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Figure 3. Effects of caffeine-drug and caffeine-disease interactions. A) Caffeine-drug interactions
based on the caffeine area under the concentration curve (AUC). Data is stratified based on co-
administration of drugs with caffeine. Violet: caffeine administrated as part of a drug cocktail. Common
co-administrations are dextrometorphan, metoprolol, midazolam, omeprazole, and warfarin.; Black:
single caffeine administration (no co-administration); Brown: co-administration with an inducing effect
on the elimination of caffeine; Green: co-administration with an inhibiting effect on the elimination
of caffeine; Blue: co-administrations with no effect on the pharmacokinetics of caffeine; Orange co-
administration of oral contraceptives. B) Caffeine-disease interactions based on caffeine clearance. Data
was stratified based on the health status and reported diseases, with black data points corresponding to
healthy subjects. C) Effect sizes of caffeine-drug interaction for studies with a controlled study design,
mostly randomized control trials (RCT). The effect size is based on the log AUC ratio between caffeine
application alone and caffeine with co-administration of the respective drug. The drugs were characterized
as having either a strong, moderate, weak or no effect. Strong, moderate and weak inhibitors increase the
AUC > 5-fold, > 2 to < 5-fold, > 1.25 to < 2-fold, respectively. D) Effect size of caffeine-disease
interactions for studies with a controlled study design, mostly case-controlled studies. The effect size
is based on the log clearance ratio between subjects with and without a specific condition/disease. The
diseases were characterized as having either a strong, moderate, weak or no effect. Strong, moderate and
weak effect decreased the clearance by > 80 percent, > 50 to < 80 percent and > 20 to < 50 percent,
respectively. Data selection criteria and visualization are described in the methods section.

3.4 Caffeine-drug interactions

An important question for metabolic phenotyping and liver function testing with caffeine is how the
coadministration of other drugs and compounds affects caffeine clearance. Consequently, we studied in the
second analysis the reported caffeine-drug interactions in the data set. The impact of drugs was quantified

using the change in AUC between a coadministration and a respective control log( AUOX’“dm’i"i"‘t’l'“”"” ) (see
contro
Fig. 3A,0).
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Only case-controlled studies, mostly cross-over trials with a washout phase were included in the
analysis. Corresponding controls were not matched across different studies. Overall coadministration data
with AUC difference was available for 33 substances in our data set. In accordance with FDA, EMA and
PMDA guidelines (Sudsakorn et al., [2020) we classified substances as inhibitors or inducers of caffeine
clearance based on changes in AUC: FDA - Clinical DDI guidance: strong, moderate and weak inhibitors
increase the AUC > 5-fold, > 2 to < 5-fold, > 1.25 to < 2-fold, respectively; strong, moderate and weak
inducers decrease the AUC by > 80 percent, > 50 to < 80 percent and > 20 to < 50 percent, respectively.

Most substances do not affect the AUC of caffeine, with the exception of fluvoxamine, pipemidic acid
and norfloxacin, which inhibit caffeine clearance. Tipranavir was the only substance showing a weak
induction of caffeine clearance, but only in steady state dosing (not after a single dose) (Dumond et al.,
2010)). Substances administered as a cocktail along side caffeine, aiming to phenotype several enzymes
simultaneously did not affect the AUC of caffeine, substantiating the use of caffeine as part of a drug
cocktail design (Armani et al., 2017;|Dumond et al., 2010; Doroshyenko et al.,|2013;|Edwards et al., 2017
Kakuda et al., 2014; Lammers et al., | 2018; Oh et al., 2012; [Tanaka et al., 2014} Turpault et al.,|2009). Our
analysis shows that only a minority of studied drugs show an interaction with caffeine, confirming its
value for phenotyping even under co-administration. As a side note, the protocols for studying caffeine-
drug interactions were highly variable, e.g., the applied caffeine dose and the dose of the coadministrated
substance varied between studies. Our results suggest that most medications can be safely consumed in
combination with caffeine with exception of the antidepressant fluvoxamine, the antibacterial pipemidic
acid and the antibiotic norfloxacin in which case caution is warranted.

