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ABSTRACT

Whether the specific blood transfer conductance for nitric oxide (NO) with hemogbab)ng

finite or infinite is controversial but important in the calculation of alveolar capillary membrane
conductance (Dav) and pulmonary capillary blood volumedMrom values of lung diffusing
capacity for carbon monoxide (DLCO) and nitric oxide (DLNO). In this review, we discuss the
background associated witho, explore the resulting values of Reand & when applying

either assumption, and investigate the mathematical underpinningscafdbich \¢ calculations.

In general, both assumptions yield reasonable rest and exercigeaDdth\c values. However,

the finiteOno assumption demonstrates increasirg but not Dngo, with submaximal exercise.

At relatively high, but physiologic, DLNO/DLCO ratios both assumptions can result in
asymptotic behavior for ¢values, and under the finibgo assumption, Digb values. In
conclusion, we feel that the assumptions associated with affiitequire further in vivo

validation against an established method before widespread research and clinical use.

Keywords
Lung diffusing capacity, alveolar capillary membrane conductance, pulmonary capillary blood

volume, exercise, in vivo validation



1. INTRODUCTION
There remains significant uncertainty as to the correct specific blood transfer conductance for

nitric oxide (NO) with hemoglobind{o) when studying lung diffusing capacity even in light of

the ERS task force findings (Zavorsky et al., 4017). Specifically, there is currently a debate as to

whether to assume an infinite or finfigo when calculating alveolar-capillary membrane
conductancelImco) and pulmonary-capillary blood volume Mrom measures of lung

diffusing capacity for CO (DLCO) and NO (DLNO). While our laboratory has consistently held
the original assumption thégo is effectively infinite, other groups have begun applying a finite

value forfno of 4.5mlco/min/mmHg/mhbiood measured vianin vitro study and supported by

animal and human studies not designed to calculate antgxaclue|(Borland and Cox, 19|91

Borland et al., ZO]ﬁGuenard et al., 20]l@avorsky et al., 2014). Based on this limited work, a

task force has recently recommended the use of a figtehowever, we believe these

recommendations, including those concerrtifiggand also the correct Dw/Dmco ratio, are

prematurg (Zavorsky et al., 2417). In this manuscript, we will begin by summarizing the

evolution of, and the scientific reasoning behind, the original assumptiddnthisteffectively
infinite. Next, using both published and preliminary data from our laboratory, we will show in
detail the effect of assuming an infinite Ono VS. usingafinite value of 4.5

mMlco/min/mmHg/mbieod 0N calculation oDmco and & values in vivo in humans. We will do

this for lung diffusing capacity data collected using different techniques (i.e. rebreathe and
single-breath) and in different populations (i.e. healthy and heart failure, young and old age) at

rest and during exercise. Furthermore, we will extend these findings to an investigation of the



mathematical limits within which each assumption yields reasonable, physiologic values for
Dmco and \«; i.e., positivevalues on the same order of magnitude as values previously reported
in the literature. Finally, we will discuss the implications of our findings and offer insight into
future research, as well as clinical practiegarding the use of an infinite versus a finite Ono in

the calculation oDmco and Vc in vivo in humans. As we will show, both assumptions yield
reasonable values f@imco and & at rest. However, the assumption thas is finite can yield
values which do not increase with submaximal exertisg is clearly a concern, as Rsand

Vc would be anticipated to increase during the exercise levels included in these data.
Additionally, using a finiténo requires more assumptiodsring calculations (o/Krogh

coefficient, Oco equationPno) than applying an infiniténo (a/Krogh coefficient, 6co equation).

As such, while the use of a finiégo value may have merit, we urge caution in its application for
the calculation oDmco andVc in humans until the metharinbe properly validated against the
multiple & tension method. Overall, we feel that it is more important to intepreb and \e
asphysiologic variables rather than anatomical measurements andrpret changes ovéme

or between groups rather thimfocus on the specific method used.

1.1 Theory and evidence for an infinite vs. finiténo
In our laboratory, we use two methods for the determination of DLCO: 1) a single breath

technique, and 2) a rebreathe technique. The single breath technique for measuring DLCO was

first described in 1909 (Krogh and Krogh, 14k@ogh, 191%), but the methodology currently in

common use was established in 1954 (Forster et al.] 1954). This technique requires the

participant to take a deep inspiration from residual volume to total lung capacity of a test gas

containing approximately 10% helium, 0.3% CO, 21% oxygen, and balance nitrogen, followed



by a short breath hold (typically 4 to 10 seconds), with a subsequent swift expiration. Simply put,
the ratio of inspiredo expired CO concentrations, after taking into account dead space and
alveolar mixing, yields the diffusing capacity of the lungs for CO (DLCO). The rebreathe
technique used in our laboratory to measure DLCO requires participants to rebreathe from a bag

containing 9% Helium, 0.3%'80, 35% O, and balance nitrogen for 8 to 10 tidal breaths

Ceridon et al., 20{Meyer et al., 199H5ackner et al., 1975). The assumptions of the rebreathe

technique are identical to that of the single breath method. However, the rebreathe technique
often yields lower values fddmco and \&; while this inconsistency is not completely
understood, it is not the focus of the manuscript and hence, we will separate results for both

techniques for clarity.

