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 35 

SUMMARY 36 

Here, we describe two measures of pulmonary function – barometric plethysmography, which 37 

allows the measurement of lung volume, and volumetric capnography, a tool to measure the 38 

anatomic dead space and airways uniformity. These techniques may be used independently or 39 

combined to assess airways function at different lung volumes. 40 

 41 

ABSTRACT 42 

Tools to measure lung and airways volume are critical for pulmonary researchers interested in 43 

evaluating the impact of disease or novel therapies on the lung. Barometric plethysmography is 44 
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a classic technique to evaluate the lung volume with a long history of clinical use. Volumetric 45 

capnography utilizes the profile of exhaled carbon dioxide to determine the volume of the 46 

conducting airways, or dead space, and provides an index of airways homogeneity. These 47 

techniques may be used independently, or in combination to evaluate the dependence of 48 

airways volume and homogeneity on lung volume. This paper provides detailed technical 49 

instructions to replicate these techniques and our representative data demonstrates that the 50 

airways volume and homogeneity are highly correlated to lung volume. We also provide a 51 

macro for the analysis of capnographic data, which can be modified or adapted to fit different 52 

experimental designs. The advantage of these measures is that their advantages and limitations 53 

are supported by decades of experimental data, and they can be made repeatedly in the same 54 

subject without expensive imaging equipment or technically advanced analysis algorithms. 55 

These methods may be particularly useful for investigators interested in perturbations that 56 

change both the functional residual capacity of the lung and airways volume. 57 

 58 

INTRODUCTION 59 

Gas washout techniques have been used for decades to provide important information about 60 

the structure and uniformity of the airway tree. The lung is classically described as having two 61 

compartments – a conducting zone that is comprised of the anatomic dead space and the 62 

respiratory zone where gas exchange occurs in the alveoli. The conducting airways are termed 63 

as “dead space” because they do not participate in the exchange of oxygen and carbon dioxide. 64 

In the single breath gas washout method, the concentration profile of an exhaled gas can be 65 

used to determine the volume of the anatomic dead space and to derive information about the 66 

uniformity of ventilation. Some methods rely on the breathing of inert gases to make these 67 

measures (N2, argon, He, SF6, etc.). The use of inert gas is well-established, supported by 68 

scientific consensus statements1, and there are available commercial equipment with user 69 

friendly interfaces. However, the exhaled profile of carbon dioxide (CO2) can be used to derive 70 

similar information. Evaluating the profile of CO2 as a function of the exhaled volume, or 71 

volumetric capnography, does not require the participant to breathe special gas mixtures and 72 

allows the investigator to gather additional information flexibly about metabolism and gas 73 

exchange with minimal adjustment to the technique. 74 

 75 

During a controlled exhalation, the concentration of CO2 can be plotted against the total 76 

exhaled volume. At the beginning of an exhalation, the dead space is filled with atmospheric 77 

gas. This is reflected in Phase I of the exhaled CO2 profile where there is an undetectable 78 

amount of CO2 (Figure 1, top). Phase II marks the transition to the alveolar gas, where gas 79 

exchange occurs and CO2 is abundant. The volume at the midpoint of Phase II is the volume of 80 

the anatomic dead space (VD). Phase III contains alveolar gas. Because airways with different 81 

diameters empty at different rates, the slope (S) of Phase III provides information about airways 82 

uniformity. A steeper slope of Phase III suggests a less uniform airway tree proximal to the 83 

terminal bronchioles, or convection-dependent inhomogeneity2. In the case where a 84 

perturbation may change the rate of CO2 production, and to make comparisons between 85 

individuals, the slope can be divided by the area under the curve to normalize for differences in 86 

metabolism (NS or normalized slope). Volumetric capnography has been used previously to 87 

evaluate the changes in airways volume and uniformity following air pollutant exposure3-6.  88 



 89 

Gas transport in the lung is governed by both convection and diffusion. Single breath washout 90 

measures are highly dependent on air flow and the measured value of VD occurs at the 91 

convection-diffusion boundary. Changing the flow rate of the exhalation or preceding inhalation 92 

changes the location of that boundary7. Capnography is also highly dependent on the volume of 93 

the lung immediately preceding the maneuver. Larger lung volumes distend the airways, 94 

resulting in larger values of VD
8. One solution is to consistently make the measurement at the 95 

same lung volume – usually functional residual capacity (FRC). An alternative, described here, is 96 

to couple volumetric capnography with barometric plethysmography, in order to obtain the 97 

relationship between VD and lung volume. The participant then performs the maneuver at 98 

constant flow rates, while varying the lung volume. This still allows for classic capnographic 99 

measures to be made at FRC, but also for the relationship between the lung volume and dead 100 

space volume and between the lung volume and homogeneity to be derived. Indeed, the added 101 

value of coupling capnography with plethysmography comes from the ability to test hypotheses 102 

about the distensibility of the airways tree and the structure-function relationship of the lung. 103 