3.5 Caffeine-disease interactions

An important question for using caffeine as a test substance for liver function testing and phenotyping,
as well as for drugs metabolized via CYP1A2, is how disease affects the pharmacokinetics and elimination
of caffeine. To study this question, we stratified caffeine clearance rates based on the reported disease of
subjects and groups in the data set. To quantify the effect of disease the absolute clearance of caffeine
(Fig. ) and the logarithmic difference to a control group log(%) (Fig. ) were analyzed. The
corresponding controls were not matched across different studies.

None of the reported diseases increased the clearance rate of caffeine. Most of the diseases contained
in this data set are diseases of the liver (e.g. alcoholic cirrhosis, primary biliary cholangitis) or are
known to affect the liver (e.g. alcohol dependent). Cirrhotic liver disease had moderate to strong effects
on the caffeine clearance with large variability in the reported data. Malaria and obesity had no effect
on clearance with caffeine. An issue in the study of caffeine-disease interaction is that control group
and disease group are different subjects (no cross-over design). In addition diseases were reported very
heterogeneously (e.g. either only cirrhosis or with underlying cause such as alcoholic cirrhosis).

3.6 Metabolic phenotyping

An important question for metabolic phenotyping and liver function tests with caffeine is how saliva
measurements correlate with plasma or serum caffeine measurements, in the following referred to as
blood-based measurements. A good correlation would allow simple non-invasive phenotyping using
saliva samples. To study this question we analyzed (i) the relationship of blood-based concentrations of
caffeine and paraxanthine with their respective saliva concentrations (Fig. [dA,B); and (ii) how the caffeine
clearance measured in saliva correlate to blood-based measurements (Fig. 4[C).

Systematic errors due to different dosing protocols and different clinical investigation seem to
be minimal as the data from multiple studies shows very consistent results. Linear regressions
were performed to quantify the relation between saliva and blood-based caffeine and paraxanthine
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Figure 4. Meta-analysis of caffeine and paraxanthine concentrations in plasma, serum and saliva.
A) Caffeine concentrations in saliva versus caffeine concentrations in plasma or serum. Individual data
points come from a single investigation taken at identical times after caffeine dosing. Marker shape
encodes the different study. Markers are color-coded by caffeine dose in mg. Empty markers correspond to
data in which dosage was reported per body weight but no information on the subject weight was available.
B) Paraxanthine concentrations in saliva versus paraxanthine concentrations in plasma or serum analogue
to A). C) Cafteine clearance calculated from caffeine concentrations in saliva versus plasma or serum
clearance. The panels A, B and C are in linear scale with a log-log inlet showing the same data. The dashed
line in A, B and C represents a linear regression (y = A - x) with wide shaded area being 95% confidence
interval of the sample variability and narrow shaded area the 95% confidence interval of the fitted mean of
the scaling factor A. D) Time dependency of the metabolic ratio paraxanthine/caffeine. Metabolic ratios
are measured in plasma, serum, or saliva. Data points belonging to a single time course from a study
are connected via a line. The dashed line corresponds to the linear regression log(y) = B - log(t) + A.
Jitter was applied on the time axes for better visibility of overlapping points. Data selection criteria and
visualization are described in the methods section.

measurements (see Fig. BA-C). The resulting scaling factors of saliva to blood-based concentration of
caffeine and paraxanthine are 0.79 + 0.01 and 0.68 £ 0.02 (x 4+ S D), respectively. Pearson correlation
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coefficients between saliva and blood-based concentrations for caffeine and paraxanthine are 0.84 and
0.76, respectively.

When comparing saliva-based caffeine clearance against blood-based clearance (Fig. BC) an even
stronger correlation of 0.88 with a scaling factor of 01.04 £ 0.02 (z £ SD) is observed. The integrated
clearance data strongly indicates that clearance can either be calculated from saliva or blood-based
measurements.