In 1957, Roughton and Forster extended this technique and established a method for determining

Dmco and & by measuring DLCO at multiple2@oncentrationg (Roughton and Forster, 1957).

In short, because CO and hemoglobin competitively bind hemoglobin, a higher partial pressure

of oxygen (PQ) in the pulmonary capillaries yields a lower DLCO. Taking advantage oftthis, i

is then possible to separate the contribution of resistances to gas transfer due to both the alveolar
cgpillary membrane (Dm) and the pulmonary capillary blood volume (Vc) by graphing 1/DLCO
against 1/0co and fitting the resulting points. Specificalmco will be equal to the inverse of

the y-intercept and &/will be equal to the inverse of the slope of the regression line, according

to the following equation developed by Roughton and Fofster (Roughton and Forster, 1957):

11 N 1
DLCO Dmgy  6Oco * Ve




However, this methot less than ideal, as it is not ornigne-consuming, but also requires the
assumption that measurements of DLCO separated by multiple minutes represent an identical
physiologic state unaffected by varying oxygen tensions, i.e. the same CO distribution
throughout the lung during breath hold and the same cardiac output during the maneuver.
Despite these shortcomings, this multipleténsion method is considered tigeld standard

for the calculation oDmco and \&.

In the late 1980°s, a method was developed in which DLNO is measured simultaneously with
DLCO by the addition of 40 ppm NO to the gas mixture and has quickly become the technique

of choice as it remasthe issues described above associated with the multzgkn€ion

method|(Borland and Higenbottam, 1§&enard et al., 19T7The theory behind this method is

that the rate of reaction of NO with hemoglobin in vitro is extremely rapid, appatedyrtwo orders of

magnitude greater thaao (Borland and Higenbottam, 19|1]Qakim et al., 199F)Eurthermore it is

assumed that the extremely rapid reaction of NO with hemoglobin extends to the intactiredw®lIn

this way, the resistance to NO transfer from the alveoli onto hemoglablvecassumed to be

only dependent on alveolar capillary membrane resistance and independent of the volume of
pulmonary capillary blood present. This technique simplifies calculatiDmgb and &, as it

does not require tests to be performed at several oxygen tensions, therefore removing the
necessity of assuming that the physiologic sttlee same across multiple trials and also
shortening the time required to obtain data (detailed calculations are described in sections 2.1-2

“Assumptions and Calculations™).

More recently, however, it has been argued that the assumpti@yghatinfinite is not valid.

Indeed, it has been demonstrated by multiple groups that the specific blood transfer conductance



for NO with free hemoglobin is anywhere from 100 to over 1000 times faster than that with red
blood cells, suggesting that the red blood cell does in fact have a meaningful resistance to the

diffusion of NO. These studies have been completed in several animal species and using various

methods (Azarov et al., 20{|Rorland et al., 20(1‘Borland et al., ZOIfCarlsen and Comroe,

1958|Deonikar and Kavdia, 20.L|0iu et al., 199§ Vaughn et al., 2070). Accordingly, it has

been argued by some researcherstifratannot, by definition, be infinite as a red cell resistance

does in fact exist. Indeed, several in vitro studies find evidence for a finite specific blood transfer

conductance for NQ (Azarov et al., 2(|Bbkai et al., 2008); however, these studies do not

provide evidence as to the appropriate value for in vivo experiments. Furthermore, the in vivo
value recently recommended fo by the ERS task force is based on only three papers. Each
of these papers has limitations; either the studies were performed in vitro or in animals, or the

study has a large degree of variability in the value obtained (for further discussion, see section

3.3“Required assumptions/problems of each methgdorland et al., 20lCarlsen and

Comroe, 195TGuenard et al., 2016). Importantly, we recognize that it is likely impossible to

directly measure Ono in vivo in humans, and as such these studies are meaningful first steps in
determining the value ®ko (currently suggested to be 4.5qamin/mmHg/mhiood). However,
we feel that this Ono value needs to be validated and/or optimized with respect to a method that

does not utilize NO as a means to gain confidence in its application\.

So, the question becomes: shoiiNd be considered infinite or finite in the calculation of &m
and \c? In order to investigate the outcomes of both methods, we have calculatechDdn\c

while applying both a finite and infinit&o for over 750 DLCO and DLNO measurements from



our laboratory. What follows includes an overview of these calculations, details on the dataset

used, and the outcomes of this analysis.

