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Proton Transfer Reaction Mass Spectrometry (PTR-MS) is a chelcal ionization mass spectrometric technique which allows to
measure trace gases as, for example, in exhaled human breath. & quantification of compounds at low concentrations is desirable
for medical diagnostics. Typically, an increase of measuring accuy can be achieved if the duration of the measuring process
is extended. For real time measurements the time windows for measement are relatively short, in order to get a good time
resolution (e.g. with breath-to-breath resolution during exercig on a stationary bicycle). Determination of statistical detection lirits
is typically based on calibration measurements, but this approach is linted, especially for very low concentrations. To overcome
this problem, a calculation of limit of quantification (LOQ) and limit of det ection (LOD), respectively, based on a theoretical model
of the measurement process is outlined.
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1. WORKING PRINCIPLE OFPTR-MS 7

ULJLJLJLJLILIUUUL]UULIUUUULJULIﬂ
OLATILE ORGANIC COMPOUNDS(VOCSs) with concen- [[— DJEHH
( ) HO" HO + M —> MH+ uoI (| e—

trations (expressed as the volume ratios) down to part§- | —
per-trillion levels ppt: 1 molecule out of 1& molecules), see ”li_' ﬂfﬁ N00000000000000000000
e.g. P, 13, 7], can be measured using a PTR-MS instrument
(Proton Transfer Reaction Mass Spectrometer). T HO L analyzed gas sample

The molecules of the volatile organic compound, here sym- ~ l
bolically denoted by M, are chemically ionized by proton
transfer from HO™-ions produced in the source of the in-
strument, 9] primary ion

H30™ +M — MH™ 4+ H,0. Q)

The countrates of the resulting ions are then measured by Fig. 1: Working principle of PTR-MS.
a Quadrupol-Mass-Spectrometer. The countrates are deter-
mined at mass-to-charge ratias/z) ranging from 21 up to
500, see Figuré.

Incidentally, also a time-of-flight mass spectrometer (PTR
TOF) may be used instead of a quadrupol mass spectrometer.
Here we focus on PTR-MS. Here countratem/z([MHﬂ) is the measured countrate (in

The standard formula for determination (estimation) of ti§8s, counts per second) of MHions detected at the mass-
true concentratioriM] of M in ppb (1 molecule out of 19 to-charge ratiom/z if the true concentration of M i$M],
molecules), sayM], is proportional to the observed coungountrate, o+ ([HsO™]) denotes the measured countrate of

trate of MH' ions at a particular mass-to-charge ratigz, Primary ions (HO™ and its water cluster $0-HzO") de-
see e.g.13), and is given by: tected at the mass-to-charge ratios 21 and 37, i.e.

drift tube ‘ quadrupol mass spectrometer ‘
T 1

countraten,,([MH*])

countratey, o+ ([HsO*]) @

consty -

o 10° km - Tyyo+  COUNtraten,([MH*]) countratey,o+ ([H3O]) = IR countraten,—o1([H3O"])
Ml = kv t-g Ty, countrate,o: ([HsO])’ + countraten,,—37([H20-HsO™]),  (3)
*Corresponding authoanton.amann@oeaw.ac.at wherelR = 500 (this depends on the source of water) reflects
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the isotopic ratio of the speciegfO" and H°O™. The mass- 6 1. Typical values of PTR-MS parametersy - calibration

to-charge ratio ofn/z = 37 refers to the water cluster,B-  constant;ky reaction rate constant; - reaction time;g - number

H3O™ (other water clusters are neglected). of particles in unit volume\( = 1 cm®) of sample gasponsty -
Further,ky is a calibration constant for the compound Motal (summaric) constantylean (countratey,o: ([HzO'])) - mean

kv is the reaction constant of protonation reactibynf¢r M, t countrate of the precursor ions counts (counts per second).

