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Abstract
Introduction. Wearable devices that obtain transdermal alcohol concentration (TAC) could become valuable research tools
for monitoring alcohol consumption levels in naturalistic environments if the TAC they produce could be converted into
quantitatively-meaningful estimates of breath alcohol concentration (eBrAC). Our team has developed mathematical models
to produce eBrAC from TAC, but it is not yet clear how a variety of factors affect the accuracy of the models. Stomach content
is one factor that is known to affect breath alcohol concentration (BrAC), but its effect on the BrAC-TAC relationship has
not yet been studied. Methods. We examine the BrAC-TAC relationship by having two investigators participate in four lab-
oratory drinking sessions with varied stomach content conditions: (i) no meal, (ii) half and (iii) full meal before drinking,
and (iv) full meal after drinking. BrAC and TAC were obtained every 10 min over the BrAC curve. Results. Eating before
drinking lowered BrAC and TAC levels, with greater variability in TAC across person-device pairings, but the BrAC-TAC
relationship was not consistently altered by stomach content. The mathematical model calibration parameters, fit indices, and
eBrAC curves and summary score outputs did not consistently vary based on stomach content, indicating that our models were
able to produce eBrAC from TAC with similar accuracy despite variations in the shape and magnitude of the BrAC curves
under different conditions. Discussion and Conclusions. This study represents the first examination of how stomach con-
tent affects our ability to model estimates of BrAC from TAC and indicates it is not a major factor. [Saldich EB, Wang C,
Rosen I, Bartroff J, Luczak SE. Effects of stomach content on the breath alcohol concentration-transdermal alcohol
concentration relationship. Drug Alcohol Rev 2021]

Key words: alcohol biosensor, transdermal alcohol concentration, breath alcohol concentration estimation, stom-
ach content, real-time assessment.

Introduction

Transdermal alcohol devices can monitor alcohol con-
sumption continuously over extended periods of time
in real-world environments, and therefore have the
potential to be highly useful to researchers interested
in studying naturalistic drinking behavior [see 1,2].
The transdermal alcohol concentration (TAC) that the
devices record is obtained at the surface of the skin,
which means TAC is a combination of the subcutane-
ous blood alcohol concentration (BAC), the transder-
mal diffusion of the alcohol and the absorption of the
superfacial alcohol into the TAC device [see 3-5].
Thus, in relation to BAC, TAC is delayed by the time
required to get from the blood into the device [6–10],

and its concentration is altered by person-level factors,
such as skin thickness and hydration, device-specific
factors and environmental factors, such as ambient
temperature and humidity [see 2,4,5]. This reality—
that raw TAC does not straightforwardly map (either
temporally or quantitatively) onto BAC—makes it dif-
ficult to directly use TAC as a meaningful quantitative
indicator of alcohol levels in the body [see 11,12]. This
is unlike breath alcohol concentration (BrAC), which
does map well onto BAC [13] and is considered basi-
cally equivalent to BAC. Unfortunately, using breath
analysers in the field requires active participation,
interferes with naturalistic conditions and can produce
inaccurate BrAC measurements (e.g. due to mouth
alcohol while drinking). Thus, the need to passively
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obtain quantitatively- and temporally-accurate concen-
trations of alcohol during naturalistic drinking events
may still be better met via TAC, if TAC can be reliably
converted into estimated BAC/BrAC (eBAC/eBrAC).
Our research team has created the BrAC Estimator

software, which utilises physics- and physiological-
based mathematical models we have developed to
translate TAC into eBrAC [4,8,14-20]. We assume
the dynamics of the process described by the model
are common to every person. Then, variation in the
BrAC-TAC relationship across each person-,
environment- and device-combination is captured by
the unique parameters used in the model. There are
two key parameters in the model—q1, the rate at which
alcohol diffuses through the skin, and q2, the net rate
at which alcohol enters and leaves the skin and is
processed by the TAC device. The optimal parameter
values for each person-device pairing (denoted q1* and
q2*) can be obtained during an alcohol administration
session where an individual wears a particular device
and is monitored for both TAC and BrAC [8,14,15]
or by using population-based parameter estimates
[4,17–19]. Once obtained, the optimal parameter
values can be used to model all drinking episodes for
that person-device pair. The most recent version of the
BrAC Estimator software combines the deterministic
approaches we have incorporated into software in the
past [e.g. 8,21] with population-based statistical
approaches (as have been examined by others
[e.g. 22]), which enables us to produce credible bands
around the estimated BrAC and TAC curves
[4,17–19].
This mathematical system models the diffusion of

alcohol from the subcutaneous blood through the skin
and into TAC device (the forward phase of the model)
and allows retrieval of only BrAC (the inversion phase
of the model), not further back to oral ingestion or
metabolism through the stomach, gut or liver. Thus, it
is not expected that drinking episode variations like
stomach content will affect our models, but we have
yet to systematically examine this topic.

