
PROLOGUE

This report seeks to answer some o f  the questions raised during the practical training course organized within the framework 

of ARCAL-RLA-6042-IAEA project “Early diagnosis o f Helicobacter pylori infection by means o f nuclear techniques“ un­

dertaken in Hermosillo, M éxico, during the first w eek o f N ovem ber 2003. W e include some general aspects o f Helicobacter 

pylori infection as well as the current m ethod for the determination o f 13/12C 0 2 ratio in exhaled air to detect the presence o f this 

bacterium in the gastric mucosa, the U rea Breath Test (13C-UBT). W e hope that this manual will be useful and understandable 

for the interested reader. Any doubts suggestions, corrections and questions will be welcomed and answered with pleasure.

The authors
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SUMMARY. The interest in Helicobacter pylori has escalated in 
recent years. H. pylori may produce a chronic gastric infection which 
is usually life-long and many epidemiological studies have shown 
that this is the most common bacterial infection throughout the world 
involving 50% of the world population. Thus, it is clear that the 
diagnosis of H. pylori infection represents at least a key step in the 
management of many of the patients referred to the gastroenterolo­
gist. Additionally, due to the wide range and relevance of patholo­
gies possibly related tho this infection, from micronutrient malnutri­
tion and co-infections to malignancies, there is the potential for H. 
pylori to be a major health problem. Improved methods for the diag­
nosis and follow up treatment o f the infection have been developed. 
Use of stable isotopes as non-invasive and safe diagnostic methods, 
namely (l3C) breath tests, has been the key to a new era of research in
H. pylori epidemiology and diagnosis as well as the establishment 
of eradication therapies. This non-invasive nuclear technique, that is 
considered the gold standard for the diagnosis of this bacterial infec­
tion, has successfully been standardized and implemented along Latin 
America. Taking into account the high prevalence of this bacterial 
infection, the impact of this technique in the whole region is very 
high. In this article we discuss several aspects of this methodology 
in order to harmonize the application of this method in developing 
regions.
Key words: Helicobacter pylori, UBT, diagnosis, stable isotope, 
mass spectrometry.
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RESUMEN. Utilidad de los isótopos estables en salud humana y 
nutrición: espectrometría de masas y test de aliento con ,3C-urea 
aplicados a la detección de infección por Helicobacter pylori. El
interés en investigación en el área de Helicobacter pylori se ha 
incrementado en los últimos años. La infección por H. pylori puede 
producir gastritis crónica a lo largo de toda la vida. Varios estudios 
epidemiológicos han demostrado que esta infección bacteriana es la 
de mayor prevalencia en el mundo, afectando el 50% de la población 
mundial. Asi, es claro que el diagnóstico de la infección por H. pylori 
representa un paso clave en el manejo de los pacientes que acuden al 
gastroenterólogo. Asi mismo, debido al amplio rango de patologías 
relacionadas con la infección por esta bacteria que van desde la 
deficiencia de micronutrientes a procesos neoproliferativos, 
demuestran el potencial efecto nocivo que puede provocar la infección 
por H. pylori en la salud humana. En los últimos años se han 
mejorado significativamente los métodos de diagnóstico. El uso de 
isótopos estables, especialmente los denominados prueba del aire 
exhalado, como métodos seguros y no invasivos, han sido un paso 
clave en una nueva era de investigación dedicada al diagnóstico como 
asi también en la elección de las terapias de erradicación para H. 
pylori. Esta técnica nuclear no invasiva, que actualmente es 
considerada método de referencia para la determinación de la 
infección por H. pylori, ha sido exitosamente implementada en 
América Latina. Teniendo en cuenta la elevada prevalencia de la 
infección por H. pylori , el impacto de la implementación de esta 
metodología en la región es muy alto. En este artículo se discute en 
forma detallada los aspectos de esta metodología para armonizar la 
aplicación de este método diagnóstico en las regiones en vías de 
desarrollo.
Palabras clave: Helicobacter pylori, UBT, diagnóstico, isótopos 
estables, espectrometría de masas.

INTRODUCTION

The interest in H elicobacter pylori has escalated in recent 
years. H. pylori may produce a chronic gastric infection which 
is usually life-long and m any epidem iological studies have 
shown that this is probably one o f the m ost com mon bacterial 
infections throughout the world involving 50% o f the world 
population. Thus, it is clear that the diagnosis of H. pylori 
infection represents at least a key step in the managem ent of 
m any o f the patien ts re ferred  to  the gastroen tero logist.
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Additionally, due to the w ide range and relevance of 
p a th o lo g ie s  p o ss ib ly  re la te d  to  th is  in fe c tio n , fro m  
m icronutrient malnutrition and co-infections to malignancies, 
there is the potential for H. pylori to be a major health problem. 
Im proved methods for the diagnosis and follow  up treatment 
o f the infection have been developed. U se o f stable isotopes 
as non-invasive and safe diagnostic methods, namely [l3C] 
breath tests, has been the key to a new era o f research in H. 
pylori epidemiology and diagnosis as well as the establishment 
o f eradication therapies.

Helicobacter pylori

H. p y lo r i  is a G ra m -n e g a tiv e , sp ira l sh ap ed , 
m icroaeroph ilic  bac terium  iso la ted  from  hum an gastric 
m ucosa that produces large am ounts o f  urease, an enzyme 
that hydrolyses urea into carbon dioxide and ammonia.

There are two identified patterns o f infection for H. pylori. 
In the firs t instance, develop ing  coun tries have a large 
proportion o f children infected during early life and almost 
all adults are colonised. S tudies show ed a prevalence of 
approximately 13-70% in subjects between 0-20 years of age 
and 70-94%  in those older than 30. The second pattern is 
characterized by the increase in the prevalence o f H. pylori 
infection from 20 years onwards, and it is typical o f developed 
countries with values of 5-15%  prevalence in children and 
20-60%  in individuals between 30-75 years o f age. Thus, it is 
accepted that H. pylori infection is dissem inated worldwide, 
with an average prevalence o f 50%. There is also an inverse 
relationship between the prevalence o f the infection and the 
socioeconomic status o f the population concerned.

