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Abstract

The method of Tsoukias and George (T&G) is a commonly used linear
approximation of pulmonary nitric oxide (NO) dynamics that can be used to
calculate bronchial NO output (JawNO) and alveolar NO concentration (CaNO).
We aimed to investigate how flow rate range in exhaled NO measurements
and levels of pulmonary NO parameters affect the accuracy of the T&G
method.

This study has three parts. 1) A theoretical part demonstrating how different
exhalation flow rates and NO parameter levels affect the accuracy of the T&G
method, 2) testing how exhalation flow rate range affects the method in a
sample of asthmatic and healthy subjects, and 3) a meta-analysis of
published literature to test whether minimum flow rate has an association
with the NO parameter values.

We found that both the chosen exhalation flow rates and magnitude of the
pulmonary NO parameters affect the accuracy of the T&G method.
Underestimation of J,wNO increased with lower flow rates and higher
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bronchial diffusion factor of NO (DawNO), while overestimation of CaNO
increased with higher DawNO and bronchial wall NO concentration (CawNO)
and lower CaANO. Of the NO parameters, CANO was the most prone to bias
and high D.wNO was the most significant factor causing the bias.
Furthermore, we found that using 40 ml s as the lowest flow rate in our
sample and 50 ml s in the meta-analysis compared to 100 ml s* resulted in
higher CaNO, but JowNO was not statistically significantly affected.

We have provided objective evidence that not only the flow rates used but
also the magnitude of NO output in the test subjects affect the accuracy of
the T&G method. We suggest that flow rates below 100 ml s should not be
used with the T&G method to maintain accuracy.



Introduction

Fractional exhaled nitric oxide (FeNO) is a marker of eosinophilic
inflammation in the lungs (Berry et al 2005). FENO-measurement at one
exhalation flow rate of 50 ml s is standardized and used in diagnostics and
clinical management of asthma (GINA Report 2018, National Institute for
Health and Clinical Excellence 2017). However, the standard FeNO
measurement reflects NO dynamics in the central conducting airways and is
relatively insensitive to changes in peripheral airways (Lehtimaki et al 2020).
Performing FeNO-measurement at multiple flow rates (extended FeNO-
measurement) allows calculation of flow independent NO parameters
according to the two-compartment model of pulmonary NO exchange
dynamics (Tsoukias and George 1998). The NO parameters have several
promising applications in many pulmonary diseases. A major advantage
compared to the single flow rate FENO measurement is the capability to
separate bronchial and alveolar sources of NO. For instance, NO parameters
provide promising markers for parenchymal lung inflammation in interstitial
lung diseases and markers for tissue damage in both alveolar and bronchial
regions (Lehtimaki et al 2020). In addition, the NO parameters can be used
to detect small airway inflammation in asthma, which remains undetected
by the conventional FENO measurement.

In the two-compartment model, the lungs are divided into two different
regions: an expansible alveolar region describing the compartment involved
in respiratory gas exchange and a rigid bronchial region that participates in
respiratory gas conduction. The exponential equation of the two-
compartment model is capable of predicting FENO value at a given flow rate
(Equation 1):

DqwNO
FgNO = C,,,NO + (C4NO — C,,,NO)e™ ve Equation 1.
where CawNO is bronchial mucosal NO concentration (ppb), CaNO is NO
concentration in alveolar air (ppb), DawNO is bronchial wall diffusing capacity
of NO (pl s ppb), and Ve is exhalation flow rate (ml s?).

FENO consists of two components. First, alveolar air containing low
concentration of NO (CaNO) leaves the alveolar region during exhalation and



gets then enriched by NO in the bronchial region. NO concentration is usually
markedly higher in the bronchial wall mucosa compared to air in the lumen,
and the direction of NO flux is therefore in practice always from bronchial
wall to lumen.