2. METHODS

2.1 Assumptions and Calculations - Infinitédno

As we and others have demonstrated previously, the calculatiobmgf and \e when assuming
thatOno is infinite is critically dependent on two key considerations. First, it is essential that the
correct equation for calculatirtigo is chosen. Second, the ratiol@no to Dmco (termeda)

must be established. While there exists a theoretical valuetiiat is based on the molecular
weights and solubilities in water of both NO and CO (termed the Krogh coefficient), numerous

studies utilizing an infinit®no have experimentyl determined thai is actually greater than

1.97|(Magini et al., 201iBramhane et al., 2001). Accordingly, we have previously

experimentally determined the bésb equation and value to be used, for both the rebreathe

and single breath techniqures (Ceridon et al., RGdIfman et al., 2016}y systematically

comparing the resultin@mco and & values against those obtained via the original multiple O
tension method. From both of these studies, our laboratory has concluded taatetyeation
described by Reeves and Perkdeal, while the optimal value is dependent on the technique
used; ~2.26 for rebreathe and ~4.40 for single breath. This difference can be understood by

recognizing that the single breath method, in our laboratory and others, often yields DLNO

values somewhat higher than the rebreathe mgthod (Ceridon et aj{C20iton et al., 2011

Coffman et al., 20]165nyder et al., 20Q[Zzavorsky et al., 201#Zavorsky and Murias, 2006

Zavorsky et al., 20Q4). Of note, while this inconsistency in DLNO values between the two

methods in not completely understood, it is not the focus of this manuscript. Importantly, the



choser value for each method ensures that calculBt®do values are in agreement with those

obtained via the original multiplex@ension method, which does NOT rely on measures of

DLNO. Details of the calculation @mco ard Vc, under the assumption thafo is effectively

infinite, are as follows:

1

1 1

= +
DLNO DmNO QNO * VC

BNOz fo'e)

1

1 1

DINO _ Drmyg | o

DLNO = Dmy,

DmCO =

Dmyo, _ DLNO
a

where a = 2.26 (rebreathe) or a = 4.40 (single breath)

-1

1 1 )
DLCO Dmco

1 1 + ! thatV, - (
= = *
DLCO DmCO HCO * VC 50 a ¢ HCO
where GL = 0.008 = PO, + 0.0156 Reev
co

es and Park, 1992)

2.2 Assumptions and Calculations - Finit®no

When calculatinddmco and & using a finiténo, three assumptions must be established. First,

the correcbco equation must be determinethvorksy et al. have chosen to use the equation

reported by Guenard in 20]

6 (Forster, 1

DBidenard et al., 20

|6). Second, theatio must be

determined; most groups that assume a fiiitehave chosen to use an approximation of the

Krogh coefficient, equal to 2. This Krogh coefficiemid the a ratio used under the infinite Ono

assumption, are similar, as they both converiito Dmco. The relationship o and the
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Krogh coefficient and why differs between the methods is discussed later (see Fig. 4, as well as
section 3.3'Required assumptions/problems of each method”). Third, the value fobno must be
chosenfno is currently set to a value of 40lco/min/mmHg/mbicod(Seesection 3.3‘Required
assumptions/problems of each methdor more detailsfCarlsen and Comroe 1958). Details of

the calculation oDmco and &, under the assumption thifo is finite, are as follows:

1L _ 1 1
DLCO N Dmco HCO * VC

11 N 1
DLNO Dmyy  Ono * Ve

. Dmyo
Krogh coef ficient = 2 such that Dm;y = 5
Ovp —2 %6
rearranging; Dmyo = HNO BCO where Oy = 4.5
No _ Yco
DLNO DLCO
Dm
Dmgp = 21vo

-1

v 1 ( 1 1 )
= k -_
“ 76, \DLCO Dmgp

where —— = 0.0062 * PO, + 1.16 {Guenard et al., 2016)

co

3. RESULTS

3.1 Effect of infinite vs. finite Ono assumption on actual data

In order to determine the effectafinite vs. infiniteOno on calculated values of Dyv and &,

the data discussed next includes over 750 observations (an observation is a single, simultaneous

measurement of DLCO and DLNO on a study participant) from our laboratory using both the
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rebreathe and single breath methods, from which we have calcDiatedand \& using both

the infinite and finié Ono assumptions described above (see sections 2Aksdmptions and
Calculations”). Table 1 details the source of these data points; this includes data from healthy
and heart failure participants, younger and older individuals, and rest as well as submaximal or
incremental exercise trials. Therefore, these data span multiple variations in potential values of

DLCO and DLNO, as well as Dga and \& (Table 2).

