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Abstract
The BIOMED I programme Stable Iso-
topes in Gastroenterology and Nutrition
(SIGN) has focused upon evaluation and
standardisation of stable isotope breath
tests using 13C labelled substrates. The
programme dealt with comparison of 13C
substrates, test meals, test conditions,
analysis techniques, and calculation pro-
cedures. Analytical techniques applied for
13CO2 analysis were evaluated by taking an
inventory of instrumentation, calibration
protocols, and analysis procedures. Two
ring tests were initiated measuring 13C
abundances of carbonate materials.

Evaluating the data it was found that
seven diVerent models of isotope ratio
mass spectrometers (IRMS) were used by
the participants applying both the dual
inlet system and the continuous flow con-
figuration. Eight diVerent brands of certi-
fied 13C reference materials were used with
a 13C abundance varying from ä13CPDB −37.2
to +2.0 ‰. CO2 was liberated from
certified material by three techniques and
diVerent working standards were used
varying from −47.4 to +0.4 ‰ in their
ä13CPDB value.

The standard deviations (SDs) found for
all measurements by all participants were
0.25 ‰ and 0.50 ‰ for two carbonates used
in the ring tests. The individual variation
for the single participants varied from 0.02
‰ (dual inlet system) to 0.14 ‰ (continu-
ous flow system). The measurement of the
diVerence between two carbonates showed
a SD of 0.33 ‰ calculated for all partici-
pants. Internal precision of IRMS as indi-
cated by the specifications of the diVerent
instrument suppliers is <0.05 ‰ for dual
inlet systems and <0.3‰ for continuous
flow systems. In this respect it can be con-
cluded that all participants are working
well within the instrument specifications
even including sample preparation. In-
creased overall interlaboratory variation
is therefore likely to be due to non-
instrumental conditions. It is possible that
consistent diVerences in sample handling
leading to isotope fractionation are the
causes for interlaboratory variation.
Breath analysis does not require sample
preparation. As such, interlaboratory
variation will be less than observed for the
carbonate samples and within the range
indicated as internal precision for con-
tinuous flow instruments. From this it is
concluded that pure analytical interlabo-
ratory variation is acceptable despite the

many diVerences in instrumentation and
analytical protocols. Coordinated meta-
bolic studies appear possible, in which
diVerent European laboratories perform
13CO2 analysis. Evaluation of compatibility
of the analytical systems remains advis-
able, however.

Introduction
13CO2 BREATH TEST
13CO2 breath tests are attractive due to the use
of non-radioactive substrates and the simple
non-invasive sampling technique. A 13CO2

breath test is performed by administration of a
13C labelled substrate which is finally metabo-
lised to 13CO2. The rate of 13C excretion in
breath is determined by the rate limiting step in
the overall process of use. The rate limiting step
is located at the site of an impaired organ or
enzyme function. In this way 13CO2 breath tests
are principally ideal tools for diagnosis of
digestive or metabolic dysfunction. The bio-
logical function to be tested can be of various
origins, such as:
x Organ function (gastric emptying rate, liver

function, pancreas function, intestinal integ-
rity)

x Digestion, absorption, or metabolism of
nutrients (carbohydrates, fat, protein)

x Bacterial colonisation (stomach, small intes-
tine).
The kinetics of 13C exhalation in breath is

measured in consecutive breath samples col-
lected during the experimental period. On
most occasions the 13C recovery in breath is
mathematically related to the dose given, lead-
ing to a quantitative description of the
processes involved in substrate use. In certain
other cases the time course of 13C exhalation is
described in terms of lag phase, t1/2, and
appearance rate (test for gastric emptying rate)
or the 13C enrichment itself is considered the
final diagnostic value (urea breath test for
detection of gastric Helicobacter pylori infec-
tion).

