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To: Functional predictors discriminating asthma–COPD overlap (ACO) from chronic obstructive pulmonary disease (COPD)
Kraemer R. et al.


1. Assessment of Airway Dynamics by the Integral Method 
The assessment of changes in airway caliber to estimate airway function in human subjects and patients with lung disease is best performed by measuring airway resistance using a whole-body plethysmograph, originally introduced by Dubois et al. 54,55. This technique was further adapted by Jaeger and Otis to reach body temperature, ambient pressure and water saturation (BTPS) conditions. Changes in in the calibre of the large, conducting airways are represented by the recording of specific airway loops (sRaw-loops), consisting of the shift volume (Vpleth) and the tidal flow (V’) plot. The lung volume, and hence the resting level of end-expiratory lung volume (EELV) at functional residual capacity (FRCpleth) is logically altered in the presence of marked peripheral airway obstruction or pulmonary hyperinflation. It follows that plethysmography offers measurements of airway dynamics in close relationship to FRCpleth, and hence the EELV, which has considerable advantages in the detection of functional deficits compared to measurements of simple spirometry, impulse oscillometric (IOS) or interrupter resistance (Rint) measurements.
Until recently, and still used in many plethysmographs, sRaw-loops are approximated routinely by  two point analyses creating a straight line throughout the loop.



Absolute lung volume FRCpleth is measured by applying a shutter maneuvre and analysing the occlusion-pressure curve.
 


Finally Raw can be calculated from the ration of sRaw and FRCpleth.


	
The term (Pamb-PH2O) reflects the dry air pressure. It follows that Raw is inevitably linked to the value of FRCpleth as a fixed parameter in the equation, and is computed misleadingly low, if a pulmonary hyperinflation is present, and consistently high, if the subject breathes under his natural EELV. Noteworthy is that FRCpleth implicates a shutter occlusion manoeuvre, which is sometimes not tolerated by young children or elderly patients, as well as by patients with severe lung involvement. Moreover, Raw consistently ignores the loop-shaping of the sRaw-loop, especially during quiet breathing, and more importantly, if ventilation inhomogeneities are present.
Although numerous parameters of airway resistances can be calculated from plethysmographic measurements 57, the most promising approach was proposed by Matthys H. and Orth U. 58, defining the so called “effective specific resistance” (sReff) as a ratio of the area of the plethysmographic shift-volume versus tidal volume (), to the area of the flow/volume loop () throughout the entire respiratory cycle. Noteworthy, the integral  multiplied by the dry air pressure (Pamb-PH2O) embodies the specific, aerodynamic work of breathing (sWOB) at rest 58.  Only advanced computer technology made it possible to assess the two integrals presented for infants, children 59,60, as well as for adults 58,61. The mathematical background computing sReff, sGeff and sWOB, has been presented previously 32,33, showing the following equations:



where (Pamb-PH2O) is the dry air pressure, the integral  the equivalent to the area enclosed by sWOB and the integral  the equivalent to the area of the flow-volume loop. Figure S1 synoptically represents a print-screen from a plethysmographic measurement of a healthy infants obtained in an infant whole-body plethysmograph. 59 It shows a BTPS-compensated plethysmographic loop, which is the flow dependence (V’) from the shift volume (∆Vpleth), derived from two further loops. The first loop (Figure S1; A) represents the tidal flow-volume curve, and its area as integral  of the Figure S1. Print-screen from a plethysmographic measurement of a healthy infant synoptically representing the interaction of two loops, (A) the tidal flow-volume loop and its area as integral , and (B) the plethysmographic shift volume-tidal volume, incorporating the area , and hence the sWOB, from which (C) the BTPS-compensated plethysmographic loop, (shift volume (∆Vpleth) against tidal flow (V’) can be derived, and sReff, be computed.



breathing cycle. The second loop (Figure S1; B) characterises the tidal volume in relation to the plethysmographic shift volume and incorporates the area , and hence the sWOB. The determination of the sWOB is a prerequisite and part of the computation of sReff, sGeff, respecively (Figure S1; C), as soon as the subject breathes regularly at resting end-expiratory lung volume (EELV). Importantly however, any extended breathing manoeuvre prior to spontaneous resting breathing has to be avoided, ensuring airway dynamics are assessed under natural breathing conditions e.g., no panting, no breathing against a shutter, no change in the “volume history” 62-64. Normal spontaneous resting breathing is provided, if the subject breaths naturally and regularly at a constant breathing frequency and constant tidal volume (VT) at EELV, and hence with lowest individual sWOB.