The enrichment of alveolar air with bronchial NO during exhalation depends
on the flow-independent NO parameters of the bronchial region (D.wNO and
CawNO) and CaNO itself. The flow rate dependence of FENO derives from the
time that the air from the alveolar compartment spends in the bronchial
region to collect more NO from the bronchial wall mucosa. This can also be
understood mathematically when looking at the two-compartment model’s
exponential equation (Equation 1): as flow rate approaches infinity, FENO
approaches CaNO (Vlei_rp00 FgNO = C4NO), and when flow rate approaches

zero, FeNO approaches CawNO (Vlim0 FgNO = Cy,,NO).
e—>

Several mathematical methods have been introduced for the estimation of
the NO parameters. Some of the methods utilize the nonlinear equation of
the 2CM and are able to estimate all NO parameters (Hégman et al 2002,
Eckel et al 2014, Silkoff et al 2000), while others utilize linear approximations
of the nonlinear equation. The advantage of linear methods is that they are
simpler to implement mathematically but with a price of being able to solve
only two parameters (Pietropaoli et al 1999, Tsoukias et al 2001). In the
literature, linear methods are the distinctly most frequently used techniques
in NO parameter estimation (Molshatski and Eckel 2017). Of the linear
methods, the most frequently used is the method introduced by Tsoukias
and George (the T&G method).

Theory behind the method of Tsoukias & George (T&G)
In the T&G method, a linear first-order approximation (Equation 2) of the
exponential part of equation 1 is used: (George et al 2004)

DawNO

FgNO = Cuy,NO + (C4NO — CpyyNO)e ™ ve Equation 1.

_DawNO

e ve =1-D,,NO/Ve Equation 2.



yielding the first-order approximation of equation 1:

FENO = CaNO + (CawNO - CaNO) * D,,,NO/Ve Equation 3.

When equation 3 is multiplied by flow rate on both sides, the equation
describes NO output in the exhaled breath at the given flow rate:

VNO = CANO * Ve + (CawNO - CANO) * DawNO Equation 4.

As JawNO = (CawNO - CaANO) * DawNO, equation 4 is further reduced to
(Horvath et al 2017):

Vno = CaNO * Ve + J,wNO Equation 5.

where Vno is NO output (FENO * Ve) and JawNO is bronchial NO flux (pl s?).

When a linear regression line is set between NO output (Vno, pl s?) and
exhalation flow rate (Ve, ml s), the intercept of the regression line yields an
estimate of Jo,wNO and the slope yields an estimate of CANO (Equation 5).

The first-order approximation (Equation 2) is based on a mathematical fact
that e* = 1-x when x is small. For the first-order approximation to hold, the
quantity of -DawNO/Ve must therefore be small. This assumption is satisfied
when the flow rate is high and DawNO is relatively small. Using too low flow
rates may thus violate this assumption and result in falsely low and high
estimates of J.wNO and CaNO, respectively (Figure 1). When considering
subjects with higher D,wNO, the flow rate should be higher to achieve similar
quantity of -DawNO/Ve as with subjects with lower D,wNO. Thereby, when
same flow rate range is used, subjects with higher DawNO (e.g subjects with



asthma) will always have more biased results (underestimation of J,wNO and
overestimation of CANO) compared to the subjects with lower D,wNO (e.g.
healthy subjects). This may result in false differences in CANO between
populations with different DawNO. George et al. instructed in their review
that the approximation holds when Ve is large compared to DawNO (Ve =
5*D.wNO) which is usually achieved at flow rates around 50 ml s (George et
al 2004). This is the lowest used flow rate in most studies using linear
methods in NO parameter estimation (Molshatski and Eckel 2017). However,
this instruction was meant for healthy subjects, whose D.wNO is low
compared to asthmatics for example. The current ERS/ATS recommendation
suggests the usage of at least 100 ml s* as the lowest flow rate for the linear
methods (Horvath et al 2017). However, this recommendation is based on
expert opinion and there is no previous thorough modeling on how the
selected flow rates affect the accuracy of the T&G method in practice, and
whether the range of suitable flow rates is different in different kinds of
pulmonary diseases. This information is needed to improve the
standardization of the use of the T&G method.
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Figure 1. NO output plotted against exhalation flow rate in examples with
various DawNO values (10, 20 and 30 pl s ppb™). Other parameters are set
as in typical healthy subject with CANO of 1.66 ppb and CawNO of 105 ppb
(Hoégman et al 2017). The solid regression line is set between NO output and
flow rate using flow rates 100 - 400 ml s, whereas the dotted regression line
is set using flow rates 50 - 400 ml s to visualize how the slope and intercept
(estimates of CANO and JowNO, respectively) are affected by the applied flow
rate range with different D,wNO values. As linearity of the relation begins to
break at approximately 100 ml s, setting regression line including lower flow
rates results in falsely low intercept (JawNO) and high slope (CANO) compared
to a regression line based on the more linear part of the relation. Higher
DawNO results in less linear plot and thus more error in the parameter
estimation.

