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a classic technique to evaluate the lung volume with a long history of clinical use. Volumetric
capnography utilizes the profile of exhaled carbon dioxide to determine the volume of the
conducting airways, or dead space, and provides an index of airways homogeneity. These
techniques may be used independently, or in combination to evaluate the dependence of
airways volume and homogeneity on lung volume. This paper provides detailed technical
instructions to replicate these techniques and our representative data demonstrates that the
airways volume and homogeneity are highly correlated to lung volume. We also provide a
macro for the analysis of capnographic data, which can be modified or adapted to fit different
experimental designs. The advantage of these measures is that their advantages and limitations
are supported by decades of experimental data, and they can be made repeatedly in the same
subject without expensive imaging equipment or technically advanced analysis algorithms.
These methods may be particularly useful for investigators interested in perturbations that
change both the functional residual capacity of the lung and airways volume.

INTRODUCTION

Gas washout techniques have been used for decades to provide important information about
the structure and uniformity of the airway tree. The lung is classically described as having two
compartments — a conducting zone that is comprised of the anatomic dead space and the
respiratory zone where gas exchange occurs in the alveoli. The conducting airways are termed
as “dead space” because they do not participate in the exchange of oxygen and carbon dioxide.
In the single breath gas washout method, the concentration profile of an exhaled gas can be
used to determine the volume of the anatomic dead space and to derive information about the
uniformity of ventilation. Some methods rely on the breathing of inert gases to make these
measures (N2, argon, He, SFs, etc.). The use of inert gas is well-established, supported by
scientific consensus statements?, and there are available commercial equipment with user
friendly interfaces. However, the exhaled profile of carbon dioxide (CO;) can be used to derive
similar information. Evaluating the profile of CO; as a function of the exhaled volume, or
volumetric capnography, does not require the participant to breathe special gas mixtures and
allows the investigator to gather additional information flexibly about metabolism and gas
exchange with minimal adjustment to the technique.

During a controlled exhalation, the concentration of CO; can be plotted against the total
exhaled volume. At the beginning of an exhalation, the dead space is filled with atmospheric
gas. This is reflected in Phase | of the exhaled CO; profile where there is an undetectable
amount of CO; (Figure 1, top). Phase Il marks the transition to the alveolar gas, where gas
exchange occurs and CO; is abundant. The volume at the midpoint of Phase Il is the volume of
the anatomic dead space (Vb). Phase Ill contains alveolar gas. Because airways with different
diameters empty at different rates, the slope (S) of Phase Ill provides information about airways
uniformity. A steeper slope of Phase Il suggests a less uniform airway tree proximal to the
terminal bronchioles, or convection-dependent inhomogeneity?. In the case where a
perturbation may change the rate of CO; production, and to make comparisons between
individuals, the slope can be divided by the area under the curve to normalize for differences in
metabolism (NS or normalized slope). Volumetric capnography has been used previously to
evaluate the changes in airways volume and uniformity following air pollutant exposure3-®.
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Gas transport in the lung is governed by both convection and diffusion. Single breath washout
measures are highly dependent on air flow and the measured value of Vp occurs at the
convection-diffusion boundary. Changing the flow rate of the exhalation or preceding inhalation
changes the location of that boundary’. Capnography is also highly dependent on the volume of
the lung immediately preceding the maneuver. Larger lung volumes distend the airways,
resulting in larger values of Vp®. One solution is to consistently make the measurement at the
same lung volume — usually functional residual capacity (FRC). An alternative, described here, is
to couple volumetric capnography with barometric plethysmography, in order to obtain the
relationship between Vp and lung volume. The participant then performs the maneuver at
constant flow rates, while varying the lung volume. This still allows for classic capnographic
measures to be made at FRC, but also for the relationship between the lung volume and dead
space volume and between the lung volume and homogeneity to be derived. Indeed, the added
value of coupling capnography with plethysmography comes from the ability to test hypotheses
about the distensibility of the airways tree and the structure-function relationship of the lung.
This may be a valuable tool for investigators aiming to quantify the influence of airways
mechanics versus lung compliance and elastance on pulmonary function in healthy and
diseased populations®!!. Furthermore, accounting for the absolute lung volume at which the
volumetric capnographic measurements are being performed allows investigators to
characterize the effects of conditions that can alter the inflation state of the lung, such as
obesity, lung transplant, or interventions like chest wall strapping. Volumetric capnography may
ultimately have clinical utility in the intensive care setting!?13,

PROTOCOL

This protocol has been previously approved by and follows the guidelines set by the University
of lowa Institutional Review Board. Data shown were collected as part of a project approved by
the Institutional Review Board at the University of lowa. Participants gave informed consent
and the studies were performed in accordance with the Declaration of Helsinki.