2. Defining predictive Equations of Airway Dynamics
(including confounding parameters influencing the actual breathing pattern and timing) 

Predictive equations defining reference values of lung function in infants, children and adults are usually based on algorithms of the subject’s anthropometric measurements, such as age, body weight, body height or a combination of them, as independent variables 73,74. Most of these regressions include linear, but also power- or quadric- function relationships 72. This may be suitable for some predictions of static lung volumes 42,71,73,75, volume-time or flow-volume parameters 42,72,73, and indices of intrapulmonary gas distribution 20-2276,77,135. A specific new approach to describe reference ranges more accurately has been developed by Stanojevic et al 78, describing the relationship between spirometric lung function and height, age respectively within the pediatric age range, allowing a seamless transition to adulthood. An extension of the so called “LMS (lambda, mu, sigma) method” 79 was applied. To our knowledge, however, prediction models using LMS-statistics incorporating age and height of the subjects as independent variables have only been formulated for spirometric parameters 75. There is a relative dearth of normative reference values measuring parameters of airway dynamics transitionally from infancy into adulthood. Doershuk et al 80 first presented data of specific airway resistance (sRaw), showing gender differences in infants and children (sRaw males < sRaw females). Measuring airway resistance throughout the whole respiratory cycle in infants was performed by Beardsmore et al 81 demonstrating a dynamic performance of the respiratory circuit in relation to the breathing pattern and suggesting that expiratory looping of the resistance slope could well be due to small airway closure as previously observed by Matthys in adults 2748.
However, the physiologic approach of Matthys and Orth 58 to evaluate airway dynamics by the integral method putting sWOB () in relation to the tidal flow – volume loop () for sReff, its reciprocal ratio for sGeff respectively, has not yet received scientific attention, although this technology has been implemented since years in each Jaeger plethysmograph. Furthermore, based on previous work 29,81 regarding airway patency, but also based on previous work dealing with multiple breath-out techniques 82, the hypothesis was formed that determinants of airway dynamics, EELV, breathing pattern and timing of breathing should be included into the evaluation of parameter prediction of airway dynamics 34. It turned out, that in the approach of defining airway dynamics (sReff, sGeff resp.), the most important factor is sWOB. Therefore, predicting equations must be defined for sWOB, from which in a second step sReff and sGeff can be defined. By a multidimential approach the following regression could be defined 34:

sWOB = EXP(-.300+.017*gender+.138*ln(age)+.836*ln(FRCpleth)
+.744*ln(VT/FRCpleth)+.387*ln(VT/TI) ± .109083)) (SEE)
*gender: male=0; female=1

sGeff = EXP(.816-.050*gender-.423*ln(sWOB)+.415*ln(FRCpleth)
+.603*ln(VT/FRCpleth)) ± .12781 (SEE) 
*gender: male=0; female=1

sReff = EXP(-.816+.050*gender+.423*ln(sWOB)-.415*ln(FRCpleth)
-.603*ln(VT/FRCpleth) ± .12781 (SEE) 
*gender: male=0; female=1






3. Linear discriminant analysis
(including 17 potentially discriminating lung function parameters) 

The 17 predictors were grouped within 5 parameter categories (spirometry: FEV1, FEV1/FVC, FEF25-75; airway dynamics: sReff, sRtot, sWOB; static lung volumes: TLC, FRCpleth, RV, IC/TLC, FRC/TLC, RV/TLC; trapped gases: VTGTLC, VTGFRC, VTGRV, and CO-diffusion:  DLCO, KCO), potentially suitable to discriminate between the 3 diagnostic classes (asthma, ACO and COPD). From the 17 parameters 12 could be selected within the drop-levels by linear discriminant analysis, synoptically presented in Figure S2 and showing the following calculated values in each step of the selection procedure: 