This bacterium may produce chronic antral gastritis, peptic 
ulcer and is associated with stomach cancer. H. pylori carriers 
are up to 15 times m ore likely to develop duodenal ulcers 
than H. pylori negative individuals. The predominant infections 
and concom itant inflam m ation in duodenal and gastric ulcers 
tend to occur in the antrum and corpus, respectively. The most 
convincing evidence that H. pylori is a key pathogen in peptic 
ulcer disease is the observation that its eradication dramatically 
reduces the ulcer recurrence rate. The hypothetical cascade of 
events in the pathogenesis o f duodenal ulcer initiates with the 
infection causing inflammation in the mucosa. This leads to 
alterations of regulatory horm ones with the net effect o f acid 
h y p e rse c re tio n . T h e  d u o d e n a l m u c o sa  re a c ts  to ac id  
hypersecretion with the formation o f gastric metaplasia, which 
in turn allows H. pylori to colonize the duodenum . The final 
event o f mucosal breakdown is caused by several facultative 
factors. In the long tim e interval between initial infection and 
the occurrence o f  in testinal-type gastric carcinom a, data 
suggest that H. pylori-associated chronic gastritis evolves 
through atrophy, intestinal m etaplasia and dysplasia. Many 
factors involved in H. pylori virulence have been studied in

detail, including urease, the vacuolating cytotoxin (Vac A), 
the product o f cy totoxin-associated  gene A (Cag A), the 
neutrophil-activating protein (NapA) and lipopolysaccharide. 
Bacterial adhesion to the mucosal surface is an initial important 
step for colonization and infection. On the other hand, it is 
widely accepted that H. pylori adheres to receptors in the 
gastric epithelium  by means o f specific adhesins. This is a 
topic worthy o f further investigation to clarify mechanisms of 
H. pylori colonization and the possibility o f developing new 
strategies for treatment. ^

H. p y lo r i  h as  a lso  b ee n  lin k e d  to  m ic ro n u tr ie n t 
malnutrition. Even though nutrient absorption does not take 
place in the stomach, this organ contributes to the process by 
means o f the secretion o f hydrochloric acid and enzymes, 
which during the digestive process, help not only to release 
the micronutrients from  the food m atrix but also, in the case 
o f the essential minerals, to render them soluble. Achlorhydria 
(a decrease o f hydrochloric acid secretion) occurs in 40-50%
H. pylori infected patients. A  consequence of which is poor 
absorption o f m icronutrients, which may com prom ise the 
nu tritiona l sta tus o f  in fec ted  ind iv iduals p rovok ing  the 
appearance of deficiency symptoms.

Stables isotopes in nutrition and m etabolic research

Nuclear techniques have been used to determ ine dynam ic 
aspects o f m etabolism  in both animals and humans. Isotopes 
can be radioactive or stable, and the latter allows the use of 
them in vulnerable groups, such as pregnant women and 
children where radioactive isotopes may have an unacceptable 
medical risk. The global nutrition com m unity has recognized 
the significance o f  isotope techniques, especially utilizing 
stable iso topes, as p rov id ing  accurate and non-invasive 
methods for m easuring nutrient assimilation, nutrient status 
and related metabolism. As investigative tools, stable isotopes 
are now seen to be invaluable, since there is virtually no health 
risk involved in their use. They are therefore preferred for 
work in humans, especially infants and pregnant women. They 
can be adm inistered either orally or intravenously and when 
incorporated into metabolic products, such as body water, urea 
or C 0 2, they can be easily sam pled in saliva, milk, breath, 
urine and stool.

I3C breath tests are based on the delivery o f a I3C-labelled 
substrate into the body by oral ingestion or by injection. A 
specific enzyme in the target tissue then selectively metabolizes 
the substrate such that the tracer is irreversibly released as 
13C 0 2 into the body’s bicarbonate pool. The tracer is then 
transported by the circulation and exhaled in the breath. The 
pattern o f breath 13C 0 2 enrichm ent over time can be measured. 
The isotope analysis can be perform ed by isotope-ratio mass 
spectrometry (IRMS).
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l3C-breath tests are mainly used as research tools, but they 
can be applied successfully in less privileged countries, as 
they are simple to perform and can be reliably used to evaluate 
gastrointestinal function. The test can be presented in a kit, 
which can be used in all members of the population. Breath 
samples can be stored unaltered in economical collection tubes 
(e.g., Exetainers) for up to six months before being sent to a 
centralized analytical laboratory by standard mail.

The urea breath test to detect the presence of H. pylori in 
the stomach is the simplest breath test. The high urease activity 
by H. pylori has facilitated the developm ent o f diagnostic 
m ethods using  e ith e r  l4C -u rea  or 13C -u rea , w hich are 
hydrolysed to labelled CO, and exhaled. These methodologies 
have the advantage o f representing the whole stomach surface 
and of being non-invasive. U ntil now , several invasive 
endoscopic methods have been used in the diagnosis o f the 
gastric infection by H. pylori including histology, culture, rapid 
urease test and polymerase chain reaction. None of these can 
be considered a reference method since samples obtained by 
endoscopy are focal in nature and do not represent the whole 
stomach surface.

In th is repo rt, we w ill d esc r ib e  and d iscu ss  som e 
methodological aspects related to the diagnosis of Helicobacter 
pylori infection by mass spectrom etric analysis o f thel3/l2CO, 
ratio in exhaled breath.

13C -urea b re a th  test (13C-UBT)

The l3C-urea breath test is used to diagnose H. pylori 
infection. In this test, l3C-urca is adm inistered orally in a test 
meal (commonly natural orange juice), and urease secreted 
by H. pylori in the stomach acts hydrolyses urea to release 
13CO,. 13C O ,then enters into the body’s bicarbonate pool and 
is excreted in breath. B reath 13C 0 2 enrichm ent can be 
measured by IRMS. An increase in breath enrichment of l3CO, 
within 45 minutes of the ingestion of 13C-urea is indicative of 
the presence of H. pylori in the gastric mucosa.

M ethodology as pe rfo rm ed  in L a tin  A m erica

- Fasting for 6 hours.
- Basal samples in duplicate.
- Intake of 50-100 mg of l3C-urea in test meal (natural or­

ange juice).
- Breath samples at 30 and 45 min after 13C-Urea intake.
- M easurement o f the breath samples by IRMS.

M ateria ls: (Fig. 1) A few materials are needed to perform the 
test, they are:
- 50-100 mg of 13C-urea.

Test meal: natural orange juice.
Straw

- Four Exetainers: two for the basal samples (red cap) and 
two for 30 and 45 minutes post l3C-urea intake (blue cap).

F IG U R E  1

A ddition  of the 13C -u rea  in to  the test m eal (Fig. 2).
The 13C-urea is easily dissolved in the test meal by stir­

ring. It does not alter the taste of the meal.
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F IG U R E  2

T eeth  b rush ing  (Fig. 3).
Teeth should be cleaned before ingestion o f the 13C-urea 

test meal to decrease the potential interference of bacteria in 
dental plaque.