Aim of the study

This study aimed to investigate how the chosen flow rate range and levels of
pulmonary NO parameters affect the accuracy of the T&G method and to
provide objective evidence for methodological recommendations on the



T&G method. This study consists of three parts. 1) In the first part, we will
demonstrate how different flow rates and NO parameter levels influence the
accuracy of the T&G method in NO parameter estimation. 2) In the second
part, we will test whether real life observations support the theory. We will
test whether using a lower flow rate range yields different NO parameter
estimates in healthy and asthmatic subjects. 3) In the third part, we will
conduct a meta-analysis of published literature to investigate whether
including 50 ml s as the lowest flow rate in the T&G method has a noticeable
effect compared to 100 ml s as the lowest flow rate.

Methods

Demonstration on the effects of NO parameters and selected flow rates
on NO parameter estimation

NO parameter estimates obtained using the T&G method were compared to
the true values of the NO parameters obtained using the 2CM’s nonlinear
equation. First, the 2CM’s nonlinear equation (Equation 1) was used to
calculate FeNO at flow rates of 10, 30, 50, 100, 200, 300 and 400 ml s* based
on CaNO, CawNO and DawNO according to the reference values by Hogman et
al (Hogman et al 2017). Then one NO parameter at a time was changed within
a wide range (DawNO from 1 to 45 pl s ppb™, CawNO from 1 to 500 ppb and
CaNO from 1 to 15 ppb) while the other two parameters were kept constant.
The corresponding NO outputs (Vno) were then calculated, and the T&G
method was applied on multiple flow rate ranges (30 — 400, 50 — 400, 100 —
400 and 200 — 400 ml s) to estimate JawNO and CANO. The T&G estimates of
JawNO and CaNO were then compared to the true JawNO (= [CawNO - CANO] *
D.wNO) and true CaANO by calculating a proportion between the T&G estimate
and true value and plotting this proportion against each of the NO
parameters.

Different flow rate ranges in healthy and asthmatic subjects

The T&G method was applied to FENO-measurements in healthy non-
smoking adults and steroid-naive adult asthmatics from a previously
published study (Lehtimaki et al 2001). FENO was available at flow rates of
40, 100, 170 and 370, ml s, and the T&G was applied by using two different
flow rate ranges: 40—370 ml s and 100 —370 ml s. A correlation coefficient



of < 0.9 or negative CaNO were exclusion criteria to assess the quality of the
FENO-measurements (Vno vs Ve -plot). Box plots were drawn for J,wNO and
CaNO with different flow rate ranges and nonparametric Wilcoxon’s test or
paired T-test were used to compare distributions, depending on the
normality of the distributions (Shapiro-Wilk’s test).

Meta-analysis on previously published results

A meta-analysis was conducted to assess whether the use of 50 ml s as the
lowest flow rate results in a statistically significant difference compared to
100 ml s as the lowest flow rate in the T&G method. A previously published
systematic review and meta-analysis including all studies that reported NO
parameters for both asthmatic and healthy subjects was used as the data
source (Karvonen and Lehtimdki 2019). Steroid naive-asthmatics were
chosen to represent asthmatic subjects as this group was less heterogeneous
than the steroid-treated group.

