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Abstract

Aim—To validate a [*3C]- Spirulina platensis gastric emptying (GE) breath test (GEBT) with a
standardized meal.

Methods—38 healthy volunteers and 129 patients with clinically suspected delayed GE
underwent measurements at 45, 90, 120, 150, 180, and 240 min after a 238 kcal meal labeled test
with 100 mg [13C]-Spirulina platensis, and 0.5 mCi 2°™Tc. We established normal ranges for
scintigraphy with this test meal, intra- and inter-individual coefficients of variation (COV) and the
ability of the [13C] GEBT breath kPCD (percent dose excreted *1000) values to predict
scintigraphic t%, and to categorize GE as delayed, normal or accelerated.

Results—In health, the 10t and 90™" percentile of t¥ for scintigraphic GE with this meal are 52
and 86 min; intra-individual COV for scintigraphy and the GEBT were respectively 31% and 27%
at 45 min; 17% and 21% at 90 min; 13% and 16% at 120 min; 10% and 13% at 150 min; and 8%
and 12% at 180 min. Inter-individual COVs at each time for the [13C] GEBT and scintigraphy
were typically ~ 1-4% lower than intra-individual COVs. Individual breath samples at 45, 150 and
180 min predicted GE category: at 80% specificity, 45 and 180 min samples combined were 93%
sensitive to identify accelerated GE; 150 and 180 min combined were 89% sensitive for delayed
GE.

Conclusions—[13C]-Spirulina platensis GEBT is as reproducible as scintigraphy; imprecision
with both tests reflects physiologic variation. Using 4 breath samples, this method with an off-the-
shelf meal is valid to assess GE in clinic and in research.

INTRODUCTION

The measurement of gastric emptying (GE) by stable isotope breath tests (GEBT) has
practical and safety advantages compared to current scintigraphic methods (1). Unlike
scintigraphy, which requires elaborate detection equipment and the patient to be located in
the same setting, GEBT can be performed just about anywhere, including any office or
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bedside because the collected breath samples are stable, and the samples can sent to a
remote site for analysis. GEBT is safer than scintigraphy because it involves no radiation
exposure, which is advantageous if repetitive assessments of GE are needed for research or
clinical purposes, or if assessment of GE is needed in pregnant or breast feeding women, and
in children.

In previous studies conducted in our laboratory (2-5), we demonstrated that, as compared to
simultaneous scintigraphy, the [13C]-octanoate and [*3C]-Spirulina platensis GEBT
provided an acceptable assessment of the GE of solids in humans, with acceptable
coefficient of variation comparable to scintigraphy. [13C]-Spirulina platensis GEBT was
able to identify accelerated or delayed emptying induced pharmacologically with placebo,
erythromycin, or atropine. Across the range of GE, the mean difference in t'2 between the
two methods was 0.15 minutes with standard deviation of 35.5 minutes (6). The meals used
in the prior studies were not completely standardized (e.g. egg size and weight may differ),
and were not shelf-stable.

In order to facilitate safe, point-of-care assessment of GE, a standardized test meal
consisting entirely of shelf-stable components including 100 mg [Y3C]-Spirulina platensis
has been developed (7). In the current prospective, validation study, comparing [13C]-
Spirulina platensis GEBT using a standardized, shelf-stable meal with simultaneous
scintigraphic GE, our aims were: 1) to establish normal ranges for scintigraphy with this test
meal; 2) to appraise the performance characteristics (intra- and inter-individual coefficients
of variation (COV) of both scintigraphy and [*3C]-Spirulina platensis GEBT) in healthy
volunteers; and 3) to assess the ability of the [13C]-Spirulina platensis GEBT breath kPCD
(percent dose excreted *1000) values to predict scintigraphic t%, and to categorize GE as
delayed, normal or accelerated in patients with symptoms suggestive of abnormal GE.

METHODS

Experimental Design

This prospective, open-label comparison validation study was conducted at the Mayo
Clinic’s Clinical Research Unit. All studies were approved by the Mayo Clinic Institutional
Review Board.

In the first phase, we performed a calibration study in 38 healthy volunteers to estimate the
reference range for scintigraphic results using the standardized, shelf-stable test meal, and to
estimate the total variability (imprecision) of scintigraphy and [13C]-Spirulina platensis
GEBT measurements on healthy volunteers. Twenty-eight participants underwent studies on
two occasions in order to study intra-individual variation.

