN-BT could
provide a clinically useful, noninvasive method for assessing CYP2C19 activity (i.e., phenotype) in children.
Our results confirm the feasibility of test administration
to children as young as 6 years of age with some coaching, and demonstrate comparable test performance to
adult studies for distinguishing the CYP2C19 NM/RM
genotype-based phenotype from IM. If administered in
the clinic, this test could potentially identify children
who would benefit from PPI dose escalation versus dose
reduction in as little as 1 h. In our opinion, a phenotype-
based PPI dosing strategy using the PAN-BT could offer
added benefit over a genotype-based strategy, as it would
account for CYP2C19 genotype-
phenotype discordance
from diet, disease, concomitant medication use, and/or
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auto-inhibition of CYP2C19 by chronic PPI therapy. Based
on the willingness of pediatric patients, parents, and providers to participate in a recent, pragmatic, clinical trial
of PPI drug dose individualization,24 the timing may be
ideal for further investigation of the utility of the PAN-BT
in pediatrics.
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