To conduct the meta-analysis, the lowest flow rate was set as a dichotomous
categorical moderator (categories: 50 ml s and 100 ml s?). A subgroup
meta-analysis was then conducted to estimate the effect size for each level
of the moderator and to test for statistically significant inter-group
differences. A mixed model, with DerSimonian-Laird approach as an inter-
study variation estimator, was used to calculate the differences between the
two categories of the moderator (Anonymous 2019). A pooled estimation of
the inter-study variance across the categories of the moderator was chosen
(i.e. same amount of inter-study variance, same t?-value). A pooled inter-
study variance estimation is recommended over separate estimation within
each category of a moderator when the number of studies is balanced, and
the residual inter-study variances are not heteroscedastic across categories
of the moderator (Maria Rubio-Aparicio et al 2020).

The difference between using these two flow rates as the lowest was
illustrated by drawing forest plots. The effect size for each subgroup was
calculated separately with mixed model but t2-value was set according to the
pooled estimation of inter-study variance performed earlier in the meta-
analysis. Meta-analysis was conducted, and forest plots were drawn using R
version 3.4.3 (R Core Team 2016) and the Metafor package (Viechtbauer
2010).



Results

Demonstration on the effects of NO parameters and selected flow
rates on NO parameter estimation

JawNO

When JowNO was estimated using the T&G method and compared to true
JawNOQ, it was found that results strongly depended on D.wNO (Figure 2).
Another factor that affected the results was the used range of flow rates: a
lower flow rate range resulted in more deviation from true JowNO. Taken
together, the magnitude of underestimation when using the T&G method to
calculate JawNO increases with higher absolute DawNO and lower flow rates
used. Other NO parameters (CANO and C,wNO) had no effect on the
proportion between the T&G estimate of Jo.wNO and true JawNO.

CaNO

When CaANO was estimated using the T&G method, all NO parameters
affected the proportion of the T&G CaANO from true CaANO (Figure 3). Higher
DawNO and CawNO caused more overestimation of CANO. On the other hand,
higher CaNO resulted in less biased results. Of the parameters, DawNO
seemed to be the clearly most significant factor causing bias. The higher was
the lowest flow rate used the smaller was the overestimation of CANO when
using the T&G.
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Figure 2. The relation between the T&G estimate of Jo,wNO and true JowNO
plotted against DawNO using different flow rate ranges. Higher values of
D.wNO and lower flow rate ranges resulted in higher error in estimates of
JawNO. Example distributions (mean and range from 5™ to 95" percentile) of
D.wNO of healthy adults (Hogman et al 2017), healthy children (Hégman et al
2017) and patients with asthma (Karvonen and Lehtimaki 2019) are indicated
with brackets below the x-axis to help the reader to understand the
magnitude of error in different populations. For example, in a typical patient
with asthma (D.wNO 16 pl s ppb?) the flow rate range of 30 — 400
underestimates JawNO roughly 13 %, while in a typical healthy adult (DawNO
8 pl s ppb?) the flow rate range of 200 — 400 ml s'* underestimates JawNO
only by 3 %.
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Figure 3. The relation of the T&G estimate of CaNO and true CaNO plotted
against true CaNO (a), CawNO (b) and DawNO (c). Higher values of D,wNO and
CawNO and lower flow rate ranges resulted in more error. Higher CANO
resulted in less biased results compared to true CANO. DawNO seemed to have
the greatest effect on the estimation error. Distribution (mean and range
from 5t to 95 percentile) of the NO parameters for healthy adults (Hégman
et al 2017) and children (Hégman et al 2017) and asthmatics (Karvonen and
Lehtimaki 2019) are marked with brackets below the x-axis to give a
perspective of the magnitude of error in different study populations. For
example, in a typical patient with asthma (DawNO 16 pl s ppb?) the flow rate
range of 30 — 400 overestimates CANO by 47 %, while in a typical healthy
adult (DawNO 8 pl st ppb?) the flow rate range of 200 — 400 ml s*
overestimates CANO by only about 3%.