is the reaction timeg is number of molecules in unit volume

of sample gas, and the factdfg,, andTy,o+ are the trans-

mission efficiencies for MH and O™ ions, see e.g5. PTR-MS setting/parameter

For PTR-MS, the reaction tinteis represented by the drift,, ~1
time of precursor ions O™ within the drift tube. The calcu- K [cm?- particles * - sec] 2.0-10°9
lation of the drift time is based on the standard ion mobilitygs 1.01-10°%
of H3O™ in nitrogen adjusted to the actual temperature aB‘fparticle@cm*] 5.4.106
pressure in the drift tubel§]. Tt/ Tz ~1

The constanky and the transmission coefficienfs,, and co%stM (ppb] 9.2.10%
Thso+ are known for several compounds, for an overvieyy,n (countrateH30+([H30+])) [cps| 1.7-10°

see e.g.19. For simplicity, in this paper we consider as
a typical valueky ~ 2.0- 109 cm® - particles™* - sec 1, and
Thyot /Tmyz = 1, respectively.

Note that[M] is used to denote the true concentration gteir detection limits in order to minimize the risk of magin
the compound M which is estimated by the PTR-MS meBRoor decisions, sed §]. The typical measures for detection
surements, i.e. we assume th] is (known or unknown) limits are the limit of quantification (LOQ) and the limit of
constant (non-stochastic term). Furtt{sf] is used to denote detection (LOD), respectively. Roughly speaking, LOQ rep-
the estimated concentration of M, based on the measuremdfRENES @ concentration at which quantitative results ean b
and as such it is a random variable (stochastic term). reported with a high degree of confidence. LOD is the low-

Itis important to emphasize that the probability distribnt €St concentration (quantity) of a substance that can biadist
of W\] functionally depends on the true concentrajish, on guished from the absence of that substance (blank analyte).
’ It is important to emphasize that the detection limits (dete

the level (concentration) of the background noise, [8gyand mined for specific measured substance) strongly depend on
the time-span of the PTR-MS measurements (here we assyme P gly dep

. . e possible background noise.
common dwell timer for count-measurements of the primary I .
. . The standard method for determination of the detection
ions as well as of the MH ions.

limits is typically based on calibration series (statiatiap-

proach).
1.1. Determination of concentration based on PTR-MS

measurements 2.1. Limit of quantification (LOQ)

A typical set of parameters for PTR-MS measurements igfortunately, there is no unique and unambiguous defmitio
given in Tablel", see also16]. of LOQ, for more details and further discussion see the Ap-

For this setting an observed countreentraten,([MH™])  pendix 1. In this paper LOQ is understood (in accordance
of 184.8 cps leads to an estimated concentration|[f] = with other interpretations) as such minimal increase of-con
1 ppb. centration (i.e. difference of true concentrations) thatob-
served (measured) values of concentrations can be a#ttibut
to distinct concentrations of the substance with a highekegr
of confidence.

In other words, the limit of quantification of a given sub-

Determination of detection limits is critical in meetingeth M with . ) h minimal
needs of analytical science. Data users must understand™fgce M with its true concentratigi], is such minimal con-

limitations of reporting the analytical data measured deovn CENtration, say LOGy, that concentration measurements at
[M] and at[M] + LOQy), respectively, can be attributed to
LAmount of substance is a standards-defined quantity that memathe distinct concentrations of the substance with high degfee o
size of an ensemble of elementary entities, such as atoms, edeelec- confidence.

trons, and other particles. The number of particles (molagieunit volume P . ~
of sample gas, denoted loy could be derived by the following considera- Let [M]l < [M]Z are two distinct concentrations of the sub

tions: The amount of sample gas, measurednates, in the volumev is  Stance M. Then the limit of quantification for concentration
given by the ideal gas law as= p-V/(R-T), wherep is the absolute pres- [M] is defined as LOQ, = [M]2 — [M]1, where[M]; is such

sure (e.g. 2 mbar = 240 Pascal), V is the volume (her® = 1 cn?) , Ris concentration of the compound M that
the universal gas constant.884472J-mol~!-K~1) andT is the absolute