In the second phase of this study, we validated the [13C]- Spirulina platensis GEBT for use in
the diagnosis of delayed GE by studying 124 participants who were referred for scintigraphy
for clinically suspected abnormal GE, and in 5 healthy subjects who received atropine
(0.01mg/kg iv bolus over 10 minutes, followed by 0.01 mg/kg infusion over 50 minutes) to
pharmacologically delay GE.

Eligibility Criteria for Participants

In the first phase, we recruited by public advertisement 38 normal participants, males and
females between 18-75 years old. Females of childbearing potential were required to have
negative pregnancy urine test within 48 hours of the dual-label GE test. Participants were
excluded if they had any history, physical examination, or laboratory finding to suggest
systemic diseases, history of abdominal surgery except appendectomy; clinically significant
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neurological or psychiatric disorders, use of narcotics or anticholinergics agents within two
days of the study; or receipt of an investigational drug within 4 weeks prior to the study.

In the second phase of the study, 124 participants were recruited from patients referred for
GE by scintigraphy based upon clinical assessment by physicians at the Mayo
Gastroenterology Motility Clinic. Participants were males and females, 18 — 75 years old,
and had similar inclusion criteria except concomitant general diseases or suspicion of
delayed GE were not exclusion criteria, and in addition there could be no history or
suspicion of malabsorption due to mucosal disease, pancreatic disease or liver dysfunction.
The 5 normal participants, who received atropine in the second phase of the study, were
recruited by public advertisement and had the same inclusion/exclusion criteria as the
normal participants used in the first phase of the study.

For each potential participant, a screening visit was conducted in which consent was
obtained and a physical exam was performed. After an overnight fast (minimum 8 hour), the
participants returned to the study center at approximately 7:00 a.m. at which time the dual-
label GE test was started. The patient consumed the test meal containing [13C]-Spirufina
and 99MTc sulfur colloid. Scintigraphic images were obtained upon completion of the meal
and at 45, 90, 120, 150, 180, and 240 minutes after the meal. Breath samples were collected
at baseline before the test meal was started, and simultaneously with scintigraphic image
acquisitions after the ingestion of the test meal.

The test meal consisted of 1mCi %™Tc-sulphur colloid, 100 mg [13C]-Spirulina platensis, 27
g freeze dried egg mix, 6 saltine crackers, and 180 mL of water. The caloric content of the
meal is 238 kcal, and the meal has a balanced composition of 16.9 g carbohydrates, 14.4 g
protein, and 11.2 g fat. The nature and size of the meal were selected to ensure stability at
room temperature, palatability, and calorie content that would be consumed entirely, even by
patients with suspected gastroparesis and upper abdominal symptoms.

Substrate for 13CO, Breath Test ([13C]-Spirulina platensis)

S. platensis is a protein-rich, blue-green algae eaten as a food source in many parts of the
world, and is sold as a dietary supplement in the United States (8-10). It contains 50-60%
protein, 30% starch, and 10% lipid (11). The natural level of 13C in S. platensisand in all
living things is about 1% (12). The S. platensis used in this study was grown in a closed
hydroponics chamber charged with pure 13C-source, raising the level of 13C in the resultant
cells to 99% (7). Because the contents of the algal cells are not freely diffusible,
incorporation of 13C-labeled S. platensis into the egg mix provides a way to assess the
emptying of the solid phase of the meal. 13C can only be released from the algal cells after
the egg mix is emptied from the stomach, the cells are digested, and the 13C-labeled
substrates (algal protein, fat, and carbohydrate) are absorbed and metabolized. In this way,
[13C]-S. platensis gives rise to respiratory CO, that is enriched in 13C.

Measurement of Breath 13CO, during [13C]-Spirulina platensis GEBT

Breath samples were taken at baseline before the meal and followed the same time schedule
as the scintigraphic technique. End-tidal breath samples were collected while the
participant’s abdomen was being imaged by the gamma camera. Breath samples were stored
in duplicate in glass screwcap Exetainer® tubes (Labco Limited, High Wycombe, U.K.)
using a straw to blow into the bottom of the tube to displace contained air. After re-capping
the tubes, the 13CO, breath content was determined in a centralized laboratory (AB
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Diagnostics, Brentwood, TN) by isotope ratio mass spectrometry. The 13C enrichment was
expressed as the delta per mL difference between the 13C0O,/12C0, ratio of the sample and
the standard. To calculate the quantity of 13C appearing in breath per unit time, delta over
baseline (DOB) was used where: 0.0112372 is the isotopic abundance of the limestone
standard, Pee Dee Belemnite, and CO, production was corrected for age, sex, height and
weight using the algorithms of Schofield et al., as described by Klein et al. (13).