1. Equipment

1.1. Check the equipment table to verify that all required equipment is available. Double
check the configuration using the graphic depiction of the equipment in Figure 2.

2. Plethysmography

Note: Barometric plethysmography is a well-described clinical tool and is performed using
commercial equipment according to the consensus statements on standardizing lung volume
measurements'#1>. When necessary, lung flows and volumes are compared to predicted values
from the NHANES data set and Goldman and Becklake®® that are included in the
plethysmograph software.

2.1.  Perform calibration of the plethysmograph daily and prior to any experiments.
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2.1.1. Measure the temperature, barometric pressure and relative humidity using a standard
barometer prior to the calibration and enter these values into the plethysmograph software as
correction factors.

2.1.2. Calibrate the flow sensor using a calibrated 3 L syringe at variable flow rates. Calibrate
the box pressure using a precise 50 mL pump. Box pressure transducers should be checked
monthly and re-calibrated as needed, per manufacturer’s recommendation.

2.2 Immediately prior to the measurement, place the participant in the whole body
plethysmograph and close the door. Make measurements after 30-60 s, which allows for
thermal equilibration.

2.2.1 Instruct the participant to place their mouth on the mouthpiece, put on nose clips, and
place their hands on their cheeks. Preventing “puffing” of the cheeks during the maneuver
minimizes changes in volume that result from changing the mouth volume.

2.2.2 Instruct the participant to breathe normally, allowing at least four tidal breaths to be
acquired and functional residual capacity (FRC) to be established.

2.2.3. At the end of a normal exhalation (FRC), close the shutter. Coach the participant to pant
lightly at 0.5-1 breaths/s for 3-4 s. Evaluate the relationship between the mouth pressure and
plethysmograph pressure to ensure that it is a series of overlapping, straight lines without
thermal drift.

2.2.4. Open the shutter and allow the participant to take a normal breath. Coach the participant
to exhale to residual volume (RV), followed by a maximal inspiratory maneuver to total lung
capacity. Repeat at least three times until FRC values that agree within 5% are obtained

3. Volumetric Capnography

Note: Steps 3.1 — 3.4 are performed before the arrival of the research subject.

3.1. Before proceeding, address the variables in Table 1 and modify if needed. It is important
that these variables are adjusted during the study design phase and then held constant for the
duration of the study.

3.1.1. Before beginning a new experimental protocol, take care to accurately measure the time
delay between the gas analyzer, which measures CO; concentration, and the pneumotach,

which measures flow. This allows for the CO, and flow signals to be aligned.

3.1.2. Measure the time delay experimentally with a stream of 5% CO,. Attach the gas line to a
stopcock, followed by the mouthpiece.
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3.1.3 Open the stopcock, introducing the gas at a rate of 10 L/min. Determine the mean time
delay between the response of the pneumotach and gas analyzer over 10 trials and enter into
the macro.

3.1.4. Maintain the time delay constant by maintaining the analyzer sampling rate. The time
delay is highly dependent on the sampling rate of the gas analyzer and it is critical that this
remain constant through the experiment and between participants.

3.2 Define three “channels” for the collection of flow, exhaled CO; (%), and volume. Flow and
exhaled CO; (%) are analog inputs and volume is the integral of flow.

3.2.1. Confirm that flow and CO; (%) are measured directly from the pneumotach and gas
analyzer and that volume is calculated as the integral of flow. Figure 3 shows that these are
being collected in channels 1,2, and 6.

3.3. Calibrate the gas analyzer prior to each use. Include the O; sensor if this is to be measured.

3.3.1 Zero the analyzer with an inert gas. 100% calibration grade (<0.01% contaminant) N, or
He may be used, although helium is preferred because nitrogen may be contaminated with
trace amounts of oxygen. Place the drying tube in a bag or connect to a mixing chamber. Flush
the bag or chamber with inert gas at a rate of at least 10 L/min. Care should be taken not to
pressurize the system as this can impact the calibration.