Different flow rate ranges in healthy and asthmatic subjects

Overall, 22 healthy and 22 asthmatic subjects were included in the analyses
(Lehtimaki et al 2001). Using flow rate range of 40 — 370 ml s compared to
100 — 370 ml s* produced no statistically significant difference in J.wNO or
CaNO in healthy subjects (JawNO: 455 (403/720) vs 446 (388/752) pl s%, p =
0.291 and CaNO: 1.4 (0.9/1.7) vs 1.4 (1.0/1.7) ppb, p = 0.355) (median (15t/3"
quartile)) (Figure 4A and 4B). However, the use of the lower flow rate range
yielded lower JowNO (1124 (502/1832) vs 1188 (609/1896) pl s, p = 0.006)
and higher CaNO (1.7 (1.4/2.7) vs 1.5 (1.2/2.3) ppb, p = 0.006) in the
asthmatic subjects (Figure 4C and 4D).
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Figure 4. NO parameters in asthmatic and healthy subjects estimated with
the T&G method using two different flow rate ranges: A) J.wNO and B) CANO
of healthy adults, C) JawNO and D) CaNO of asthmatic subjects.

Meta-analysis on previously published results
9 studies were included in the meta-analysis. Of the 9 studies, 5 used 50 ml
s1and 4 used 100 ml s as the lowest flow rate.

Studies using 50 ml s as the lowest flow rate reported JawNO estimates with
no significant difference to studies with 100 ml s as the lowest flow rate in
healthy subjects (difference 50 — 100 ml s*: -125 [-310 — 58] pl s, p = 0.18)
(average difference [Cl 95% lower bound — upper bound]) or in asthmatic
subjects (-345 [-1147 — 457] pl s, p = 0.40) (Figures 5 and 6).

CaNO in healthy subjects seemed to be higher in studies with 50 ml s as the
lowest flow rate (1.57 [-0.05 — 3.2] ppb, p = 0.06), but the difference was not
quite statistically significant. In asthmatic subjects, CANO was higher in



studies using 50 ml st as the lowest flow rate (4.0 [1.12 — 6.89] ppb, p < 0.01)
(Figures 5 and 6).
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Figure 5. Forest plots showing distribution of the NO parameters in asthmatic
subjects in studies using 50 ml st or 100 ml s as the lowest flow rate. There
was no statistically significant difference in Ja.wNO between the groups (-345
[-1147 — 457] pl s, p = 0.40) but CANO was higher in studies with 50 ml s as
the lowest flow rate (4.0 [1.12 — 6.89] ppb, p < 0.01).
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Figure 6. Forest plots showing distribution of the NO parameters in healthy
subjects in studies using 50 or 100 ml s as the lowest flow rate. No
statistically significant differences were found between the groups but Jo.wNO
seemed to be lower (-125 [-310 — 58] pl s}, p = 0.18) and CaNO higher (1.57
[-0.05 - 3.2] ppb, p = 0.06) in studies using 50 ml s as the lowest flow rate.



Discussion

We demonstrated that the accuracy of the T&G method is not only
dependent on the flow rate range used but also on the magnitude of the flow
independent NO parameters. When using the T&G method, underestimation
on JawNO increases not only with lower flow rates, but also with higher values
of DawNO. Simultaneously, overestimation of CaNO increases with lower flow
rates in addition to higher values of CawNO and D.wNO, while this error
slightly reduces with higher values of CANO. Our real-life observations
showed that in patients with asthma (higher C.wNO and DawNO), inclusion of
a low flow rate of 40 ml s> makes a significant difference to the results of the
T&G method when compared to 100 ml s as the lowest flow rate. However,
this difference was not found in healthy subjects (lower DawNO and CawNO).
Finally, this same phenomenon was found in a meta-analysis showing that in
subjects with asthma, inclusion of 50 ml s as the lowest flow rate for the
T&G method overestimates CANO compared to studies with 100 ml s as the
lowest flow rate.

