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ABSTRACT (230/250 words) 45 

Maximal static dry, i.e., on land, apneas (breath-holds) result in severe hypoxemia and 46 

hypercapnia and have easy-going and struggle phases. During the struggle phase, the 47 

respiratory muscles involuntarily contract against the closed glottis in increasing frequency and 48 

magnitude, i.e., involuntary breathing movements (IBMs). IBMs during a maximal static apnea 49 

have been suggested to fatigue respiratory muscles, but this has yet to be measured. Thus, the 50 

purpose of this study was to quantify respiratory muscle strength pre- and post-apneas in an 51 

elite, world champion, world record holding apneist. To do so, maximal inspiratory and 52 

expiratory pressure maneuvers (MIP and MEP, respectively) were performed pre- and post-53 

apnea protocol which included 3 preparatory apneas with 2.5 min rest. All preparatory apneas 54 

were ended after the participant reported 7-10 IBMs. Next, he performed 3 maximal static dry 55 

apneas with 5 min rest in between. The participant had maximal apneas lasting 363, 408, and 56 

460 seconds. Including preparatory apneas, the participant’s total apnea duration was 33.4 min 57 

in 57.0 min. Following the apnea protocol, i.e., pre vs. post, there was no change in MIP (-124.2 58 

vs. -123.6 cmH2O) or MEP (259.4 vs. 262.5 cmH2O). These data, albeit in a single individual, 59 

suggest that respiratory muscle strength is not impacted by maximal static breath-holds. This 60 

could be the result of training and/or be a feature of this individual that allows him to excel in this 61 

sport.   62 



NEW AND NOTEWORTHY (73/75 words) 63 

Previous work has suggested that respiratory muscle fatigue may result from maximal breath-64 

holds, but this has not been measured. We measured respiratory muscle strength pre- and 65 

post-maximal apneas in a world champion breath-hold diver. We found no change in respiratory 66 

muscle strength following a series of apneas. This may be an adaptation of the diver’s training 67 

or a feature of their physiology that allows them to be successful in this physiologically 68 

challenging sport.  69 



INTRODUCTION 70 

 The physiological response to a maximal breath-hold is characterized by two distinct 71 

phases (1). The first phase is the “easy-going phase” and is a period of physiological quiet as O2 72 

is plentiful, CO2 remains low, the glottis is closed, and the respiratory neural drive to breath is 73 

voluntarily suppressed.  However, throughout this phase the urge to breathe gradually increases 74 

as a result of increasing CO2 from metabolism and decreasing O2 from use and lack of 75 

breathing until a physiological breakpoint is reached. Once this point is reached the individual 76 

enters the “struggle phase.” During this phase the respiratory control center overriding the 77 

individual’s voluntary suppression of respiratory muscle contractions and neural output to the 78 

respiratory muscles increases and the muscles of breathing, both inspiratory and expiratory, 79 

begin to contract, i.e., involuntary breathing movements (IBMs), against the closed glottis. 80 

These contracts occur in a crescendo pattern, i.e., increasing progressively for the duration of 81 

the struggle phase until breathing resumes (2).  82 

 Only one previous study has quantified and characterized respiratory muscle pressure 83 

development during a maximal static breath-hold in elite apneists (2). Cross and colleagues 84 

reported that changes in transdiaphragmatic pressure (PDI) were four-fold greater at end-apnea 85 

compared to during supine rest (2). Additionally, the pressure-time indexes for the diaphragm 86 

and expiratory rib cage muscles (approximation of the muscles' energetic demand) during the 87 

struggle phase increased by 5- and 15-fold, respectively (2), in excess of their respective 88 

"critical" threshold values (3, 4). The critical threshold refers to a specific pressure-time index at 89 

which task failure, i.e., fatigue, occurs (3, 4). Accordingly, the data from Cross et al., (2) 90 

suggests that respiratory muscle fatigue occurred as a consequence of a maximal apnea, but 91 

these measures have yet to be made in apnea divers. 92 

 We recently had the unique opportunity to make measures in an elite, world champion, 93 

and world record-holding apneist. In this individual, we sought to determine whether or not the 94 

respiratory muscles were fatigued, i.e., strength was reduced, as a result of a series of 95 



preparatory and maximal apneas. To do so, we quantified respiratory muscle strength pre- and 96 

post-apnea protocol. We hypothesized that respiratory muscle strength would be reduced 97 

following maximal breath-holds.  98 



METHODS 99 

Ethical Approval and Screening 100 

 The participant was male and 28 years old at the time of participation. He provided 101 

written and oral informed consent prior to participating in the experiments. The study was 102 

approved by the Human Research Protection Program at Northern Arizona University and the 103 

