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The paper reports on the development of instrumentation for express-measurements of 13ÑÎ2 
concentration using the ÑÎ2 absorption spectrum in the near-infrared range. The relative error in the 
d-factor determination in the breath-test obtained from 100 single measurements summed was within 
0.7‰. To determine the absolute error of the isotopic ratio measurements, we have conducted 
independent calibration measurements with five ÑÎ2 samples of different isotope composition using 
both the diode laser spectroscopy (DLS) and mass-spectrometers. 

 
 
The 

13C isotope is of interest mostly due to 

development of respiratory diagnosis aimed at 

identification of people infected with the Helicobacter 
pylori bacterium (the so called Urea Breath Test). The 

H.pylori causes gastroenteropathy, gastrointestinal 
diseases, primarily, stomach ulcer. In brief, the idea 
of the method is as follows. A patient takes a solution 
of carbamide CO(NH2)2 marked with the carbon 13C. 
For Helicobacter pylori, the carbamide is a food, 
consumption of which results in emission of carbon 
dioxide. Then the CO2 finds its way through the 
stomach’s walls and blood vessels into lungs and is 
breathed out. In measuring the isotopic ratio 

13CO2/
12CO2 in the expired air, it is possible to 

judge on whether the patient is infected with 
H.pylori or not and estimate the clinical stage. The 
discover of this bacterium was a significant step 

towards perfection of treatment methods for 

gastrointestinal diseases. An important contribution 
to this field came from the isotopic diagnosis, which, 
in addition to the above possibilities, made it possible 
to follow the curing dynamics and to choose the most 
efficient medicines. 

At present, the breath-test method has gained a 
wide application abroad, particularly, in the USA. 
By having overgrow the research stage, it has reached 
the stage of practical application. Determination of 
the degree of the H.pylori contamination from the 
13CO2/

12CO2 

ratio is preferable compared to measuring 
the radioactive 14C concentration, because it can be 
applied to all patients without exception, including 

pregnant women and babies. 
Besides H.pylori infestation, the isotope breath-

test can be used in diagnosis of a series of other 
diseases.1 Therefore, in addition to carbamide, several 

other specimens marked by 13C can be used as active 
reagents. Nevertheless, in all cases the 13CO2/

12CO2 

ratio  in the expired air is a failure warning indicator. 
Ideas of using measurements of isotope ratios in 

the expired air were formulated in early 1950s. 
Different possibilities of applying the measured results 
to diagnosing functioning of different organs, first of 
all, lungs, have been considered. 

In 1969, a review of the Australian researcher 
K.T. Fowler was published,2 in which application of 
mass-spectrometers to breath-tests was analyzed. The 
idea of H.pylory diagnosis with the help of the 
isotopic breath-test was proposed in two years after 
discovery of the bacteria.3 Immediately, the 

development of diagnostic methods has begun, and 

soon a great number of publications appeared in 

medical, chemical, and physical literature.4–9 Leading 

manufacturers of mass-spectrometric instruments have 
designed and commercialized mass-spectrometers of 
IRMS isotope  ratio  for  isotopic breath diagnosis.10,11 

Such instruments provide a high measurement 
accuracy, but are rather expensive. Therefore, different 
groups of researchers began designing new instruments 
based on optical measurement methods. Yet, in 1975 
C.S. Irving has proposed10 a nondispersive approach 
to measuring the 13CO2/

12CO2 isotopic ratio. Based 

on this principle, while using photo-acoustic detectors, 
a commercial instrument produced by ”Wagner” 

company was designed.11,12 Another commercial 
instrument based on opto-galvanic effect is produced 
by Alimenterics company.13,14 These instruments are a 
bit cheaper than mass-spectrometers, but they remain 
sufficiently expensive for the Russian market. 

A series of works on the 13CO2/
12CO2 ratio  

laser measurements were published,15–19
 reporting on  
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results of isotopic breath diagnosis implementation,  
in cooperation with physicians, into practice of 
Russian clinics. 

Since the invention of the method of isotopic 
diagnostics of the breath, the problem of its accuracy 
and reliability has arisen.20–25 Comparison between 
the optical and mass-spectrometric measurements was 
conducted, which demonstrated all the commercial 
instruments to provide a required accuracy. 