Effects of stomach content on alcohol metabolism and
BAC/BrAC

Because alcohol is typically consumed orally, its bio-
availability (i.e. the amount of alcohol that reaches the
bloodstream) is affected by stomach content [5,23].
Food in the stomach slows the gastric emptying rate at
which stomach contents (including alcohol) are emp-
tied into the duodenum, in which most alcohol
(�80%) is absorbed into the bloodstream [5,24–27].
This slowed rate of gastric emptying has been shown

to cause the bulk of alcohol absorption to occur in the
stomach at a slower rate of absorption than occurs in
the duodenum [25,28] and to increase the first pass
metabolism of alcohol (i.e. the amount of alcohol that
is metabolised before reaching the blood [29]). This
increased first pass metabolism due to stomach con-
tents has been ascribed to the extended exposure to
alcohol metabolising enzymes in the stomach [30] and
to the improved ability of the liver to metabolise alco-
hol when it is delivered at a slower pace [31]. Even
when alcohol is administered intravenously, research
has shown a 30–45% increase in the rate of alcohol
elimination from having food in the stomach [32,33],
which similarly has been attributed to both increased
activity of alcohol metabolising enzymes and increased
hepatic blood flow [5,31,32], with hepatic blood flow
remaining elevated for over 3 h after a meal [34].
Taken together, these studies indicate having food

in the stomach when consuming alcohol slows the
absorption of alcohol, reduces the amount of alcohol
that reaches the bloodstream and increases the rate of
elimination. These effects of stomach content on alco-
hol pharmacokinetics in the body are consistent with
studies that show eating prior to consuming alcohol
reduces BAC/BrAC peak, timing of peak and the area
under the alcohol curve (AUC) [35–37]. Sadler and
Fox [37] demonstrated that eating prior to drinking
attenuated the BrAC peak and shortened the time to
reach peak BrAC in a manner that was dependent
upon the amount of food consumed, with the largest
amount of food resulting in about two-thirds (69%) of
the fasting peak in half the time (22 vs. 44 min). In
addition, Jones et al. [36] found AUC was reduced by
�45–60% after eating meals of various macronutrients
compared with fasting, with it taking 1–2 h longer to
fully eliminate alcohol from the blood in the fasted
condition.

Study aims

In this study, we examine the possibility that stomach
content affects the BrAC-TAC relationship and our
ability to accurately produce eBrAC. We first compare
raw BrAC and raw TAC peak ratios, time of peak dif-
ference scores and AUC ratios from laboratory drink-
ing sessions with varied eating protocols conducted by
two investigators. We then examine the fit of our
mathematical models as coded in our BrAC Estimator
software. We compare the model optimisation parame-
ter values from the calibration phase for each person-
device pair across the four eating conditions. If the
BrAC-TAC relationship is not altered by stomach con-
tent, q1* and q2* should be consistent across the four
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conditions within each person-device pair. Lastly, we
examine the eBrAC curve fit indices and summary
scores from the inversion phase compared with
raw BrAC.

Methods

Participants

Two of the investigators (second author Asian male,
last author non-Hispanic White female) collected
BrAC and TAC data in the laboratory, which was not
considered to be human subjects research by the Uni-
versity of Southern California Institutional Review
Board. Participants were of similar height (within an
inch), weight (within 10 lbs; body mass index normal
range) and age (within 10 years). Given the primary
aim of the study was to examine within-person varia-
tion in the BrAC-TAC relationship data based on
stomach content, utilising investigators ensured the
accuracy of participant reporting of eating/drinking
prior to arriving in laboratory.

Devices

SCRAM-CAM® devices (Alcohol Monitoring Sys-
tems, AMS, Littleton, CO, USA) were used to mea-
sure TAC, temperature and infrared light (a measure
of adherence) at the surface of the skin. BrAC mea-
surements were obtained with Alco-Sensor IV breath
analysers (Intoximeters, Inc., St. Louis, MO, USA).