It should be done without toothpaste, using only water.

F IG U R E  3

B asal b rea th  sam ples (Fig. 4),
Basal breath samples should be taken in duplicate to de­

termine the basal 1VI2C 0 2 ratio using the Exetainer with red 
cap.

Breath should be sampled by blowing through a straw into 
the Exetainer

F IG U R E  4

u C -urea- test m eal in tak e  (Fig. 5).
The whole test meal containing the 13C-urea dose must be 

taken.

F IG U R E  5

T eeth  b ru sh in g  (Fig. 6).
Teeth should be brushed after consumption of the 13C-urea 

test meal to wash out any residual 13C-urea in the oral cavity 
where bacteria may show urease activity, which would inter­
fere with the test. Clean teeth without using toothpaste. Use 
only water.



THE USEFULNESS OF STABLE ISOTOPES IN NUTRITION AND HUMAN HEALTH 3 1

F IG U R E  6 F IG U R E  8

3 0  minute breath sam ple  (Fig. 7).
Use the Exeteiner with the blue cap.
Breath should be sampled by normal-deep breath blowing 

into the Exetainer through the straw.

Breath sam p les  for  m easu r in g  (Fig. 9),
Each breath sample is identified by means of a bar-code 

label. Samples can be kept at room temperature for up to 6 
months. They could be submitted to a central laboratory by 
standard mail.

* T 'f  4m l 1 *
F IG U R E  7

45 minute breath sam ple  (Fig. 8).
Use the Exeteiner with the blue cap.
Breath should be sampled by normal-deep breath blow­

ing into the Exetainer through the straw.

F IG U R E  9

The basal value is determined in duplicate and then samples 
are collected 30 and 45 minutes after the ingestion of approxi­
mately 250 cm1 of natural orange juice to which 50 mg of 
urea enriched with nC  are added. This form of administration 
delays gastric emptying of the labelled urea and favors con­
tact with the whole gastric mucosa. This is important for the 
sensitivity of the method since H e lic o b a c te r  p y lo ri does not 
colonize the whole gastric mucosa but only patches.
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M ass spectrometry

The mass spectrometer, the cyclotron and the J.J. Thom p­
son device are based on the interaction of electric and m ag­
netic fields with ions, i.e., electrically charged atoms or m ol­
ecules. In 1887 J.J. Thompson at Cam bridge (England) m ea­
sured for the first time the electron charge/m ass ratio using a 
vacuum glass tube in which a bundle o f electrons is pulled 
out o f the cathode and accelerated to a screen covered with a 
fluorescent substance that indicates the im pact site. Lawrence 
and Stanley Livingston o f California University discovered 
the cyclotron in 1931. This consists o f two m etallic chambers 
in the shape of the letter D, in which it is possible to produce 
a pulse of atomic particles with high speed.

Conceptually, mass spectrometry is the separation o f ions, 
which are produced and separated or filtered according to their 
mass/charge ratio (m/z) and finally detected. M any different 
instruments have been developed using this principle. Breath 
l3C enrichm ent is measured using an isotope ratio mass spec­
trom eter (IRMS). The first gas source IRM S was designed by 
Alfred Nier in 1947 (1).

Recent advances, especially in sample introduction tech­
nology, have increased the efficiency, sensitivity and speci­
ficity of this technique through the introduction of continu- 
ous-flow IRMS by Preston and co-workers (2,3,4). In con­
tinuous flow instruments, C 0 2 is separated from  the other 
com ponents o f breath, in a helium stream, by gas chrom atog­
raphy. W ater is removed and the pure C 0 2 is carried into the 
IRM S, eliminating the need for off-line sample preparation. 
The addition of an autosam pler and com puter controlled in­
strumentation lead to the first fully automated system for analy­
sis o f breath 13C 0 2 enrichm ent (5). O ther advances include 
introduction of user-friendly software, allowing the spread of 
IRMS instrumentation to many laboratories around the world.

Isotopes

Isotopes are form s o f an elem ent o f  differing mass that 
have the same num ber of protons (and therefore electrons), 
the difference being the num ber of neutrons.

Electrons are responsible for their chemical behavior and 
therefore isotopes cannot be differentiated by chemical reac­
tions, but as the num ber of neutrons is different their mass 
will be different.

The accepted nom enclature to designate a nuclide is

A
Xz

X: nuclide; A: mass num ber (A = Z + N); Z : atomic number,
i.e., the num ber of protons; N : num ber o f neutrons.

Isotopes o f the same chem ical elem ent have the same Z 
and differ in A. In 13C breath tests, we need to consider the 
isotopes present in C 0 2 in the breath sample.

Table 1 shows the percent com position o f C and O of their 
stable species, i.e., their isotopic abundance.

Table 1
Atom Isotope Isotopic abundance (%)

C ,2C 98.89
l3C 1.108
14C Very low

O !6Q 99.76
l70 0.04
I8Q 0.2

The elements contain stable or radioactive isotopes.
In the case o f carbon, we find two stable isotopes, 12C and 

13C and one radioactive isotope, l4C. The three isotopes of 
oxygen shown in the table are stable.

It should be noted that the quantity of 13C naturally present 
in a human being w eighing 70 kg is approxim ately 120 g. 
Thus, if  50 mg 13C-urea (~1 lm g  ,3C) is given for a breath test, 
this is scarcely 0.01 per cent o f the total.

Several m olecular species o f C 0 2 can be form ed by com ­
bining different isotopes.

These molecules o f C 0 2 correspond respectively to masses 
44, 45, 45 and 46.

16Q 16Q 170 18Q

/ /
\

C c c ^
16Q 16Q 16Q 16Q

The probability o f finding theses ions among those formed 
in exhaled breath depends upon the isotopic abundance o f the 
elements. O ther C 0 2 molecules, which could be form ed by 
com bining two or m ore m inor isotopes, have a very low prob­
ability o f being formed. The intensity of ions at mass 44 will 
be some 90-fold greater than that of o ther masses, due to the 
contribution of 12C I60 2 form ed by the m ost abundant isotopes.