3.3.2. Flood the bag or chamber with inert gas to displace O; and the CO;. Once the displayed
concentrations of CO; and O; stabilize, adjust the zero knobs until they both read zero.

3.3.3. Repeat with 6% CO; and room air (20.93% O,) as calibration gases. When the
concentration of the desired gas stabilizes, adjust the span knob to match the concentration of

the calibration gas.

3.3.4. Recheck the inert gas and calibration gases and adjust the zero and span until both are
accurate £0.1%.

3.4. Calibrate the heated pneumotach according to the manufacturer’s instructions.
3.4.1 Briefly, allow the pneumotach to warm to 37 °C for at least 20 min prior to the study.

3.4.2 Select the drop-down menu of the flow channel (Channel 1), select the Spirometer menu
option, and click Zero to zero the pneumotach. Finish by selecting Okay.

3.4.3. Directly connect a 3L syringe to the pneumotach using a flow head adapter. Highlight the
calibration breath. Again, select the drop-down menu of the flow channel. Select Spirometer
flow | Calibrate, type in 3L, and select Okay"\.
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3.4.4. Check the calibration by injecting 3L into the pneumotach at varying flow rates (0-4 L/s,
4-8 /s, and 8-12 L/s). The difference from 3 L should be less than 5%.

3.5 Collect the maneuver, ensuring that two sequential breaths are collected and that they are
made at the same flow rate.

3.5.1. Coach the subject to perform a single maneuver consisting of two pairs of breaths —a
coaching breath and a breath for analysis. This is shown graphically in Figure 1 (bottom).

3.5.2 During the maneuver, coach the participants to follow the flow guide on the computer
monitor. The investigator may coach the subject by indicating “inhale now” or “exhale now”.

3.5.3. Perform the maneuver so that there are two pairs of these breaths in a single maneuver.
The first exhalation of the maneuver is 3 s and the second is 5 s. Consider adding a resistor in-
line with the mouthpiece in order to make exhaled flow easier to control. A resistance with 5
cm H20/L/s of resistance is generally well-tolerated.

Note: It is important that if a resistor is used, it is used throughout the study and for every
participant because it increases mouth and airway pressure, which can change airway diameter.
It is also important that participants not “puff out” their cheeks as this increases the dead
space.

3.6 Measurement protocol

3.6.1 Instruct the participant to sit straight with both feet on the floor, put nose clips on their
nose and place their mouth on the mouthpiece.

3.6.2. Coach the participant to complete at least one minute of tidal breathing. This is for
measures of metabolic function and allows the participant to familiarize themselves with the
mouthpiece. After one minute, stop data collection.

3.6.3. Next, coach the participants to vary their tidal volume, taking either normal, smaller- or
larger than normal tidal breaths. This ensures that the capnograms are obtained at different
lung volumes

3.6.4 Coach the participant that they should transition to performing a capnogram maneuver as
soon as they see the flow tracing appear on their screen.

3.6.5. Resume data collection at a random point in the participant’s respiratory cycle. This
allows for measurements to be made at different lung volumes.

3.6.6. Finally, coach to perform a sigh at the end of each maneuver, completely relaxing the
muscles of respiration. This allows for FRC to be determined.
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3.6.7 Stop data collection. Repeat Steps 3.6.3-3.6.5 until at least 6-8 maneuvers (12 -16 pairs of
breaths for analysis) are completed.

4. Data Analysis
4.1 Exporting Data. To run through the macro, each pair of breaths must be exported as a single
text file that is then imported into the macro. Screen shots of this process are given in

Supplemental Figure 1.

4.1.1 Highlight each pair of breaths, taking to care to highlight a portion of the exhalation
before the maneuver begins.

4.1.2. Under the file menu, select Export, and name the subject's maneuver.
4.1.3. Use the drop-down menu under Save As Type and save it as a data file. Then select Save.

4.1.4 This will prompt an Export As Text box to appear. On the right deselect Block header
Columns, Time, Date, Comments, and Event Markers.

4.1.5 On the left, select Current Selection and Output NaN for Values. Select Downsample by
and enter 10 into the box.

4.1.6 Select the Flow Channel and the CO; (%) Channel to be exported and click Okay. Consider
making duplicates of these exported files as backups before beginning the analysis.

4.2 Perform the macro analysis. The Step-by-step annotated screen shots of for analyzing
exported maneuvers with the macro and comparing to lung volume are given in Supplemental
Figure 2 and may be used as a guide.