Analysis of GEBT and Scintigraphy Data

A. GEBT—The currently preferred GEBT metric is the percent dose (abbreviated PCD)
excreted at time t after consumption of the test meal (14). To provide a more convenient
scale, we multiply PCD by 1000 to produce kPCD at any time, t.

DOB + CO,PR + R, % 13
kPCD,= *102d R 0k 1000
* dose

where:

DOB = The measured difference in the ratio [}3C0O,/12C0O,] between a post-meal breath
specimen at any time (t-minutes) and the baseline breath specimen.

CO,PR = CO, Production Rate (mmol CO,/min) calculated using Schofield equations (15)
which incorporate the patient’s age, gender, height and weight.

Rs = The ratio [13C0,/12C0O,] in the reference standard (Pee Dee belemnite) for these
measurements, Rs = 0.0112372

13 = the atomic weight of Carbon-13
10 = A constant factor for converting units

dose = the weight (mg) of Carbon-13 in the dose of [13C]-S. p/atensis administered to the
patient in the test meal. Since [13C]-Spirulina platensis is approximately 43% Carbon-13, a
dose of 100mg [13C]-Spirulina platensis corresponds to approximately 43 mg of Carbon-13.

B. Scintigraphy—A region of interest (ROI) was drawn around the stomach on the
anterior and posterior images for each time frame. Data were corrected for decay of %MTc.
To correct for depth or tissue attenuation, the counts of each anterior and posterior ROl were
multiplied together and the square root of the product was taken to obtain the geometric
mean. The scintigraphic GE metric, Prop;, is the proportion of tracer emptied from the
stomach at time, t. Using a power exponential model, these data were also used to calculate
the GE t¥% after estimating the constants x and f in the power exponential model, Prop;=
exp(—xtP ).

C. Statistical Methods—Data from the first phase of this study were summarized
separately for initial and repeat studies over all subjects. Repeat studies in 28 of the 38
subjects were used to compute intra-individual coefficients of variation (COV) at each scan/
breath sample time point (100*SD of the deltas/overall grand mean). The individual
proportions (Propy) and the calculated t%2 values obtained from the scintigraphic data of the
first study in all 38 normal volunteers were summarized. In particular, the 10t and 90t
percentiles for these data were used to define cutoffs indicating “delayed GE” (e.g. t¥% > 90t
percentile), “accelerated GE” (e.g. t% < 10t percentile), with the remainder considered as
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“normal GE” (e.g. between 10t and 90™ percentiles). We selected 10t and 90™ percentiles
rather than the customary normal range of 5t to 95™ percentiles because this is more likely
to be representative of a normal range based on n=38. These cutoffs were then used to
categorize subjects into the corresponding three groups using the scintigraphically derived
t¥ values for subjects from the second phase of the study.

The joint association between scintigraphic GE proportions at 45, 90, 120, 150, and 180
minutes and the breath test KPCD values at the same time points was assessed using a
canonical correlation analysis which essentially tests simultaneously the 5 x 5 correlation
matrix between the two sets (proportions of GE and kPCD values at each of 5 time points)
of variables. This procedure generates up to 5 “canonical variates” which are linear
combinations of the scintigraphic and breath test variables, the first canonical variate for
each set chosen to reflect the maximal (linear) correlation among all possible linear
combinations of each set of initial variables. The first canonical variate for each of the two
sets was plotted to illustrate the correlation between the two sets of variables.

In view of the results available from the canonical correlation analysis, multiple linear
regression models to predict the individual scintigraphic GE proportions at each time point
using the set of five KPCD values were developed. These models incorporated gender and
BMI as covariates. From the predicted GE proportions, a breath test estimate of the
corresponding t% value could be computed using a simple linear interpolation algorithm
(i.e. linearly interpolate between the predicted GE proportions around 0.5, that is for
emptying of 50% of the meal, to correspond with the t%2). The concordance between the
scintigraphic t % values and the breath test estimated t%2 values was then estimated (16) and
a Bland —Altman plot generated in order to determine whether this would be a useful method
to estimate gastric emptying t% values for use in clinical practice or research.