Paraxanthine/caffeine ratios are mainly used for metabolic phenotyping based on caffeine. Whereas
most studies use 6 hours to phenotype no clear consensus exists in the literature and metabolic ratios
are reported for varying time points after caffeine application. Paraxanthine/caffeine ratios for caffeine
administered either as a single dose or in a cocktail to healthy, non-smoking, non-pregnant, and non-oral
contraceptive consuming subjects were investigated (Fig. @D). By applying this strict data filtering, the
variability due to either smoking and oral contraceptive use (see Sec.(3.3), caffeine-drug interactions (see
Sec.[3.4) or disease (see Sec. [3.3) could be removed from the metabolic ratios.

Early and late time-sampling are least suitable for phenotyping. At these time points concentrations
are low, resulting in relatively high random errors and thus low single to noise ratio. In an early stage,
the outcome of metabolic ratios are further influenced by the distribution phase of the substance and
its absorption kinetics, both affected by form and route of administration. Main results are that the
metabolic phenotyping with paraxanthine/caffeine ratios is strongly time dependent with increasing ratios
with time; and that a clear caffeine-dose dependency exists in the phenotyping with smaller caffeine
doses increasing the metabolic ratio. Our results show the importance of clear standardized protocols for
metabolic phenotyping.

In summary, by integrating data from multiple studies we could show a very good correlation between
saliva and plasma caffeine concentrations, paraxanthine concentrations and pharmacokinetic parameters
calculated from saliva versus plasma concentrations. This pooled data provides a strong argument
for caffeine phenotyping based on saliva samples. Furthermore, we analyzed the time dependency of
paraxanthine/caffeine ratios often used for phenotyping of CYP1A2. Our time dependent correlation
allows to correct caffeine/paraxanthine ratios depending on the time after application and caffeine dose.

4 DISCUSSION

Within this work, we performed a systematic data integration and multiple data analyses of reported
data on caffeine pharmacokinetics in adults with focus on applications in metabolic phenotyping and
liver function testing. To our knowledge, this is the largest data set and analysis of its kind so far.
Data integration from multiple sources allows to solidify existing knowledge, increases statistical power,
increases generalizability, and creates new insights into the relationship between variables (Thacker,
1988). For instance, by systematically curating group and subject information on smoking status and oral
contraceptive use, we could show a reproducible and consistent effect of smoking induction and inhibition
via oral contraceptives over many studies and the complete dose regime of applied caffeine. Only a
small subset of studies was specifically designed to study these questions (e.g. smoking by (Benowitz
et al., 2003; Gunes et al., [2009; Parsons and Neims, |1978; |Backman et al., 2008) and oral contraceptives
by (Patwardhan et al., |[1980; Abernethy and Todd, 1985} Rietveld et al., [1984))). Publicly providing
comprehensive pharmacokinetics data in combination with detailed metadata allows to study new aspects
of caffeine pharmacokinetics often not even anticipated by the original investigators. One example of
such a new aspect is the determination of dose and time-dependency of metabolic phenotyping via
paraxanthine/caffeine ratios besides many of the data sets only reporting data for a single time point
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and dose. Naturally, the advantages of open data are not exclusive to the study of caffeine, but apply to
any given substance.

Like all data integration and meta-analysis methods limitations due to sampling bias, biased outcome
interpretation and inadequate data may exist (Thacker, 1988|). Despite being the most comprehensive
analysis so far, we could only present selected aspects mainly driven by the availability of reported
data. Our focus in this study was on key factors affecting caffeine pharmacokinetics (smoking and
oral contraceptive use), caffeine-drug and caffeine-disease interactions, as well as information relevant
for the metabolic phenotyping and liver function testing with caffeine. Other important factors such as
the pharmacogenetics of caffeine or urinary metabolic ratios have not been presented. Importantly, the
corresponding data has been curated and is readily available in PK-DB, but often very sparse (e.g. in
case of genetic variants) or very heterogeneous (e.g. in case of urinary data). Despite many implemented
measures to ensure high data quality (e.g. validation rules and checking of studies by multiple curators),
we are aware that the created data set may contain mistakes. Please report such instances so that these can
be resolved.