4.2.1 Open the macro, go to file, and select Open.

4.2.2 Select the saved data file, saved with the .txt extension.

4.2.3. A Text Import Wizard box will appear. In the upper left-hand corner, select Delimited
and click Next. For step 2, select Tab under Delimiters and click Next. For step 3, select General

under Column Data Format and click Finish.

4.2.4. To run the macro, select View, Macro, View Macro, and Run in succession. Select Yes if
there is a backup copy of the data.

4.2.5. Allow the macro to run (approximately 90 s) and generate a workbook with four sheets.
Of relevance to these measurements, Sheet 2 contains the numeric data and Chart 3 contains a
plot of the capnogram.
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4.2.6. Return to the data and determine the volume for FRC. This is identified as the volume at
the end of the sigh at which flow =0 L/s.

4.2.7. Determine the volume at which the second exhalation in each pair of breaths was begun.
By subtracting this from the FRC volume, the starting volume above or below FRC can be
determined for each breath.

REPRESENTATIVE RESULTS

Representative plethysmography results are given in Figure 4. This participant required four
attempts in order to collect three FRC values with <5% variability from the mean.%Ref reflects
the percent of the predicted value for each variable based on population regression equations
that take into account sex, age, race, height and weight

Figure 1 (top) shows a representative single capnogram used in analysis and Figure 1 (bottom)
shows the raw data of the entire sequence of the maneuver. In Figure 1 (bottom), the
capnogram and flow tracing are not aligned to account for the time delay. Data generated from
running a sequence of breaths through the macro are shown at the end of Supplemental Figure
2. This individual had a dead space of 0.266 L, a slope of 0.523% CO>/L and a normalized slope
of 0.0826 L. Quality information about the maneuver are also given in columns F, G, I, J, and K.
Column F gives the average exhaled flow rate, with the standard deviation in column G. The
exhaled tidal volume is given in column J and the R-squared value for the slope is in column K.

Dead space and slope plotted as a function of lung volume are given in Figure 5. In the left
panels, dead space and slope are plotted versus lung volume relative to FRC, where FRC=0 L. In
the right panels, lung volume and slope are plotted versus absolute lung volume. In both cases,
dead space and slope are significantly correlated to lung volume (p<0.05 for all four regression
analyses). This suggests that dead space and airways homogeneity increase as lung volume
increases, although little is known about this relationship in populations with lung disease or
with bronchodilator therapy. The investigator may also choose to use these data to describe
the numerical value of dead space and slope at specific lung volumes (FRC, residual volume,
50% of total lung capacity, etc.)3.

FIGURE LEGENDS

Figure 1. Sample capnogram (top), with exhaled CO. (%) plotted as a function of the exhaled
volume. |, ll, and lll indicate the three phases of the capnogram. The dotted line indicates the
volume of the dead space and the solid line represents the slope of the alveolar plateau (Phase
). The slope can be divided by the area under the capnogram (shaded grey, labeled A) to yield
the normalized slope. The four breath sequence is shown in the bottom panel, followed by a
sigh breath to determine functional residual capacity. Each pair of breaths is analyzed as a
single maneuver.

Figure 2. Equipment setup for capnographic measurements. Shown in this figure are the
pneumotach and gas analyzer required for capnographic measurements. The left monitor and
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tracing are used by the participant as a guide in generating the flow pattern while data are
observed on the right monitor by the investigator.

Figure 3. Channel settings for the acquisition of the volumetric capnogram. Flow is collected in
Channel 1, CO; concentration (%) is collected in Channel 2, and the tidal volume is calculated in
Channel 3.

Figure 4. Representative plethysmograph data from a healthy, male subject. Particularly
relevant to the protocol reported here are the total lung capacity (TLC), residual volume (RV)
and functional residual capacity (FRC).

Figure 5. Dead space and alveolar slope plotted as a function of absolute lung volume (right
panels) and as the volume relative to the functional residual capacity (volume-FRC, left). Note
the dependence of the airways volume and lung heterogeneity on lung volume. Lung volume
may be expressed as a function of FRC or absolute volume, depending on the experimental
design.

Figure 6. Factors impacting data accuracy. Data are given as the mean + 95% confidence
interval. Relationship between the CO, sampling rate and the time delay between the gas
analyzer and pneumotach (top). The time delay should accurately be determined before
beginning the experiment. Measuring eight total maneuvers allows for the measurement of the
dead space at a single lung volume with <5% variability (bottom).