Isotope Ratio M ass Spectrom etry

A num ber of IRM S designed specially for autom ated 
analysis o f 13C breath tests are com m ercially available. The 
photograph (Fig. 10) shows the equipm ent installed at the 
Laboratory o f Stable Isotopes applied to Biology and M edi­
cine, School of Pharm acy and Biochem istry, University of 
Buenos Aires, which is a Finnigan BreathM AT (Thermo Elec­
tron Corporation, Tel: Africa +27 11 570 1840, UK +44 1442 
233555; w w w.therm o.com ). Although this instrument is no 
longer com m ercially available, in principle, its design and 
operation are sim ilar to other instruments.
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F IG U R E  10

The components of the BreathM AT can be seen (from left to 
right) in Figure 10.
1. He and CO, cylinders (partially obscured by an operator).
2. On the table: the mass spectrometer, the autosampler, the 

monitor and the printer.
3. Under the table: com pressor, rotary vacuum pump and 

computer CPU (partially obscured).

The procedure for the diagnosis of infection by H pylori 
using the l3C-urea breath test is described step-by-step (pag. 
29-31).

Following sample collection as described above, the ana­
lytical procedure begins with iden tifica tion  by affixing self- 
adhesive labels with a bar code on the tubes and the location 
of the tube into the autosam pler magazine (Fig. 11). In each 
batch, up to 10 m agazines with 20 tubes each may be located.

Once the bar code has been read by the laser read er, the 
autosam pler makes the maneuvers destined to that the tube is 
punctured by the needle (Fig. 11).

The breath sample is displaced of the tube by means of a 
helium current that enters by the needle. The needle has two 
concentric routes. The helium is introduced through the cen­
tral route, and the breathed air sample enters the needle by a 
lateral orifice and is carried to the IRMS by the same helium 
flow. Once extracted the sample, the tube is pushed towards a 
box but if for some reason, the laser reader cannot read the 
bar code, it is derived to a so r te r  ram p  (Fig. 11) where is 
ordered according to the sequence of measurem ent of the 
samples.

FIG U R E

LASER
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F IG U R E  12

TURBOMOLECULAR 
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STANDARD
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DEVICE

JUM CONTROL
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The breath sample is transported in a stream of helium to 
an eight-way V A LC O  dig ital valve (Fig. 12). This valve has 
two positions: “load” and “Inject” . In the Load position, the 
sample fills a 2 mL loop. A turn of the valve to the Inject 
position causes the loop contents to flow towards the gas ch ro ­
m a to g rap h  (GC) (Fig. 13). A new turn brings the valve back 
to the Load position and, while the loop is filled, the flow is 
maintained through the GC. The valve turns are controlled by 
the com puter software at predeterm ined times.

The breath sam ple m ainly contains: oxygen, nitrogen, 
water vapor and carbon dioxide.

F IG U R E  13

Gases entering the GC are separated. W a te r  rem oval (Fig. 
13) is accomplished by a permeable membrane. The flow now 
passes through an elem ent called the S ta n d a rd  In jec tion  
Device (Fig. 12), the function of which is to alternate pulses 
o f sample and reference gas.

Gases enter the ion source (Fig. 12), in which high vacuum 
conditions prevail, produced by the tu rb o m o lecu la r vacuum  
pum p (Fig. 14) backed by the rotary pump.

In the ion source there is a tu n g sten  filam ent that emits 
electrons, which ionize a small portion of the CO, transform ­
ing it into a positive ion, CO ,+.

CO, + l e  - >  C O ,+ + 2 e

Ions are form ed follow ing therm ionic emission of elec­
trons from the filam ent and their collision with gas molecules. 
Two small perm anent magnets within the ion source increase 
the probability of collision with a CO, m olecule as they cause 
the electrons to describe a spiral from  the filament. The em is­
sion of electrons is under strict electronic control to maintain 
constant ionization efficiency.

In the ion source there is a high vacuum , 10 6mbar (the 
atmospheric pressure is almost 1,000,000,000 times higher!!!), 
which is produced by two vacuum pumps, a mechanical ro­
tary backing pump and a turbom olecular (high vacuum) pump 
connected in series. In this way the necessary high mean free 
path for the ions is achieved.

The CO,+ ions produced are accelerated through a poten­
tial difference of approxim ately 3000 Volts (accelerating po­
tential). The energy of the electric field produced by this po­
tential difference is transferred to the ions and its value can be 
calculated easily (see Appendix 2).

The Finnigan BreathM AT spectrometer is an IRMS, which 
is a low resolution m agnetic sector MS, and so has no veloc­
ity selector as it will be described in Appendix 1. Ions with 
different mass enter the magnetic field, where they describe 
different radii.

Detection
f a o d a y

F IG U R E  15
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The IRMS is designed to m onitor ions o f mass-to-charge- 
ratio 44, 45 and 46. The detectors are ion collectors called 
F araday  cups (Fig. 15). The different isotopic abundances 
produce currents with different intensities in each detector 
(cupl, cup2 and cup3). Therefore, each am plifier gain is 
optimised (by the value o f the resistor installed) so that those 
receiving the less abundant ions (corresponding to masses 45 
and 46) have ~ 100-fold m ore gain than that corresponding to 
mass 44 (cup 1).

D ata A nalysis

IRMS results are expressed as current intensity ratios (the 
13C 0 2/12C 0 2 ratio is term ed ratio 45 in the Breath M AT soft­
ware). Simultaneous collection o f the isotopic species cannot 
be affected by variations of the total ion am ounts arriving at 
the collectors, since intensity ratios and not their absolute val­
ues are determined. Processing includes com parison o f the 
ratio 45 (actually 45/44) o f the sam ple with the ratio 45 o f the 
C 0 2 reference gas, which has a know n carbon isotopic com ­
position relative to the international standard for carbon iso­
topic composition (notation 8 13C; units %c, per mil). The origi­
nal international standard, a lim estone called Pee Dee Belem- 
nite (PDB) has been exhausted, but a new prim ary standard

has been produced (6). This new standard is known as V ienna 
PDB (VPDB).

The delta value o f  the reference gas has been entered into 
the software, which now automatically undertakes a series o f 
corrections to account for the contribution o f 170  to mass 45 
in the calculation o f  R45/44 (the Craig correction, see scheme 
below). The result is now calculated as 8 13C relative to the 

— reference gas (Del 13), which is then converted to 8 ,3C rela­
tive to PDB (Del 13 PDB ). The final result o f every sample is 
determined by the difference between the Del 13 PDB o f the 
sam ple after the ingestion o f 13C-UREA and the basal Del 13 
PDB. The difference is called DOB (Delta Over Baseline, A). 
The results o f 13C breath tests can also be expressed in units o f 
part per million (ppm) 13C and ppm  13C excess (7).