The 13CO2/
12CO2 isotopic ratio is measured in 

the air breathed out by a patient before taking in the 
tracer and in some time after its acting 
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The problem of the so-called “cut-off point,” i.e., 
on the δ value, at which the patient is considered 
infected, is of a great importance. Most often, 5‰ 
was taken as the cut-off point. This value was found 
in the very beginning of the practice on isotope 
breath-test application and then it was introduced in 
the European protocol of standards. However, later, 
it was shown in a series of studies20 that at the urea 
dose from 75 to 100 mg this value must be decreased 
to 3.5‰. At present, this value is universally 
accepted, although the range of 3.5 to 5‰ is called 
the gray zone, where an unambiguous conclusion on 
the infection with H.pylory is impossible. 

As to other diseases and diagnostic means, there 
is no a universally accepted value of δ because of 
unfinished laboratory tests of the method. The cut-off 
point determines requirements to the instrumental 
measurement accuracy. To reliably determine δ value, 
the measurement accuracy must be at least δ/3 from 
the point of view of physical measurements. In 

practice, it must be at the level of 0.5 to 0.8‰. The 
accuracy of specialized mass-spectrometers is 0.1–
0.2‰. Manufacturers of optical IR-instruments declare 
the same accuracy, but actually it is somewhat lower, 
i.e., 0.5–0.8‰. 

In Russia, apparently, the main obstacle for wide 
use of the breath test is high price (about 50– 
80 thousand USD) of the equipment needed. The 
price of the laser opto-galvanic instruments is at the 
same level. An infrared device with photo-acoustic 
recording is a bit cheaper. 

Therefore, at the ”Kurchatov Institute” Russian 
Scientific Center, new methods for measuring the 
13CO2/

12CO2 ratio have been developed in parallel 
with the creation of “Kolonna” dividing complex for 
production of the 13C isotope.28 The goal of the work 
is to find the method enabling one to develop a 
device acceptable for the Russian market. To organize 
interaction with physicians and to conduct comparative 
experiments, two chromato-mass-spectrometers produced 

by Medichems company (Republic of Korea) were 
bought with the help of the Ministry of Nuclear 
Industry, which were specially intended for the breath 

diagnostics. Using these devices, the breath test 
measurements are now conducted in cooperation with 

a  series  of  Moscow  clinics and medical centers.29–32 
As an alternative, the method of diode laser 

spectroscopy (DLS) is under study. A tunable diode 
laser (λ = 1.6 μm) with distributed feedback and fiber-
coupled output of radiation, as well as a multi-path 
optical cell with a total length of optical path of 
42 m are used. The choice of the radiation range 
(1.6 μm) is primarily determined by the above goal: 
to develop a low-cost instrument for the isotope 
breath diagnostics. 

A Pb1–xEuxSe-laser emitting at 4.3 μm center 
wavelength has been used.17–19 This range coincides 
with an intense absorption band of the CO2 molecule, 
but both the laser and photodetector for this range 
require cooling down to 80–100 K temperatures. This 
increases the price of the system and limits its 
applicability, because the liquid nitrogen is not 
available in any clinic. 

In this study, the instrumentation for express-
measurements of 13CO2 concentration by the CO2 
absorption spectrum in the near IR range has been 
developed for the first time.33,34 

The absorption lines R4 12CO2 and P12 13CO2 
located within 6232.7–6232.5 cm–1 frequency range 
were recorded. Further, the ratio of 13CO2 and 12CO2 
concentrations was calculated from the ratio between 
the  absorption  coefficients  measured  at  these lines. 

The diode module (DL-module) incorporated a 
diode laser (Anritsu company) with the distributed 
feedback and a fiber-coupled output of radiation 
(λ = 1.6 μm), a thermo-resistor, and a Peltier thermo-
element. 

The multi-path cell with a 25 cm base and the 
total optical path of 42 m had a fiber input of 
radiation. The cell’s construction allowed its 

evacuation and filling with the studied gas to be 
done at a reduced pressure. 

A photodetector (PD) with a preamplifier (PA), 
set on the cell, were used to record the output 
radiation. The interface module, intended for control 
of the DL-module and recording system, incorporated 
a source of the DL pumping current, a DL thermo-
stabilizing system, and a preamplifier for the power 
supply. 

To control the DL pumping, thermo-stabilizing 
systems, signal recording and processing, NI DAQ 
PCI-6052E board by National Instrument company 
was used. A computerized control of the measurement 
process was performed within the NI LabView 7.0 
medium. 

The DL was pumped by trapezoidal current 
pulses of the pulse amplitude about 80 mA (Iwork), a 
pulse length of 0.4–1 ms at the repetition frequency of 
1–2 kHz. The DL generation frequency scanning 

(Δν ∼ 2 cm–1) was conducted by varying the efficient 
index of refraction of the laser active range during 
the pump pulse. 
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The thermo-stabilizing system allowed a smooth 
tuning of generation frequency within 60 cm–1 due to 
variation of the crystal temperature with the help of 
the Peltier thermo-element. 