Figure 1 and Figure 2, as well as Table 2, show the median and distributimderand \¢

values calculated assuming an infirit@ and a finite Ono USing a rebreathe (Table 2, Figure 1)

or single breath (Table 2, Figure 2) technique. Using the rebreathe method (Figure 1), both the
infinite and finitebno assumptions yieldmco and \t values that qualitatively appear to be
grouped in a physiological range and incorporate very few outliers. However, thevialues

are statistically higher using the finite vs. infinite assumption. Quantitatively, the means,
standard deviations, and number of outliers (defined as + 2.7 standard deviations from the mean),
are as follows: for Diro: Infinite Dmco, 41.2 + 17.7 mli/min/mmHg, 4 outliers; Finite R#)

63.8 + 31.1 ml/min/mmHg, 12 outliers (Infinite vs. Finite, p < 0.001); ferNfinite Vc, 85.8 +

46.3 ml, 14 outliers; Finite & 89.8 + 43.3 ml, 6 outliers (Infinite vs. Finite, p = 0.111). Using

the single breath method (Figure 2), the findings are sinbiaeo and \& under both an infinite

and finiteOno assumption are grouped in a physiologic range with few outliers. However, the
meanDmco values are statistically higher, and theWalues are statistically lower, using the

finite vs. infinite assumption. The means, standard deviations, and number of outliers for the

single breath method are as follows: for &minfinite Dmco, 49.5 + 8.4 ml/min/mmHg, 3
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outliers; Finite Drao, 281.7 £ 81.5 ml/min/mmHg, 3 outliers (p < 0.001); fay: \hfinite Vc,

223.2 £141.2 ml, 5 outliers; Finitecy82.5 £ 18.7 ml, 2 outliers (p < 0.001).

Such a difference in results between the finite and infinite assumption may complicate the ability
to implement measures Bimco and \¢ clinically. This is in contrast to the research

environment, where we feel that the absolute values are of less importance, whereas the ability to
observe changes between research groups or after an intervention is of the utmost importance.
However, in order to implemeBtmco and & clinically, a single method to be implemented

across the entire practice would simply need to be chosen. We discuss this idea further later (see

section 4.3‘Conclusiony).

3.2 Exercise responses
In healthy humans, exercise is associated with an increase in cardiac output and pulmonary
perfusion pressure that causes both recruitment of under-perfused pulmonary capillaries and

distension of already perfused pulmonary blood vessels, as evidenced by an increase in DLCO,

Dmco, and & (La Gerche et al., ZONUamhane et al., 20(JTaylor et al., 2014)Therefore, it is

crucial that measures of ymand Vc increase accordingly in response to exercise, regardless of

whether Ono IS assumed to be infinite or finite.

We have simultaneously assessed DLCO and DLNO using the single-breath technique at rest

and during submaximal exercise in two separate studies in our labgratory (Coffman et al., 2016).

In the first study, DLCO and DLNO were measured in duplicate at rest and during cycle exercise

at 80W in 11 healthy subjects (Table 1, #5). In the second study, DLCO and DLNO were again
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measured in duplicate at rest and during cycle exercise at an intensity designed to elicit a
doubling of resting cardiac output and at least ~70% of age predicted heart-rate maximum. This
study was performed in 8 healthy subjects (Table 1, #6). For the present analyses, the data from

both studies were pooled, yielding a mean submaximal workload of 80 W, rande3a0N.

In order to determine Dmco and \& significantly increased with submaximal exercise, we
performed a student's paired t-test on the data calculated under both infinite afgdinite
assumptions. Table 3 shows that, when assuming an irfficit®mco and & increased
significantly with submaximal exercise, as would be expeddeat6 at rest 45.6 + 6.5 vs.
exercise 53.7 £ 8.2 ml/min/mmHg, P < 0.00%; &t rest 162.6 £ 68.6 vs. exercise 288.9 + 168.9
ml, P < 0.001). On the other hand, only &ignificantly increased under the finfigo

assumption, whered@mco was statistically unchangeBifico at rest 279.1 + 95.4 vs. exercise
284.5 £ 64.2 ml/min/mmHg, P 0.498; \c at rest 72.7 £ 12.9 vs exercise 93.1 £ 18.3 ml, P <
0.001). This is clearly concerning, Reco is expected to rise in concert with V¢ with increasing

exercise intensity. Thus, the lack of response suggests a likely flaw with the determination of

these values when assuminfjrate Ono (Lewis et al., 195ﬁTamhane et al., 2001).