DISCUSSION

Here, a protocol for the measurement of Vp and airways homogeneity (slope) is provided.
These measurements can be made at FRC, or as a function of lung volume. Measuring FRC
before the start of the experiment and after a perturbation allows Vp and slope to be plotted as
a function of lung volume and may provide useful information about the structure-function
relationship of the lung that is not obtained from capnography at FRC alone.

Airways volume and high-resolution structure can be obtained from computed tomographic
imaging'”*8, but this requires exposure to radiation and expertise in image processing. With
volumetric capnography, repeated measures can be made without increasing risk to the
participant. It also does not require expensive equipment or advanced data processing
capabilities. Volumetric capnography is an ideal method for experiments with multiple time
points and multiple lung volumes and in-patient populations whose radiation exposure should
be minimized.

With regard to the barometric plethysmography, care should be taken to perform the
measurement according to consensus statements. When it is important to compare participant
values to predicted population values, weight should be measured with a scale and height
should be verified with a stadiometer. As noted in the protocol, the most critical component to
measure before beginning volumetric capnography is the time delay between the pneumotach
and the gas analyzer. The time delay is highly dependent on the analyzer sampling rate (Figure
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5, top) and small changes in the sampling rate can have large influences on measured values.
The analyzer flow rate should be checked at the beginning and throughout the experiment.
Calibration of the analyzer and pneumotach are also critical and care should be taken to ensure
their accuracy before beginning an experiment.

We have also determined the accuracy of the measurement at a single lung volume in 3
participants. Figure 5 (bottom) demonstrates that it is necessary to complete four maneuvers (8
total breaths) at a single lung volume to measure dead space so that the variation is <5%.
Investigators should take care to make a sufficient number of measurements when having data
at a particular lung volume is important. In a subset of 36 maneuvers analyzed in duplicate by
two investigators, intra-investigator analysis variability was less than 0.5%.

These methods also require a technician or investigator that is skilled in coaching the
participant to make the ventilatory maneuvers. A limitation in pulmonary function studies can
be the participant’s ability to perform the maneuver. However, participants that are able to
perform clinical pulmonary function are typically able to perform the capnographic maneuvers.
If the study is designed such that capnography follows plethysmography and spirometry,
participants that are unable to perform a coached spirometric or plethysmographic maneuver
can be excluded. In 60 previous studies, one participant who performed clinical spirometry was
excluded because they could not follow the capnographic breathing pattern. There are
currently no consensus guidelines defining acceptable capnographic measurement criteria.
However, intersubject variability is 8+1% of the target flow rate in our 10 most recent
participants. Intrasubject (between maneuver) variability is 4+2%.

Issues relating to data accuracy and reproducibility are the result of errors in the time delay or
the analyzer and pneumotach calibration. Before each experiment, take care to calibrate the
analyzer with a set of known gases and generate a multi-point standard curve to confirm the
analyzer’s accuracy.

Beyond the scope of the information provided here, the macro contains two additional
calculations that may be of interest. When the maneuvers are made at FRC, the FRC column
provides an estimate of FRC based on the Farmery method?*°. Calculation of the peripheral
bronchial cross sectional area is based on the method described by Scherer, et al.?°. Finally, if
desired, the end tidal CO; and average expired CO; concentration can be used to calculate the
physiological dead space for comparison to the anatomic dead space?%?2,
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Table 1. Macro variables that may be changed prior to data analysis

Const targetFlow This is the target flow rate at which the participant is coached to
exhale in mL/s. In previous studies, we have coached participants
to breath at 400 mL/s. In more recent studies of patients with
expiratory flow limitation, we have found it necessary to reduce
this to 250 mL/s.

Const Delay This is the time delay between the gas analyzer and the
pneumotach. Measuring this is critically important as this value
will depend on the gas sampling rate and length of the sampling
tube.

Const Calconst This parameter provides a correction for pneumotach calibration.
We previously collected data from the pneumotach in volts and
used a calibration factor to convert to L/min. We now calibrate our
pneumotach in L/min in Powerlab, so the calibration constant is
set to 1.

Const samprate The default value of this is 100 Hz. Data is collected in our lab at
1000 Hz, but down sampled by a factor of 10 during data export in
order to minimize file size and processing time.