The precision of analysis becomes poorer at lower than de­
sirable C 0 2 concentration. When the ion current falls below a 
pre-determined minimal value the software produces a “low sig­
n a l” message. In these cases the DOB data that the sheet gives 
automatically should be neglected. Low C 0 2 concentration is 
usually the result poor sample collection, which may be due to 
failure to replace the cap on the Exetainer correctly

The results o f the determ inations appear on a sheet sim i­
lar to that shown here (Table 2).

Table 2

Sample Barcode Name Remarks DOB Del 45 Del 46 Ratio 45 Ratio 46 Del 13 Del 13 PDB mV

Basal 52100 NICOLAS 0.0 5.1 -1.6 1.2 0.4 5.5 -22.6 2398
30 min 52100 Positive 47.3 50.7 1.3 1.2 0.4 54.1 24.7 1980
Basal 52130 0.0 4.8 -0.8 1.2 0.4 5.2 -22.9 2478
45 min 52130 Positive 31.3 35.1 4.3 1.2 0.4 37.3 8.4 1664

Basal 52200 ULISES 0.0 7.1 -4.3 1.2 0.4 7.7 -20.5 2502
30 min 52200 Positive 57.2 62.5 8.3 1.3 0.4 66.4 36.7 604
Basal 52230 0.0 7.0 -4.6 1.2 0.4 7.6 -20.5 2414
45 min 52230 Positive 41.6 47.3 -0.7 1.2 0.4 50.5 21.2 2634

Basal 52300 MARCOS 0.0 9.0 -2.1 1.2 0.4 9.7 -18.5 2477
30 min 52300 Negative 1.5 10.5 -1.8 1.2 0.4 11.3 -17.0 2317
Basal 52330 0.0 6.9 -6.9 1.2 0.4 .  7.6 -20.5 2922
45 min 52330 Negative 2.2 9.2 -2.6 1.2 0.4 9.9 -18.3 2643

The value of the cut-off point o f the test is a DOB higher 
than 3.5, i.e., once the DOB o f a sam ple is higher than 3.5 the 
result will be POSITIVE (8).

Several columns are not shown and the values have been 
rounded to one decimal place to show those o f m ost interest. 
In the second column the num ber, which identifies each pa­

tient, is indicated. A signal indicates when a bar code reading 
has been carried out and the system inscribes the number in 
this column. I f  the signal from  the bar code reader is not 
received, the Exetainer will be put on the ordering ramp once 
the sample has been analysed. The legend “U nknow n” will 
appear in the output follow ed by the num ber indicating the
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sequence order. W hen this occurs for the tenth time, the batch 
will be terminated since the ordering ram p will be full. In this 
eventuality sample identities are entered into the spreadsheet 
manually in the order indicated by the position o f the tube on 
the ramp and the number. The colum n “m V” contains the 
values corresponding to a signal generated in the detector o f 
the ions o f mass 44 (of the isotope l2C 160 160 ) , the most abun­
dant. These values act as a quality control because the signal 
m easured should be higher than the predeterm ined threshold 
value.

6’3c(°/J =[(r„„p1,/R 1] *1 0!

r .  i a r  „ (ra tio  45 /  44 s.lmnl. - ra tio  45  /  44  )
Del 45: 545  =   ^  —  * 1000 (°/„

ratio  45  /  44  r, r

„  • (ra tio  4 6  /  44 - ra tio  4 6  /  44  _ r )
Del 46: Ô46 =    = *  —  » 1000 (°/00)

ratio  4 6  /  44  00

Del 13: The result o f correction for the l70  contribution to 
mass 45 in the calculation o f R45/44. The correction proposed 
by Craig includes two constants (Craig A and Craig B), deter­
mined experim entally (9).

: 8 13C =  CraigA  * 845  - CraigB * 8 4 6  

8 13C =  1 0676758 * § 4 5  -  0 .0 3 3 8 3 6 2 *  §46

6 13C / S 12C

The schematic diagram shows the series o f steps that to­
gether com prise the m easurem ent o f the l3C /l2C ratio in the 
sample and in the reference gas.

R atio  45 an d  46: The ratios established between the signal 
intensities

R ou tine  quality  co n tro l checks

In all routine IRM S operations, regular QC checks are 
undertaken. Peak centering is undertaken to ensure that the 
high voltage is adjusted to optim ize ion beam focus; a stabil­
ity test is undertaken to ensure that any variation o f  isotope 
ratio with time is within acceptable limits; a reproducibility 
or analytical precision test is undertaken to ensure precision 
is acceptable and that ‘zero enrichm ent’ criteria are met. Some­
what less frequently, an abundance sensitivity test (sometimes 
called am ount dependence or linearity) is perform ed to en­
sure that any variation o f m easured ratio with sample size is 
within accepted limits.

In the Finnigan BreathM AT, routine QC tests are known
as:

13 16

R 45 / 44 =
c ,üo 1+ ,2C 170 ,60 + 12C 160 170

12c 16o,

= n R45/44 + 2 *nR45/44

The data appearing with the notation 8  (delta), are generally 
results of a relationship with the reference gas:

1) High voltage; 2) Tim e scan; 3) C 0 2zero _20

1- H igh V oltage Scan  (Fig. 16).
A reference gas peak is scanned over a 10 V range in HT 

to find the optim al accelerating voltage. Once automatically 
selected it should prove stable for the ratio 45/44 (<1 V per 
kV) in a constant tem perature environm ent (18°C).
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3- C 0 2 zero_20
This test is perform ed by undertaking 20 measurements 

o f reference gas. The standard deviation of the Del 13 PDB 
values is calculated by means o f an Excel sheet. The result 
should not be greater than 0.07 per mil. The purpose o f this 
control is to check the reproducibility o f the determinations. 
The data from this test are transferred automatically to a sheet 
which can be exported to Excel (Table 3).

Table 3

F IG U R E  16

2- T im e scan (Fig. 17).
A reference gas peak is m onitored over 10 minutes, at the 

previously selected accelerating voltage. A variation o f <1 per 
thousand in ratio 45/44 over 10 minutes is acceptable.

No. Del 45 Del 46 Ratio 45 Ratio 46 Del 13 Del 13 
PDB

mV

1 -0.16 -0.05 1.18 0.42 -0.17 -28.06 3108.20
2 -0.12 -0.08 1.18 0.42 -0.13 -28.03 3105.40

19 0.00 0.01 1.18 0.42 0.00 -27.90 3076.50
20 0.02 -0.07 1.18 0.42 0.02 -27.88

0.05
3143.90

The value of 0.05 ° /0013C, at the end of the D ell3PD B  
column corresponds to the standard deviation of the 20 pre­
ceding values. The test is satisfactory.