This may be a valuable tool for investigators aiming to quantify the influence of airways 104 

mechanics versus lung compliance and elastance on pulmonary function in healthy and 105 

diseased populations9-11. Furthermore, accounting for the absolute lung volume at which the 106 

volumetric capnographic measurements are being performed allows investigators to 107 

characterize the effects of conditions that can alter the inflation state of the lung, such as 108 

obesity, lung transplant, or interventions like chest wall strapping. Volumetric capnography may 109 

ultimately have clinical utility in the intensive care setting12,13. 110 

 111 

PROTOCOL 112 

 113 

This protocol has been previously approved by and follows the guidelines set by the University 114 

of Iowa Institutional Review Board. Data shown were collected as part of a project approved by 115 

the Institutional Review Board at the University of Iowa. Participants gave informed consent 116 

and the studies were performed in accordance with the Declaration of Helsinki.  117 

 118 

1. Equipment  119 

 120 

1.1. Check the equipment table to verify that all required equipment is available. Double 121 

check the configuration using the graphic depiction of the equipment in Figure 2.  122 

 123 

2. Plethysmography 124 

 125 

Note: Barometric plethysmography is a well-described clinical tool and is performed using 126 

commercial equipment according to the consensus statements on standardizing lung volume 127 

measurements14,15. When necessary, lung flows and volumes are compared to predicted values 128 

from the NHANES data set and Goldman and Becklake16 that are included in the 129 

plethysmograph software.  130 

  131 

2.1. Perform calibration of the plethysmograph daily and prior to any experiments.  132 



 133 

2.1.1. Measure the temperature, barometric pressure and relative humidity using a standard 134 

barometer prior to the calibration and enter these values into the plethysmograph software as 135 

correction factors. 136 

 137 

2.1.2. Calibrate the flow sensor using a calibrated 3 L syringe at variable flow rates. Calibrate 138 

the box pressure using a precise 50 mL pump. Box pressure transducers should be checked 139 

monthly and re-calibrated as needed, per manufacturer’s recommendation. 140 

 141 

2.2 Immediately prior to the measurement, place the participant in the whole body 142 

plethysmograph and close the door. Make measurements after 30-60 s, which allows for 143 

thermal equilibration.  144 

 145 

2.2.1 Instruct the participant to place their mouth on the mouthpiece, put on nose clips, and 146 

place their hands on their cheeks. Preventing “puffing” of the cheeks during the maneuver 147 

minimizes changes in volume that result from changing the mouth volume.  148 

 149 

2.2.2 Instruct the participant to breathe normally, allowing at least four tidal breaths to be 150 

acquired and functional residual capacity (FRC) to be established.  151 

 152 

2.2.3. At the end of a normal exhalation (FRC), close the shutter. Coach the participant to pant 153 

lightly at 0.5-1 breaths/s for 3-4 s. Evaluate the relationship between the mouth pressure and 154 

plethysmograph pressure to ensure that it is a series of overlapping, straight lines without 155 

thermal drift.  156 

 157 

2.2.4. Open the shutter and allow the participant to take a normal breath. Coach the participant 158 

to exhale to residual volume (RV), followed by a maximal inspiratory maneuver to total lung 159 

capacity. Repeat at least three times until FRC values that agree within 5% are obtained 160 

 161 

3. Volumetric Capnography 162 

 163 

Note: Steps 3.1 – 3.4 are performed before the arrival of the research subject. 164 

 165 

3.1. Before proceeding, address the variables in Table 1 and modify if needed. It is important 166 

that these variables are adjusted during the study design phase and then held constant for the 167 

duration of the study. 168 

 169 

3.1.1. Before beginning a new experimental protocol, take care to accurately measure the time 170 

delay between the gas analyzer, which measures CO2 concentration, and the pneumotach, 171 

which measures flow. This allows for the CO2 and flow signals to be aligned.  172 