2. DETECTION LIMITS

temperature (e.g. 32R). A typical amount of sample gas in unit volume = -

V =1 cm?®, measured imoles, is then 89371- 108 mol - cm 2. The number Sd ([M]l) +3d ([Mb) 1

of particles in volum@/ is g = n-Na, whereNa = 6.0221415 10?3 mol 1t is — — = K (4)
Avogadro constant. So, typically there ar8&18- 10 particlesin 1 cm®. Mean ([M]z) —Mean ([Mh)
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Fig. 2: The definition of the limit of quantification (LOQ) is illus-Fig. 3: The definition of the limit of detection (LOD) is illustrated.
trated. The solid line represents the mean value of the probabilitye solid line represents the mean/v\alue of the probability distri-
distribution of the measured sigrdiean([M]), the dashed lines rep-bution of the measured signMean([M]), the dashed lines rep-
resent the valuelslean <[A]) +Kk-Sd ([/IV\I}). resent the 99%-percentile and 1%-percentile of the measured sig-
nal, respectively. The mean value of the probability distribution of
the cor/lgentration measurements of the blank analyte is denoted by
Mean([M]y;j_o). The LOD definition indicates the true concentra-
Here,k denotes the select (pre-specified) constant (in this pan for which the 1%-percentile of the measured signal is equal to

per, we consider the value= 3), Mean (W\]) andsd (W\D K/]ti 99%-percentile of the measured concentration of the blank ana-

denote the mean value and the standard deviation of the ran-
dom variablgM], respectively. For more details see Fig@re

Based on the formula2j we will assume that the theoreti-
cal model for probability distribution dM] is proportional to
the ratio of two independent Poisson-distributed randoria va
The limit of detection is the lowest quantity of a SUbStaﬂ%les,r-countratem/z([MHJr]) andr-countrateHgo+([H30+])
(compound M) that can be distinguished from the absencgioé. counts per dwell time) with the parametersr;/z([M])
t_ha_t substanc_e within a stated conflde_nce limit. In gentral, andA! . ([HsO*]) which depend on the true values [M]
limit of detection depends on the particular compound M agg]d H30+ respectively. So. we have
on the on the probability distribution of the observableseoi [H307], respectively. So, w v
measured with blank analyte (i.e. in absence of compound M). (5)

Throughout this work, the following interpretation will be " . . "
used: The limit of detection, say LQR is a specific value T-countrateyo+ ([HsO™]) ~ PO'SSOIQ)‘H30+([H3O 1)- (6)
in the true concentration domain. The L@Rquals to such Under stable measuring conditions it is quite natural to as-
concentratioriM] of the compound M, that its measured valugume that\ [ ([M]) = - An,([M]) andA] .. ([H30"]) =
[M] is with probability of 99% above the 99%-percentile of - Ao+ ([H3O*]).
the probability distribution of the noise measured withnidla The parametersir;/z([M]) and )\,530+([H3O+]) represent
analyte, i.e. witfM] = 0, see Figure. the mean values of the random variables measuring counts

Notice that LOLy is by definition equal to zero if theof the MH' ions atm/z and the precursor ionsd®* (and
(background) noise is absent. its water cluster) during the dwell time. The parameters

References to alternative definitions of LOD and a detail8g,([M]) andA,o+ ([HsO"]) are the intensity parameters of
explanation of the standard statistical approach basetienthe Poisson distributed random variables measuring caiints
calibration experiment with normal (Gaussian) measureméme ions during the unit time af = 1 sec.
errors can be found in the Appendix 1. If the detected counts of the MHions atm/z are affected

by the independent background noise with the constant-inten
sity parameteﬂn’;‘/z = )\n“q'/z([N]), where[N] is the true con-
centration of the noise measuredmtz independent of the
concentratioriM], then we get

a1 A1) = A, (M) + AN, (7)

The measured counts at a single mass-to-charge ratio foIWhﬁfe/\rﬁ/z([M]) is the mean intensity of the detected counts
a Poisson distribution for PTR-MS, se® 17, 6, 10]. exclusively due to the concentratigv] of the substance M.