F IG U R E  17
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O ther breath tests in hum an health

The l - ,3C-octanoic acid breath test for solid phase gastric 
em ptying

This test o f solid phase gastric em ptying is described in

full by Ghoos and co-w orkers (10,11). U nlike the case with 
the UBT, w here data is expressed in units o f enrichm ent, the 
convention has been to convert the IRM S data from the oc- 
tanoic acid breath test into units o f  percentage dose recovered 
(PDR), where,

PDR h'1 =
V C 02 (mmol h 1) x breath nC 0 2 enrichment (ppm excess) x 100 

amount substrate taken (mmol) x substrate enrichment (atom % excess x 104)

Note that many IRM S data systems only yield data in 8  
13C units (7). As it is m ore convenient to deal with tracer dose 
in units derived from  atom fraction (atom % excess, o r ppm 
excess), it may be necessary to interconvert units o f enrich­
m ent (7).

A modest dose (typically 100 pi) o f l - '3C-labelled octanoic 
acid is incorporated into the test meal (usually within egg yolk) 
and cooked. The subject remains seated and at rest. They give a 
baseline breath sample and take the test meal. A series o f breath 
samples are given over a 6 hour period. The full protocol is 
available on the SIGN website (www.med.rug.nl/sign).

The F igure 18 shows the output from  a solid phase gastric 
em ptying test. Use o f the curve fitting procedure advocated 
by Ghoos and co-workers (10,11) revealed in this case a gas­
tric emptying half time o f 2.8 hours. Calculations such as these 
that may involve data manipulation and curve fitting are greatly 
facilitated by use o f spreadsheets. All the IRM S m anufactur­
ers provide data outputs that can be readily imported into pro­
prietary spreadsheets, such as M icrosoft Excel.

13C-octanoic acid breath test

a: 
a  
a.

Time (h)

FIG URE 18

The main outcom e o f the octanoic acid breath test is a 
kinetic m easurem ent, typically gastric em ptying half time. 
Strictly speaking, this inform ation could have been calculated 
from  the plot o f tracer enrichm ent with time, w ithout having 
to convert it to PDR. H ow ever it is essential to express the 
outcom e in PDR units in certain breath tests (see below).

The study above was perform ed using an AP2003 isotope 
ratio mass spectrometer system designed for automatic analysis 
o f I3C breath tests. This IRMS is currently m anufactured by: 
GV Instruments, Crewe Road, Wythenshawe, M anchester M23 
9BE, UK (tel: +44 (0) 1619022100; fax: +44 (0) 161 9022198; 
http://www.gvinstrum ents.co.uk).

The 13C-m ixed triacylglycerol breath test for pancreatic 
lipase sufficiency

H ere a novel m olecule, the m ixed triacylglycerol (1,3 
distearyl 2 - [ l - 13C]octanoyl-glycerol), was designed and de­
v e lo p ed  by G h o o s an d  c o -w o rk e rs  (1 2 ,1 3 ), to  d e te c t 
maldigestion due to insufficient secretion o f pancreatic lipase. 
This is now available com m ercially (www.isotope.com ). The 
triacylglycerol is incorporated into a test meal and consumed. 
A series o f  breath samples taken, as in the octanoic acid breath 
test. W hen the tracer is fully digested, the unlabelled stearic 
acid moities are rem oved from  the in-1 and sn-2  positions by 
p a n c re a tic  lip a se . T h e  re su lt in g  m o n o a cy lg ly ce ro l o r 
nonesterified fatty acid is readily absorbed and transported to 
the liver where it is oxidised, releasing I3C 0 2, which is ex ­
haled in breath. Subjects w ith insufficient pancreatic lipase 
secretion give low recovery o f l3C in breath C 0 2 (14).

M ixed triacylglycerol breath test

' PS

I p i

Time (h)

FIGURE 19
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The Figure 19 shows the cumulative PDR (cPDR) in breath 
C 0 2 following a mixed triacylglycerol breath test in children 
with cystic fibrosis ( «pancreatic sufficient, PS; ■ pancreatic 
insufficient, PI). This test has been successfully applied to 
assess the need for digestive enzyme supplementation in chil­
dren with cystic fibrosis (15-17). Here, accurate measures o f  
PDR are essential (18).

60

50

40

30

S 20

10

Predicted resting M easured resting M easured non-resting 

VCO2 estim ate

FIG URE 20

This Figure 20 illustrates the importance o f obtaining ac­
curate estimates o f C 0 2 production to yield accurate cPDR  
data. Non-resting VC02 estimates, from heart rate, were used 
to calculate cPDR over 6 h during the mixed triacylglycerol 
breath test. Open symbols are the median cPDR from pancre­
atic sufficient subjects (n = 19, shown with range). Closed 
symbols are the median cPDR from children with cystic f i­
brosis, who have been prescribed pancreatic enzyme replace­
ment therapy, but did not take PERT with the test meal (n =  5, 
shown with range).

These studies were performed using a Europa ABCA iso­
tope ratio mass spectrometer system designed for automatic 
analysis o f l3C breath tests. This IRMS is currently manufac­
tured by: SerCon Ltd, W istaston Road Business Centre, 
Wistaston Road, Crewe, Cheshire CW2 7RP, UK (Tel: +44- 
(0 )  1 2 7 0 -5  8 0 0 0 8  ;F a x : + 4 4 - (0 )  1 2 7 0 - 2 5  2 3 1 0  ;h ttp : //  
www.sercongroup.com)
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A PPEN DIX 1

A short introduction to a few basic physical concepts such 
as circular motion and m agnetic fields will help to understand 
the reasons for the separation o f  isotopes in a sample o f  ex­
haled breath to quantify the isotope ratio.

1. Circular m otion

W hen an ion moves in a m agnetic field in such a way that 
the direction o f the velocity vector is perpendicular to the 
m agnetic induction vector, its trajectory is a circumference.

FIG U R E 21

In the Figure 21 we consider a moving positive charge at two points 
M and N of its trajectory. The magnetic field is perpendicular to the 
paper and comes out o f the paper sheet.
The grey vector represents the force, which the magnetic induction 
B exerts on the electric charge moving with a velocity v. The direc­
tion of the velocity is tangent to the trajectory at every point. The 
vectors entering into the paper may be represented by ®  (the tail of 
the arrow), and those coming out by Q  (the heat o f the arrow)

W hen the label appears in bold script it refers to a vector; 
in normal script it refers to its velocity and direction.