 173 

3.1.2. Measure the time delay experimentally with a stream of 5% CO2. Attach the gas line to a 174 

stopcock, followed by the mouthpiece.  175 

 176 



3.1.3 Open the stopcock, introducing the gas at a rate of 10 L/min. Determine the mean time 177 

delay between the response of the pneumotach and gas analyzer over 10 trials and enter into 178 

the macro. 179 

 180 

3.1.4. Maintain the time delay constant by maintaining the analyzer sampling rate. The time 181 

delay is highly dependent on the sampling rate of the gas analyzer and it is critical that this 182 

remain constant through the experiment and between participants. 183 

 184 

3.2 Define three “channels” for the collection of flow, exhaled CO2 (%), and volume. Flow and 185 

exhaled CO2 (%) are analog inputs and volume is the integral of flow.  186 

 187 

3.2.1. Confirm that flow and CO2 (%) are measured directly from the pneumotach and gas 188 

analyzer and that volume is calculated as the integral of flow. Figure 3 shows that these are 189 

being collected in channels 1,2, and 6.  190 

 191 

3.3. Calibrate the gas analyzer prior to each use. Include the O2 sensor if this is to be measured.  192 

 193 

3.3.1 Zero the analyzer with an inert gas. 100% calibration grade (<0.01% contaminant) N2 or 194 

He may be used, although helium is preferred because nitrogen may be contaminated with 195 

trace amounts of oxygen. Place the drying tube in a bag or connect to a mixing chamber. Flush 196 

the bag or chamber with inert gas at a rate of at least 10 L/min. Care should be taken not to 197 

pressurize the system as this can impact the calibration. 198 

 199 

3.3.2. Flood the bag or chamber with inert gas to displace O2 and the CO2. Once the displayed 200 

concentrations of CO2 and O2 stabilize, adjust the zero knobs until they both read zero.  201 

 202 

3.3.3. Repeat with 6% CO2 and room air (20.93% O2) as calibration gases. When the 203 

concentration of the desired gas stabilizes, adjust the span knob to match the concentration of 204 

the calibration gas.  205 

 206 

3.3.4. Recheck the inert gas and calibration gases and adjust the zero and span until both are 207 

accurate ±0.1%.  208 

 209 

3.4. Calibrate the heated pneumotach according to the manufacturer’s instructions.  210 

 211 

3.4.1 Briefly, allow the pneumotach to warm to 37 °C for at least 20 min prior to the study.  212 

 213 

3.4.2 Select the drop-down menu of the flow channel (Channel 1), select the Spirometer menu 214 

option, and click Zero to zero the pneumotach. Finish by selecting Okay. 215 

 216 

3.4.3. Directly connect a 3L syringe to the pneumotach using a flow head adapter. Highlight the 217 

calibration breath. Again, select the drop-down menu of the flow channel. Select Spirometer 218 

flow | Calibrate, type in 3L, and select Okay"\. 219 

 220 



3.4.4. Check the calibration by injecting 3L into the pneumotach at varying flow rates (0-4 L/s, 221 

4-8 L/s, and 8-12 L/s). The difference from 3 L should be less than 5%. 222 

 223 

3.5 Collect the maneuver, ensuring that two sequential breaths are collected and that they are 224 

made at the same flow rate.  225 

 226 

3.5.1. Coach the subject to perform a single maneuver consisting of two pairs of breaths – a 227 

coaching breath and a breath for analysis. This is shown graphically in Figure 1 (bottom).  228 

 229 

3.5.2 During the maneuver, coach the participants to follow the flow guide on the computer 230 

monitor. The investigator may coach the subject by indicating “inhale now” or “exhale now”. 231 

  232 

3.5.3. Perform the maneuver so that there are two pairs of these breaths in a single maneuver. 233 

The first exhalation of the maneuver is 3 s and the second is 5 s. Consider adding a resistor in-234 

line with the mouthpiece in order to make exhaled flow easier to control. A resistance with 5 235 

cm H2O/L/s of resistance is generally well-tolerated. 236 

 237 

Note: It is important that if a resistor is used, it is used throughout the study and for every 238 

participant because it increases mouth and airway pressure, which can change airway diameter. 239 