The ability of the breath test kPCD values to predict scintigraphic t% values was also
assessed using a logistic regression model (with the three group category, delayed,
accelerated, and normal, as the dependent variable) and the breath test KPCD values as
predictors. This approach provides a diagnostic method useful in clinical practice. A
backward elimination approach was used to identify the best subset of kPCD values to
predict the t2 category of each subject. The predicted probabilities (for delayed vs. normal
and for accelerated vs. normal) for each subject were then used as the “marker values” to
generate receiver operating characteristic (ROC) curves. The ROC curves and corresponding
area under curve (AUC) statistics were obtained for the best subset model as well as for
some single breath test models and some models based on two breath test time points. The
SAS software package was used for all statistical analyses (17).

A priori Study Power and Sample Size Proposed

The study was designed to provide adequate power to test the sensitivity and specificity of
the breath test KPCD values to identify delayed GE separately at each of several a priori
chosen time points in a representative sample of patients presenting with upper
gastrointestinal symptoms that may be attributable to abnormal GE.

To test whether a specific cutoff in breath test kPCD values at any particular time point had
a sensitivity of 0.95 (null hypothesis) versus the alternative hypothesis that the sensitivity
was less than 0.85, a sample size of 45 subjects with delayed GE [by scintigraphic methods
(gold standard)] would be needed for 80% power (1-sided alpha level of 0.025). Historical
data at the Mayo Clinic Rochester Motility Clinic indicate that approximately 35% of adults
examined by gastric scintigraphy have delayed GE. This implied 45/0.35 (roughly 128) total
subjects would be needed. Similarly, if the subjects were characterized based on a composite
of the scintigraphic proportions emptied (e.g. a GE t% value) as delayed vs. normal vs.
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accelerated, then a sample of 45 with delayed t%2 values would be needed to test the
sensitivity of a composite breath test score cutoff (e.g., a sensitivity of 0.95 vs. less than 0.85
for delayed vs. normal t% values). Alternatively, to develop a logistic regression model with
5 predictor variables (i.e. the kPCD values at 5 time points) to discriminate between delayed
and normal GE would require about 50 subjects in the smaller of the two groups (delayed
versus normal GE).

Characterization of Patients with Suspected Gastric Emptying Delay

The demographics of the participants in both the calibration phase (health) and the
validation phase (patients) of the study, as well as the referral diagnosis for GE assessment
are shown in Tables IA and IB.

Normal Data and Replicate Studies in Healthy Individuals

Table 11 shows the data from 38 healthy volunteers (27 females, 11 males), and the 10t and
90t percentiles for the GE t¥ for this meal as measured by scintigraphy in healthy
volunteers were 52 and 86 minutes, respectively. Replicate data were acquired on two
occasions in 22 female and 6 male healthy volunteers. The intra-individual coefficient of
variation (SD of deltas/overall mean) is 26% for the scintigraphic GE t% values, with a 95%
ClI for the mean delta of —7 minutes to 8 minutes. The (linear) concordance coefficient for
the pairs of t% values was 0.50. Intra-individual COV for scintigraphy and the [13C]-
Spirulina platensis GEBT were respectively 31% and 27% at 45 minutes; 17% and 21% at
90 minutes; 13% and 16% at 120 minutes; 10% and 13% at 150 minutes; and 8% and 12%
at 180 minutes. Inter-individual COV for scintigraphy and the GEBT were 26.7% and
21.3% at 45 minutes; 16.2% and 18.9% at 90 minutes; 12.1% and 15.7% at 120 minutes;
9.3% and 13.9% at 150 minutes; and 6.0% and 11.8% at 180 minutes.

Gastric Emptying in Patients

Figure 1A shows a summary of the gastric emptying results by t% group in the 129 subjects
with clinically suspected delayed gastric emptying. The data for each point are provided in
detail in Table A (on-line version of manuscript). Note that 55/129 (42.6%) had delayed and
14/129 (11%) had accelerated gastric emptying. Figure 1B shows examples of plots of
observed gastric emptying (proportions remaining in the stomach) and predicted proportions
(based on equations in the text) using the breath test kPCD values shown (along with BMI
and gender). The breath test-estimated t%2 values are then computed by linear interpolation
of the predicted proportions just above and below 0.5.