This situation may be com pared to that o f a stone attached 
to a rope. The stone rem ains in a circular trajectory as long as 
the tension o f the rope is m aintained. I f  the rope is broken, the 
stone will move with a rectilinear trajectory with a direction 
coincident to that o f the velocity vector at the m om ent o f  the 
break o f the rope. In the case o f the stone the involved forces 
are contact forces since they are transm itted by the rope; in 
the mass spectrom eter the forces are transm itted by a field 
through a distance.

In the Figure 21 the vectors vM and vN represent tangen­
tial instantaneous velocities at M  and N respectively.

Tangential velocity is defined as the quotient between the 
traveled arc and the tim e em ployed for the travel; in a more 
rigorous way it should be defined as the lim it o f the quotient 
between As y At when At tends to zero. U nder these circum­

stance the arc may be taken as having the same length as As; 
therefore the first definition m akes sense. The Greek letter A 
is used to sym bolize change, in this case the “increase o f ’ the 
variable which follows. It replaces the difference between the 
final and the initial values o f the variable during the consid­
ered interval.

I f  we m ove the vectors representing the speeds to a com ­
mon origin w e can find the difference vector (Av) between 
vM and v N(Figure 22).

FIG URE 22

In order to understand these considerations, v/e may rep­
resent the difference between two vectors as the sum o f v„ 
and Av. Then:

vM + Av = vN resulting Av = vN -  vM

Conceptually the velocity change (Av) as a function of 
time is the acceleration. I f  we take the point N closer and 
closer to M, with tim e tending to zero, it will be:

dv/dt = a the direction and sense o f a will be equal to that of dv

As points M  and N  are sufficiently close, Av becomes 
perpendicular to v and consequently the acceleration a as well. 
Therefore the acceleration at each point o f the trajectory has a 
direction coincident to the radius and the sense is to the cen­
ter. For this reason it is called centripetal acceleration and 
since the relationship with the force is the mass of the body 
(with positive sign), obviously the force producing this accel­
eration is coincident in sense and direction to that o f the ac­
celeration; we sym bolize it in grey in Figure 21 and it is called 
centripetal force. This force is responsible for the change of 
direction of the tangential velocity.

W e note that the effects of the forces may produce changes 
of the velocity which do not affect its modulo. If  this is not so, it 
is required that the force has a com ponent in the direction of the 
velocity and this is not the case in uniform circular motion.
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The tangential velocity is a property that characterizes cir­
cular motion. It is very sim ple to infer that this tangential ve­
locity is strongly dependent on the radius (distance at which 
the moving body is found with regard to  the center o f the 
circumference of the trajectory which it is describing). It is 
necessary to find a m athem atical relationship between these 
variables.

When a body turns around a point it will “sweep” an angle. 
In a  circular motion, angles are m easured in “radians”. An 
angle of 1 radian is defined when it subtends an arc equal to 
the length o f the radius. Thus, an angle o f 360° corresponds to 
an arc equal to the length o f the circum ference.

If we want to establish the equivalence between the hexa­
decimal system and the radian, we can take into account this 
relationship and since a m easu rem en t is a  com parison  w ith  
the  unit, we should refer the arc (the length o f the circum fer­
ence) to the value o f the radius.

360° is equivalent to

R

Since the ratio between a length and another length has no 
unit, the radian is actually dim ensionless, even though som e­
times it is referred to by the word “radian” in order to have a 
reference to the system in w hich w e are w orking.

For example an angle o f 45° is equal to 71/ 4 radians.

Another property that characterizes the circular m otion is 
the an g u la r  velocity, which is represented by (D.

It is defined by the “sw ept” angle (given in radians) dur­
ing a certain time.

Let us suppose that the “sw ept” angle between M  and N 
of Figure 21 is 0 . Then:

© = 0 /t the unit o f © will be s '1, provided 0  is give in radians

The angular velocity © is a vector. The foregoing expres­
sion allows the calculation o f the m odule o f the vector. The 
direction will be perpendicular to the plane o f the trajectory, 
it passes through its center and its sense is given by the rules 
of the vector calculus. Later, as we are going to analyze m ag­
netic fields, we shall develop in detail the m anner by which 
we can determ ine the sense in these cases.

It is doubtless that the angular velocity and the tangential 
velocity (v) are related.

The tangential velocity is nothing but a certain length, in 
this case an arc, swept during a certain time.

In order to m easure the length o f this arc it should be taken 
into account that a certain angle m easured in radians belongs 
to this arc.

If  the angle is 0  we can establish this proportionality: 

arco 2  * 7t * R

0 2  * 71

Simplifying: arco /  0  = R  => arco = 0  * R

Replacing in (1): v  _  ® * R

t

Since 0 / 1 = co v = co * R

This equation shows that the tangential velocity is directly 
proportional to the radius o f the trajectory. Thus, for example, 
if  a row o f soldiers turns, those who are at the center practi­
cally remain at the sam e place (tangential velocity nearly zero) 
but those m arching at the distal extrem e have to move very 
quickly in order to not break the line. Notwithstanding, the 
angle described by all o f them is the same, i.e., they have the 
same angular velocity.

In the Figures 21 and 22 the triangles OM N and omn are 
resem bling because they are isosceles and the angles form ed 
by equal sides are equals between them  (two isosceles tri­
angles are resem bling if the angles are equals and the hom olo­
gous sides are proportional).

A s A v A V * As
Thus: ------=   => A v  ------------

R  v R

i = Av / 1
v * As 

R  * t
but A s / 1 =

v * v
It results: a  =   and a = v2/ R  (2)

R

The expression (2) will be used in the forthcom ing analysis.

2.- M agnetic  F ield

The fo rce  o f m ag n e tic  (F) origin is directly proportional 
to the ch a rg e  (q) o f  the ion, to its velocity  (v) and to the m ag­
netic field o f  m agnetic  in d u c tio n  (B).
The m athem atical expression by which it is possible to calcu­
late the force is:

v = a r c o / t  (1) F  = q. (v x B)
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v x B being the vector product o f both vectors; for this reason 
the result is also a vector.

The module of the vector F  is: F  = q x v x B x sin (p; 

cp being the angle between both vectors.

In the case of the mass spectrometer, v and B are perpendicu­
lar and therefore sin (p = 1.

