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SUMMARY:  23 
Unrestrained barometric plethysmography is used to quantify the pattern of breathing in awake 24 
mice. We show that 15 s segments under a standardized protocol display similar values to an 25 
extended duration of quiet breathing. This methodology also allows for the quantification of 26 
apnea and augmented breaths during the first hour in the chamber. 27 
 28 
ABSTRACT: 29 
Unrestrained barometric plethysmography (UBP) is a method for quantifying the pattern of 30 
breathing in mice, where breathing frequency, tidal volume, and minute ventilation are routinely 31 
reported. Moreover, information can be collected regarding the neural output of breathing, 32 
including the existence of central apneas and augmented breaths. An important consideration 33 
for UBP is obtaining a breathing segment with a minimal impact of anxious or active behaviors, 34 
to elucidate the response to breathing challenges. Here, we present a protocol that allows for 35 
short, quiet baselines to be obtained in aged mice, comparable to waiting for longer bouts of 36 
quiet breathing. The use of shorter time segments is valuable, as some strains of mice may be 37 
increasingly excitable or anxious, and longer periods of quiet breathing may not be achieved 38 
within a reasonable timeframe. We place 22-month-old mice in a UBP chamber and compare 39 
four 15 s quiet breathing segments between minutes 60–120 to a longer 10 min quiet breathing 40 
period that takes 2–3 h to acquire. We also obtain counts of central apneas and augmented 41 
breaths prior to the quiet breathing segments, following a 30 min familiarization period. We show 42 
that 10 min of quiet breathing is comparable to using a much shorter 15 s duration. Additionally, 43 
the time leading up to these 15 s quiet breathing segments can be used to gather data regarding 44 
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apneas of central origin. This protocol allows investigators to collect pattern-of-breathing data in 45 
a set amount of time and makes quiet baseline measures feasible for mice that may exhibit 46 
increased amounts of excitable behavior. The UBP methodology itself provides a useful and 47 
noninvasive way to collect pattern-of-breathing data and allows for mice to be tested over 48 
several time points.  49 
 50 
INTRODUCTION:  51 
UBP is a common technique for the assessment of breathing patterns1–4. In this method, mice 52 
are placed in a closed chamber where pressure differences between the main chamber (where 53 
the animal is housed) and a reference chamber are filtered through a pneumotachograph to 54 
obtain values. The resulting UBP setup is noninvasive and unrestrained and allows for respiratory 55 
measures to be assessed without the requirement of anesthesia or surgery. Additionally, this 56 
technique is suitable for studies requiring multiple measurements in the same mouse over time. 57 
Variables such as breathing frequency, tidal volume, and minute ventilation can be quantified 58 
with this method, during a single trial or over several trials. Whole-body UBP also provides 59 
measures of peak flows and respiratory cycle duration. Together, these parameters quantify the 60 
pattern of breathing. The recorded breathing traces also make it possible to review the data and 61 
count the number of central apneas displayed within a given time period. This count can be used 62 
alongside an analysis of tidal volume and inspiratory times to gauge other alterations in the 63 
pattern of breathing.  64 
 65 
While several noninvasive plethysmography techniques exist for the direct assessment of 66 
pulmonary physiological parameters, whole-body UBP allows for a way to screen for respiratory 67 
function with minimal undue stress to the mouse. Head-out plethysmography, which utilizes tidal 68 
midexpiratory flow measures and is also noninvasive, relies on restraint, like many other types 69 
of plethysmography (e.g., double-chamber plethysmography). While these methods have been 70 
used in rodent models to measure airway responsiveness5, the use of neck collars or small 71 
restraint tubes may take mice (vs. other species) longer to acclimate to and return their breathing 72 
to resting levels.  73 
 74 
Obtaining an optimal air-breathing segment is an important consideration for baseline 75 
comparisons. The increased use of commercially available plethysmography systems makes 76 
collecting pattern-of-breathing data possible in many laboratories. Importantly, pattern of 77 
breathing is variable throughout the collection period, particularly for mice. With that said, it is 78 
necessary to standardize baseline analysis as a means of ensuring that the training level of 79 
experimenters does not confound results. There are numerous ways to collect an air-breathing 80 
segment, serving as one area of variation between experimental designs. One example includes 81 
averaging the final 10–30 min of data following a previously defined set of time within the 82 
chamber1, while another method involves waiting until the mouse is visibly calm for 5–10 min6. 83 
The latter can take 2–3 h to achieve and in some cases, a trial may need to be abandoned if the 84 
mouse is not calm for long enough. This concern is an especially important consideration for 85 
strains of mice where observed behaviors are more anxious and excitable7. These mice may take 86 
longer to adjust to the chamber environment and only remain calm for short bursts of time. 87 
Limiting the time devoted to baseline collection standardizes the chamber time for each mouse. 88 



 