Const volumeCap This is the volume at which the second breath is truncated for
analysis. We set the default value to 1250 mL to ensure that we
are sampling alveolar gas and collect at least two times the dead
space, but do not reach closing volume. This may need to be
adjusted for patients with smaller lung or closing volumes.

Note: These terms are also highlighted in the macro, provided in the supplemental materials
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Materials Table

Name of Material/ Equipment
Computer with dual monitor

PowerLab 8/35*

LabChart Data Acquisition
Software*

Gemini Respiratory Gas Analyzer*
(upgraded option)

Heated Pneumotach with Heater
Controller* (upgraded option)

3L Calibration Syringe
Nose Clip*

Pulse Transducer*
Barometer

Flanged Mouthpiece*

Nafion drying tube with three-way
stopcock*

Desiccant cartridge (optional for
humid environments)*

Resistor

Flow head adapters*

Click here to access/download;Table of
Materials;JOVE_Materials Seymour.xlsx

Company

Dell Instruments
AD Instruments

AD Instruments

CWE, Inc

Hans Rudolph, Inc

Vitalograph
VacuMed

AD Instruments
Fischer Scientific
AD Instruments
AD Instruments
AD Instruments
Hans Rudolph, Inc

AD Instruments

Modified Tubing Adapter (optional) AD Instruments

Two way non-rebreather valve
(optional)*

Plethysmograph

High Purity Helium Gas

6% CO, and 16% O, Calibration
Gas

AD Instruments
Vyaire
Praxair

Praxair

Catalog Number

PL3508

Version 8

GEMINI 14-10000

MLT3813H-V

36020
Snuffer 1008
TN1012/ST
15-078-198
MLA1026
MLAO0343
MLAG024
7100 R5
MLA1081
SP0145
SP0146
V62J
He 4.8

Custom

L]
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Comments/Description

*indicates that part is available in the Exercise Physiology package from AD Instruments
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Title of Article: | Combining volumetric capnography and barometric plethysmography to
measure the lung structure-function relationship

Author(s):
and Bates

Seymour, Pritchard, Sajjad, Tomasson, Blodgett, Winnike, Paun, Eberlein

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
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Editorial comments:
The manuscript has been modified and the updated manuscript, 58238_R0.docx, is attached and located
in your Editorial Manager account. Please use the updated version to make your revisions.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues.

2. Please use 12 pt font and single-spaced text throughout the manuscript.

3. Please ensure that the references appear as the following:

Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage,
doi: DOI (YEAR).

For more than 6 authors, list only the first author then et al.

4. JoVE cannot publish manuscripts containing commercial language. This includes company names before
an instrument or reagent. Please remove all commercial language from your manuscript and use generic
terms instead. All commercial products should be sufficiently referenced in the Table of Materials and
Reagents.

5. Please revise the table of materials to include all essential supplies, reagents, and equipment. The table
should include the name, company, and catalog number of all relevant materials in separate columns in an
xls/xlIsx file.

6. Please use standard SI unit symbols and prefixes such as pyL, mL, L, g, m, etc., and h, min, s for time
units.

7. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows
re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure
must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”

8. For in-text referencing, the corresponding reference numbers should appear as superscripts after the
appropriate statement(s) in the text (before punctuation but after closed parenthesis).

9. For each figure, please provide a title and a short description.

10. Figure 6: Please define the error bar

11. Please remove all headers in Discussion.

12. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone
how to do the technique (e.g., “Do this,” “Ensure that,” etc.). Any text that cannot be written in the
imperative tense may be added as a “Note.”

13. Please revise the text in Protocol to avoid the use of any personal pronouns (e.g., "we", "you", "
etc.).

14. Please add a one-line space between each of your protocol steps.

15. Please do no highlight notes for filming.

16. For steps that are done using software, a step-wise description of software usage must be included in
the step. Please mention what button is clicked on in the software, or which menu items need to be selected
to perform the step.

our

We believe that these have been addressed.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In this manuscript, the authors describe a robust method for measuring anatomic dead space and for
representing this important anatomic/physiologic parameter more truly as a variable dependent upon lung
volume. The method described is detailed, robust, and can be performed with readily available equipment
such that it could be employed in many existing pulmonary function labs.