By definition o f the vector product, the direction o f the vector 
F  is perpendicular to the plane determ ined by v and B.

Since in this case the force is the centripetal force, the accel­
eration will be also centripetal.

*

According to equation (2)

m * v 2
-------------= q * v * B =>

R
a = v2 / R It results

m * v v
 = R => R =  m
q * B q * B

How can we read this equation? The radius described by 
an ion in a m agnetic field depends on four variables: the ve­
locity (v), the charge (q), the m agnetic induction of the m ag­
netic field (B) and the ion mass (m).

Two o f these variables, the charge (q) and the magnetic 
induction (B) are sim ilar for all the ions.

The Figure shows a scheme of a mass spectrometer, which 
has a velocity selector. This device allows the entrance into 
the zone of action of the spectrom eter m agnet of ions having 
only a determ ined value o f its velocity.

The sense of F  will be determ ined operating m athem ati­
cally. Assigning to each of the vectors v and B the senses of 
the cartesian coordinate axes +x and +y, respectively, the re­
sult for F  is the sense +z.

In a practical way, the sense of F  will be determined by 
the so called “right hand rule” . The vector B “comes out” of 
the palm of the right hand, the fingers with the exception of 
the thumb should be pointed in the sense o f the velocity. Sepa­
rating the thumb at a right angle from  the rem aining fingers, 
the thumb will point in the sense o f the force if the ion is 
positive. If the ion is negative the sense o f the force will be 
opposite to that o f the thumb.

There are more “fam iliar” ways to determ ine this result. If 
we overturn (“gyrate”) v over B (with an angle smaller than 
90°) the sense in which a corkscrew  or a screw with a right 
coil would advance will give the sense o f F.

The foregoing analysis shows that at the m om ent in which 
an ion penetrates perpendicularly into a m agnetic field, a per­
pendicular force will begin to act by which the direction of 
the m ovement o f the ion will change; the ion will be describ­
ing a circular trajectory.

W hen the ion leaves the magnet, the magnetic force will 
cease and therefore the ion will follow  a straight trajectory, 
arriving to the zone of ion collection.

The module of the force is: F = q x v x R

The force is also F = m x a = > m x a  = q x v x B  (m = mass)

The ions, accelerated in an ion source, enter into a zone in 
which they interact with an electric field (E), which exerts an 
electric force (Fe]) on the ion in a sense downwards, and a 
magnetic field, perpendicular to the electric field and to the 
ion velocity, which exerts a magnetic force (F mag) in an oppo­
site sense to the electric field. The electric field E is produced 
by two conducting plates subm itted to difference of potential 
V and separated by a distance d.

The corresponding equations are:

Fel = q • E => Fel=q.V /d 

Emag -  Q- v ■ B
v =  V / B . d

Since the forces F  , and F  are opposite, if their modulesel m ag r  r  ’

are equal, the ions with a velocity v would have a rectilinear 
uniform movement.
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The ions with a higher velocity than V/(B.d) would move 
according to the sense o f  the m agnetic force, whereas if their 
velocity would be sm aller than this value, they would move 
in the sense o f the electric force. In both cases they would not 
pass through a diaphragm located geom etrically in the trajec­
tory o f the ions having velocity v.

Since isotopic com pounds only d iffer in their nuclear 
masses, a mixture o f isotopes with the same electric charge, 
the same velocity and m oving in a zone with the same m ag­
netic induction, will describe circular trajectories with differ­
ent radii.

This is the reason that renders mass spectrometry a method 
o f choice to determ ine the isotopic com position o f an ele­
ment in a sample.

A PP E N D IX  2

The energy o f the ions can be calculated by taking into 
account that the electric charge o f the ions is caused by the 
loss o f one electron ; since the charge o f  an electron  is 
- 1 .601864 x 10'19 coulom bs, it results:

energy = q x V : > energy = 1.601864 x 1 0 t9 coulomb x 3000 volt 
energy = 4.805592 x 1 O'16 joule

This energy is transferred as kinetic energy to the pro­
duced ions in the ion source.

In order to calculate the velocities acquired by the differ­
ent isotopes o f C 0 2+ taking into account that the kinetic en­
ergy, Ek, is equal to m .v2/2.

2Ee, V =
2 *4,805592*1 O'16 J 
N* 1,67248 M O '27 kg

758067,677 m

•y/N

Replacing N for the mass values 44, 45 a n d  46 (which 
give the nucleon number), the follow ing values for the ve­
locities result:

A PP E N D IX  3

To calculate their radii we must first deduce a general equa­
tion, and then apply it to each isotope.

E ci„ = — m v =>v =
2 E „ m v ..and since R = -----  it results

m qB

qB

R =
1

0,47 T esla
2 * N * 1,67248 * 10 '27 kg * 3000 V 

1,601864 * 10 ‘19C

Where: Tesla is the unit o f m agnetic field intensity 
N: num ber of nucleons 
M ass o f  1 (one) nucleon: 1,67248 * 10'27 kg 
Acceleration potential difference o f the ions: 
V=3000 V
Intensity o f the m agnetic field:
B=4700 gauss = 0.47 tesla
Elem ental charge: q = l ,601864 * 10'19 coulomb

Perform ing the operations we obtain:

=> R = 7 ,9 148606 * 1 0 -3 m ^
0,47

Now we sim ply replace N  for the values 44, 45 and 46.

R  = 0 , 1117m  R = 0 , 1 130m  R = 0 ,1142m
44 43 46

These values are coherent with the geom etry of the spec­
trom eter m agnet. All the previous developm ent may be sum ­
marized by the equation:

V =114.283,0023 m/sec; V =113.006,0572 m/sec y V =111.770,982 m/sec
44  45  46

m B * R ' this expresses adequately the conditions of
2 * V the spectrom eter

The calculations were carried out assigning a value of
1,67248 x 10'27 kg to the nucleon mass (protons and neutrons). 
Strictly there is a mass difference between both nucleons but 
in this case this has been neglected. The mass of the electrons 
in each atom was also neglected since it can be estimated that 
the results are not changed. The velocity values are around
400.000 km/h.

In this expression the values o f  electric charge o f the ions, 
q , the accelerating potential, V and the m agnetic induction, B 
are the same for all the isotopes. Therefore, the radii o f the 
trajectories, R , depend on the ion mass, m , which may be 
calculated as the mass o f one nucleon m ultiplied by the num ­
ber o f nucleons o f the isotope. Furtherm ore, B is a fixed value 
and V results from  the selection of the maximal voltage.
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