Correlations between the Scintigraphic and Breath Test Results

Table I11 demonstrates the excellent correlations at individual time points for the GE
parameters by scintigraphy and the corresponding time kPCD values by breath test. These
data essentially establish the strong association between scintigraphic GE proportions and
[13C]-Spirulina platensis GEBT breath kPCD values and support the rationale for
developing a simple analysis of the breath test for its application in practice. The canonical
correlation analysis indicated three significant pairs of canonical variates, and the first pair is
plotted in Figure 2. These canonical variates are (weighted) linear combinations of the GE
proportions and breath test KPCD values, respectively. They are thus related to other specific
functions of the GE proportions. Specifically, the first canonical variate for the GE
proportions (Y-axis in Figure 2) has a strong (negative) relationship with the
scintigraphically based t% values (Spearman correlation of —0.82, p<0.001). The first
canonical variate of the KPCD values (X-axis in Figure 2) was also strongly related to these
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t¥% values (Spearman correlation of —0.73, p<0.001). Since slower GE corresponds to larger
t¥% values, the correlation of these canonical variates with t¥ values is negative, reflecting
the propensity of the slower GE subjects in the lower left quadrant and the faster GE
subjects in the upper right quadrant.

The results of the multiple linear regression models (incorporating gender and BMI as
covariates) provided predicted values for the GE proportions at 45, 90, 120, 150, 180 and
240 minutes. The predicted GE proportions are given by the equations in Table B (on-line
version of the manuscript).

Using the predicted GE proportions from the breath test measurements for each subject, a
gastric emptying t% value was computed for each subject (linear interpolation). The
observed tY% values obtained in each individual by scintigraphy are plotted against the breath
test estimated t%2 values in Figure 3, the concordance was 0.86. The corresponding Bland-
Altman plot is shown in Figure 4. Although the individual differences (scintigraphic t¥% vs.
breath test t%2) varied from —53 to +75 minutes, the mean difference was less than 2 minutes.
More generally, the mean values of the t% values by breath test and by scintigraphy over
any random sample subset of 25 of the 129 patients were very similar. Specifically, the
difference in means (mean scintigraphic t%2 minus mean breath test estimated t %2) ranged
from —16 to +5 minutes over 500 replications (i.e., random sample of size n=25 of the 129
subjects studied was repeated 500 times).

Based on the normal value study, the 10t and 90™ percentiles of GE t% using scintigraphy
were used to classify patients into “delayed” (t%2 >86 min), “accelerated” (t%2 <52 min) or
“normal” (t%2 52—-86 minutes) GE. There were 55 patients with delayed GE, 14 with
accelerated GE, and 60 patients with normal GE.

The groups (delayed, accelerated and normal) were then used as the dependent variable in a
polychotomous logistic regression analysis using the breath test kPCD values to estimate the
odds for delayed versus normal, and accelerated versus normal. In the logistic regression
model including all participants, breath test samples at 45 minutes (X2:15.3, p<0.001), 150
minutes (x?=17.0, p<0.001), and 180 minutes (x2=11.6, p=0.003) provided the best
prediction of the three GE groups: delayed versus normal and accelerated versus normal.
From this model, the odds for breath kPCD to identify delayed or accelerated GE were
estimated. Thus, larger KPCD values by the breath test at 45 minutes increased the odds for
accelerated GE (versus normal), with an odds ratio of 1.38 (95% confidence intervals [CI] of
1.16, 1.64); a smaller kPCD value from the breath test at 150 minutes decreased the odds for
delayed GE (versus normal), with an odds ratio of 0.72 (95% CI 0.62, 0.84); a larger KPCD
values from the breath test at 180 minutes increased the odds for delayed GE (versus
normal), with an odds ratio of 1.25 (95% confidence intervals [CI] of 1.08, 1.45).

Performance Characteristics of the [13C]-Spirulina platensis GEBT Relative to Scintigraphy

Figures 5 and 6 show the ROC curves for individual and combined breath samples and their
sensitivity and specificity in the identification of delayed and accelerated GE respectively.
Using a model with [13C]-Spirulina platensis breath KPCD values at just two time points,
150 and 180 minutes, the specificity is 80% and the sensitivity is 89% to identify delayed
GE with an AUC of 0.893. The predicted probability cutoff for this combination of
sensitivity and specificity was 0.400 where the predicted probabilities (PP) are computed
from the estimated coefficients in the logistic regression model as:
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PP, ....=exp(X By)/[ 1+exp(X By)+exp(X B,)], where

X' B,=4.54047 — 0.33046  kPCD50+0.22023  kPCD g9, and
X'B,=2.23568+0.15343 % kPCD 59 — 0.22482 % kPCDg.