2.2. Limit of detection (LOD)

T - countratey,,([MH ']) ~ PoissoriAy, ,([M])),

3. MODEL-BASED DETERMINATION OF DETECTION
LIMITS FOR PTR-MS

Probability model of PTR-MS measurements
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The intensity parametersnz/z([M]) and AI-TI3O+([H3O+D Table 2: The mean countrates of 41 PTR-MS measurements with
can be (in a natural way) estimated by the observed couisk analyte measured at selectetz. The symbol "?" was added
during the dwell timer. For Poisson distributed random varito indicate possible explanation.
able, the mean value is equal to its intensity parameter, and
the standard deviation is equal to the square root of this pa=
rameter. m/z mean countrate assumed origin

The distribution of the ratio of two independent Poisson
distributed random variables was derived by Arendaatia. 21
in [1], where the exact analytic expressions for cumulative
distribution function (cdf) as well as for the mean and the-va23
ance was given. 24

66511 HO™-isotope

26 HO"-isotope
0.1220 unexplained noise
0.0732 unexplained noise
0.1220 unexplained noise

As the countrateountrate,, o+ ([H3O™]) of precursor ions 26 0.0732 unexplained noise
is typically large,Ap,o+ ([H3O*]) =~ 1.7- 107 cps, then for a 27 0.8537 unexplained noise
known value off - Ay,o+ ([H3O"]) and for fixed dwell imer  5g 142 2: charged N
the approximate formulas for mean and standard deviatioryef 16788 2: protonatedaN
the measured concentratioihd] are given by 30 24778 NGO
31 150 NO -isotope
_ Amy2(IM]) 32 340500 Q _
Mean([M]) ~ consty - Moo (H207])” 8) 33 1563 @ -isotope, methanol
RO T3 34 1721 Q-isotope, methanol-isotope
,\ Amyz([M]) 37 257500 HO-H3O*"
d([M]) =~ consty - —. (9 38 365 HO- H3O*-isotope
VT Ango+ ([H307]) 39 1021 HO-H3O*-isotope
44 43 ?: charged CO
For large concentratioriM] the distribution of the random#° 606  *: protonated GO
. = . 121 main core ions
variable [M] can be well approximated by a normal and/(}[7 178 main core ions
log-normal distribution, respectively, for more detaiéedl]. 55 35 (Hs0)5 - HzO*
59 24 ?: acetone contamination

3.2. PTR-MS measurements with the blank analyte

3.3. Determination of LOQ
In order to characterize the distribution of measuremeitts w o o . i
the blank analyte the following experiment was performegased on4) the limit of quantification LOQy, is defined as
Dry, filtered room air (i.e. a mixture df, ~ 80%, O, and @& Solution of the equation
CO; ~ 20%) was measured using a PTR-MS with a dwell - —
time of one second for each ion. At most of tngz, no sig- Sd ([M}) +Sd (HM] + LOQ[M]]) 1 10)
nal should be visible since there is no compound included in — —N " K’
the sample which could raise a signal. Nevertheless, ions be Mean([[M] * LOQ['V”]) —Mean ([MD “
side (O™ may come form the source and rise a signal or

contaminations within the tubing system may arise. with the selected constaki= 3. _
. Further, we assume that the measurement device (PTR-MS)
Table 2 reports the mean countrates of 41 independenfly,s nroperly calibrated, i.e. the calibration constagt is

repeated measurements of blank analyte measured at slele%tgh that the mean of the measured concentraﬁ@m ad-

m/zwith a possible explanation of the noise source (either the N . )
. : o L : justed for the noise, is an unbiased estimator of the true con

explained (identified) contaminations as well as their assii centrationM], i.e

origin, or the unexplained (unidentified) contaminationthe e

sample and/or tubing system). Mean([ﬁ/l\]) _INJ~ M (11)

For example, am/z 59 most probably some acetone is
measured (mean countrate is 24 counts). According to treequivalently,
proton transfer reaction, nitrogen as well as carbon dmxid
should not be protonated since their proton-affinity is lowe Mean([ﬁ/l\]) ~ [M]+N], (12)
than the one of water. Nevertheless, since at the drift tube
an electric field is applied, this reaction as well as a charg@ere[N] denotes the mean concentration of the background
transfer may take place. noise measured at given/z