Many steps, however, are involved in total
use of substrate. All these steps are subjected to
intraindividual and interindividual variation
and site of rate limiting step may vary from one
healthy individual to another. This changes the
apparently simple breath test into a complex
system in terms of interpretation. For applica-
tion in nutritional and clinical research and
clinical diagnostics, the rate limiting steps in
digestion, absorption, and metabolism of
various substrates have to be analysed. At the
non-physiological level the type and dose of 13C
substrate and analytical aspects of measuring
13C abundances in breath carbon dioxide have a
dominant role.
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Substrate dose: physiological and
analytical considerations
The substrate dose needs definition in terms of
total mass and of 13C mass. Breath tests meant
to monitor digestive or absorptive capacity
require a physiological load of nutrient. On the
other hand, metabolic functions can generally
be tested by applying a tracer dose of substrate.
The 13C content ingested is determined by the
expected degree of digestion, absorption (oral
tests), and metabolism as well as the sensitivity
of the analytical technique used. The origin of
13C labelled compounds can be (bio)chemical
synthesis (selective high degree of labelling,
>95% at one or more carbon positions) or
natural (random low degree of labelling, 0.02%
per average C-atom). Naturally, 13C labelled
material is produced by C4 plants. Owing to
diVerent photosynthetic pathways the carbon
isotope fractionation in these plants is less than
in C3 plants resulting in a slightly higher 13C
abundance (1.10% v 1.08%). Compounds iso-
lated from C4 plants can be used in metabolic
studies in Europe where diets are mainly based
on C3 plants. In the case of a loading test using
highly enriched 13C substrate, this substrate is
“diluted” with unlabelled substrate to a
product with the correct amount of mass and
the correct amount of 13C. Naturally, 13C
enriched substrates are used without dilution
and only for loading purposes. The total
amount must suit the need for mass and 13C.
The 13C content of the substrate must be suY-
cient to create a detectable increase in 13C
abundance in breath CO2. For this purpose, 13C
abundance in breath should exceed more than
two to three times the SD of the basal value
before the experiment.

Measurement of 13CO2 enrichment in
exhaled breath
13C is a naturally occurring isotope consisting
of approximately 1.1% of total carbon. The 13C
isotope is not radioactive and can be detected
by a number of techniques such as mass spec-
trometry, nuclear magnetic resonance spec-
troscopy (NMRS), infrared spectroscopy, and
laser resonance spectroscopy. For 13CO2 analy-
sis, mass spectrometry is the traditional tech-
nique, whereas infrared and laser resonance
spectroscopy are developing alternative tech-
niques. With regard to mass spectrometry, spe-
cial equipment is required to measure 13CO2

enrichment owing to the high accuracy needed
for low level enrichment (0.001–0.01 at %)
that is generally obtained in breath tests. The
required accuracy is obtained with IRMS
originally developed for geological applications
measuring variation in natural 13C abundance.
13C abundance in nature is not constant but
dependent on the origin of the carbon source
varying from around 1.06% for fossil fuels to
1.12% for carbonate stones. The natural back-
ground of 13C in breath CO2 is 1.08–1.09%
depending on the composition of C3 and C4

plant material in the diet. In Europe the 13C
abundance is between 1.080 and 1.085%
(Nakamura K, Schoeller DA, Winkler FJ,
Schimdt HL. Biomed Mass Spectrom
1982;9:390) The enrichment in 13C during a

breath test depends on the dose and 13C
enrichment of the substrate and the degree of
metabolic 13CO2 production. Generally, the
dose given results in a maximum absolute
increase in 13C abundance of breath CO2 of
about 0.005–0.05%. To enable suitable preci-
sion, stability, and comparable data, 13C abun-
dance is always measured against a universal
reference standard, this being the carbon origi-
nating from Pee Dee Belemnite Limestone
(PDB). Data are expressed as per mil (‰) dif-
ference to PDB: ä13CPDB (‰). 13C enrichment is
defined as the diVerence between the basal 13C
abundance before administration of substrate
and the 13C abundance at a certain time point
after administration and is expressed as
Ää13CPDB (‰). Biological variation of baseline
ä13CPDB values is in the order of SD 0.5 (‰) .

VARIABLES

The accuracy of the 13C abundance measure-
ment is related to a number of variables.