The scope of the presented data set is limited to caffeine pharmacokinetics in human adults. Future
work will extend our data curation effort towards children and infants and include studies with animal
experiment. In addition, despite trying to be as comprehensive as possible additional studies with relevant
data exist. Please contact us in such cases so that we can include these additional studies. Contribution of
missing data is highly appreciated. Also if you want to contribute a caffeine data set of your own please
get in contact.

The large inter-individual variability in caffeine pharmacokinetics is a major limitation for metabolic
phenotyping and liver function tests. Our work allowed to evaluate the effect of key factors on caffeine
pharmacokinetics such as smoking, oral contraceptive usage or caffeine-drug interactions. An important
next step will be the development of methods to quantify and correct for these confounding factors.
This could allow to reduce variability in caffeine based testing. A promising tool in this context are
physiological-based pharmacokinetics (PBPK) models (Jones and Rowland-Yeo, [2013) using information
from the established data set as input for stratification and individualization. We could recently show that
such an approach based on a similar data set for indocyanine green (ICG) allowed to account for important
factors affecting ICG based liver function tests (Koller et al., 2021)).

An important outcome of our analysis are the very good correlations between saliva- and blood-based
measurements for caffeine with 0.77 R?=0.74 in very good agreement with data reported previously in
individual studies 0.74 + 0.1 R2=0.98 (Akinyinka et al., 2000), 0.794 0.05 R2=0.96 (Zylber-Katz et al.,
1984), 0.74 + 0.08 (Newton et al., [1981), 0.74 + 0.08 R?=0.90 (Jost et al., [1987), 0.71 R?=0.89 (Scott
et al., [1984), 0.73 4+ 0.06 (Walther et al., |1983), and for paraxanthine 0.68 R2=0.76 compared to 0.77
R2=0.91 (Nakazawa and Tanaka, 1988).

Several studies have shown that blood-derived pharmacokinetic parameters show excellent correlation
with saliva-derived parameters (Akinyinka et al., 2000; Newton et al., |1981). We could confirm this
observation when systematically analyzing the correlation between saliva- and plasma/serum-derived
clearance. Overall we could show that the data from multiple studies are in very good agreement with
each other after excluding data with confounding factors such as smoking or oral contraceptive use. These
integrated results are a strong argument for saliva based metabolic phenotyping and liver function tests
with caffeine, with sampling from saliva being convenient, painless, economical, without the requirement
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for special devices. Further, they allow simple repeated sampling as often required for pharmacokinetic
research (Zylber-Katz et al., |1984).

Importantly, our results are not only applicable to caffeine, but many aspects can be translated to
other substances metabolized via CYP1A2, e.g. to the LIMAX liver function tests based on the CYP1A2
substrate methacetin (Rubin et al., 2017). E.g. based on our analysis we would expect smoking and oral
contraceptive use to be confounding factors of LiMAX tests, which should be recorded and be accounted
for in the evaluation of liver function.

Our systematic curation and analysis of reported caffeine data provided an overview of the current
state and limitations of reporting of pharmacokinetic data. In summary, an accepted standard, minimum
information guidelines, and standardized meta-data for the reporting of pharmacokinetics data of caffeine
are missing. This finding is apparently not only true for the pharmacokinetics of caffeine but rather
generally true for reporting of pharmacokinetics research. Major shortcomings in reporting are missing
minimum information on factors that are known to influence the pharmacokinetics of caffeine (e.g.
smoking and oral contraceptive status). Often not even basic subject information (e.g. weight, sex, or
age) are reported. These factors are essential in the analysis of the pharmacokinetics of any substance in
vivo (Stader et al., |2019). In general-purpose pharmacokinetic data sets, concentration-time profiles are
the fundamental and most valuable data type. Common practice however is not to report the raw measured
data but only derived pharmacokinetic parameters or metabolic ratios. We strongly advocate the reporting
of all data on an individual level while including detailed anonymized meta information alongside the
concentration-time profiles. Access to the individual raw data would enable data integration with different
data sets and the stratification of the data under various aspects. There are recent efforts in creating a
standard resource for that matter (Grzegorzewski et al., 2020).
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