 89 
It is crucial that experimenters obtain a suitable baseline that encompasses resting behavior 90 
values in the mouse but also occurs in a timely manner. Hence, the goal of this report is to provide 91 
a description of methods used to obtain short quiet baseline values for breathing parameters in 92 
mice. Moreover, we report that apneas and augmented breaths can be quantified during the first 93 
hour in the chamber.  94 
 95 
PROTOCOL: 96 
All procedures were approved by the Le Moyne College Institutional Animal Care and Use 97 
Committee. All use of animals was in agreement with the policies described in the Guide for the 98 
Care and Use of Laboratory Animals8. 99 
 100 
NOTE: (Critical) Prior to experimentation, obtain all necessary approvals and training required 101 
for animal use. It is important the experimenters are familiarized with the mouse behaviors and 102 
activity levels, including signs of sleep, distress, and/or movement artifact vs. normal sniffing and 103 
breathing. 104 
 105 
1. Whole-body barometric plethysmography chamber 106 
 107 
1.1. Read the appropriate user manuals for the barometric plethysmography chamber, including 108 
connectors, O-rings, etc., and create a standard protocol file to define analyzers (i.e., metabolic) 109 
and parameters specific to the software.  110 
 111 
1.2. Make sure all hoses and tubes are connected to the chamber. Connect a gas flow tube (flow-112 
in) and a vacuum tube (flow-out) directly to the barometric plethysmography chamber.  113 
 114 
NOTE: The inflow must be attached to the opening marked bias flow. 115 
 116 
1.3. Attach CO2, O2, and N2 gas tanks to the gas mixer. Make sure all gas tanks are in the open 117 
position prior to experimentation.  118 
 119 
2. Calibration of the barometric plethysmograph chamber  120 
 121 
2.1. Calibrate a high and a low flow of gas by selecting the 7700-Amplifier Setup under the 122 
Hardware tab of the barometric plethysmography software.  123 
 124 
2.2. Set a vacuum (flow out of the chamber) appropriate for the experimental design, and set gas 125 
analyzers (~0.1 L/min).  126 
 127 
NOTE: The outflow rate must remain the same throughout the calibrations and experiment for 128 
accurate metabolic recordings. 129 
 130 
2.3. Set a low flow of air by removing the flow tube from the chamber and turning off the vacuum.  131 
 132 



 

2.4. Record the zero flow by entering a 0 into the Low Unit cell. Double-click the Low Cal cell, 133 
change the time to 3 s, and hit Measure.  134 
 135 
2.5. Reattach the flow tube and allow gas (20.93% O2, balanced N2) to flow through the 136 
barometric plethysmography chamber from the gas mixer.  137 
 138 
2.6. Convert the inflow from liters/minutes into milliliters/second. Click the High Unit cell and 139 
enter the value in milliliters/second. Double-click High Cal, change the time to 3 s, and click 140 
Measure.  141 
 142 
2.7. Leave the 7700-Amplifier Setup tab open to calibrate the metabolic analyzers to the 143 
barometric plethysmography software.  144 
 145 
3. Metabolic analyzer calibration  146 
 147 
3.1. In the gas mixer program, set the gas mixer to release a flow of gas containing 20.93% O2 and 148 
79.2% N2. 149 
 150 
3.2. On the metabolic analyzers, set the O2 calibration level to 20.93% and the CO2 to read 0%. 151 
Turn the dial back to Sample once the appropriate values are entered.  152 
 153 
3.3. Set the high O2 percentage. Click on the ABCD-4 tab of the barometric plethysmography 154 
software and then enter 20.93 under High Unit of the C2 line. Under High Cal, change the time 155 
to 3 s and hit Measure.  156 
 157 
3.4. Set the low CO2 percentage. Enter 0 under Low Cal of the C3 line, and then change the time 158 
to 3 s and click Measure under Low Cal.  159 
 160 
3.5. In the gas mixer program, change the O2 value to 10% and the CO2 value to 5%. Wait several 161 
minutes for the gas flow to adjust to these values. On the metabolic analyzers, turn the 162 
adjustment knobs to calibrate CO2 equal to 5% and O2 equal to 10%. Be sure to turn the dial back 163 
to Sample once the values are calibrated. 164 
 165 
3.6. Set the high CO2 percentage. Ensure the analyzer readings are stable before inserting 166 
appropriate values into the O2 and CO2 on the barometric plethysmography software. Click High 167 
Unit under C3 and enter 5. Change High Cal to 3 s and hit Measure.  168 
 169 
3.7. Set the low O2 percentage. Click Low Unit under the C2 option and enter 10. Click Low Cal, 170 
input 3 s, and click Measure.  171 
 172 
3.8. Change the gas values on the gas mixer back to 20.93% O2 and 79.2% N2. Wait several 173 
minutes for the chamber to adjust to these values. Repeat the steps 3.1‒3.7 if the metabolic 174 
analyzers do not automatically read 20.93% O2 and 0% CO2, to ensure proper calibration.  175 
 176 



 

3.9. Recheck the flow meters connected to the barometric plethysmography chamber. Adjust the 177 
air flow into and out of the chamber to rates appropriate for the experiment (typically, 0.1–0.3 178 
L/min). 179 
 180 
3.10. Once all settings have been applied to the barometric plethysmography software, click OK 181 
to begin recording. 182 
 183 
4. Unrestrained barometric plethysmography 184 
 185 
4.1. Record the mouse’s weight and initial body temperature. Wait 10 min before placing the 186 
mouse in the chamber, to collect O2 and CO2 data from an empty chamber. Work in a quiet area 187 
familiar to the mice so noise and smells do not interfere with the data collection. Avoid any 188 
possible disruptions, including the opening and closing of doors or personnel moving in/out of 189 
the data collection room.  190 
 191 
NOTE: This specific protocol employed 22-month-old male C57BL/6J mouse. 192 
 193 
4.2. During the first hour, document the behaviors of the mouse and take detailed notes, 194 
including specific values of the flow in/out of the chamber. 195 
 196 
4.3. After 60 min of chamber habituation, watch for segments of quiet breathing for the following 197 
60 min. List any segments lasting at least 15 s in length without sniffing and grooming. Take body 198 
temperature measures every 10 min when using an implantable device.  199 
 200 
4.4. At the end of the experiment, remove the mouse from the chamber and place it back in its 201 
cage. All equipment should be cleaned and wiped down thoroughly. If droplets of water remain, 202 
use pressurized air to remove them. 203 
 204 
5. Analysis of pattern of breathing and metabolism 205 
 206 
5.1. Open the barometric plethysmography review file and consult the recorded notes for the 207 
animal of interest.  208 
 209 
5.2. Open the Metabolic panel in the software and take the average of the first 10 min of O2 and 210 
CO2, when the chamber was empty. Record these values as the FiO2 and FiCO2.  211 
 212 
5.3. View the Flow panel of the barometric plethysmography software. Right-click Analyze 213 
Attributes and set appropriate parameters. Under the Meta 1 tab, enter the FiO2 and FiCO2 from 214 
step 5.2, as well as the flow into the chamber under Meta 2, to calculate VO2 and VCO2.  215 
 216 
5.4. For a pattern-of-breathing analysis, enter the times for the 15 s intervals of quiet breathing 217 
under Open Data Parser Dialogue from the Data Parser tab. Click Parser View Mode to only 218 
show the specific 15 s segments of interest.  219 
 220 