Instrument
As mentioned, IRMS, infrared, or laser reso-
nance techniques can be used. Two types of
IRMS equipment can be distinguished—
namely, dual inlet systems in which each sam-
ple CO2 and reference CO2 are measured in
sequence up to 10 times in a row and continu-
ous flow systems in which sample CO2 and ref-
erence CO2 are measured singly in one or in
separate runs.

Inlet system
Breath gas can be introduced directly as is done
with infrared and laser resonance techniques,
or after separation of CO2 from the other
breath gas components as is done for IRMS
analysis. CO2 can be isolated from breath by
cryogenic trapping (on line or oV line) or by gas
chromatography. The first technique is used in
combination with a dual inlet IRMS, the gas
chromatography technique with continuous
flow IRMS.

Quality of reference compounds
Isotope ratios are measured by IRMS against a
working CO2 standard which is calibrated
against a certified reference standard, which in
turn is calibrated against PDB limestone.
DiVerent working reference standard CO2

sources can be used as well as diVerent certified
references with known 13C abundances.

Calibration procedures
Quality of measurements is aVected by the
accuracy of instrument calibration.

Aim of interlaboratory comparison
The general aim of the BIOMED I programme
was the comparison and possible coordination
of breath test procedures. This was done at the
level of choice of type and dose of substrate,
experimental conditions, definition of end
variables, and the level of 13C enrichment
measurements. For the level of 13C enrichment
measurements, the types of instruments, cali-
bration procedures, and analysis procedures
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have been compared. Applying circulating test
compounds actual 13C abundance measure-
ments were compared.

Plan of investigation
STAGE 1
A questionnaire was sent to the diVerent labo-
ratories involved in the BIOMED I programme
and equipped with IRMS or alternative
techniques to measure 13C enrichment of CO2.
A total of 15 laboratories participated in the
survey and one or both of two ring tests. Only
IRMS instruments were used. The questions
asked dealt with types of instruments available
at site, instruments used for the ring test meas-
urements, types of reference compounds, and
calibration procedures as well as the analytical
procedures for sample analysis.

STAGE 2
A ring test was set up. This was organised by a
collaborative action of the Laboratory for
Nutrition and Metabolism at Groningen Uni-
versity Hospital, Groningen, the Netherlands
(Dr F Stellaard, Prof Dr RJ Vonk) and the
Laboratory for Digestion and Absorption of
the University Hospital Gasthuisberg, Leuven,
Belgium (Dr B Geypens, Prof Dr Y Ghoos).
Participants received a code denoted by Prof
Dr W van der Slik (University Hospital Gron-
ingen, Department of Clinical Chemistry).
Results were delivered to the organisers under
strict code. Test compounds selected by the
organisers were shipped from Leuven, Bel-
gium. For the purpose of stability, test
compounds selected were (bi)carbonates with
diVerent 13C abundances. The samples were
delivered to the participants together with solid
phosphoric acid and tubes and a detailed
instruction sheet describing a standard proto-
col of how to liberate CO2 from the (bi)carbo-
nate material. The 13C abundance of the CO2

formed could be determined with the regular
protocol used in the participants’ laboratory.
Participants were asked to do triplicate analy-
ses of three aliquots of the sample. The mean
and SDs of nine values were compared. 13C
abundance is presented as the ä13CPDB (‰)
data.

RING TEST 1
At first a carbonate sample and a bicarbonate
sample were distributed. However, the release
of CO2 from the bicarbonate sample appeared

diYcult to control leading to variable gas pres-
sures and possible isotope fractionation. Owing
to large standard errors (SEs) the bicarbonate
data are omitted from the results section.

RING TEST 2
Secondly, a ring test was done applying two
carbonate samples with diVerent 13C abun-
dances (codes BG02 K and BG03 N). For
comparison, the individual 13C measurements
and the diVerence between the two mean
values were compared. The diVerence was
considered more valid because it reflects the
real situation where baseline 13C abundance is
subtracted from the enriched value.

Participation
Table 1 shows the laboratories that participated
in the survey of instrumental information and
the two ring tests. Nine laboratories partici-
pated in ring test 1 and nine in ring test 2.