Ethical Committee of the Faculty of Kinesiology, University of Split in Split, Croatia. The study 104 

was conducted in Split, Croatia.  105 

 106 

Pulmonary Function  107 

Spirometry, including slow and forced vital capacity maneuvers, was assessed using a 108 

computerized spirometer (CPFS/D Spirometer; MedGraphics; St. Paul, MN, USA) and 109 

conducted and reported per societal standards (5) and using appropriate predictive equations 110 

(6). 111 

 112 

Experimental Design 113 

 The participant visited the laboratory on a single occasion and followed the timeline 114 

reported in Figure 1. Upon arrival, the participant’s anthropometrics, including height, mass, 115 

and body composition was assessed via a bioimpedance scale (Tanita BC 418; Tokyo, Japan). 116 

Spirometry was then performed. Next, the participant had electrodes placed on the 7-8th 117 

intercostal space, bilaterally, to assess the electrical activity via electromyography (EMG) of the 118 

right and left hemispheres of the diaphragm, as before (7–9). A forehead sensor was placed 119 

over the left eye to provide a peripheral estimate of arterial oxygen saturation (SpO2). Then, 120 

respiratory muscle strength was assessed by measuring maximal inspiratory and expiratory 121 

muscle pressure generation (MIP and MEP, respectively). The participant then performed three 122 

preparatory apneas and 3 maximal apneas. Finally, MIP and MEP were assessed 10 min 123 

following the conclusion of the final apnea. 124 



 125 

Apnea Protocol  126 

The apnea protocol was developed to increase the duration of the maximal apneas and 127 

more closely mimic what the individual may do in preparation for a competition. The diver began 128 

the protocol by resting quietly in the supine position in a dimly lit, climate-controlled laboratory. 129 

The protocol included 3 preparatory apneas; there was a 2 min 32 second recovery period 130 

between apneas 1 and 2 and 3 min and 9 seconds between apneas 2 and 3. The first apnea 131 

was performed at the end of a normal exhalation, i.e., at functional residual capacity, and 132 

concluded after the individual experienced 9 involuntary breathing movements. IBMs during the 133 

preparatory apnea were monitored and reported by the participant. The remaining two 134 

preparatory apneas were performed after a complete inhalation to total lung capacity and, 135 

again, concluded after 10 IBMs were reported. After 5 min and 43 seconds of rest the individual 136 

performed the first of three maximal apneas. The participant was instructed to perform the 137 

maximal apneas in the manner that they would do so during a competition and were allowed to 138 

perform glossopharyngeal insufflation (“lung packing”) ad libitum. The recovery periods between 139 

the maximal apneas were 5 min 56 seconds and 6 min and 9 seconds, respectively. 140 

 141 

Peripheral Estimate of Arterial Oxygen Saturation and Heart Rate 142 

 SpO2 and heart rate were quantified using a pulse oximeter (Nellcor Oximax N-600, 143 

Tyco, Mansfield, MA, USA) and forehead sensor (Oximax Max-Fast). Data were measured 144 

continuously for the duration of the apnea protocol. Although we did not make direct measures 145 

of arterial oxygen saturation, previous work has demonstrated very strong agreement (R2 = 146 

0.978) between direct measures and estimates using the make and model of this device used in 147 

this study between a wide range of arterial oxygen saturations (99.5 to 63.5%) (10). 148 

 149 

Respiratory Muscle Pressure 150 



 To assess maximal respiratory muscle strength the participant performed MIP and MEP 151 

maneuvers according to societal standards (11). Briefly, a rubber mouthpiece (Hans Rudolph 152 

Inc., Shawnee, KS, USA) was placed over the opening of a 3-D printed custom device. This 153 

device was a capped cylinder that was 7.5 cm long with a 3 cm internal diameter. It had a port 154 

(opening) on the side where air could flow into and out of the cylinder distal to the participant’s 155 

mouth and two ports with luer locks connected to them. One luer lock was connected to 156 

connected to a differential pressure transducer via tygon tubing and the other luer lock was 157 

either capped (during MEP) or had a small piece of tubing connected to it to provide a slow leak 158 