 

5.5. Click Save Parsed Derived Data. Open the data file in a spreadsheet to obtain the binned 221 
data.  222 
 223 
6. Analysis of apneas and augmented breaths 224 
 225 
6.1. In the open review file, exit Parser View Mode. Go into the Graph Setup option under Setup 226 
> P3 Setup and select Page View under Type. Select 5 for the number of panes. Enter -2 into the 227 
box labeled Low and 2 into the box labeled High for flow measures in milliliters/second. Apply 228 
the changes.  229 
 230 
6.2. Scroll to the 30 min mark on the flow tracings panel. 231 
 232 
6.3. Count apneas and augmented breaths for the 30–60 min after the mouse was placed in the 233 
chamber. Quantify periods of suspended breathing lasting longer than or equal to 0.5 s, indicative 234 
of an apnea. Augmented breaths are indicated by a sharp rise in the breathing trace above 1.25 235 
mL/s followed by a sharp decrease below -0.75 mL/s. 236 
 237 
REPRESENTATIVE RESULTS:  238 
The results of UBP as an evaluation of pattern of breathing in 16 aged (22-month-old) mice 239 
performed under normal air gas (20.93% O2 with balanced N2) are reported. The analysis first 240 
included a comparison of a longer 10 min quiet breathing segment (which took over 2 h to obtain) 241 
versus the average of four short 15 s segments (quantified within minutes 60–120). A 242 
representative flow tracing of quiet breathing, where breathing is consistent with no active 243 
breathing behaviors, is provided in Figure 1A. When similar tracings are collected from animals, 244 
100% of the breaths should be accepted by the software. However, Figure 1B represents 245 
breathing from a more active segment, where the mice are exploring the chamber, sniffing, 246 
and/or grooming. Tracings similar to that shown in Figure 1B are less likely to be accepted by the 247 
software and are not ideal for the type of breathing collection used and explained by this 248 
methodology. The parameters selected for the assessment of possible pattern-of-breathing 249 
differences between the two time points were breathing frequency (Figure 2A), tidal volume (VT, 250 
Figure 2B), minute ventilation (VE, Figure 2C), tidal volume/inspiratory time ratio (VT/Ti, Figure 251 
2D), and minute ventilation/expelled carbon dioxide ratio (VE/VCO2/g, Figure 2E), which were all 252 
calculated using the barometric plethysmography software and Drorbaugh and Fenn equation. 253 
Values reported for measures are within the range of what we have previously reported for the 254 
mouse model6,9. No significant differences (p < 0.025 was considered significant) were elucidated 255 
between groups; post hoc corrections for multiple comparisons of breathing frequency and VT 256 
data were accounted for with Bonferroni. These results show that the use of a simplified protocol 257 
using 15 s baselines provides similar results to that of a longer baseline protocol. 258 
 259 
Further analysis was performed with each of the four 15 s baseline segments for frequency, VT, 260 
VE, VT/Ti, and VE/VCO2/g (Figure 3). No significant differences (p > 0.05) between any of the time 261 
points were found. There were also no differences in the variability between any of the four time 262 
segments for any pattern-of-breathing measure. Additionally, we tested the variability of the 263 
segment of the 15 s group vs. the 10 min group and found no significant differences using 264 



 