Agreement with the literature

This is the first thorough study on the aspects affecting the accuracy of the
T&G method. There are no previous studies systematically assessing the
effect of the magnitude on NO parameters on the accuracy of the T&G
method, but there are some studies reporting similar results to our study
regarding the effect of flow rates. Pedroletti et al. found loss of linearity in
the NO output vs flow rate curve at flow rates below 50 ml s in healthy
subjects but already below 99 ml s in asthmatic subjects (Pedroletti et al
2002). Robroecks et al. found that using 30 ml s as the lowest flow rate
instead of 50 ml s results in higher CaNO in children with asthma (Robroeks
et al 2010). Also, Chladkova et al. found that CaNO was up to 67 % higher in
subjects with asthma and 28 % higher in subjects with allergic rhinitis when
flow rate ranges 50 — 250 ml s was compared to the range of 150 - 250 ml
s (Chladkova et al 2012). Simultaneously, Ja.wNO was increased by 50 % and
17 %, respectively. The authors concluded that linearity was preserved better
when 150 ml s! was used as the lowest flow rate.



However, not all studies noticed a significant difference when 50 ml s was
used as the lowest flow rate. Heijkenskjold et al. compared two flow rate
ranges (50-200 ml s** vs 100-300 ml s!) in young asthmatic subjects (10— 19
years) and found no difference in CANO obtained using these flow rate ranges
(Heijkenskjold-Rentzhog et al 2012).

The current literature has results supporting our findings that 100 ml s*
should be used as the lowest flow rate in the T&G method and that
uncertainty is greaterin CANO than in JawNO, but some inconsistency was also
found. The inconsistency is possibly due to different levels of the NO
parameters, especially DawNO, in different study populations. Our findings on
how the magnitude of NO parameters themselves affect the accuracy of the
T&G method give mechanistic explanation on why previous studies have
reported different breaking points for the linearity of Vno vs Ve curve in
different subject categories.

Axial back diffusion of NO affecting accuracy of the T&G method

The two-compartment model assumes the airways as an even, rigid, cylinder-
shaped tube. However, in real airways, the total cross-sectional surface area
increases with every new generation of bronchi. As the total surface area
increases, the velocity of air flow decreases simultaneously. It is
hypothesized that the decrease in the air flow velocity is sufficient enough to
allow axial back-diffusion of NO from the more NO-rich bronchial
compartment into the alveolar compartment. The two-compartment model
is thus believed to overestimate JowNO and underestimate CaNO because of
neglecting the axial back-diffusion of NO.

Condorelli et al. introduced the trumpet model of airways with axial diffusion
(TMAD) (Condorelli et al 2007) to compensate for the effects of axial back
diffusion in the conventional two-compartment model by using correction
factors. However, the correction factors of this model only apply to subjects
without airway obstruction and should not be used in subjects with e.g. COPD
or asthma.

Lower flow rates seemed to cause more biased results in asthmatic subjects
than in healthy subjects. One explanation could be that in healthy subjects
with no obstruction, axial back-diffusion of NO is more significant and masks



the bias caused by low flow rate used in the T&G method (i.e. low flow rate
causes lower estimate of J.wNO, whereas neglecting back-diffusion of NO
causes higher estimate of J,wNO). However, in asthmatic subjects with
obstruction, back-diffusion of NO is believed to be less significant and hence
bias caused by low flow rates is emphasized. All in all, a more plausible
explanation is that asthmatics have higher D,wNO that is strongly associated
with higher bias in NO parameter estimation with the T&G method.