(during MIP). Voluntary pressure generated inside of the cylinder was taken to reflect maximal 159 

respiratory pressure generating ability. Pressure was measured with a differential pressure 160 

transducer with a range of ±352 cmH2O (TSCDRRN005PDUCV, Honeywell International Inc., 161 

NJ, USA) that was calibrated using a digital manometer before each visit.  162 

 The MIP maneuver was done by having the participant exhale completely to residual 163 

volume. Upon arrival at residual volume, the participant was instructed to cover the lateral distal 164 

port on the cylinder with their finger, and then inhale maximally for 3-5 seconds. The MEP 165 

maneuver was done by having the participant inhale completely to total lung capacity. Once the 166 

lungs were completely full, the participant was instructed to cover the lateral distal port on the 167 

cylinder, and exhale maximally for 3-5 seconds. During the MEP maneuver, an investigator 168 

applied pressure to the participant’s cheeks to prevent engagement of buccal muscles during 169 

the maneuver. Each measurement was performed a total of 5 times and the participant was 170 

strongly encouraged to give their best effort and were provided visual numerical feedback on 171 

the pressure generated for each effort. The three closest maneuvers (coefficient of variations 172 

were between 0.6 and 2.6%) were taken as the MIP and MEP. 173 

 174 

Data Acquisition and Analysis 175 



 Data were acquired at 1000 Hz using PowerLab (PowerLab 16/35; ADInstruments; 176 

Colorado Springs, CO, USA). Diaphragm electromyographical data were collected using an 177 

Octal Bioamp (FE238; ADInstruments; Colorado Springs, CO, USA). The raw EMG data were 178 

imported into MATLAB (v2024a, The MathWorks Inc., Natick, MA, USA) and then processed 179 

using a Fast Fourier Transformation and a second-order Butterworth bandpass filter between 20 180 

and 450 Hz to increase the signal-to-noise ratio. In addition, filtering was performed on the raw 181 

data with a root mean square (RMS) filter. The RMS envelope calculation was performed with 182 

fully overlapped windows so that the sampling rate of the RMS was identical to the sampling 183 

rate of the acquired data. Using these filtered and smoothed data we were able to observe and 184 

count the number of IBMs that occurred during the struggle phase. An IBM was considered 185 

present when the signal increased above the baseline established during the easy-going phase. 186 

All data were visualized on LabChart Pro (v8.1.16; ADInstruments; Colorado Springs, CO, 187 

USA). MIP and MEP were taken as the 1-second average pressure that surrounded the peak 188 

pressure achieved.  189 



RESULTS 190 

Apnea Personal Records, Anthropometrics, and Spirometry 191 

 This individual has personal records of an 8 min and 25 second static wet apnea, a 192 

maximal depth of 84 m in the constant weight discipline, a maximal dynamic apnea with fins of 193 

234 m, and 112 m walked underwater on a single breath (world record). The participant is 175 194 

cm tall with a mass of 64.1 kg and a body mass index of 21.2 kg/m2. Their body fat percentage 195 

was 11.6%. The participant had normal spirometry with a forced vital capacity of 5.95 L (108% 196 

predicted), forced expired volume in 1-second of 4.45 L (98% predicted), and a forced expired 197 

volume in 1-second to forced vital capacity ratio of 75% (90% of predicted).  198 

 199 

Apnea Durations, Heart Rate and SpO2, and Diaphragm EMG 200 

 The durations of the apneas are displayed in Figure 2. The maximal apneas lasted 363, 201 

408, and 460 seconds.  At the end of the each of the preparatory apneas, heart rate was 52, 62, 202 

and 65 bpm and SpO2 was 59.4%, 80.5%, and 83.7%. At the end of the each of the maximal 203 

apneas (last ~10 seconds), heart rate was 68, 69, and 88 bpm and SpO2 was 65.4%, 47.9%, 204 

and 30.0%. Interestingly, there is a steep decline in SpO2 at the onset of the struggle phase 205 

(Figure 3). Based upon the diaphragm EMG data, the participant had 13-29 IBMs, as observed 206 

via diaphragm EMG, in each of the maximal apneas. Figure 3 displays a tracing of diaphragm 207 