183



MEASUREMENT SCIENCE REVIEW, Volume 10, No. 6, 2010

Then, from (L0), and by using the result8), (9), and 02), AN, = 0+ 24 = 24 counts (i.e. with the mean value of the

) - \ m/z
we obtain LOQy as a solution to the equation background noisfN| = 0.13ppb), and the selected dwell time
iST=1sec.
LOQu = 3\'/? (\/[M] +[N]+LOQu + v/[M] + [ND _ Then, based on the equatidtbj, we get
(13) Amyz (LOQuy)) = 384 counts, (19)

wherea = \/constM//\H30+([H30ﬂ). For typical PTR-MS
setting, as given in Tablgé we geta ~ 0.074.

Alternatively, the limit of quantification can be computed
as

and finally, from (4), we get

LOQu = 0.208ppb, (20)

consty
LOQm) = Amyz(LOQpm)) - Ao ((F207])" (14) what is in agreement with the results of the Exang&2

where the intensity paramet&, ,(LOQjy) is given as a so- 3.3.4. Example
lution to the equation
Let the true concentration of the compound M measured at

A (LO — A M) + Ao (LO given m/z is [M] = 10 ppb, the mean concentration of the
m/2(LOQuu) VT (\/ /2 [M]) - Ay 2(LOQuu) background noise N igN] = 0.13 ppb, and the selected dwell

+1 /)‘m/z([M])>- (15) timeisT =1 sec.

Then, based on the equatidiB], we get the limit of quan-
The above mentioned algorithms for computing LQQ tification
could be written as a few command lines in standard software -
packages. (e.g. MATLAB), see the Appendix 2. LOQuwm) = LOQ)v|-10nj-0.03 = 1-45ppD. (21)
As noted above, the limit of quantification depends on the
compound M, on its true concentratiokl] (useful signal),
on the concentration of the background ndidg and on the
dwell time 1. In order to emphasize this dependence we will _ =10 _
alternatively use the notation LOQu) = LOQui—10/n-015 = 0:45pPb- (22)

If we change the selected dwell timete= 10 sec, we get
the limit of quantification

LOQqm) = LOQjy; - (16) 3-3.5. Example
Let the true concentration of the compound M measured at
3.3.1. Example given m/z is [M] = 10 ppb with Ay,/,([M]) = Anf/z([M]) +

Let the true concentration of the Compound Mw =0 ppb, )\n':I/Z = 1848+ 24 = 1872counts (le with the mean value of
the mean (true) concentration of the background noise N m#e background nois@N] = 0.13 ppb), and the selected dwell
sured at givern/zis [N] = 0 ppb, and the selected dwell timetime isT = 1 sec.
is T = 1sec. Then, based on the equatioh3), we get the  Then, based on the equatidtb), we get
limit of quantification
Amyz (LOQpvy) = 2686 counts, (23)
LOQu] = LOQjyo pnj—o = 0-05 ppb. 17)

and finally, from (4), we get

3.3.2. Example LOQyy; = 1.45 ppb, (24)

Let the true concentration of the compound MN§ = 0 ppb, o _

the mean concentration of the background noise N measufdgt i in agreement with the results of the Exanthz4
at givenm/zis [N] = 0.13 ppb, and the selected dwell time is

T = 1 sec. Then, based on the equatidt8), we get the limit 3.4. Determination of LOD

of quantification The limit of detection depends on the particular compound M

LOQu = LOQ[Tl\T]lzo N—013 = 0.208 ppb. (18) and on the probability distribution ¢iN] — the measured con-
’ centration of the background noise N, i.e. the concentnatio
Notice, that the same values of the limit of quantificatiomeasured with the blank analyte (in absence of compound M,
LOQuv can be computed using equationd)( (15), and ¢): i.e.[M] = 0), which in fact depends ojiN], the true concen-
tration of N, and on the dwell time.
3.3.3. Example In order to emphasize this dependence we will alternatively

use the notation
Let the true concentration of the compound M measured at

given m/z is [M] = 0 ppb with An,([M]) = A3 ,([M]) + LODw = LODy - (25)

m/z
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The limit of detection LOLy, is defined as the true concen- The 99%-percentile of the distribution of measured concen-
tration [M] of the compound M, such that the 1%-percentiteation of blank analyte is calculated, based on the equatio
of the probability distribution of the measured concemrat (2), as the percentile of the distribution of the ratio of twe in
[K/T] equals the 99%-percentile of the distributior{ﬁ}. dependent Poisson distributed random variables, with @ahe p