Strengths and limitations

We have investigated the effect of flow rates and NO parameters in the T&G
method by three different approaches (i.e. mathematical demonstration,
results from our previous study and meta-analysis) that all provided
concordant results. We therefore think that we have quite robust evidence
that can be used in future recommendations on the use of the T&G method.
However, there are also some limitations to the study. The two-
compartment model is a mathematical model describing the pulmonary NO
exchange dynamics, but the real lung and relation between NO parameters
and the T&G method may be much more complex. In addition, more error is
added to the model when FiNO-measurements are performed in real
subjects with possible difficulties in performing the measurement. For
instance, some subjects may find a higher flow rate range more challenging
to perform and this may be emphasized in small children and cause bias at
high flow rate ranges. Another limitation of this study is the relatively small
sample size of healthy and asthmatic subjects. There are also some
limitations regarding the meta-analysis. It is not intended as a systematic
review of the current literature but rather act as a sample of the current
literature. Interstudy variation is considerable and we identified multiple
known and potential confounding factors. Methodological aspects included
different flow rates that are known to produce different results. There are
also other methodological aspects that may cause bias as the extended FENO
measurement lacks technical standardization (e.g. different analyzers,
calibration protocols, time of measurement, ambient air NO). There are also
no official guidelines for FENO measurement at other flow rates than 50 ml s
!, The guidelines for 50 ml s can be quite well applied to most other flow
rates. However, extremely low and high flow rates (e.g. 10 and 400 ml s?)
might benefit from their own guidelines as the definition of NO



concentration plateau at 50 ml s might be difficult to apply to these extreme
flow rates (e.g. minimum plateau duration of 3 seconds). However, their
significance in the extended FENO measurement is unknown. Also, different
groups of asthmatic subjects are highly heterogeneous, which likely
contributed to the interstudy variation.

Also, we only observed the lowest flow rate used while possible differences
in the other used flow rates were ignored in the analysis. The number of
included studies was also quite small. However, of all the diseased study
populations, the NO parameters are calculated most frequently in asthmatic
subjects, making them currently the best option for such a meta-analysis.

Recommendation for future studies

We have provided objective evidence to support the current ERS/ATS expert
opinion based recommendation (Horvath et al 2017) that no lower flow rates
than 100 ml s should be used in NO parameter estimation with the T&G
method. In practice, there is always some underestimation of J,wNO and
overestimation of CaNO, but the magnitude of error is determined by two
factors: used flow rate range and magnitude of NO parameters.

DawNO was the most significant NO parameter affecting the accuracy of the
T&G method in NO parameter estimation and the degree of bias caused by
high DawNO can be only reduced by using a high enough flow rate range.
Theoretically, 50 ml s should be sufficient for healthy subjects (low DawNO)
based on our findings in healthy subjects and meta-analysis. However, as in
clinical practice we cannot know in advance whether the subjects are healthy
or not, 100 ml s should always be used as the lowest flow rate in the T&G
method. A coherent recommendation to all subject groups also makes the
T&G method more standardized and results between different study groups
more comparable. The main advantage of the T&G method is its ability to
calculate CaNO, as JawNO is highly correlated with the well-standardized
FENOso and thus probably does not provide additional clinical value. Of the
two parameters, CaNO is much more prone to bias when estimated using the
T&G method, advocating the use of high enough flow rate ranges. In the
literature, the T&G method has shown to yield higher CaNO and lower JowNO
estimates in healthy subjects when compared to non-linear methods when
100 ml s was used as the lowest flow rate (Karvonen et al 2017). The



difference to non-linear methods could be explained with bias caused by
linear approximation, even if the lowest flow rate was 100 ml s'* and D.wNO
was relatively low in the healthy subjects (median 7.4 pl s ppb). This may
suggest that the T&G method is subtle to some bias even in ideal conditions.
Another serious limitation of the T&G is that the NO parameter estimates are
always more biased with populations with higher DawNO. This may result in
false differences especially in CANO when populations with different DawNO
are compared. Therefore, we encourage the use of nonlinear methods as an
alternative to the T&G method. The nonlinear methods lack the bias caused
by linear approximation.

Conclusions

We have provided objective and robust evidence that not only the flow rates
used but also the magnitude of NO output in the test subjects affect the
accuracy of the T&G method. Underestimation on JawNO increases with too
low flow rates and with higher values of D,wNO. The corresponding
overestimation of CaNO increases with too low flow rates and with higher
values of DawNO and CawNO but decreases with higher values of CANO. As in
clinical practice, we do not know in advance the NO output of the test
subject, based on our data flow rates below 100 ml s should not be used
with the T&G method.
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