EMG, SpO2, and heart rate during the participant’s final, maximal apnea. The spikes in EMG 208 

reflect an IBM. 209 

 210 

MIP and MEP 211 

 MIP and MEP data are displayed in Figure 4. MIP was -124.2 and -123.6 cmH2O pre- 212 

and post-apnea protocol. MEP was 259.4 and 262.5 cmH2O pre- and post-apnea protocol. As 213 

illustrated in the figure, there was no change in MIP or MEP following the apnea protocol.214 



DISCUSSION 215 

We aimed to determine whether or not respiratory muscle strength was negatively 216 

impacted by maximum breath-holds in an elite apnea diver. We hypothesized that MIP and MEP 217 

would decrease following our designed apnea protocol. However, we found that MIP and MEP 218 

were unchanged despite many IBMs in the presence of severe arterial hypoxemia and, 219 

presumably, hypercapnia. 220 

Respiratory muscle contractions (IBMs) begin at the onset of the struggle phase and the 221 

frequency and magnitude of these contractions increase for the duration of the maximal apnea 222 

(1, 2, 12). Previous work has demonstrated that both inspiratory (diaphragm and external 223 

intercostals) and expiratory (abdominals and internal intercostals) muscles are involved in these 224 

contractions (2, 12–16). In the present study we were unable to identify expiratory muscle 225 

participation during IBMs, but surface EMG of the diaphragm confirms the diaphragm was active 226 

during IBMs. We did not observe a decrease in MIP and MEP pre- and post-apnea protocol. 227 

Importantly, our measures of respiratory muscle strength provides us with information about 228 

global inspiratory and expiratory muscle strength vs. specific, individual respiratory muscles. 229 

Previous work has suggested that accessory muscles of respiratory become progressively more 230 

involved in contractions during the struggle phase of a maximal apnea to, presumably, delay or 231 

prevent fatigue of the primary muscles of respiration, i.e., the diaphragm and intercostals (17–232 

19). Unfortunately, our employed methodology does not allow us to determine whether or not 233 

this occurred in our participant, but warrants future study. It is possible, that the absence of 234 

fatigue was the result of this adaptive breathing strategy whereby the fatigue was “distributed” 235 

across multiple respiratory muscles, but was insufficient to elicit a measurable decrease in MIP 236 

and/or MEP. In other words, perhaps the diaphragm was fatigued, but the inspiratory accessory 237 

muscles were not and so global inspiratory muscle strength was unaffected by our apnea 238 

protocol. 239 



Nevertheless, it is somewhat surprising that we saw no change in MIP and MEP as a 240 

result of our apnea protocol based on prior work (2). Cross and colleagues quantified the 241 

pressure-time index of the diaphragm and the rib cage muscles during IBMs during the struggle 242 

phase of a maximal apnea (2). This work (2) reported that the diaphragm had an increase in its 243 

pressure-time index of 5-fold and exceeded the previously established threshold for diaphragm 244 

task failure, which would occur as a consequence of fatigue (3), for the final 40% of the struggle 245 

phase. Similarly, the magnitude of change in the pressure-time index of the rib cage muscles 246 

increased by 15-fold and exceeded the previously established threshold for task failure (4), for 247 

the final 20-30% of the struggle phase. Importantly, our methodology did not allow us to 248 

calculate the pressure-time index of these respiratory muscles during the struggle phase, but 249 

our diaphragm EMG data clearly demonstrate the presence of increasing magnitude of IBMs. 250 

The work that established these critical thresholds for task failure of the diaphragm (3) and rib 251 

cage muscles (4) did so in long duration (~45 min) of resistive breathing. This is substantially 252 

longer than a maximal apnea and, certainly, contained more respiratory muscle contractions 253 

than a maximal apnea. If we assume that our participant followed a similar pattern as those of 254 

Cross et al., (2) then we believe we could have seen respiratory muscle fatigue giving the 255 

difference in the arterial blood gas environment experienced by our participant and those of 256 

previous work (3, 4). 257 

Our participant experienced severe arterial hypoxemia (SpO2 of 65 to 30%) by the end of 258 

the apneas. Similarly, our participant likely experienced hypercapnia during their maximal 259 

breath-holds. Unfortunately, we did not have measures of arterial PCO2 in the present study, but 260 

previous work has shown arterial PCO2 to increase 10-15 Torr by the end of the breath-hold of 261 

shorter duration (mean of 316 seconds vs. 1,229 seconds combined apnea in the present study) 262 