Using the theoretical model based on the ratio of indepéﬁmeters’\ﬂ/z = 24 andAy,o+ = 1.7-107, multiplied by the

dent Poisson distributed random variables it is possibtako constanponstM. _ _ S
culate the exact cumulative distribution functidres well as By using the algorithm for computing the exact distribution

the required percentiles of the distributions. function we get the value of the 99%-percentile of the distri
To be able to do that, it is necessary to know the paution of the background noispo.ge(Ay, ,) = 0.195ppb.

rameters: consty ~ 9.2 10%, Ay,or = Ap,o+([HO']) = Further, by searching through the space of all possible pa-

Mean(countrateH3o+([H30ﬂ)) ~ 1710, Amy2(M]) = rameters\y, , of the exact distribution of the ratio of two in-

)\N/ as[M] =0, and the dwell time dependent Poisson distributed random variables, we find the
m/z ! :

N
In general, the mean countrate of the background nor@iue of the parametel,;(LODw) such thatpooy(Ay, +

observable at the mass-to-charge raticz, i.e. the parame- Am/z(LODwm)) = P0.99(/\n'\1'/z) (i.e. the 1%-percentile of the ex-

ter/\g/z, is unknown and should be estimated from indepe@st distribution of the measurements at the true concentra-

dent experiments. For illustration, typical mean couesaif tion LODy equals to the 99%-percentile of the noise), we get

PTR-MS measurements of blank analyte (i.e. countrategof fim/z(LODm) = 28 counts.

background noise) are presented for seleat¢zin Table2. Then, LODy is given as the mean value of the exact distri-
The algorithm for computing LOR from the exact distri- bution with the parametex 2, i.e.

bution based on the ratio of independent Poisson distidbute

random variables is numerically highly intensive. So, as a LODm = 0.152ppb. (28)

simple alternative, the limit of detection can be approxiha

computed as For comparison, we also present result of the approximate

algorithm based on2g) and Q7). The 99%-percentile of

. N Ny .
LOD ~ Any2(LOD)- consty ' (26) Pmssgr(l)\m/z) is po_gg(/\m/z) = 36 counts. _By solving the
Ango+ ([H3OT]) equation 27) we getAy,,(LODy) = 28. Finally, from @6)
o we get
where the parame_tdl;n/z(LODM) is given as the smallest so- LODy, = 28- constm 0.152ppb, (29)
lution to the equation A0+
what is in agreement witl2g), the result of exact computa-
Po.o1 (An’\ql/z‘f'Am/z(LODM)) = Po.99 (/\m/z> - 27 tion. g ® P

Here, po_gg()\rlr\]l/z) denotes the 99%-percentile of the distribu-

tion Poisson(T - )\ﬂ/z) and po.01()\ﬂ/z+)\m/z) denotes the 1%-

percentile of the distributioRoisson(t - (A , +Ary)) for ar- - Determination of statistical detection limits is typigabiased
bitrary Ap. on calibration measurements, but this approach is consider

The approximate algorithm for computing L@Dzould be ably limited, especially for measurements with very low-con
written as a few command lines in standard software pagentrations of the analyte. In general, the detection $imé-
ages, see the Appendix 2. pend on the substance concentration (useful signal) artteon t
explained and/or unexplained background noise.