It is also important that participants not “puff out” their cheeks as this increases the dead 240 

space. 241 

 242 

3.6 Measurement protocol 243 

 244 

3.6.1 Instruct the participant to sit straight with both feet on the floor, put nose clips on their 245 

nose and place their mouth on the mouthpiece. 246 

 247 

3.6.2. Coach the participant to complete at least one minute of tidal breathing. This is for 248 

measures of metabolic function and allows the participant to familiarize themselves with the 249 

mouthpiece. After one minute, stop data collection. 250 

 251 

3.6.3. Next, coach the participants to vary their tidal volume, taking either normal, smaller- or 252 

larger than normal tidal breaths. This ensures that the capnograms are obtained at different 253 

lung volumes 254 

 255 

3.6.4 Coach the participant that they should transition to performing a capnogram maneuver as 256 

soon as they see the flow tracing appear on their screen.  257 

 258 

3.6.5. Resume data collection at a random point in the participant’s respiratory cycle. This 259 

allows for measurements to be made at different lung volumes.  260 

 261 

3.6.6. Finally, coach to perform a sigh at the end of each maneuver, completely relaxing the 262 

muscles of respiration. This allows for FRC to be determined. 263 

 264 



3.6.7 Stop data collection. Repeat Steps 3.6.3-3.6.5 until at least 6-8 maneuvers (12 -16 pairs of 265 

breaths for analysis) are completed.  266 

 267 

4. Data Analysis 268 

 269 

4.1 Exporting Data. To run through the macro, each pair of breaths must be exported as a single 270 

text file that is then imported into the macro. Screen shots of this process are given in 271 

Supplemental Figure 1.  272 

 273 

4.1.1 Highlight each pair of breaths, taking to care to highlight a portion of the exhalation 274 

before the maneuver begins.  275 

 276 

4.1.2. Under the file menu, select Export, and name the subject's maneuver.  277 

 278 

4.1.3. Use the drop-down menu under Save As Type and save it as a data file. Then select Save.  279 

 280 

4.1.4 This will prompt an Export As Text box to appear. On the right deselect Block header 281 

Columns, Time, Date, Comments, and Event Markers.  282 

 283 

4.1.5 On the left, select Current Selection and Output NaN for Values. Select Downsample by 284 

and enter 10 into the box.  285 

 286 

4.1.6 Select the Flow Channel and the CO2 (%) Channel to be exported and click Okay. Consider 287 

making duplicates of these exported files as backups before beginning the analysis. 288 

 289 

4.2 Perform the macro analysis. The Step-by-step annotated screen shots of for analyzing 290 

exported maneuvers with the macro and comparing to lung volume are given in Supplemental 291 

Figure 2 and may be used as a guide.  292 

 293 

4.2.1 Open the macro, go to file, and select Open.  294 

 295 

4.2.2 Select the saved data file, saved with the .txt extension.  296 

 297 

4.2.3. A Text Import Wizard box will appear. In the upper left-hand corner, select Delimited 298 

and click Next. For step 2, select Tab under Delimiters and click Next. For step 3, select General 299 

under Column Data Format and click Finish.  300 

 301 

4.2.4. To run the macro, select View, Macro, View Macro, and Run in succession. Select Yes if 302 

there is a backup copy of the data.  303 

 304 

4.2.5. Allow the macro to run (approximately 90 s) and generate a workbook with four sheets. 305 

Of relevance to these measurements, Sheet 2 contains the numeric data and Chart 3 contains a 306 

plot of the capnogram.  307 

 308 



4.2.6. Return to the data and determine the volume for FRC. This is identified as the volume at 309 

the end of the sigh at which flow = 0 L/s. 310 

 311 

4.2.7. Determine the volume at which the second exhalation in each pair of breaths was begun. 312 

By subtracting this from the FRC volume, the starting volume above or below FRC can be 313 

determined for each breath. 314 

 315 

REPRESENTATIVE RESULTS 316 

Representative plethysmography results are given in Figure 4. This participant required four 317 

attempts in order to collect three FRC values with <5% variability from the mean.%Ref reflects 318 

the percent of the predicted value for each variable based on population regression equations 319 

that take into account sex, age, race, height and weight 320 

 321 

Figure 1 (top) shows a representative single capnogram used in analysis and Figure 1 (bottom) 322 

shows the raw data of the entire sequence of the maneuver. In Figure 1 (bottom), the 323 

capnogram and flow tracing are not aligned to account for the time delay. Data generated from 324 

running a sequence of breaths through the macro are shown at the end of Supplemental Figure 325 

2. This individual had a dead space of 0.266 L, a slope of 0.523% CO2/L and a normalized slope 326 

of 0.0826 L-1. Quality information about the maneuver are also given in columns F, G, I, J, and K. 327 