(21). Both hypoxemia and hypercapnia can contribute to respiratory and skeletal muscle fatigue. 263 

Specifically, arterial hypoxemia has been shown to expedite and exacerbate respiratory muscle 264 

fatigue during spontaneous breathing, i.e., exercise (22–25). Likewise, hypercapnia has been 265 



shown to expedite and/or exacerbate respiratory muscle fatigue during exercise (26) and during 266 

various breathing tasks, i.e., pressure-threshold loading or resistive breathing (17).  267 

Given the above results from spontaneously breathing humans, the physiological milieu 268 

during a maximal breath-hold could have contributed to respiratory muscle fatigue. There are 269 

some possible reasons for the lack of fatigue in this individual. First, it is possible that there is a 270 

training effect, both in-season and over many years, that has made the participant’s respiratory 271 

muscles severely fatigue-resistant. Parallel to this, fatigue-resistant respiratory muscles could 272 

be a feature of the participant’s status as an elite apnea diver. In other words, it is possible that 273 

the diver’s apnea duration is dependent upon their respiratory muscles being resistant to 274 

fatigue. Future work should examine freedivers with varying maximal breath-hold durations to 275 

test this hypothesis. Second, it is possible that our participant did not have severe enough IBMs 276 

to cause respiratory muscle fatigue. Anecdotal reports suggest that some elite apneist 277 

experience few or no IBMs or that their IBMs are visually undetectable. Without a measure of rib 278 

cage movement or respiratory pressures we cannot comment on the magnitude, i.e., the 279 

pressure swings generated by the respiratory muscles, of our participant’s IBMs. Third, it is 280 

possible that our participant was afforded too much rest time between maximal apneas for 281 

fatigue (central or peripheral) to arise, i.e., there was sufficient time for complete recovery. 282 

However, pervious work has demonstrated that respiratory muscle fatigue (peripheral) persists 283 

for at least 30 minutes following dynamic exercise (9). It is possible that the participant 284 

experienced central fatigue that was resolved by the time they performed MIP and MEP 285 

maneuvers following the apnea protocol (~10 min). It has been suggested that recovery from 286 

central fatigue can reach ~80% recovered after only 4-5 minutes (27). Importantly, our breath-287 

hold protocol was designed to result in the longest apnea durations possible so as to incur as 288 

many IBMs as possible. Fourth, it is possible that our methodology did not allow us to observe 289 

respiratory muscle fatigue. We discuss these methodological limitations below. 290 

 291 



Limitations 292 

 There are several methodological limitations that are worth discussing. First, we 293 

employed measures of respiratory muscle strength that required the participant to voluntarily 294 

contract the muscles. Reliance on voluntary maneuvers can also lead to participant fatigue 295 

where the individual is simply “tired” of doing the maneuvers and does not give maximal effort. 296 

This would typically manifest as observing fatigue when it was not present so is not relevant in 297 

our experiment. There can also be a learning effect for these voluntary maneuvers. We did not 298 

provide the participant with a dedicated familiarization period and, thus, a lack of fatigue could 299 

have actually been a learning effect. However, in our experiment, we had the participant 300 

perform 5 MIP and 5 MEP maneuvers and selected the 3 closest maneuvers. We observed a 301 

very narrow range of values on these 3 maneuvers as illustrated in (Figure 4). The spread of 302 

values across MIP and MEP at both time points was 0.6 to 2.6% so we do not believe there was 303 

a learning effect in our study. Future work should employ methods to remove the voluntary 304 

component of respiratory muscle pressure generation, i.e., phrenic nerve stimulation and/or 305 

thoracic root nerve stimulation (7, 9). Finally, had we inserted balloon-tipped catheters into the 306 

esophagus and stomach we could have quantified pressure generated by the diaphragm 307 

(gastric pressure – esophageal pressure) and abdominal muscles (gastric pressure) during 308 

voluntary MIPs and MEPs. This would have allowed us to parcel out primary muscles of 309 

respiration vs. total respiratory muscles and observed how this changed pre- and post-apneas. 310 