We appreciate the reviewer’s encouragement and have tried to address their comments to the best of our
ability.
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Major Concerns:

For this reviewer, two issues could be addressed that might significantly improve the reader/end-user
experience

1. A more detailed discussion of some of the common pitfalls, particularly with regard to subject
understanding and performance, and how these issues are handled by authors would be very helpful. In this
reviewer's experience, at least a significant minority of people will have some difficulty understanding and
following instructions in routine pulmonary function testing performed for clinical purposes. The protocol
described sounds like it might be a step more complex than that. How often do subjects have trouble with
the maneuvers? Do the authors have a standard "script" or coaching approach

We thank this reviewer for encouraging us to expand this section. We agree that coaching individuals to
perform pulmonary function maneuvers can be quite challenging and have added some detail about our
study workflow and why we might exclude a participant. There are no current guidelines for capnography
(as there are for pulmonary function), so we retrospectively quantified precision in our past 10 subjects in
order to give the reader an idea about the degree of intrasubject and intersubject variability they can
expect. We do coach participants when to breathe in and out and have added this information, but having
the screen template to follow is very helpful and the vast majority of individuals can follow the breathing
pattern. In our experience, performing plethysmography is more challenging.

2. If the authors have any data showing how their measurements/methods perform in the face of a
perturbation to the system that might affect airways volume - e.g., pre and post bronchodilator
administration, or in the context of a methacholine challenge, or something like that - it would be of real
utility to the reader who is trying to decide whether to utilize these methods and whether there would be
sufficient sensitivity to test the potential user's hypotheses.

We appreciate this comment and determining the sensitivity of this measurement is a major subject of our
current investigation. We hope to complete and publish our results later this year. For the sake of
transparency, we have added this.

Minor Concerns:
1. How does the method perform in settings of perturbed CO2 handling (e.g., COPD with CO2 retention,
obesity hypoventilation syndrome, etc.)?

This is also not well-known. We have not made these measurements in patients that are hypoxemic and or
retaining CO2, but this is an important area of investigation.

2. The authors state that either nitrogen or helium can be used for inert gas calibration. Are they
equivalent? This reviewer asks only because the boiling points of nitrogen and oxygen are such that nitrogen
can be contaminated by a small amount of oxygen, whereas the noble gases like helium or argon typically
do not have this issue.

We agree and have added that calibration gas must be used where the contamination is verified as <0.01%.
We use He and it is the preferred gas, although we know that some of our collaborators find obtaining He to
be challenging and include N2 as an alternative. Given that the sensitivity of our analyzer is 0.1%, this is
reasonable.

3. A quick read-through for grammatical hiccups would be great. There are a few places where there are
phrasings like "A steeper slope of Phase III suggests a less uniform the airway tree proximal to the terminal
bronchioles, or convection-dependent inhomogeneity (20)." (lines 95 and 96). Very minor things, but may
distract the distractible reader.

Thank you for the careful read and the helpful comments

Reviewer #2:
Manuscript Summary:



The authors propose here their rationale and a well-constructed protocol to combine volumetric capnography
and barometric plethysmography in order to assess both the anatomic deadspace and lung volume and
compliance. The authors also provide a macro to analyze capnographic data.

Although these two methods have previously been described and used for along time, the authors submit
here a clear description of a smart combination of both, including how to assemble it, use it and analyze it in
patients. This technique will undoubtedly be of important interest to researchers from the respiratory field.

We also appreciate this reviewer’s encouraging comments and hope that our colleagues find this methods
paper useful.

Major Concerns:

I have no major concern. The manuscript and the method are very clear, and I think that the intro and
discussion fit very well into the manuscript.

Thank you.

Minor Concerns:
Page 4, line 114: replace "capnorgraphy" with "capnography"

This is completed.



Step 1: Select the two breaths to be analyzed.

Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental 1.pdf
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Step 2: From the File menu, select “Export As.” Name the file and save with a .txt extension.
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Step 3: Select the flow and CO; channels to export, check “current selection” and downsample by a

factor of 10
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Step 1: Open the macro and then open the text file of data Permissions, etc.);Supplemental 2.pdf
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Step 2: In the Text Import Wizard, select “delimited data” and click “next”. Select “tab” and click
“next”, and click “finish”.

Step 3: Select the first macro file and click “Run”
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Step 4: Summarized data will be populated to Sheet 2. Data for breath #1 should be discarded.
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Supplemental Coding Files
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Supplemental Coding Files
Macro code - Supplemental Material.docx
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