Levene’s test when comparing the averaged group data.  265 
 266 
The number of apneas and augmented breaths observed for each animal during minutes 30–60 267 
of the UBP protocol are presented in Figure 4. These results show that aged animals showcase a 268 
high number of apneas and augmented breaths within a 30 min span (tracing shown in Figure 269 
1C). The data are indicative of changes during the aging process, as these findings were observed 270 
in 22-month-old mice. To confirm interrater reliability for apnea and augmented breath analyses, 271 
Pearson correlation was calculated for two different investigators. A high degree of agreement 272 
between raters was found, as indicated by a value of r = .99 for apneas and r = .86 for augmented 273 
breaths. In future studies, an increased number of apneas compared to a control group would be 274 
telling for a breathing dysfunction stemming from a neural component.  275 
 276 
FIGURE AND TABLE LEGENDS: 277 
 278 
Figure 1: Representative flow tracings. (A) Flow tracing from a quiet baseline, where the mouse 279 
does not showcase any active behaviors such as sniffing or grooming. (B) Flow tracing from an 280 
active breathing period not included in our analyses, where mice are moving about the chamber 281 
and many breaths are not routinely accepted. (C) Flow tracing displaying an augmented breath 282 
followed by a period of apnea. A 5 s window is shown for all traces. 283 
 284 
Figure 2: Breathing parameters are similar for calm breathing segments of 10 min and 15 s in 285 
22-month-old mice. Barometric plethysmography was used to collect breathing data in aged 286 
mice (n = 16, 22 months old). Breathing data were calculated for mice during two different time 287 
points, namely the average of four 15 s calm intervals within the 60–120 min mark of the mouse 288 
being in the chamber and for 10 min of consistent calm breathing. (A) Breathing frequency 289 
(breaths/minute). (B) Tidal volume (VT; milliliters/breath). (C) Minute ventilation (VE; 290 
milliliters/minute). (D) Ratio of tidal volume to inspiration time (VT/Ti; milliliters/second). (E) 291 
Ratio of minute ventilation to carbon dioxide expelled, normalized to weight (VE/VCO2/g). There 292 
are no statistically significant differences between the groups after post hoc corrections (p > 293 
0.025). Values of >3 SD above the mean were considered outliers and removed from the data 294 
set. Data are presented as mean ± SD. 295 
 296 
Figure 3: Comparison of four 15 s intervals. Breathing data were calculated in calm breathing 297 
mice (n = 16, 22 months old) for four separate 15 s intervals within the 60–120 min of chamber 298 
placement. (A) Breathing frequency (breaths/minute). (B) Tidal volume (VT; milliliters/breath). 299 
(C) Minute ventilation (VE; milliliters/minute). (D) Ratio of tidal volume to inspiration time (VT/Ti; 300 
milliliters/second). (E) Ratio of minute ventilation to carbon dioxide expelled, normalized to 301 
weight (VE/VCO2/g). There are no statistically significant differences between the time segments 302 
(p > 0.05). Outliers are defined as >3 SD above the mean and removed. Data are presented as 303 
mean ± SD. 304 
 305 
Figure 4: Apnea and augmented breath counts in mice. Apneas (≥0.5 s without breathing) and 306 
augmented breaths (ABs; a sharp increase in inhalation over 1.25 mL/s followed by a sharp 307 
exhalation below -0.77 mL/s) were counted in aged mice (n = 16, 22 months old) between 30–60 308 



 

min. The counts were analyzed over 30 min and the total for that time period are reported. Data 309 
are presented as mean ± SD. 310 
 311 
Figure 5: Schematic of the unrestrained barometric plethysmography (UBP) setup. The overall 312 
UBP setup should be similar to that described in the figure. Flow measurements must be 313 
measured for the gases entering and leaving the chamber, and the gas composition must be 314 
known for data interpretation.  315 
 316 
DISCUSSION:  317 
The protocol provides information regarding a quiet breathing baseline in mice, as well as 318 
collecting data about central apneas and augmented breaths. The representative results show 319 
that a 10 min quiet baseline has a similar pattern of breathing when compared to an average of 320 
four 15 s bouts for a cohort of old mice. Importantly, the 15 s bouts are not statistically different, 321 
nor do these groups have differences in variation from one another using Levene’s test. These 322 
data demonstrate that even one short bout is sufficient for monitoring quiet breathing. However, 323 
it is entirely possible that analyzing individual variation within a mouse at 15 s vs. 10 min may 324 
result in different findings, as the 10 min bout could encompass minimal sniffing and grooming 325 
activities. However, using Levene’s test for a comparison of individual mouse baseline segments 326 
provides a different analysis than the one described in this protocol. Overall, the design of this 327 
methodology uses 15 s breathing segments that can be acquired during minutes 60–120 in the 328 
chamber, versus having to wait for each mouse to achieve longer durations of quiet baseline.  329 
 330 
The shorter duration required for baseline allows for more anxious/agitated strains of mice to be 331 
tested for quiet breathing. The use of a longer breathing segment (i.e., 10 or 2 min) lengthens 332 
the protocol duration, to a point where a trial may need to be abandoned if the mice do not 333 
display a quiet breathing trace within 3 h. Since many experimental designs also incorporate 334 
respiratory challenges (i.e., hypoxia), the extended time allotted for other gases highlights the 335 
need for baseline collection time to be standardized. The use of a single 15 s bout of quiet 336 
breathing helps to relieve the concern of working with mice (and strains of mice) that may be 337 
particularly excitable in the chamber. While working with barometric plethysmography, we found 338 
that ~10% of mice per study had to be excluded because of their inability to perform as little as 339 
2 min of continuous quiet breathing within the chamber. The implementation of previous 340 
familiarization trials was unsuccessful in getting mice to calm down faster when placed in the 341 
chamber on the day of experimentation. However, because different strains, sexes, and ages of 342 
mice may all react differently to the chamber environment10,11, it is possible that habituation 343 
techniques may be helpful12,13 for some cohorts. Our familiarization trials consisted of placing the 344 
mice in the UBP chamber in the testing room for 1–2 h for several days prior to experimentation. 345 
While we observed no changes in animal behavior following this procedure, a previous study has 346 
shown that 24 h of habituation was needed to eliminate novelty effects resulting in spontaneous 347 
physical activity in mice12. Additionally, Kabir et al. found that placing plastic cylinders similar in 348 
size to the barometric plethysmography chamber in the home cage was advantageous in getting 349 
rats to familiarize themselves with the setups prior to experimentation13. 350 
 351 
This protocol also uncovers possible respiratory dysfunction in mice via the quantification of 352 