For example, it is possible that the diaphragm was fatigued, but the rib cage muscles were able 311 

to compensate for this and total pressure generated was unchanged.  312 

 313 

Conclusions 314 

 We found that respiratory muscle function was unchanged by apneas despite significant 315 

apnea duration (total = 33.4 minutes) and severe arterial hypoxemia (SpO2 as low as 30%) in an 316 

elite, world champion, and world record holding breath-hold diver pre- and post-apneas. These 317 



findings could be the result of training and/or a feature of what makes this individual so 318 

successful in this sport.   319 
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FIGURE LEGENDS 423 
 424 
Figure 1. Experimental protocol overview. This is a schematical representation of the 425 
experimental protocol.  426 
 427 
Figure 2. Apnea durations. Box plots of all preparatory apneas (white) and maximal (gray) 428 
apneas are expressed as seconds.  429 
 430 
Figure 3. Final apnea data tracings. This is a tracing of the diaphragm EMG, arterial oxygen 431 
saturation (SpO2) and heart rate (HR) during the final maximal apnea. Note the stark fall in SpO2 432 
at the onset of the struggle phase, i.e., IBMs begin. Additionally, note that diaphragm EMG 433 
activity is minimal, but that there are “bursts” of activity during the struggle phase which is a 434 
reflection of diaphragm contraction. 435 
 436 
Figure 4. Maximal inspiratory and expiratory pressures. Maximal inspiratory pressure 437 
generating ability (MIP) is displayed in panel A. Maximal expiratory pressure generating ability 438 
(MEP) is displayed in panel B. There was no change in MIP or MEP following the apnea 439 
protocol.  440 
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632 Section V • The Respiratory System

1. Scalenes. These muscles lift the fi rst two ribs.
2. Sternocleidomastoids. These muscles lift the sternum 

outward, contributing to the water pump–handle effect.
3. Neck and back muscles. These elevate the pectoral girdle 

(increasing the cross-sectional area of the thorax) and 
extend the back (increasing the rostral-caudal length).

4. Upper respiratory tract muscles. The actions of these 
muscles decrease airway resistance.

Relaxation of the muscles of inspiration 
produces a quiet expiration

During a quiet inspiration, normal lungs store enough 
energy in their elastic recoil to fuel a quiet expiration, just 
as stretching of a rubber band stores enough energy to fuel 
the return to initial length. Thus, a quiet expiration is nor-
mally passive, accomplished simply by relaxation of the 
muscles of inspiration. Thus, there are no primary muscles of 
expiration.

Expiration is not always entirely passive. One example is 
a forced expiration in an individual with normal airway 
resistance. Another is even a quiet expiration of a person 
with a disease that increases airway resistance (e.g., asthma, 
chronic bronchitis, emphysema). In either case, the acces-
sory muscles of expiration help make PIP more positive:

1. Abdominal muscles (internal and external oblique, 
rectoabdominal and transverse abdominal muscles). 
Contraction of these muscles (Fig. 27-3C) increases intra-
abdominal pressure and forces the diaphragm upward 

into the chest cavity, decreasing the rostral-caudal diam-
eter of the thorax and increasing PIP.

2. Intercostals. The most ventral-caudal external inter-
costals, the most caudal internal intercostals, and an inter-
costal-like muscle called the triangularis sterni all have 
an expiratory mechanical advantage. Expiratory neurons 
selectively stimulate these muscles, reducing both the ante-
rior-posterior and the transverse diameters of the thorax. 
These actions are particularly important for coughing.

3. Neck and back muscles. Lowering of the pectoral girdle 
reduces the cross-sectional area of the thorax, whereas 
fl exion of the trunk reduces the rostral-caudal diameter.

During a forced inspiration, the accessory muscles of 
inspiration use their energy mainly to increase VL (rather 
than to overcome resistance to airfl ow); the lungs store this 
extra energy in their elastic recoil. During a forced expiration, 
the accessory muscles of expiration use their energy mainly 
to overcome the resistance to airfl ow, as discussed later.

Increase of the static compliance makes it easier 
to infl ate the lungs

Imagine that a person suffers a puncture wound to the chest 
cavity, so that air enters the thorax from the atmosphere, 
raising PIP to the same level as Pb. This condition is called a 
pneumothorax (from the Greek pneuma [air]). With no 
vacuum to counter their elastic recoil, alveoli will collapse—
a condition known as atelectasis. The upper part of Figure 
27-4A illustrates an extreme hypothetical case in which pres-
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Figure 27-3 Actions of major respiratory muscles. External intercostal muscles slope obliquely between ribs, mostly forward and downward. 
Internal intercostal muscles also slope obliquely between ribs, but mostly backward and downward.
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