We have also simultaneously assessed DLCO and DLNO using the rebreathe technique at rest
and during incremental exercise in two separate studies in our laboratory. In the first study,
DLCO and DLNO were measured at rest and during cycle exercise at 0, 10, 15, 30, 50, and 70%
of Wpeak (determined during a maximal exercise test at a prior study visit). This study was
performed in 7 healthy subjects (Table 1, #3). In the second study, DLCO and DLNO were

measured in duplicate at rest and during cycle exercise at 25, 50, 75, and 90% of Wpeak
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(determined during a maximal exercise test at a prior study visit). This study was performed in
31 healthy subjects (Table 1, #4). For the present analysis, the data from both studies were
pooled, andmco or Vc was then plotted as a function of workload. Because these data
incorporate repeat measuraginear mixed effects model was used to separate the individual
and group effects on eithBimco or Vc with exercise. The group effect was then plotted for both
variables under the infinite and finite assumptions (Figure 3). Whether an infinite or avgnite

is assumed)mco and ¢ significantly increased with increasing workload (all P < 0.001). All in
all, this suggests that assuming both an infinite or ftinteyields statistically significant

increases imco and \t with incremental exercise when using the rebreathe method, as would

be anticipated.

3.3 Required assumptions/problems of each method

Both the finite and infinite methods for calculating &dDmco from DLCO and DLNO rely

on several values that likely impossible to measure directly in vivo in humans. The infinite
method has two assumptions that must be optimizedctheoefficients and, while the finite
method has the additional terao. Because these values cannot be directly measured, our
laboratory has taken the approach of systematically verifyirggthems using the gold-standard
multiple & tension method, which does not rely on measures of DLNO. By contrast, this

rigorous optimization does not appear to have been done for the finite method.

Both methods are very sensitive to the values chosen farrthie/Krogh coefficient, Ono, and
Oco coefficients While the determination of the optimal Oco coefficients is essential to the use of

either method, the following section wilicus on the a ratio/Krogh coefficientWhen 6no and
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Ocoare required in the theoretical discussion going forward, we will use the values that have
either been determined as optimal by our group for the infinite assumption, or the values

currently used in the literature for the finite assumption.

The Krogh coefficient used with the finite assumption and the a ratio used with the infinite
assumption are very similar, as they both convert in®tm Dnco. Here, we compare the
values used by each assumption and explore their relationship. The Krogh diffusion constant for

CO versus NO is 1.97 in water. However, studies in our laboratory and others have suggested

that a value greater than 1.97 should be used when convertingtD®Dmco (Magini et al.,

2013(Tamhane et al., 2001). For this reason, we are wary of the conclusion by the recent task

force that a value of 1.97 should be utilized (Zavorsky et al.,|2017). Below, we have calculated

an ‘effective o’ for the finite method (see below) which can be used to directly convert DLNO to
Dmcoas the a ratio does for the infinite method. The value of tei¥ective o’ is shown in

Figure 4 over a range DLNO/DLCO ratios.

u =2*( DLyo *(91\10 _ bco ))
err Ovo —20co \DLyo DLe

This effectivea is less than 1.97 for most DLNO/DLCO ratios using the finite method. The

lower ‘effectivea’ of the finite method represents the resistance to the transfer of NO through
the red blood cell that is not taken into account by the infinite method. Some have argued that it
is inappropriate to vary as it is a chemical property based on the solubility of NO and CO.
However, others have shown thashould be greater than 1.97 and have sugdésat

confounders such as uptake by the airway epithelium, conversion of N@imiNdifferences
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in solubility of NO and CO in biological tissues may have a larger effect on DLNO than red

blood cell resistancg (Tamhane et al., 32001). Thus, we feel that it is appropriatexfatitiéo

vary away from the Krogh coefficient when performing a systematic optimization.

4. DISCUSSION

The determination dino has been chosen based on three studies. First was an in vitro study

from 1958 determining the second order rate constant of NO with red blogd cells(Carlsern and

Comroe, 195B). Later, the value of 4.5ainin/mmHg/mbiood Was determined from this earlier

study|(Borland and Cox, 19p1). A major methodological concern with this method is that the

concentration of NO used was very high relative to that used for DLNO measurements, possibly
altering the reaction kinetics and underestimating the rate constant observed in vivo (see CD
Borland, this issue{ypothesis: Why 6no could be finite in vitro but infinite in vivo). Second, a

2010 study in dogs where oxyglobin was exchanged with red blood cells found an increase in

DLNO with progressively greater exchar‘ge (Borland et al., 2010). These results sug@est that

is finite, but the study was not designed to calculate the actual value. Finally, a 2016 study in
humans measured DLCO and DLNO while participants breathed 15% and 21% oxygen and

attempted to estimatio; however, this study was not designed to precisely caldiNatand

therefore only suggesthe continued use of the 4.5¢gomin/mmHg/mbicod value|(Guenard et

al., 2016). Based on only these three studies, a recent task force has recommended use of a finite

Ono for calculation of Drao and \& (Zavorsky et al., 2017). Furthermore, to the best of our

knowledge, there have been no studies optimi@igo the multiple @Qtension method, a

method which does not utiliz¢O, or any other method. Therefore, we suggest that further
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validation is necessary to determine the correct valugsiépras well a®co coefficients, before

the finite method enters standard practice.