 

central apneas, indicative of neural control issues. Thirty minutes of observation prior to the 353 
baseline pattern-of-breathing collection showed that all 16 aged mice displayed a high number 354 
of apneic episodes and augmented breaths (represented in Figure 1C). The numerous apneas in 355 
this aged mouse cohort highlight the ability of this protocol to quantify another important 356 
breathing measure without adding additional time to experimentation. It should be noted that 357 
age and disease progression (if applicable) can affect the presence and number of apneic 358 
episodes.  359 
 360 
In order to characterize quiet breathing, it is important to continuously observe the barometric 361 
plethysmography chamber and mouse throughout the duration of the protocol. For the 362 
quantification of quiet breathing, mice should be awake but not partake in any active behaviors 363 
such as sniffing, grooming, or exploring (represented in Figure 1A). Since patterns of breathing 364 
during sleep can differ from those in an awake animal14,15, the collection of calm breathing during 365 
the awake state is critical. It is possible that longer segments of quiet breathing could include 366 
periods of sleep, which may not be desired depending on the experimental design. In this case, 367 
shorter segments of quiet breathing would be ideal to document, as the likelihood of data 368 
collection during sleep is reduced when active segments flank the short (15 s) quiet breathing 369 
segments. We have observed that longer segments of quiet breathing can be challenging to 370 
acquire in the mouse model, as mouse behavior in the chamber seems to be very different 371 
compared to that of rats. It is important both to critically observe mouse respiratory flow for 372 
appropriate breathing segments and to document animal behavior. In cases of reduced 373 
ventilation or unstable breathing, this method can still be utilized. In these instances, it is 374 
essential the experimenter is blinded to the cohort when selecting the 15 s segments. The 375 
software program should distinguish the breaths, with an acceptance rate of 100% during the 15 376 
s period. We advise taking note of the breathing tracings in addition to ensuring that the animals 377 
meet the behavioral criteria for baseline since it is possible that stationary mice may still be 378 
anxious. A previous study reported that although rats exhibited calm behavior, they still showed 379 
altered breathing patterns (i.e., increased frequency) in response to controlled stimuli within the 380 
testing room13. 381 
 382 
Measures of frequency, VT, VE, inspiratory and expiratory time, and VE/VCO2 are all quantified 383 
using analyzers and the UBP software and are frequently reported in the literature. Particularly, 384 
VT and VE calculations use the Drorbaugh and Fenn equation16, which requires body 385 
temperature, ambient chamber temperature, humidity, and barometric pressure. It is 386 
recommended to collect these measures throughout the experiment for the most accurate VT 387 
and VE values. Other variables that are calculated by the system should be used with caution. 388 
UBP is not a direct measure of pulmonary mechanics; thus, variables related to airway resistance 389 
(e.g., enhanced pause [Penh]) should be interpreted with this caveat in mind5. Additional 390 
components of the UBP setup that can impact variables calculated by the software include flow 391 
rates and the general calibration of the system. Confirm seals and gaskets are working properly 392 
(no leaks) and ensure proper connection of all equipment to the barometric plethysmography 393 
chamber (Figure 5). Flow rates in and out of the chamber should be kept consistent. Required 394 
flow rates can differ between UBP setups, so it is important to check these values prior to 395 
experimentation. The flow rate into the chamber should be enough to provide fresh air or gas 396 



 

challenges in a timely manner. The flow rate should also be sufficient for allowing the metabolic 397 
analyzers to measure O2 and CO2 without having CO2 build up within the chamber environment, 398 
which poses the risk of a changing pattern of breathing. Similarly, gas mixer/analyzer calibrations 399 
need to be regularly implemented to ensure that the metabolic parameters are accurately 400 
measured. 401 
 402 
Other considerations for conscious UBP include reducing distractions within the experimental 403 
room while animals are being tested. Loud noises, different smells, and the presence of 404 
nonessential personnel in the room can all add to anxious behaviors exhibited by mice. Using 405 
smaller rooms as testing areas may help, but if this is not possible, cardboard walls (with a small 406 
viewing window) can be set up surrounding the chamber to lessen distractions for the mice. 407 
Electrical activity within the room should be kept at a minimum to prevent additional noise within 408 
the barometric plethysmography tracings. Therefore, it is important to take note of the flow 409 
tracings during the 10 min period when the software is collecting data from an empty chamber. 410 
These tracings should remain flat, and any interruptions or slight waves are signs of noise and 411 
should be addressed. Pressure changes from opening and closing doors or from HVAC functioning 412 
can also add to erroneous fluctuations, and ensuring that these actions occur minimally (and 413 
noting them when they do occur) is critical. Humidity can also affect the calculated tidal volume 414 
and minute ventilation, making it very important to confirm that the chamber and connecting 415 
tubes are dried before use. If necessary, the use of Drierite beads in sequence with the flow-in 416 
tubes can help remove all condensation in the air prior to chamber entrance. This step would be 417 
instituted in cases when the humidity has routinely been higher than levels listed in The Guide 418 
for the Care and Use of Animals8 (30%–70%, ideally within 10% of setpoint). Humidity can also 419 
build up in the chamber due to the presence of the animal. Although some humidity is normal, it 420 
may continue to build if the animal is excessively active or placed in the chamber for longer 421 
durations. If humidity levels reach maximum levels (99.99%), the chamber may need to be 422 
opened and wiped down during experimentation to maintain comparable breathing measures. 423 
The software accounts for changes in barometric pressure, ambient temperature, animal 424 
temperature, and humidity. Best practice is to maintain the values within a reasonable range so 425 
that “apples to apples” are being compared across ages, strains, and sexes. Moreover, the 426 
circadian cycle of mice and the time range of testing, as well as specific lighting conditions of the 427 
room, are important details to consider13,17. For instance, we typically test mice in lighting similar 428 
to their housing room (either light or dark cycle) and within a 3 h range18. Experimenters should 429 
also remain blinded to the animal groups during data collection and analyses to prevent 430 
differences in the selection of a baseline. When possible, the same experimenter should collect 431 
all data and/or analyze all tracings in a given experiment. Steps to keep experimenters blinded to 432 
the animal groups, as well as randomization and testing during similar times of the day, are crucial 433 
to the rigor of investigation. Ultimately, there are extraneous factors that may alter the flow 434 
tracings, and these concerns should be considered when performing UBP. 435 
 436 
The UBP method is a technique used to characterize the pattern of breathing in mice. Baseline 437 
measures can be collected within 2 h when using a 15 s breathing segment. Here we report a 438 
method which can be performed with aged mice, who are often more agitated in the chamber 439 
than younger mice, suggesting that other anxious or active mouse strains could also be tested 440 