In this paper we have suggested a model-based determina-
tion of detection limits (LOQ and LOD) for proton-transfer-
Consider the LOD determination for concentration measuréaction mass spectrometer (PTR-MS). The assumed theoret-
ments of the acetone, say M, measured at the mass-to-chiaglemodel for the concentration measurements of the ana-
ratiom/z=59. lyte (volatile organic compound, say MIM] is proportional

Let the estimated concentration of the background noi§ethe ratio of two independent Poisson distributed random
(i.e. blank analyte[M] = 0), is characterized by the PoisVvariables, as described in Section 3. This model covers the
son random variable with the paramem/zzsg([w =0) = situations when the measuremept process is influenced by the
AS _(M]=0)+AN___ =0+ 24= 24 counts, and the Presence of the background noise and respects the effect of

myz=59 m/2=59 the dwell time (i.e. the time of PTR-MS measurement).

The theoretical model-based approach assumes the exact

’A Matlab software package for numerical computation of the ciknowledge of the parameters characterizing the noise and th
mulative distribution function as well as the mean and theavare of 05 rement process by PTR-MS. In real situations, the in-
the ratio of two independent Poisson distributed randomakibes is . . . .
available at http://www.mathworks.com/matlabcentral/fitFeange/25843- ten_5|ty of the noise should be estimated from independent ex
poissratiocdf. periments.

4, CONCLUSIONS AND DISCUSSION

3.4.1. Example

selected dwell time is = 1 sec.
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The algorithms for computing the limit of quantification Definition of LOQ. LOQ for the (true) concentratioxis
(LOQ) as well as the limit of detection (LOD) are very simplesuch a minimal (true) concentration LQ@r which the rela-
As we have illustrated in this paper, the working algorithnt®n

for computing LOQ and LOD could be written as a few com- Sd(Yx) +Sd(Yx1L0Q,) _ 1 (33)
mand lines in standard software packages for technical com- Mean (YX+LOQX) —Mean(Y,) K’
puting, as e.g. in MATLAB. wherek is a given constant (in the paper we consikler 3),

Mean(Yy) and Sd(Yy) are the mean value and the standard
deviation of the random variabg, respectively.

In the case of having a regression lie= Bp + B1X+
This work was supported by the bilateral project of e &~ N(O, 0?) (homoscedastlc case), i.e. ,'f we have real-
Scientific-Technical Cooperation Austria-Slovakia (SK&LONSY1,Yz. ...,y of independent normally distributed mea-
01/2009 and APVV-SK-AT-0003-09), by the Jub“aumss_urements&l,YXZ,...,_Yxn W|fch equal dispersions, the predicted
fonds of the Austrian National Bank (project 12760j€SPOnse oY fora givenxis
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?V:AIQLCOGOM_ with the mean vgl\ﬂllllean(Yx) = Bo+ Prx and
b = y— b1X, (35)
APPENDIX 1 by — z{;:l(xi,_x,))g, (36)
Tt —X)

As mentioned above, determination of detection limitsit cr
ical in meeting the needs of analytical science. Data us
must understand the limitations of reporting the analytic
data measured down to their detection limits in order to min-

bo+th_2(1— 0!)\/

re the least-squares estimatedbgfindb; (see e.g. 12)).
'ﬁe upper prediction limit for blank signék = 0) is

N (vi —bn— bix)2
imize the risk of making poor decisions. Unfortunately,réhe Oyé") = Sit1(¥i —bo—bax)

is no unique and unambiguous definition of LOQ and/or LOD. n-2
The problem of detection limits, focused on different ataly 1 1 %2 37
ical methods and methodology, was broadly studied and ana- A AR ST 06— %)2 (37)

lyzed in the literature, see e.@][[15], [4], [14], [8], [7], [3],

[5],[12], [11]. (th—2(1— a) is the(1— a)—quantile of Student distribution
Here we shall use the statistical concept for determinati¢fih N — 2 degrees of freedom). LOD is such a true concen-

of the detection limits as suggested in e.g.3hgnd [12]. tration LODg) that
Although LOD and LOQ, as presented @] fnd [12], are y<°’)

considered for situations when the calibration functiortiie Lopg ¥ = bo+DiLOD

simplgst cases it is the calibration Iine? is avgilablg, \88 C ST (¥ — bo — byx;)2

use this concept of LOD and LOQ also in the situations when —th2(1—a) >

the given theoretical model is assumed to be valid for model- 5

ing the relation Qgtween the measured concentration (&1 thi ><\/1 1 (LOD() —X)