Using two different time points, at 45 and 180 minutes, yielded an AUC=0.895 with 80%
specificity and 93% sensitivity for identifying accelerated GE at the predicted probability
cutoff of 0.0918. The predicted probabilities for accelerated GE are computed as:

PP, cicruica=eXP(X B,)/[ 1+exp(X  By)+exp(X B,)l, where
X' B,=5.72684 — 0.13438 * kPCD,s5 — 0.066436 * kPCD1g9, and
X'B,=0.36181+0.30052 * kPCDys — 0.16851 * kPCD 3.

Combining the three time points (45, 150 and 180 minutes) resulted in an AUC of 0.890 and
0.902 with sensitivities of 89% and 86% for diagnosing delayed and accelerated GE,
respectively, at 80% specificity. The corresponding predicted probability cutoff values were
0.4172 and 0.1199, respectively. The predicted probabilities (PPpejayed, PP Accelerated) for the
three time point model are computed as:

X'BS =4.50081 — 0.025923 # kPCDys5 — 0.32620 = kPCD50+0.22635 = kPCD 39, and
X’BF:O.47397+0.32206 % kPCDys5 — 0.059729 * kPCD 59 — 0.11173 * kPCD30.

DISCUSSION

The main goals of this study were to develop and operationalize a standardized, shelf-stable
breath test meal labeled with [13C]-Spirulina platensis for the measurement of GE of solids
in a clinical practice setting and to develop the range of normal GE, and a practical approach
to measure and report GE results. The study confirms the previous observations obtained
with a whole, fresh egg meal in our prior studies (2-6). Moreover this study shows excellent
concordance between breath excretion of 13C0O, and the proportion of isotope-labeled meal
emptied from the stomach at specified time points that were selected based on previous
experience. These times are 45, 90, 120, 150, 180 and 240 minutes. With the lower calorie
content and lower solid and non-digestible fiber content of the current test meal, the study
shows that the vast majority of symptomatic individuals actually emptied the meal from the
stomach in the first three hours and hence the 240 minute observations were non-
contributory. The same strategy followed in our prior studies also showed that determining
the [13C]-Spirulina platensis GEBT breath kPCD values at just three time points ( 45, 150
and 180 minutes) provided the strongest degree of concordance between the [13C]-Spirulina
platensis GEBT and GE by scintigraphy for identifying accelerated and delayed GE. These
analyses also show that it is possible to obtain not only an assessment of accelerated vs
normal vs delay, using the breath test, but also a very valid estimate of the GE t %2, which
many clinicians are accustomed to using in making clinical decisions, and for clinical
research, as in pharmacodynamic studies. This is supported by the observation that the
difference in means ranged from —16 to +5 minutes.

A strength of this study is that the [13C]-Spirulina platensis GEBT was validated in a
prospective manner among subjects at a single center considered for referral to GE
scintigraphy. The use of this product was not associated with any adverse event. The
subjects who participated in the study had a wide variety of underlying pathologies
including functional dyspepsia, diabetes, prior fundoplication and connective tissue
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disorders. We excluded malabsorption by clinical history and significant liver disease by
review of the medical records. The exclusion of subjects with clinically apparent
malabsorption or liver disease in this study does not represent a significant limitation to the
use of the [13C]-Spirulina platensis GEBT in clinical practice because such conditions rarely
present with symptoms that suggest abnormal GE. Thus, assessment of GE in patients with
these conditions is only rarely indicated.

The shelf-life of the [13C]-Spirulina platensis GEBT test meal is sufficient to add
convenience and avoid wasting of food. The use of a centralized lab or bench top instrument
for measurement of breath excretion of 13CO, as well as the lack of any radiation exposure
add to the attraction of the test permitting its use in all categories of patients including
children and women of childbearing potential (18). Use of this test would also be reasonable
in the primary care setting to screen diabetics for gastroparesis who are being considered for
amylin or glucagon-like peptide-1 based therapies (19-23) whose mechanism of action
includes delaying the emptying of solids from the stomach. The method also lends itself for
use in studies in the field including epidemiological research.

Based on the results of this study and the unique advantages of simplicity and safety
compared to scintigraphy, [*3C]-Spirulina platensis GEBT could become the initial test of
choice in clinical and research settings for evaluating patients with suspected delay in GE.
This method also provides versatility in that it could be incorporated in more mechanistic
studies that involve other measurements such as simultaneous measurement of
antropyloroduodenal matility by intraluminal probes or combined emptying and
accommodation responses using 3-dimensional ultrasound, MRI or single photon emission
computed tomography.