 

with this protocol. The data collected from UBP is noninvasive and allows for testing over multiple 441 
time points, which is useful for studies about aging, drug therapy, and disease progression.  442 
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any type of thermometer to take accurate body temperatures is appropriate, but the use of implantable chips allows for minimal disturbance to animal for taking several body temperature measurements while the animal is still in the UBP chamber 



Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Doc Nov 14, 2018, 16_02.pdf

https://www.editorialmanager.com/jove/download.aspx?id=951277&guid=942585ff-2b49-4d9c-84d2-605e3659eb1b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=951277&guid=942585ff-2b49-4d9c-84d2-605e3659eb1b&scheme=1






We would like to thank the Editor and Reviewers for their thoughtful critique of our 
manuscript. All comments have been addressed to improve the overall quality of the 
article.   
 
Editorial comments: 
Changes to be made by the author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. 

We have taken the time to proofread the manuscript for spelling and grammar 
issues.  

2. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 
Every use of the words “minute” and “second” has now been changed to SI 
abbreviations. Other units have also been double checked. 

3. Please revise the protocol to contain only action items that direct the reader to do 
something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the 
imperative tense in complete sentences wherever possible. Avoid usage of phrases 
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” Please include all 
safety procedures and use of hoods, etc. However, notes should be used sparingly and 
actions should be described in the imperative tense wherever possible. Please move 
the discussion about the protocol to the Discussion. 

The protocol has now been edited to use the imperative tense for directions. Use 
of the terms “could be, should be, would be”, as well as most “Note” portions 
have been removed. When appropriate, the “Note” has been added to the 
Discussion section. 
4. 3.1: Is this set in the gas mixer program? Please specify. 
This information has now been specified in Step 3.1 as an action in the gas mixer 
program. 
5. 4.1: Please specify the age, gender and strain of mouse used. 
This has been added as a ‘Note’ in 4.1, as it is not an action needed to be done 
by the reader. 
6. 4.3: For low long is the mouse observed for the breathing patterns?  
Breathing patterns should be observed for one hour following a one hour 
habituation period. 
7. A schematic or picture of the plethysmography chamber used in this protocol 
may be provided to help the readers follow the protocol. 
We agree a schematic would help the reader to identify all the components of the 
setup and have now added one to the manuscript as Figure 5.  

8. After you have made all the recommended changes to your protocol (listed above), 
please highlight 2.75 pages or less of the Protocol (including headings and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. 

Less than 2.75 pages of the Protocol have been highlighted as essential steps. 
9. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in imperative 
tense. Notes cannot usually be filmed and should be excluded from the highlighting. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;2018JoVE_FinalCommentstoReviewers.docx
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Only complete sentences have been highlighted and steps include actions  
written in imperative tense. 

10. Figure 1 and Figure 2: Please use subscripts in chemical formulae (i.e., 2 in CO2) to 
indicate the number of atoms. 

Subscripts have been added to Figures 1 and 2. 
11. Figure 4: Please change the time unit “sec” to “s”. 

Figure 4 has been changed to meet SI abbreviations. 
12. Table of Equipment and Materials: Please sort the items in alphabetical order 
according to the name of material/equipment. 

The Table of Equipment and Materials has now been sorted in alphabetical 
order. 

 
Reviewers' comments: 
 
 
Reviewer #1:  
Manuscript Summary: 
The authors are applauded for undertaking this interesting investigation of Obtaining 
Pattern of Breathing in Conscious Mice through Unrestrained Barometric 
Plethysmography. 

Thank you! 
 
Major Concerns: 
The study is important and holds important insights for examination of fragile mouse 
strains. This point is partially made to the reader, but could be emphasized. The primary 
concern with the current manuscript/protocol is that a novice user may lose sight of how 
to implement an abbreviated protocol. I recommend that you highlight how to 
determined "in house" methods (noting that local conditions could have an unpredicted 
influence - see 2 comments down). Then I believe you should recommend under what 
circumstances baseline methods should be established - e.g., different strains, sexes, 
ages, etc. Finally, give the end user additional insights on how they can implement the 
short duration assessments with confidence. In other words, what metrics/criteria can 
be used to convince a PI that the resting periods are valid? Ultimately, I think this comes 
back to how other reviewers of papers/grants are going to receive this practice. 

Since local environmental conditions can impact the protocol and output, we 
have added more information to the manuscript about the factors to consider for 
each laboratory (Lines 766-789): 
 
“Other considerations for conscious UBP include reducing distractions within the 
experimental room while animals are being tested. Loud noises, different smells 
and presence of non-essential personnel in the room can all add to anxious 
behaviors exhibited by mice. Using smaller rooms as testing areas may help, but 
if this is not possible cardboard walls (with a small viewing window) can be set up 
surrounding the chamber to lessen distractions to the mouse. Electrical activity 
within the room should be kept at a minimum to prevent additional noise within 
the barometric plethysmography tracings. Therefore, it is important to take note 



of the flow tracings during the ten-min period when the software is collecting data 
from an empty chamber. These tracings should remain flat, and any interruptions 
or slight waves are signs of noise and should be addressed. Pressure changes 
from opening and closing doors, or from HVAC functioning can also add to 
erroneous fluctuations, and ensuring these actions occur minimally (and noting 
when they do occur) is critical. Humidity can also affect the calculated tidal 
volume and minute ventilation, making it very important to confirm the chamber 
and connecting tubes are dried before use. The use of drierite beads in 
sequence with the flow in tubes can help remove all condensation in the air prior 
to chamber entrance, if this action is deemed necessary. This step would be 
instituted in cases when humidity has routinely been higher than levels listed in 
The Guide for the Care and Use of Animals8 (30-70%, ideally within 10% of set 
point). Humidity can also build up in the chamber due to the animal. Although 
some humidity is normal, it may continue to build if the animal is excessively 
active or placed in the chamber for longer durations. If humidity levels reach 
maximum levels (99.99%), the chamber may need to be opened and wiped down 
during experimentation to maintain comparable breathing measures. The 
software accounts for changes in barometric pressure, ambient temperature, 
animal temperature and humidity. Best practice is to maintain the values within a 
reasonable range so that “apples to apples” are being compared across ages, 
strains and sexes.” 