4.1 Theoretical breaking points for each assumption

In our analysis, both the infinite and finliRo assumptions yielded extreme outliers in a total of

four instances (approximately 0.5% of all observations). Though we removed these outliers from
further analysis, this finding led us to ask under which circumstances each assumption would fail
to yield reasonable physiologic values finco and . Figures 5-6 demonstrates the values

that would be obtained f@mco (Figure 5) and ¥ (Figure 6) over a range of DLNO/DLCO

values for both methods assuming-R®80 mmHg, 100 mmHg, and 120 mmHg, DLCO of 20

mlI*min~*mmHg? and a DLCO/DLNO ratio of up to 10.

For Dmco, assuming an infiniténo yields stablédmco values for any DLNO/DLCO ratio.

However, assuming a finifino causes an asymptote to occur, in this example around
DLNO/DLCO equals 7, upon whidbmco values increase rapidly to a non-physiologic range.

This asymptote occurs when DLNO/DLCO is equaNe/6co (note thabco is dependent on

PQ). The asymptote location is very sensitive to the choice of Ocoequation in the finite method

and care must be taken to ensure that the asymptote does not occur in the physiological range of
DLNO/DLCO ratio. For \¢&, both the infinite and finiténo assumptions are stable unless
DLNO/DLCO approaches, where an asymptote occurs yielding rapidly increasingalues

which climb to a non-physiologic range. It is important to note that these asymptotes will shift

depending on the specific values entered into the calculations.
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All'in all, Figures 5-6 demonstrates the mathematical constraints that are incorporated into the
determination oDmco and \& from values of DLCO and DLNO, regardless of the assumptions
made as to the correct valuetab. While Dmco and \¢ are themselves physiologic variables,

the calculations that have been established to determine these variables incorporate an
unavoidable complication. The DLNO/DLCO values at which each assumption yields an
asymptote is potentially concerning in two cases. Hinsigo values calculated using a finiigo

under normal conditions are unlikely to encroach upon the asymptote, as a physiologic

DLNO/DLCO value is generally around 4t5 (Hughes and van der Lee| 2013). However, in

instances such as altitude, whereiFQower and the asymptote is therefore shifted to lower
DLNO/DLCO ratios, the DLNO/DLCO ratio may fall within the range whBraco rapidly

increases to large, non-physiologic values. Secosdalues calculated using the infinigo
assumption and the single breath method, where the optivadilie has been optimized at ~ 4.4,

also causes the asymptote to occur at a physiologic range for DLNO/DLCO. However, as can be
seen in Table 2, the single breath method tends to yield higher DLNO/DLCO ratios than that of
the rebreathe method (presently, mean 5.39 £ 0.43 for single breath vs. 3.58 + 0.59 for
rebreathe), such that approaching the asymptote is not usually an issue. The observation that

DLNO/DLCO is slightly higher using the single breath method is found in our laboratory and

others|(Ceridon et al., 20flGeridon et al., 201 I]Coffman etal., 20]1Favorsky and Lands,

2005|Zavorsky and Murias, 2006).

4.2 Key Points
To be clear, we agree that Ono iS, in a strict biochemical sense, not infinite, as no biological

process can occur instantaneously. Indeed, as we have highlighted above, there is experimental
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data which demonstrates a resistance to combination of NO with hemoglobin that resides in the

red cell[(Azarov et al., 20){Bakai et al., 2008]n this sense, we concede that a finite Ono may

be a more accurate representation of gas transfer from the environment to hemoglobin in blood.
However, in the case of calculating beand \¢, the value of Ono has not been optimized

relative to the gold standard multiple @ethod or in any other way. Therefore, the assumption

of an infinite Ono relative to Oco is still appropriate. While our laboratory recognizes that
considering Ono infinite may not be ideal, we argue two main points that cause our group to be

wary of the use of a finite Ono, in its current form, at this point.

First, when we have applied the finite Ono Value to our calculations of Dy and & using the

single breath technique, we obtain values which do not increase as expected during exercise.
This is concerning, as much of the research performed in our laboratory relies on accurate
measures of the change in Bsrand & during submaximal and maximal exercise bouts.

Second, as is the case in any scientific field, new methodology must be validated against a gold-
standard. While some groups may argue that there is no gold standard in the case afiddm

V¢, we feel it is important that the finite Ono calculations be validated against a method that does

not utilize NO. We have performed such optimizations on our calculations, which assume an

infinite Ono, using both the single breath and rebreathe techn|ques (Ceridon et g{Ca@fd@an

et al., 2016)We feel it is important that those groups that are invested in the use of a finite Ono

apply a similar method, where theo value would be systematically varied with respect to the
other two required assumptioftbe Oco equation and Krogh coefficientf the finite Ono
calculations. This methodology would produce optimized values for all three calculation

parameter assumptions, thus adding confidence to the use of the finite method.
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All'in all, while the finitebno calculations have merit and may move into standard practice in the
future, we feel that two mailsues remain with the use of a finite Ono In practice, including the
lack of validation of the currently establishég value as well as the non-physiological

response to exercise.