There are two potential disadvantages with this method. First, if the stable isotope-
containing meal is not entirely consumed, the normal values may not necessarily apply.
However, this criticism applies to all methods where a reference or normal range is used
(e.g., scintigraphy, ultrasonography) to determine normal gastric emptying. Second, the
small size of the meal may not “stress” the system and may not be representative of a typical
meal ingested by such patients. There is an inevitable trade-off between feasibility,
completion of the test, and comparability with the type of meal that might be intolerable or
induce patient’s customary symptoms. This criticism also applies to the “egg-beaters” meal
which has been accepted by consensus of the American Neurogastroenterology and Motility
Society and the Society of Nuclear Medicine (24).

In summary, our data show that the stable isotope technology developed in earlier studies is
applicable with a meal consisting of components with a long shelf-life. The [13C]-Spirulina
platensis GE breath test has high reproducibility, external validity and excellent performance
characteristics. Imprecision with both stable isotope and scintigraphy reflects physiologic
variation. Using only three breath samples, this shelf-stable [13C]-labeled standard meal is
valid to determine accelerated or delayed GE. We perceive it is applicable in clinical
practice and research, and its advantages include point of service feasibility, safety and
accuracy. The mathematical models proposed also provide estimates that address the
quantitative results so that they can be used to determine whether gastric emptying is
normal, accelerated or delayed, as would be desirable in clinical practice or epidemiological
studies, or more specifically identifies the GE t%, which would be applicable to clinical
research studies.
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Abbreviations

BT Breath test

[13C] 13-carbon

cov coefficient of variation

DOB delta over baseline

GE gastric emptying

GEBT gastric emptying breath test

PCD percent dose

kPCD percent dose multiplied by 1000

ROI region of interest

[99MT¢] 99m- technetium
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TABLES FOR ON-LINE VERSION OF THE MANUSCRIPT ONLY.

Table A

Summary of Gastric Emptying Results by t1/2 Group in 129 Subjects with Clinically
Suspected Delayed Gastric Emptying (n=number)

Group Proportion emptied at time point | Mean | SD
Normal t %2: 52-86 min n=60 GE45 0.31 | 0.06
GE90 0.60 | 0.09
GE120 0.75 | 0.08
GE150 0.86 | 0.07
GE180 0.94 | 0.05
Accelerated t %: <52 min n=14 GE45 | 0.54 | 0.07

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2013 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szarka et al.

Group Proportion emptied at time point | Mean | SD
GE90 0.79 | 0.07
GE120 0.88 | 0.07
GE150 0.94 | 0.05
GE180 0.98 | 0.02
Delayed t %: >86 min n=55 GE45 0.18 0.08
GE90 0.33 | 0.13
GE120 0.45 | 0.16
GE150 0.57 | 0.19
GE180 0.68 | 0.21
Table B

Page 12

Predicted Gastric Emptying Proportions at Different Time Points Based on Gender, BMI,

and 13CO, Excretion at Specified Times

GE,5 = -0.00089 - 0.02941*Female + 0.00471*BMI + 0.01240*BT45 + 0.00158*BT90-0.00006*BT120 +

0.00023*BT150 - 0.00248*BT180

GEgp = 0.01612 — 0.02309*Female + 0.00475*BMI + 0.00346*BT45 + 0.00650*BT90 + 0.00694*BT120 —

0.00033*BT150 - 0.00384*BT180

GE ;0= 0.03945 - 0.04090*Female + 0.00559*BMI + 0.00429*BT45 - 0.00167*BT90 + 0.01138*BT120 +

0.00319*BT150 - 0.00371*BT180

GE;50= 0.07400 - 0.03407*Female + 0.00605*BMI + 0.00651*BT45 — 0.00449*BT90 + + 0.00499*BT120 +

0.01062*BT150 - 0.00313*BT180

GEjgp= 0.12177 - 0.03421*Female + 0.00598*BMI + 0.00776*BT45 — 0.00564*BT90 + 0.00561*BT120 +

0.00232*BT150 + 0.00539*BT180

GEj40= 0.37208 - 0.00923*Female + 0.00400*BMI + 0.00439*BT45 - 0.00433*BT90 + 0.00562*BT120 -

0.00392*BT150 + 0.00912*BT180
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Figure 1.

A. Summary of gastric emptying results by t1/2 group in 129 subjects with clinically
suspected delayed gastric emptying. Data show mean + SD. B. This figure illustrates 13CO,
enrichment of breath excreted over 3 hours (right Y-axis xPCD x 1072), as well as the
observed proportion emptied by the stomach by scintigraphy (left Y-axis) and the predicted
gastric emptying based on the mathematical formulae and the 13CO, excretion measured.
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Figure 2.