 
 Additionally, we have discussed the metrics used to determine baseline so that 
others can use them to determine their own “in house” methods. These metrics 
include: ensuring mice are awake, stationary, and exhibit a breathing trace with 
100% of breaths accepted by the software for analysis. If the breathing trace has 
increased activity within the same minute as the 15-s trace, we also use these 
data to verify the mouse is awake. This information is described in the 
manuscript at Lines 719-722 and Lines 733-736, which now read: 
 
“In order to characterize quiet breathing, it is important to continuously observe 
the barometric plethysmography chamber and mouse throughout the duration of 
the protocol. When quantifying quiet breathing, mice should be awake, but not 
partaking in any active behaviors such as sniffing, grooming or exploring 
(represented in Figure 4A)… 
The software program should distinguish the breaths, with an acceptance rate of 
100% during the 15-s period. We advise taking note of the breathing tracings in 
addition to ensuring animals meet behavioral criteria for baseline, since it is 
possible that stationary mice may still be anxious.” 

 
 
Minor Concerns: 
Line 89 - more specifically, what is meant by "biases", this could be confusing to the 
reader/viewer. 

This commentary has been completely removed from this section, which now 
reads:  



“Obtaining an optimal air breathing segment is an important consideration for 
baseline comparisons. The increased use of commercially available 
plethysmography systems makes collecting pattern of breathing data possible in 
many laboratories. Importantly, pattern of breathing is variable throughout the 
collection period, particularly for mice. With that said, it is necessary to 
standardize baseline analysis as a means of ensuring that the training level of 
experimenters does not confound results.” 
 
Other information has been added and more appropriately phrased in Lines 792-
797. We stress that experimenters should be blinded and have existing baseline  
criteria in place prior to analysis. Whenever possible, the same person should do  
all analyses for a given experiment. This section reads:  
 
“Experimenters should also remain blinded to animal groups during data  
collection and analyses to prevent differences in selection of baseline. When 
possible, the same experimenter should collect all data and/or analyze all 
tracings in a given experiment. Steps to keep experimenters blinded to the 
animal groups, as well as randomization and testing during similar times of the 
day are crucial to the rigor of investigation.” 

 
Line 375-401 Excellent points. Additionally, there is a published record (Quindry, et. al.,) 
which indicates that room lighting and time of day impact these measures. I recommend 
including for the reader/viewer that these methodological considerations could be 
important to the current approach, unless demonstrated otherwise. 

Time of day, ambient temperatures, and other environmental cues do influence 
ventilation. We have added more information about these specifics to the 
manuscript at Lines 789-792. Since Quindry, et. al. used a different setup and 
criteria for baseline and habituation, it would not be an appropriate reference to 
cite in this particular instance as the experimental designs between studies are 
not comparable. Also, the values they report are outside the ranges in this 
study. Instead, we use Kabir et. al. (2010) and Seifert & Mortola (2002) as 
references for differences stemming from room lighting and time of day for 
testing. These particular studies account for animal activity/locomotion during 
baseline breathing analysis. The addition reads: 
 
“Moreover, taking into account the circadian cycle of mice and the time range of 
testing, as well as specific lighting conditions of the room are important details to 
consider13,17. For instance, we typically test mice in lighting similar to their 
housing room (either light or dark cycle) and within a three hour range18.” 

 
The authors wisely limit their analyses to calculated/measured variables that are 
considered most reliable with these devices. That said, some users may be tempted to 
report the less well-regarded variables that are calculated by the software. Consider 
including some cautions about drawing outcomes or conclusions from those variables. 



We thank you for acknowledging that our analyses only consider what is most 
reliably measured by unrestrained barometric plethysmography. We have also 
added commentary about the concern. Lines 745-754 now read: 

 
“Other variables that are calculated by the system should be used with caution. 
UBP is not a direct measure of pulmonary mechanics, thus variables related to 
airway resistance (e.g.: enhanced pause/Penh) should be interpreted with this 
caveat in mind5.” 
 

Reviewer #2: 
Manuscript Summary: 
This is an interesting manuscript from Dr. DeRuisseau's group that describes a useful 
technique for unrestrained plethysmography. Please see my comments below. 
 
Major Concerns: 
How is tidal volume actually measured here? Do the authors collect core temp to 
compute tidal volume according to the Drorbaugh and Fenn method or does their 
software provide an estimate of tidal volume using a correction factor? If so, this should 
be listed as a major limitation of the technique. 

Tidal volumes were measured using the Drorbaugh and Fenn equation, which 
takes into account individual mouse body temperatures, ambient temperature, 
humidity and barometric pressure. Our system continuously collects ambient 
temperature, humidity and barometric pressure. Body temperature is typically 
collected via an implantable device, but could be achieved with rectal probes. We 
have added this information to the manuscript, and have also added the need for 
a device to measure body temperature into the protocol. Lines 741-745 now 
read: 

 
“Particularly, VT and VE calculations use the Drorbaugh and Fenn equation16, 
which requires body temperature, ambient chamber temperature, humidity and 
barometric pressure. It is recommended to collect these measures throughout 
the experiment for the most accurate VT and VE values.” 
 