Results
SURVEY OF INSTRUMENTS, REFERENCE

MATERIALS, AND PROTOCOLS

All instruments used in the participating labo-
ratories were manufactured by one of three
suppliers: Finnigan MAT, Bremen, Germany;
Micromass, Manchester, UK; and Europa Sci-
entific, Crewe, UK. No instruments other than
mass spectrometers were used. A total of 11
diVerent models were listed as being available
(table 2). Of these, seven diVerent models were
applied during the ring tests. On three
occasions the instrument used for ring test
purposes was equipped with a dual inlet
system, providing the highest accuracy and
reproducibility (internal variation <0.005%).
In all other cases a continuous flow system was
applied (internal variation <0.3%). For daily
use a working standard is used as reference

Table 1 Participants of the European interlaboratory comparison of breath 13CO2 analysis

Investigators Institution City Country

Y Ghoos/B Geypens Universitair Ziekenhuis Gasthuisberg Leuven Belgium
JP Galmiche/PR Krempf Hotel Dieu de Nantes Nantes France
M Rousseau INBIOMED Lyon France
JP Riou Faculté de Médécine A Carrell Lyon France
B Koletzko/H Demmelmair Kinderpoliklinik Universität München München Germany
H Brösicke Kinderklinik der Freie Universität Berlin Berlin Germany
D Rating Ruprecht Karls Universitätsklinik Heidelberg Germany
S Amarri Clinica Pediatrica Modena Italy
F Perri Ospedale Casa Sollievo della SoVerenza San Giovanni Rotondo Italy
JWO van den Berg Academisch Ziekenhuis Dijkzigt Rotterdam Netherlands
W Kulik Academisch Ziekenhuis Vrije Universiteit Amsterdam Amsterdam Netherlands
RJ Vonk/F Stellaard Academisch Ziekenhuis Groningen Groningen Netherlands
A Coward/M Harding Dunn Nutrition Unit Cambridge UK
D Halliday Clinical Research Centre Harrow UK
PH Johnson Bureau of Stable Isotope Analysis Brentford UK

Table 2 IRMS instruments

Instruments available
Used for ring
test

Europa Scientific ABCA +
20/20 +
Tracermass −
GEO −
Orchid −

Finnigan MAT MAT 250 −
Delta S (/GC) +
BreathMAT +

VG Fisons SIRA II +
(Micromass) SIRA 10 +

Optima +
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material. This consists of a gas cylinder with
CO2 (n=6) or CO2 in helium (n=1). The
ä13CPDB value varied from −47.41 to +0.44‰.
One participant used breath as a working
reference. Eight diVerent brands of certified
reference standards are being used by the par-
ticipants (table 3). The ä13CPDB values varied
from −37.22 to + 1.87‰.

Analytical procedures
Breath collections were done in vacutainers or
exetainers (10–15 ml) with the exception of
one participant who used collection bags
(TECO, Alu). The laboratories applying dual
inlet IRMS instrumentation prepared the
breath samples by on line and oV line cryogenic
procedures introducing clean CO2 through the
sample port of the dual inlet system. The labo-
ratories applying continuous flow IRMS in-
struments used three diVerent types of gas
chromatographic separation columns and at
least as many temperature programmes. The
working reference gas was analysed after a set

of samples (1–10). In all but one laboratory,
drift corrected data were used for further
calculations. Calibration of the working stand-
ard is done from once a week (breath) to two to
three times each year. On most occasions cali-
bration is done after renewal of the CO2 gas
cylinder. Certified solid reference material is
prepared by acid liberation of CO2 or through
combustion by oV line or on line techniques.

Ring test 1
The mean ä13CPDB of 81 individual measure-
ments obtained for the carbonate sample was
−11.32 ‰. The SD was 0.33 ‰. The mean of
nine measured values for the individual labora-
tories varied from −12.28 to −10.30 ‰. The
SD varied from 0.02 to 0.14 ‰. Two laborato-
ries produced mean values outside the mean
(SD 2) range. The results of this first ring test
were presented to the participants under code
during a BIOMED 1 meeting. The outliers
were stimulated to check their analytical proto-
col. The results also led to the idea that
measurement of the diVerence between two
test compounds is more representative of the
real situation. A system with a general oVset of
measured ä13CPDB values may still give good
values with respect to enrichment values.