Procedure

Participants each completed four drinking sessions fol-
lowing 4 h of fasting: (i) no meal; (ii) half meal prior:
consumed half a meal 30 min prior to drinking;
(iii) full meal prior: consumed a full meal 30 min prior
to drinking; and (iv) full meal after: consumed a full
meal 30 min after drinking. The full meals consisted of
240 mL of water and a bagel with butter and jelly
(�400 cal). The half meal prior condition included
half the water and food (�200 cal). The alcohol dose
was held constant at 86 mL of 80 proof alcohol, or two
standard drinks, for all sessions for both participants.

Drinking sessions began in the late afternoon. Partici-
pants wore the same two TAC devices, one on each
bicep, in all four sessions; this placement, as opposed to
on the ankle, was selected with guidance by AMS and
after pilot testing in order to increase signal strength
and reliability. Devices were calibrated before drinking
also in accordance with AMS recommendations. During

each session, participants took �5 min to consume meals
and 15 min to consume alcohol. BrAC and TAC read-
ings were obtained every 10 min until BrAC returned to
0.000. To be consistent with our general laboratory alco-
hol administration procedure [e.g. 38,39], at 150 min
after alcohol administration, participants ate a meal (in all
sessions, this was a 480-cal salad with chicken and
240 mL of water). Once BrAC returned to 0.000, partici-
pants left the laboratory wearing the TAC devices, which
continued to read automatically every 30 min, and
proceeded with routine daily activities that did not
include rigorous physical exercise (i.e. more than walk-
ing) while TAC was >0.000.

Data analysis

Raw data. Each participant had two sets of TAC data
per drinking session and four drinking sessions,
resulting in eight TAC-BrAC datasets per participant.
We examined raw TAC:raw BrAC ratios for ‘peak’
and ‘AUC’, and we examined difference scores
between ‘time to peak’ of BrAC and simulated TAC
(sTAC), which effectively is a smoothed (i.e. filtered)
version of the TAC curve produced by the BrAC Esti-
mator software (see black dotted lines in Figure 2).

BrAC estimator. Each of the 16 BrAC-TAC datasets
was entered into the BrAC Estimator software to obtain
unique q1* and q2* parameter values, which were then
used in the inversion phase to produce the eBrAC
curve and summary scores. From the calibration
phase, we compared q1* and q2* values across the four
eating protocols within each person-device pair. From
the inversion phase, we compared raw BrAC data
points modeled as a spline function to obtain a curve
[40] and eBrAC summary scores for peak, AUC and
‘duration >0.000’. We used three indicators of eBrAC
curve fit: percent of raw BrAC captured by the 75%
credible bands of the eBrAC curve, L2 error (the
square root of the sum of the squares of the difference
between the BrAC and eBrAC curves) and relative L2

error (L2 error normalised by the square root of the
sum of the squares of the BrAC curve).

Results

Raw BrAC and TAC

Figure 1 visualises the raw BrAC and both sets of raw
TAC for each of the eight drinking sessions. Raw TAC
data from the two devices worn simultaneously align
well in most conditions, with device differences being
most notable in the full meal after condition for both
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participants (compare left and right arm TAC data of
each session in Figure 1). Table 1 shows the raw BrAC
and raw TAC summary scores for peak, time to peak
and AUC in all 16 pairs of BrAC-TAC data, along with
TAC:BrAC ratios for peak and AUC and the TAC-
BrAC difference scores for time to peak. The table
rows show that compared with the no meal condition,
raw BrAC peak was reduced similarly for the half and
full meal prior conditions (calculated as 50–51% in the
female, 32–42% in the male). Raw BrAC time of peak
occurred at either the 20- or 30-min post-consumption

BrAC reading in all conditions, which is prior to eating
in the full meal after condition (see Table 1 for peak
BrAC times). In the female participant, BrAC AUC
was reduced by about one-third (39%) in both the half
and full meal prior conditions and by about one-
quarter (24%) in the full meal after condition
compared with the no meal condition. In the male par-
ticipant, BrAC AUC also was reduced by about one-
third (33%) in the full meal prior condition, but by less
in the half meal prior (13%) and not at all (0%) in the
full meal after condition.