Figure 1a presents a model spectrum of CO2 
transmission near 1.6 μm (according to spectra from 
HITRAN database). Top curves show the contribution 
from 

13CO2 absorption at a natural isotope 

concentration. The chosen spectral range and analytical 
spectral lines of the two CO2 isotopes are presented 
as well. 

The analytical spectral lines were chosen in such 
a way that the gas temperature in the cell almost did 
not affect the measurement results, i.e., the lines 
with similar temperature dependence of the integral 
absorption cross section (Fig. 1b): R4 for 12CO2 and 
P12 for 13CO2 were used. 

Figure 1c demonstrates the CO2 absorption 
spectrum in the analytical spectral range obtained in 
this work in measuring the CO2 isotope composition 
in the expired air. The air sample pressure in the cell 
was 30 Torr. 

Under the experimental conditions chosen, the 
absorption coefficient amplitude in the strong line, 
corresponding to the main isotope, makes about 
0.024, while in the weak line – about 0.0006. 

Taking into account the required measurement 
accuracy (about 0.5‰), we arrive at a conclusion 
that the necessary accuracy of the absorption 
measurements must be no worse than 3 ⋅ 10–6. In the 
spectral range chosen, the 13CO2 absorption cross 
section is 46 times weaker than that of the main one. 
Taking into account this fact, the procedure for 
measuring isotope composition in the expired air 
includes five principal steps. Schematically, those are 
shown in Fig. 2. 

1–2. Spectrum recording and normalization. The 
absorption coefficient is calculated and the frequency 
scale is linearized. In the case of the DL with a 
distributed feedback, the frequency scale can be 
described sufficiently accurately by a linear function 
with the shape of the pumping current pulse as the 
argument. 

3. Spectral filtration. The filtration is performed 
with the use of cross-correlation functions, as well as 
the Butterword filter of the second order. 

4. Spectrum approximation. This is performed by 
the Doppler contour’s second derivative and a linear 
function. 

5. Computation of δ value. The ratio R of the 
13CO2/

12CO2 integral absorption coefficients and 
δ = (R/R0 – 1) ⋅ 1000‰ are found. 

The program written within the LabView medium 
allows a real-time monitoring of the measurement 
process and computation of δ. The time of a single δ 
measurement did not exceed 0.2 s. With averaging 
over 100 measurements, relative error in δ did not 
exceed 0.7‰, which is quite acceptable for the 
clinical practice. 
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Fig. 1. Model absorption spectrum for 13CO2 and 12CO2 
(HITRAN) (a); the coefficient of relative temperature 
dependence of the spectral line integral absorption 
coefficients (b); and CO2 absorption spectrum in the 
analytical spectral range (c). 
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Fig. 2. Main steps of the procedure of δ determination. 
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Fig. 3. Results of independent DL measurements of isotope composition for one and the same CO2 sample. Each point 
corresponds to realization of one measurement. 

 

The device calibration in R measurements is based 
on values of integral cross sections taken from the 

HITRAN-2004 database. To estimate the systematic 
error, five CO2 samples with different isotope 
compositions were prepared. The CO2 isotope 
composition in the samples was preliminary measured 
with a mass-spectrometer. The DL measurement results 
are shown in Fig. 3, and data obtained with the help 
of DL gas-analyzer and mass-spectrometer (averaged 
values) are presented in the Table. 

 

Sample number 15 5 25 3 1 

13Ñ/12C, %, DLS 3.97 3.47 2.46 2.97 1.08

13Ñ/12C, %, 
mass-spectrometer 3.97 3.48 2.54 2.94 1.10

Statistical analysis of the data allowed estimation 
of the systematic error by different measurement 
cycles of one and the same sample, which did not 
exceed 1.2‰. For this measurement procedure, it is 
caused by the error in determination of the gas 
mixture pressure equal to 0.5 Torr. However, in 
measuring δ, the systematic error is often compensated 
for, and then, as it was said above, relative error for 
δ does not exceed 0.7‰. Thus, in this work, the 
instrumentation for express-measurements of 13CO2 
concentration by the CO2 absorption spectrum in the 
near infrared has been developed. Comparative tests 
for patients were conducted using the DL gas-
analyzer model and the HeliView device. 

Figure 4 presents the time-dependent δ values 
for infected and non-infected patients. The laboratory 
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prototype of the DL gas-analyzer can serve a basis for 
creating of a commercial analyzer for the isotope 
breath diagnosis. 
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Fig. 4. Isotope breath test: non-infected patient (1), infected 
patient (2). 
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