Ring test 2
The means (SD) of ä13CPDB values for the nine
participating laboratories were −19.48 (0.38)
‰ and −5.61 (0.63) ‰ for both carbonate
samples (fig 1 and 2a). In both cases, two par-
ticipants were outside the mean (SD 2) range.
The diVerence was 13.87 (0.41) ‰ (fig 2b).
With respect to the diVerence only one partici-
pant was outside the mean (SD 2) range.

Discussion
The survey revealed that a large number of
analytical variables were present in the instru-
mentation (suppliers, models, inlet system,
procedures) and calibration procedures

Table 3 Calibration standards used for breath 13CO2 analysis

Working standard Certified material

Type ä13CPDB (‰) Type ä13CPDB (‰)

4.5 SQ −2.673 Polyethylene foil −31.83
Linde CO2 −47.41 Carbonate −1.45
Air gouze B50–404 −42.50 Urea −36.46
5% CO2 in N2 +0.44 5% CO2 in air mix −30.00
Cryo cleaned CO2 −30.62 CO2 from Europa −37.22
5% CO2 in N2 −29.1 NBS-19 +1.87
Breath ≅−25.50 NBS-20 −1.06
CO2 99.999% −32.1560 NBS 18 −5.04
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Figure 1 Overall test results of 13C abundance
measurements in CO2 liberated from two carbonate sources
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Figure 2 Interlaboratory comparison of 13C abundance
measurements of CO2 liberated from two carbonate sources
(BG03 N and BG02 K): (A) individual ä13CPDB values
and (B) diVerence between the values for carbonates 1 and
2.
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(working standard, reference materials) used
by the participants in the ring tests. This is
expected to induce a large variation in mean
values obtained by the diVerent participants.
The SDs of the measured values were 0.33 for
ring test 1 and 0.38 and 0.63 ‰ for the two
individual carbonate test compounds in ring
test 2. The variation within one laboratory
(0.02–0.14 ‰) was much lower than the inter-
individual laboratory variation (ring test 1,
0.33 ‰). To judge these values, they should be
put into perspective by comparing them with
pure instrumental variation. Internal variation
for 13C abundance measurements specified for
IRMS instrumentation by the diVerent mass
spectrometry companies is normally <0.05 per
mil for dual inlet instruments and <0.3 per mil
for continuous flow instruments. Furthermore,
preparation of CO2 from the carbonate samples
also introduces some degree of variation due to
isotope fractionation. Total variation is less
than twice the instrumental variation of
continuous flow instrumentation, whereas in-
dividual variation was within the specification
criteria of continuous flow instrumentation.
The diVerence between the two values ob-
tained for both carbonates showed intermedi-
ate variation inbetween both single measure-
ments. The result of only one participant was

outside the mean (SD 2) range. It is a question
whether the outlier results from instrumental
deviations or a deviation due to sample prepa-
ration. This question might be solved by
another ring test measuring 13C enrichment of
actual CO2 gas at a physiological breath
concentration (3–4%) in a N2/O2 mixture
(80/20 v/v). Stability of samples needs to be
tested, however, and diVerent sample sizes
need to be oVered to fit the needs of the
individual instruments.

Conclusion
The variation of the 13C enrichment values
obtained by the participating laboratories
obtained with CO2 liberated from carbonates is
within the specifications of continuous flow
instrumentation. Actual instrumental and pro-
cedural variation may be even smaller. It
appears feasible to have more laboratories do
breath 13C analysis in a coordinated European
metabolic study. However, compatibility of the
analytical systems should be checked before-
hand. Standardisation of analytical protocols
appears to be unnecessary, provided that each
individual laboratory ensures regular calibra-
tion of the system and an internally standard-
ised analytical procedure.
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