Figure 1. Raw breath alcohol concentration (BrAC) and raw transdermal alcohol concentration (TAC) curves for all eight drinking sessions.
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Table 1 columns of peak TAC:BrAC ratios show
they were relatively consistent within person-device
pairs. In the female participant, peak ratios ranged
from 0.50 to 0.75 for the left TAC device and from
0.44 to 0.63 for the right TAC device. In the male par-
ticipant, peak ratios also were relatively consistent
across sessions albeit somewhat lower than in the
female, ranging from 0.38 to 0.58 for the left TAC
device and from 0.25 to 0.40 for the right TAC device.
AUC ratios also were relatively similar within person-
device pair, ranging in the female from 0.73 to 1.14 for
the left TAC device and from 0.61 to 0.88 for the right
TAC device, and in the male from 0.63 to 0.97 for the
left TAC device and from 0.24 to 0.71 for the right
TAC device, with the 0.24 (from the full meal after
condition) being slightly out of range. There was no
clear trend in the ratio values among the eating condi-
tions across the device pairs.
Table 1 shows time to peak sTAC had a wider range

than time to peak BrAC, with both meal prior condi-
tions delaying the peak compared with no meal, with
the exception of female right TAC device. The full
meal after condition either closely approximated the
no meal condition (e.g. female left TAC device, male
right TAC device) or fell between it and the meal prior
conditions (e.g. male left TAC device), with the excep-
tion of the female right TAC device.

BrAC estimator outcomes

The first two columns of Table 2 show the q1* and q2*
parameter values produced by the BrAC Estimator soft-
ware for each dataset. There was not a clear effect of
stomach content on the parameters, with values being
in a similar range [0.30–2.09, with the exception of
one q1* value of 6.00 (from the male participant’s left
arm no meal condition, see panel 1 of Figure 2b)] for
each person-device pair across eating conditions.
(Note that these scores can be magnitudes higher for
some person-device pairs under varying conditions.)
The middle columns of Table 2 show the three epi-

sode summary scores. Peak BrAC and peak eBrAC
matched closely, with difference scores being only
>0.010 in three of the 16 datasets. Moreover, the dif-
ference between peak BrAC and eBrAC did not appear
to depend on stomach content condition. The AUC
difference scores also were consistently low in all
datasets, with all 16 datasets below 0.020%
alcohol × hours, including 11 datasets ≤0.010. Finally,
the duration >0.000 difference was <30 min in all
datasets except one at 35 min (female, left arm, full
meal after condition), including six within 10 min of
each other, which was the time interval between raw

BrAC readings in our protocol. As with peak, the
AUC and duration >0.000 difference scores showed
no clear pattern of variation across the stomach con-
tent conditions.
The last three columns of Table 2 and Figure 2a

(female) and b (male) show the eBrAC curves and fit
indices. In most of the 16 datasets, the eBrAC curves
mapped well onto the raw BrAC curve, and the sTAC
curves mapped well onto the raw TAC curve. Goodness
of fit across stomach content conditions was relatively
similar, with percent of raw BrAC captured by the
eBrAC 75% credible band ranging from 63 to 86% in
the female and from 60 to 91% in the male. L2 error
showed the difference in the BrAC and eBrAC values
was ≤0.020 in all but two datasets (female, left and right
arms, no meal condition), and relative L2 error showed
curve fits all below 0.40, including three below 0.20
and 9 datasets in the 0.20–0.30 range. These results
were consistent across the two devices worn by each
participant. As with the summary scores, there was no
indication the variability was linked to stomach content.
In a final set of analyses, we reran the BrAC Estima-

tor software inversion phase for the three eating condi-
tions using the q1* and q2* values obtained from the
no meal condition for each of the four person-device
pairs (see Figure 2c for the left arm TAC device
results, which can be compared to the left columns of
Figure 2a,b, and Table S1, Supporting Information,
for numeric results). eBrAC curves and fits were
largely consistent with fits when each session was run
through the software separately, indicating the parame-
ter values obtained in the fasting state, which is the
protocol we have used in the past to calibrate the
model parameters for each person-device pair, con-
tinue to produce relatively accurate eBrAC from TAC
in drinking episodes with varied timing and quantities
of stomach contents.