Additionally, we cannot stress enough that while alveolar-capillary membrane conductance and
pulmonary-capillary blood volume are anatomical phenomena, the calculations that have been
established to determine these variables from measured values of DLNO and DLCO are entirely
dependent on the mathematical relationships underlying the given assumptions. In this sense,
perhaps it is better to consid@mco and \¢ functional variables that can be used to observe
changes over time, whether that be during exercise studies or clinically in disease, instead of true

representations of anatomy.

4.3 Conclusions

The nuances of the calculations required for both assumptions can be discussed endlessly, but
our ability to utilizeDmco and \& to contribute meaningfully to the field is the overriding goal.

We have shown that the values themselves are very dependent on the mathematical relationships,
and therefore are likely not entirely in agreement with the physiology regardless of the
assumptions. However, by using a consistent method for calculatizmefand Vc, it is

entirely possible to obsenalanges within study participants or differences between study

groups. IfDmco and \t are to eventually enter clinical practice, an assumption regaiding

must be determined, in addition t&& equation and ratio, and standardized acrosg th
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practice. Once the optimal calculation parameters have been chosen, it will then be possible to
systematically investigate appropriate cutoffs for the determination of disease states. At the
current time, with a number of conflicting assumptions and methods, the results are simply too
variable to determine how a particular result should be interpreted. In the research arena, the
choice of calculation parameters is of little concern as long as the resulting data remain within

the physiologic range (i.e. positive) and have appropriate response to stimuli, such as pulmonary-
capillary blood volume increasing with exercise. While we respect the work of the recent ERS
task force, we believe their findings are prematgeo study has been designed to calculate an
exactOno in vivo in humans, and we are also uncomfortable with their conclusions regarding the

correct Dnyo/Dmco (a-) ratio. Additionally, the ERS task force has not presented any new

evidence for use of a finitsno beyond the evidence discussed abjove (Zavorsky et al.f, 2017).

Therefore at this time, we suggest the continued use of the assumpti@wtisanfinite until

further optimization of the finiténo method can be performed.
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Figure 1: Dmco and Vc values calculated from rebreathe data using both the finite and
infinite Ono assumptions.Both assumptions yield reasonable values foe®and & —i.e.,
positive and within range of previously reported values. Outliers (red +) are defined as = 2.7
standard deviations from the mean. Filtaco values are significantly greater that infinite
Dmco values (p < 0.001); ¥values are not statistically different. @sp alveolar capillary

membrane conductancegMoulmonary capillary blood volume.
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Figure 2: Dmco and Vc values calculated from single breath data using both the finite and
infinite Ono assumptions.Both assumptions yield reasonable values foeand & - i.e.,
positive and within range of previously reported values. Outliers (red +) are defined as + 2.7
standard deviations from theean Finite Dnto values are significantly greater, and finite V
values are significantly lower, that the infinite assumption values (both p < 0.00d9, Dm

alveolar capillary membrane conductance; pulmonary capillary blood volume.
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Figure 3: Response of Do and Vc to incremental exercise calculated from rebreathe
data. A linear mixed effects model was implemented to separate the individual and group effects
on either Drao or Vc throughout incremental cycling exercise. The group effects for both the

infinite and finitebno assumptions are plotted as a function of workload. For both assumptions,



Dmco and & increased significantly throughout exercise (all p < 0.001)cd)adveolar

capillary membrane conductance;,\bulmonary capillary blood volume.
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Figure 4: Effective a ratio for the conversion of DLNO to Dmco for the finite Ono

assumption.The effective o ratio, which converts DLNO directly to Dgg for the finite Ono

assumption, was calculated for a range for DLNO/DLCO ratios. The resulting effec#tio is

lower than the Krogh Coefficient (1.97) because the fthiteassumption calculations only

factor in the theoretical red blood cedistance to the transfer of NO. The resulting effeative

ratio is also lower than theratio used under the infinilio assumption (2.26) for

DLNO/DLCO ratios below ~6.5.
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Figure 5: Theoretical Dnco values over a range of DLNO/DLCO ratiosDmco was
calculated under both the infinite and findi& assumptions using DLCO = 20 ml/min/mmHg.
The finite calculation of Drb is also dependent on PQalues of 80, 100, and 120 mmHg are
show here. While the infinite calculation of Rais stable over a large range of DLNO/DLCO
ratios, the finite calculation of Dga rapidly increases as the DLNO/DLCO ratio increases.
DLCO, lung diffusing capacity for carbon monoxide; DLNO, lung diffusing capacity for nitric

oxide; Dnto, alveolar capillary membrane conductance.
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Figure 6: Theoretical Vc values over a range of DLNO/DLCO ratiosV¢c was calculated

under both the infinite and fini&o assumptions using DLCO = 20 ml/min/mmHg. The infinite
calculation of \¢ is dependent on the technique used in our laboratory; hence, both rebreathe and
single breath are shown here. Under both assumptions, calculatierioingreases rapidly

when the DLNO/DLCO ratio is equal to the a ratio/Krogh coefficient used. DLCO, lung

diffusing capacity for carbon monoxide; DLNO, lung diffusing capacity for nitric oxide; V

pulmonary capillary blood volume.