Lines 216-219 are very subjective reading " Breathing patterns should become fairly 
consistent during these time periods, although it is likely that the calm segments may be 
short in length". It is not clear to me in reading the manuscript if the investigators are 
watching for the animal to be calm or the breathing pattern to be calm. Waiting for the 
breathing pattern to become "calm" may bias the data in attempting to collect data in 
transgenic models, etc with breathing instability. If the authors suggest waiting for the 
animal to be calm, please clearly define what criteria must be met. 

We have removed this sentence from the ‘Methods’ section and added 
clarification about criteria for calm breathing. Since this technique also requires 
looking at the breathing pattern on the barometric plethysmography tracing, we 
also discussed why this point is necessary. Lines 733-738 now read: 
 
“The software program should distinguish the breaths, with an acceptance rate of  



100% during the 15-s period. We advise taking note of the breathing tracings in  
addition to ensuring animals meet behavioral criteria for baseline, since it is  
possible that stationary mice may still be anxious. A previous study reported that  
although rats exhibited calm behavior, they still showed altered breathing  
patterns (i.e. increased frequency) in response to controlled stimuli within the  
testing room13.” 

 
Are the animals routinely allowed to acclimate to the room for any period of time before 
testing (for example, overnight)? 

Mice underwent short (60-minute) familiarization trials prior to testing, although 
we observed no differences in animal exploratory behaviors on the day of testing.  
However, previous studies by Teske et al. (2014) and Kabir et al. (2010) report 
successful familiarization techniques, which include a 24 h familiarization period 
or placing cylinders similar to the chamber size in the home cage of animals. We  
have added this information to the manuscript so that readers can make use of a 
 similar protocol if desired. Lines 652-709 now read:  
 
“However, because different strains, sexes and ages of mice may all react 
differently to the chamber environment10,11, it is possible that habituation 
techniques may be helpful12,13 for some cohorts. Our familiarization trials 
consisted of placing the mice in the UBP chamber in the testing room for one to 
two hours for several days prior to experimentation. While we observed no 
changes in animal behavior following this procedure, a previous study has shown 
that 24-h of habituation was needed to eliminate novelty effects resulting in 
spontaneous physical activity of mice12. Additionally, Kabir et al. found that 
placing plastic cylinders similar in size to the barometric plethysmography 
chamber in the home cage was advantageous to getting rats to familiarize 
themselves with the setups prior to experimentation13.” 

 
 
This may be my unfamiliarity with the setup, but the authors list 0.3L/min flow in and 0.1 
L/min flow out. Doesn't this pressurize the system? 

The UBP chamber has a pneumotach screen at the top of the chamber that 
allows a known amount of air to leave the system, so the chamber does not over 
pressurize. However, we have changed the flows listed since each experiment 
may need some adjustments depending on the mouse size and baseline 
metabolic rate. Lines 758-763 now describe this information:  
 
“Required flow rates can differ between UBP setups, so it is important to check 
these values prior to experimentation. Flow rate into the chamber should be 
enough to provide fresh air or gas challenges in a timely manner.  Flow rate 
should also be sufficient for allowing the metabolic analyzers to measure O2 and 
CO2 without having CO2 build up within the chamber environment, which poses 
the risk of changing pattern of breathing.” 

 



Am I correct in interpreting that apneas and augmented breaths are counted by hand? 
Are there specific criteria for defining these? I saw a 0.5s pause for apnea, but what 
about augmented breaths? If it is subjective, have the authors every quantified their 
inter-investigator error? How do the authors train new students or investigators to 
identify these breaths and distinguish an augmented breath from sniffing. 

Yes, these measures are counted by hand. The specific criteria are: a period of 
suspended breathing ≥0.5 s for apneas and a sharp rise in the breathing trace 
above 1.25 mL/s followed by a sharp decrease below -0.75 mL/s for augmented 
breaths. This information has now been clarified in the manuscript in Step 7.3. In 
a subset of 9 mice, the Pearson correlation for inter-rater reliability is r=.99 for 
apneas and r=.86 for augmented breaths, indicative of high agreement between 
raters. New students/investigators are trained to identify augmented breaths and 
distinguish them from sniffing using the criteria described. In our experience, 
sniffing does not meet the same criteria as augmented breaths. New lab 
members use previously collected flow tracings from mice to go through analysis 
steps with a trained lab member, so that collection of augmented breaths and 
apneas are consistent between investigators. Lines 509-513 now contain the 
information regarding the inter-rater reliability analysis. 
 
“To confirm inter-rater reliability for apnea and augmented breath analyses, 
Pearson correlation was calculated for 2 different investigators. A high degree of 
agreement between raters was found, as indicated by a value of r=.99 for apneas 
and r= .86 for augmented breaths. In future studies, an increased number of 
apneas compared to a control group would be telling of breathing dysfunction 
stemming from a neural component.” 

 
 

 
Minor Concerns: 
Please check the axes in figure 1. Panel E reads VE/CO2 and I think it should be 
VE/VCO2. 

Figure 1 has been changed to be appropriately labeled. 
 
In Figure 3, what time frame is the count over? Are these from the 4 15s sampling 
periods? 150 apneas per minute seems like a lot. Are these not impacted by the animal 
moving or being agitated? 

The frame count for Figure 3 is over the course of 30-minutes. This has been 
specified in the manuscript and related figure legend. We still observe 
augmented breaths and apneas even with animal locomotion and grooming.  