Discussion

This study examined the effect of stomach content on
the BrAC-TAC relationship by comparing raw BrAC-
TAC data, BrAC Estimator model parameters within
device-person pair, and model output of eBrAC curves
and summary scores. The confluence of evidence from
these three approaches points to there not being a
strong effect of stomach content on the BrAC-TAC
relationship or on our ability to model this relationship
into eBrAC. Variation in peak BrAC across our eating
conditions was consistent with well-established effects
of stomach content on peak BrAC [5,23], although we
did not see the expected delay in peak BrAC timing
from eating [37] perhaps because of differences in our
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protocol that resulted in a steep ascending limb in all
of our datasets.
As expected, we observed raw TAC score variations

across the two participants and their devices, but the

variability in TAC did not appear to be related to
stomach content condition. Reductions in TAC peak
and AUC in the meal prior conditions mapped onto
reductions in BrAC peak and AUC, respectively, in

Figure 2. Estimated breath alcohol concentration (eBrAC) curve with 75% credible band and simulated transdermal alcohol concentration
(TAC) curve from the BrAC Estimator software compared with raw BrAC and raw TAC measurements in all sessions for (a) the female

participant and (b) the male participant, and (c) the three eating conditions for both the female and male left arm TAC device when
calibrated using the no meal condition parameter values for that person-device pair.
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most of the datasets. We also observed delayed time of
peak TAC (but not BrAC) in some of the meal prior
datasets. However, because the TAC curves often plat-
eaued, which is expected due to diffusion process
through the skin, it can be difficult to determine both the
exact peak TAC time and its importance as a single time
point. This effect of diffusion, along with different timing

protocols for obtaining BrAC and TAC and use of differ-
ent TAC device brands and models, also may explain
some of the variability of peak BrAC-TAC lag times
reported in prior studies [7,9,22]. Thus, comparing
BrAC and TAC peak times may be a less meaningful
indicator of how BrAC and TAC relate to one another
than other summary scores, such as peak and AUC.

Figure 2. Continued
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The most important finding of this study is that even
with variations in TAC curves and TAC:BrAC ratios
on summary scores across datasets for each person-
device pair (including devices worn simultaneously),
our mathematical models were able to produce rela-
tively accurate eBrAC from raw TAC. The eBrAC
curves accounted for variation in the shape and magni-
tude of the raw BrAC curves across drinking episodes,
individuals, devices and stomach content conditions,
and model output eBrAC summary scores matched
well with raw BrAC summary scores. Our models uti-
lise the BrAC-TAC relationship for each person-device
pair over the entire BrAC and TAC curves (both from
0.000 and back down to 0.000) to convert TAC into
eBrAC, representing a loop from BAC to TAC and
back only to estimates of BrAC, and thus do not
include modeling the absorption of alcohol from the
stomach and gut into the blood. Now, beyond the
physiological rationale of the model, this study

provides empirical evidence that our mathematical
model is not substantially affected by BrAC variations
that are due to stomach content. The results of this
study add to our confidence that our models do not
need to be adjusted for stomach content to produce
temporally- and quantitatively-accurate eBrAC.
Given the small sample size of this study, we did

not conduct statistical analyses, but future research
with larger samples and sufficient power may reveal
statistically significant differences across eating con-
ditions. The effect sizes determined in these studies
could then be used to understand the real-world
importance of variations in stomach contents on the
modeling of the BrAC-TAC relationship. This study
serves as the first examination of this topic and pro-
vides initial evidence that stomach content does not
appear to play a major role in the BrAC-TAC rela-
tionship or to greatly affect our ability to model
TAC into eBrAC.

Figure 2. Continued
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Our findings suggest that our efforts to model fac-
tors that substantially affect the BrAC-TAC relation-
ship may be better focused on variables other than
stomach content, such as skin thickness and hydration,
perspiration and electrodermal activity, and/or blood
flow that may substantially change this relationship
(see Figure 3 as an example of TAC increasing from
10 min of running). We also note, however, that some
movement (e.g. walking) and changes in ambient con-
ditions (e.g. going outside) that occurred after partici-
pants left the laboratory in this study did not greatly
affect TAC levels or our model fit, indicating a robust-
ness of the models for a given range of routine condi-
tions. Additional research exploring factors that will
vary outside of the laboratory is necessary to improve
the accuracy of our mathematical models and BrAC
Estimator software, especially given natural drinking
conditions will introduce further variation and uncer-
tainty into the model that must be captured for TAC
to become a quantitative research tool.
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