ACCEPTED MANUSCRIPT

32
200 L) L '. L] L) |l
\ —Infinite - rebreathe
150 \ - -Infinite - single breath -
\ ~Finite
£ 1000 .
> .
50 e :
o L L L L 1
2 3 4 5 6 7
DLNO/DLCO




Table 1.Source of over 750 DLCO and DLNO observations

Study ID Age (y) Height (cm) Weight (kg) BMI (kg/m ?) Exercise Condition
Rebreathe
1. 66.5 + 10.0 1724 % 10.3 822 + 17.6 27.8 + 4.4 -- HF + Control
2. 59.7 + 10.6 1745 + 8.9 85.8 + 17.6 28.1 + 5.0 -- HF + Control
3. 259 + 4.0 176.4 + 11.7 71.3 + 105 228 + 2.1 Incremental to 70% Wax Healthy
4, 46.1 + 206 176.2 + 5.1 75.1 + 74 242 + 24 Incremental to 90% Waxk Healthy
Average 496 + 19.6 1753 * 8.2 78.7 + 14.1 256 + 4.1 -- --
Single Breath
5. 251 + 24 180.7 + 6.4 740 + 101 226 + 24 Constant @ 80 Watts Healthy
6. 269 + 3.3 1735 + 74 654 + 6.8 217 + 15 Constant @ 82 27 Watts Healthy
Average 259 + 2.9 1777 + 7.7 706 + 99 223 + 21 -- --

Values are reported as mean + SD. BMI, body mass index; HF, heart faildsg ;pdak work rate.
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Table 2.DLCO/DLNO data and resulting Dsg and \& values calculated via both the infinite and firtite assumptions

Infinite Method Finite Method P-value
Rebreathe
DLco 26,5 + 11.9
Range 59 - 721
DLno 93.1 + 40.0
Range 151 - 276.9
DL no/DLco 358 + 0.59
Range 233 - 7.03
Dmco 41.2 + 17.7 63.8 + 31.1 <0.001
Range 6.7 — 1225 8.33 — 319.8
Ve 85.8 + 46.3 89.8 + 433 0.111
Range 18.1 — 497.2 20.1 - 2533
Single Breath
DLco 40.7 £ 8.2
Range 29.3 - 68.6
DLno 217.7 + 36.8
Range 165.4 - 3354
DLno/DLco 539 + 0.43
Range 459 - 6.62
Dmco 495 + 84 281.7 + 815 <0.001
Range 376 — 76.2 183.6 — 55.8
Ve 223.2 + 141.2 825 + 18.7 <0.001
Range 73.0 — 878.5 55.8 — 144.4

Values are reported as mean + SD. Values include all rest, submaximal, and incrementalobsantiagons as well as data from both healthy individuals and
heart failure patients. DLCO, lung diffusing capacity for carbon monoxide; DLNO, lung diffusing gdpadiitric oxide; Do, alveolar capillary membrane
conductance; ¥, pulmonary capillary blood volume.



Table 3.Rest and submaximal exercise values forcBand \& using the single breath technique calculated via both the infinite andfinitesssumptions
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Rest Exercise (80 + 17 W) Absolute Change % Change P-value
Infinite Method
Dmco 456 + 6.5 53.7 + 8.2 7.7 + 3.6 169 + 7.3 <0.001
Range 376 - 63.7 420 - 76.2 1.4 - 18.8 29 - 314
Ve 162.6 + 68.6 288.9 = 168.9 129.0 + 160.7 92.0 + 112.2 <0.001
Range 73.0 — 427.8 109.7 — 878.5 -119.5 - 725.1 -52.1 - 4724
Finite Method
Dmco 279.1 £ 954 2845 = 64.2 0.1 + 76.9 479 + 27.0 0.498
Range 185.4 — 608.0 183.6 — 422.7 -219.3 - 177.0 -37.9 - 955
Vc 727 + 12.9 93.1 + 18.3 20.3 + 10.9 285 + 16.4 <0.001
Range 55.8 — 110.9 645 — 1444 -3.6 — 39.9 -4.9 - 69.8

Values are reported as mean + $nco, alveolar capillary membrane conductance, pulmonary capillary blood volume.