	
	Parameter
	Wilks lambda
	F-statistics
overall
	p-value
overall
	F-statistics
diff
	p-value
diff

	
	
	
	
	
	
	

	1
	DLCO
	0.4886032
	281.02564
	3.053336e-840 
	281.025639
	3.053336e-84

	2
	FEV1/FVC
	0.3278789
	200.03469
	3.741968e-128
	131.372016
	0.000000e+00

	3
	sRtot
	0.2669838
	166.80249
	1.297182e-149
	61.012797
	0.000000e+00

	4
	sWOB
	0.2436810
	136.93971
	6.404126e-158
	25.532860
	2.564460e-11

	5
	FEF25-75
	0.2269760
	117.15218
	6.058325e-164
	19.613894
	6.027593e-09

	6
	VTGFRC
	0.2141793
	102.92278
	1.598207e-168
	15.892758
	1.976218e-07

	7
	sReff
	0.2041393
	92.03610
	5.412915e-172
	13.057964
	2.909371e-06

	8
	RV
	0.1966462
	83.14742
	2.755107e-174
	10.097598
	4.965985e-05

	9
	TLC
	0.1896632
	76.18737
	1.804708e-176
	9.738379
	7.023176e-05

	10
	IC/TLC
	0.1872110
	69.23045
	4.638256e-176
	3.457972
	3.220727e-02

	11
	VTGRV
	0.1857499
	63.25222
	4.202608e-175
	2.072762
	1.268605e-01

	12
	FRC/TLC
	0.1844740
	58.22229
	4.470651e-174
	1.818993
	1.632059e-01

	

	FEV1, FRCpleth, RV/TLC VTGTLC and KCO excluded by cross-validated correctness rate



By stepwise classification, using 10-fold cross-validated correctness rate of the R-method “lda”, based on 540 observations with 17 variables in 3 classes with the stop criterion: improvement less than 5%, and according to the Wilks’s lambda statistics (Λ) on each of the discriminant function FEV1, FRCpleth, RV/TLC, VTGTLC and KCO were excluded from the model, giving a correctness rate of 0.8111.

Accordingly, the final overall statistics including these 12 discriminating lung function parameters, presented with the following results:

Accuracy: 0.8981          
95% CI: (0.8695, 0.9223)
No Information Rate: 0.6981
P-Value [Acc > NIR]: < 2.2e-16       
                                          
Kappa: 0. 767
McNamara’s Test P-Value: 0.0004755       

Statistics by Class:

	
	Asthma
	ACO
	COPD

	
	
	
	

	Sensitivity
	0.9708
	0.52113
	0.8913

	Specificity
	0.7607
	0.97655
	0.9888

	Pos. pred. value
	 0.9037
	0.77083
	0.9425

	Neg. pred. value
	0.9185
	0.93089
	0.9779

	Prevalence
	0.6981
	0.13148
	0.1704

	Detection rate
	0.6778
	0.06852
	0.1519

	Detection prevalence
	0.7500
	0.08889
	0.1611

	Balanced Accuracy
	0.8658
	0.74884
	0.9401
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Figure legends
Figure S1. Print-screen from a plethysmographic measurement of a healthy infant synoptically representing the interaction of two loops, (A) the tidal flow-volume loop and its area as integral , and (B) the plethysmographic shift volume-tidal volume, incorporating the area , and hence the sWOB, from which (C) the BTPS-compensated plethysmographic loop, (shift volume (∆Vpleth) against tidal flow (V’) can be derived, and sReff, be computed.

Figure S2. Predictors potentially suitable to discriminate between the 3 diagnostic classes (asthma, ACO and COPD), assessed by linear discriminant analysis (LDA) using R-statistics.
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Figure S1The work of breathing loop
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