paper denoted gMl]) and the true concentration (in this paper n L1 (% —X)?2

denoted agM)). = op?. (38)
It means that for a given true concentration, saywe _ h . o Yo i
can calculate the predicted value of the measured coneentrd ©F & 9iverxthe proper estimate dfiean(Y) is

tion, sayYy, together with the(1 — 2a)-prediction interval Mean(Yy) = bo -+ byx, (39)
(AT, ™), i.e. with the random interval for which the _ _
relations and the proper estimate 8fd(Yy) is
— 1 n P
Pr(YX> Xyi“)) - 1-q, (30) Sd(Y,) = <n_2i= (¥i —bo — b1x)?x
@) _ q1_ _ )2 3
Pr(ve< ") = 1-a. (1) o IR . ) . (40)
no yia(x—=x)

hold true. Th&yia)

prediction limits.

andxyéa)

are the proper (lower and upper —
proper ( PP )I'he estimate of LOQ for giveris LOQ, for which

Definition of LOD. LOD is such a (true) concentration K 1.—— — B
LOD g, that by |Sd(%) +84(Y,  55)| =LOQ,  (41)
LoD B = oy (32) is valid. For more details seé7).
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APPENDIX 2

computing the limit of quantification (LOQ) and the limit of
detection (LOD). As illustrated, the working algorithmg fo

% LOQ the solution of eq.

(14)

LOQ = |l anbdaLOQ * C;
Here we present a simplified version of the algorithms for

5.3. Computing the LOD

computing LOQ and LOD are very simple and could be writs Conputi ng the LOD from countrates
ten as a few command lines in standard software package94édexanpl e 3.4.1

technical computing, as e.g. in MATLAB.

5.1. Computing the LOQ from concentrations

% Conputing the LOQ from concentrations

% Exanple 3.3.2

% Set the PTR-MS settings
const M = 9. 2e4;
| anbdaH30 = 1. 7e7;

C = const M | anbdaH3G0,

a =sqrt(C;

% Set the paraneters - Exanple 3.3.2
tau = 1;

M= 0;

N = 0.13;

M = M+ N,

% Set the function defined by eq.
eql3 = inline(

(13)

"sqrt(tau)xx-3xax(sqrt( M\N+x) +sqrt (IMN) )’

"X',OMN, tau’,'a’);

% LOQ the solution of eq.
LOQ = ...
fzero(@x)eql3(x, W, tau,a),[0 5]);

(13)

5.2.  Computing the LOQ from countrates

% Conputing the LOQ from countrates
% Exanple 3.3.3

% Set the PTR-MS settings
const M = 9. 2e4;

| anbdaH30 = 1. 7e7;

C = const M | anbdaH3G,

% Set the parameters - Exanple 3.3.3

tau = 1;
| anbdaS = O;
| anbdaN = 24;

| = lanbdaS + | anbdaN;

% Set the function defined by eq.
eql5 = inline(...

(15)

"sqrt(tau)xx-3x(sqrt(l+x)+sqrt(l))’,...

X', tau’ )

% | anbdaLOQ the solution of eq.
| anbdalOQ = . ..
fzero(@x)eql5(x,!,tau),[0 500]);

(15)

% Set the PTR-MS settings

constM

= 9. 2e4;

| anbdaH30 = 1. 7e7;
C = const M | anbdaH3GQ,

% Set the parameters fromthe Exanple 3.4.1

t

au = 1;
| anbdaS = 0;
| anbdaN = 24;

% Set the function defined by eq.
eq27

| anbdaS + | anbdaN,;

(27)

inline(’p99-poissinv(0.01, taux(x+IN))’",...

lxl’!pggv’llNV’vtaul);
% | anbdaLOD: the solution of eq. (27)
p99 = poi ssinv(0. 99, tau*l anbdaN) ;

| anbdalLOD = fzero(@x). ..
eq27(x, p99, | anbdaN, tau), [ eps 100]);

% LOQ the solution of eq. (26)
LOD = round(l amrbdaLOD) * C;
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