Plot of the first canonical variates (linear combinations with maximal correlation) with
scintigraphic variate on the Y-axis and the [13C]-Spirulina platensis GEBT breath kPCD
variate on the X-axis. Specifically, the first canonical variate for the GE proportions (Y -axis
in figure) has a strong (negative) relationship with the scintigraphically based t %2 values
(Spearman correlation of —0.82, p<0.001). The first canonical variate of the kPCD values
(X-axis in figure) was also strongly related to these t ¥ values (Spearman correlation of
-0.73, p<0.001). Since more delayed GE corresponds to larger t % values, the correlation of
these canonical variates with t %2 values is negative, reflecting the propensity of the more
delayed GE subjects in the lower left quadrant and the more accelerated GE subjects in the
upper right quadrant.
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Figure 3.

Scatterplot of the scintigraphic measured gastric emptying t ¥ values (Y-axis) versus the
breath test estimated t %2 values (X-axis) obtained from linear interpolation of breath test

predicted GE proportions. The dotted line shows X=Y.
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Figure 4.

Bland-Altman plot of the differences between scintigraphic measured t %2 values and breath
test estimated t %2 values (Y-axis) versus the average of the two t %2 values (X-axis) in each
subject. Note that subjects with t %2 values greater than 240 minutes by scintigraphy are not

used.
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Figure 5.

ROC curve for the detection of delayed gastric emptying with [3C]-Spirulina platensis
GEBT measurements relative to the scintigraphic measurement of gastric emptying. Note
that the performance characteristics are uniformly excellent even with a single breath sample
at 150 minutes, but the sensitivity reaches 89% at 80% specificity when the 180 minute
sample is also included. The AUC for the combined 150 and 180 minute samples was 0.893.
Note also that the 45 minute sample adds little to the accuracy of determination of the GEBT
for categorizing delayed GE above the accuracy of the combined 150 and 180 minute breath
samples. Combining the three time points (45, 150 and 180 minutes) resulted in an AUC of
0.890.
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Figure 6.

ROC curve for the detection of accelerated gastric emptying with breath test measurements
relative to the scintigraphic measurement of gastric emptying. Note the proportion emptied
at 45 minutes provides fair sensitivity and specificity and the best performance is with all
three breath samples. However, the 45 minute breath sample in combination with the 180
minute sample yielded a sensitivity of 93% at 80% specificity. The AUC for the combined
45 and 180 minute samples was 0.895. Combining the three time points (45, 150 and 180
minutes) resulted in an AUC of 0.902
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Table |

Table la. Subjects in calibration study (phase 1) to establish reference range in health

Males Females
Number 11 27
Median age (years and IQR) 21(19,21.9) 37 (20.8, 45.5)
Median body mass index (kg/m? and IQR) 26(24.1,27.2) 23(21.0, 26.9)
Table 1b. Subjects in prospective validation study (phase 2: 124 patients, 5 healthy subjects): demographics and diagnosis

Males Females
Number 36 93
Median age (years and IQR) 49.7 (34.5,61.0) 49.9 (37.3,61.3)
Median body mass index (kg/m? and IQR) 28.3 (24.6, 30.7) 26.8 (22.2, 29.8)
Functional Dyspepsia 11 42
Gastroparesis (non-diabetic) 4 4
Diabetes 5 6
Connective tissue disorders 0 2
Other motility disorders 4 4
Gastroesophageal reflux disease 6 5
Status-post fundoplication 3 2
Idiopathic Nausea 2 20
Other 1 3
Healthy (received atropine) 0 5
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Table Il

Page 20

Gastric emptying characteristics at different time points in 38 healthy volunteers in first phase of study. Data
show proportion emptied (GE) at specified times.

Mean  SD 10t percentile 90t percentile
Age, yr 3175 14.70 18.46 54.56
BMI, Kg/m? 2453 4.154 19.94 31.99
T %, min 67.79 15.11 52.43 85.75
GE 45 min 0.336  0.090 0.205 0.441
GE 90 min 0.648 0.105 0.528 0.778
GE 120 min  0.800 0.097 0.695 0.934
GE 150 min  0.890 0.083 0.780 0.993
GE 180 min  0.948 0.057 0.870 1.000
GE240min  0.991 0.020 0.967 1.000
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