Column F gives the average exhaled flow rate, with the standard deviation in column G. The 328 

exhaled tidal volume is given in column J and the R-squared value for the slope is in column K.  329 

 330 

Dead space and slope plotted as a function of lung volume are given in Figure 5. In the left 331 

panels, dead space and slope are plotted versus lung volume relative to FRC, where FRC=0 L. In 332 

the right panels, lung volume and slope are plotted versus absolute lung volume. In both cases, 333 

dead space and slope are significantly correlated to lung volume (p<0.05 for all four regression 334 

analyses). This suggests that dead space and airways homogeneity increase as lung volume 335 

increases, although little is known about this relationship in populations with lung disease or 336 

with bronchodilator therapy. The investigator may also choose to use these data to describe 337 

the numerical value of dead space and slope at specific lung volumes (FRC, residual volume, 338 

50% of total lung capacity, etc.)3. 339 

 340 

FIGURE LEGENDS 341 

Figure 1. Sample capnogram (top), with exhaled CO2 (%) plotted as a function of the exhaled 342 

volume. I, II, and III indicate the three phases of the capnogram. The dotted line indicates the 343 

volume of the dead space and the solid line represents the slope of the alveolar plateau (Phase 344 

III). The slope can be divided by the area under the capnogram (shaded grey, labeled A) to yield 345 

the normalized slope. The four breath sequence is shown in the bottom panel, followed by a 346 

sigh breath to determine functional residual capacity. Each pair of breaths is analyzed as a 347 

single maneuver. 348 

 349 

Figure 2. Equipment setup for capnographic measurements. Shown in this figure are the 350 

pneumotach and gas analyzer required for capnographic measurements. The left monitor and 351 



tracing are used by the participant as a guide in generating the flow pattern while data are 352 

observed on the right monitor by the investigator. 353 

 354 

Figure 3. Channel settings for the acquisition of the volumetric capnogram. Flow is collected in 355 

Channel 1, CO2 concentration (%) is collected in Channel 2, and the tidal volume is calculated in 356 

Channel 3. 357 

 358 

Figure 4. Representative plethysmograph data from a healthy, male subject. Particularly 359 

relevant to the protocol reported here are the total lung capacity (TLC), residual volume (RV) 360 

and functional residual capacity (FRC). 361 

 362 

Figure 5. Dead space and alveolar slope plotted as a function of absolute lung volume (right 363 

panels) and as the volume relative to the functional residual capacity (volume-FRC, left). Note 364 

the dependence of the airways volume and lung heterogeneity on lung volume. Lung volume 365 

may be expressed as a function of FRC or absolute volume, depending on the experimental 366 

design. 367 

 368 

Figure 6. Factors impacting data accuracy. Data are given as the mean ± 95% confidence 369 

interval. Relationship between the CO2 sampling rate and the time delay between the gas 370 

analyzer and pneumotach (top). The time delay should accurately be determined before 371 

beginning the experiment. Measuring eight total maneuvers allows for the measurement of the 372 

dead space at a single lung volume with <5% variability (bottom). 373 

 374 

DISCUSSION 375 

Here, a protocol for the measurement of VD and airways homogeneity (slope) is provided. 376 

These measurements can be made at FRC, or as a function of lung volume. Measuring FRC 377 

before the start of the experiment and after a perturbation allows VD and slope to be plotted as 378 

a function of lung volume and may provide useful information about the structure-function 379 

relationship of the lung that is not obtained from capnography at FRC alone.  380 

 381 

Airways volume and high-resolution structure can be obtained from computed tomographic 382 

imaging17,18, but this requires exposure to radiation and expertise in image processing. With 383 

volumetric capnography, repeated measures can be made without increasing risk to the 384 

participant. It also does not require expensive equipment or advanced data processing 385 

capabilities. Volumetric capnography is an ideal method for experiments with multiple time 386 

points and multiple lung volumes and in-patient populations whose radiation exposure should 387 

be minimized.  388 

 389 

With regard to the barometric plethysmography, care should be taken to perform the 390 

measurement according to consensus statements. When it is important to compare participant 391 

values to predicted population values, weight should be measured with a scale and height 392 

should be verified with a stadiometer. As noted in the protocol, the most critical component to 393 

measure before beginning volumetric capnography is the time delay between the pneumotach 394 

and the gas analyzer. The time delay is highly dependent on the analyzer sampling rate (Figure 395 



5, top) and small changes in the sampling rate can have large influences on measured values. 396 

The analyzer flow rate should be checked at the beginning and throughout the experiment. 397 

Calibration of the analyzer and pneumotach are also critical and care should be taken to ensure 398 

their accuracy before beginning an experiment. 399 

 400 

We have also determined the accuracy of the measurement at a single lung volume in 3 401 

participants. Figure 5 (bottom) demonstrates that it is necessary to complete four maneuvers (8 402 

total breaths) at a single lung volume to measure dead space so that the variation is <5%. 403 

Investigators should take care to make a sufficient number of measurements when having data 404 

at a particular lung volume is important. In a subset of 36 maneuvers analyzed in duplicate by 405 

two investigators, intra-investigator analysis variability was less than 0.5%. 406 

 407 

These methods also require a technician or investigator that is skilled in coaching the 408 

participant to make the ventilatory maneuvers. A limitation in pulmonary function studies can 409 

be the participant’s ability to perform the maneuver. However, participants that are able to 410 

perform clinical pulmonary function are typically able to perform the capnographic maneuvers. 411 

If the study is designed such that capnography follows plethysmography and spirometry, 412 

participants that are unable to perform a coached spirometric or plethysmographic maneuver 413 

can be excluded. In 60 previous studies, one participant who performed clinical spirometry was 414 

excluded because they could not follow the capnographic breathing pattern. There are 415 

currently no consensus guidelines defining acceptable capnographic measurement criteria. 416 

However, intersubject variability is 8±1% of the target flow rate in our 10 most recent 417 

participants. Intrasubject (between maneuver) variability is 4±2%. 418 

 419 

Issues relating to data accuracy and reproducibility are the result of errors in the time delay or 420 

the analyzer and pneumotach calibration. Before each experiment, take care to calibrate the 421 

analyzer with a set of known gases and generate a multi-point standard curve to confirm the 422 

analyzer’s accuracy.  423 

 424 

Beyond the scope of the information provided here, the macro contains two additional 425 

calculations that may be of interest. When the maneuvers are made at FRC, the FRC column 426 

provides an estimate of FRC based on the Farmery method19. Calculation of the peripheral 427 

bronchial cross sectional area is based on the method described by Scherer, et al.20. Finally, if 428 

desired, the end tidal CO2 and average expired CO2 concentration can be used to calculate the 429 

physiological dead space for comparison to the anatomic dead space21,22.  430 

 431 
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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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Name of Material/ Equipment Company Catalog Number

Computer with dual monitor Dell Instruments

PowerLab 8/35* AD Instruments PL3508  

LabChart  Data Acquisition 

Software*
AD Instruments Version 8

Gemini Respiratory Gas Analyzer* 

(upgraded option)

3L Calibration Syringe Vitalograph 36020

Nose Clip* VacuMed Snuffer 1008

Pulse Transducer* AD Instruments TN1012/ST

Barometer Fischer Scientific  15-078-198

Flanged Mouthpiece* AD Instruments MLA1026

Nafion drying tube with three-way 

stopcock*
AD Instruments MLA0343

Desiccant cartridge (optional for 

humid environments)*
AD Instruments MLA6024

Resistor Hans Rudolph, Inc 7100 R5

Flow head adapters* AD Instruments MLA1081

Modified Tubing Adapter (optional) AD Instruments SP0145

Two way non-rebreather valve 

(optional)*
AD Instruments SP0146

Plethysmograph Vyaire V62J

High Purity Helium Gas Praxair He 4.8

6% CO2 and 16% O2 Calibration 

Gas
Praxair Custom

MLT3813H-V
Heated Pneumotach with Heater 

Controller* (upgraded option)

GEMINI 14-10000CWE, Inc

Hans Rudolph, Inc
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http://www.editorialmanager.com/jove/download.aspx?id=898643&guid=8c0423f0-a0e3-42e6-b089-f262abe57f02&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=898643&guid=8c0423f0-a0e3-42e6-b089-f262abe57f02&scheme=1


Microsoft Excel Microsoft Office 365



Comments/Description

*indicates that part is available in the Exercise Physiology package from AD Instruments
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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/xlsx file. 

6. Please use standard SI unit symbols and prefixes such as µL, 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", "our" 

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. 

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. 

 
Step 2: From the File menu, select “Export As.” Name the file and save with a .txt extension. 

 
Step 3: Select the flow and CO2 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 

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” 

Step 4: Summarized data will be populated to Sheet 2. Data for breath #1 should be discarded.  
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