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As a result of upper airway obstruction and resulting apneic episodes over 1 million postoperative respiratory complications and nearly 
50,000 deaths continue to occur annually. These events continue, despite abundant evidence that adverse events are preceded by a 
significant period of physiologic deterioration not adequately monitored by current technologies. A novel, non-invasive, Respiratory Volume 
Monitor (RVM) has been developed to continuously measure and display minute ventilation (MV), tidal volume (TV), and respiratory 
rate (RR) in non-intubated patients. Previous studies have demonstrated clinically relevant accuracy and precision (relative error for MV 
and TV less than 15% when compared to a closed-cell spirometer) of the RVM in monitoring patients during regular and erratic breathing. 
Here we show the RVM’s ability to clearly distinguish between normal and obstructed breathing. Our findings show that RVM’s 

measurements in an experimental 
model in which volunteer subjects 
attempted breathing against a closed 
glottis (with no air exchange despite 
visible chest wall movements) 
are substantially different from 
measurements during unobstructed 
breathing.  This suggests that the RVM 
may be used to detect upper airway 
obstruction in real-time and potentially 
provide early warning of impending 
respiratory failure, thereby improving 
patient safety, and possibly reducing 
overall mortality and healthcare cost. 
To demonstrate clinical relevance, 
we present data from a case study of 
a patient participating in an ongoing 
study with a previous diagnosis 
of obstructive sleep apnea (OSA) 
recovering in the post-anesthesia care 
unit (PACU) where repetitive apneic 
episodes and decreased MV were 
detected with RVM.

Figure 2: Sample plots of simultaneous RVM measurements (blue trace) and spirometry measurements (red trace) for regular breathing (A) and erratic breathing (B).  Correlation plots of RVM and spirometric respiratory 
traces are strongly correlated for regular (C) and erratic (D) breathing (r=0.99 and r=0.97, respectively).

Figure 1: A non-invasive Respiratory Volume Monitor (RVM, ExSpiron, Respiratory Motion, Inc.) that provides continuous, real-time, non-invasive 
measurements of MV, TV and RR. Figure shows standard electrode placement during an ambulatory subject study. A strip containing three electrodes 
is placed between sternal notch and xiphoid. A separate pad containing an additional set of three electrodes is placed along the right mid-axillary line 
at the level of the xiphoid

Figure 4.  RVM volume traces from one patient with OSA during 30 seconds of unobstructed breathing (top left), 30 seconds with an obstructive event (top right), and 2 minutes of repetitive obstructed breathing (bottom).  
MV, TV and RR are averaged over 30 seconds in the top two traces and over a 2 minute period in the bottom trace. Attempted small obstructed breaths which are followed by large rescue breaths.  Note the decrease in 
MV associated with the apneic breathing pattern.

Summary

Closer monitoring of parameters that define respiratory pathophysiology (MV, TV, and RR) could help identify patients at risk for adverse outcomes in 
a variety of clinical settings. More specifically, episodes of obstructed breathing could be used as an early indicator of impending respiratory failure. 
Unfortunately, sporadic obstructed breathing is particularly difficult to detect in non-intubated patients.

The current standard of care, which is based on intermittent, manual measurements of respiratory rate and subjective clinical assessment, is strongly 
dependent on the provider’s level of experience. Whereas observational assessment or newer continuous technologies could potentially identify abnormal 
respiratory rates, RR alone often does not provide sufficient clinical information to trigger early interventions in respiratory compromise, nor does it 
differentiate obstructed breaths from normal breaths. Furthermore, current technologies, such as pulse oximetry and capnography, do not provide much 
additional utility.

Here we tested a novel, non-invasive, continuous Respiratory Volume Monitor (RVM), which calculates MV, TV, and RR from thoracic bioimpedance 
measurements  and demonstrate that this monitor can be used to detect upper airway obstruction, where chest wall movements do not translate to air 
movement. We hypothesized that RVM derived signals will reflect the absence of air movement during simulated airway obstruction (voluntary closed 
glottis), such that values not exceeding the physiologic deadspace will be reported. Data in the postoperative environment corroborated these findings, 
demonstrating apneic episodes with rescue breaths and breaths which could be construed to be obstructed.  

Digital respiratory volume curves were simultaneously collected from 75, 30-second breathing tests in 25 volunteers (average age 34 years, average BMI 
24.8) using both a closed-cell spirometer (SpiroAir-LT, Morgan Scientific, Inc., Haverhill, MA, “Morgan’) and an RVM system (ExSpiron; Respiratory 
Motion, Waltham, MA). Figure 1 shows the positioning of the two RVM Electrode Pads. Simultaneous spirometry measurements were collected through 
a single-use mouthpiece and filter while the volunteers were wearing a disposable nose-clip. During a typical breathing trial, the RVM displays numerical 
MV, TV and RR data, as well as a real-time respiratory volume curve and provides trends of the measured parameters. With the recommended electrode 
placement and calibration algorithms, the RVM and spirometric respiratory traces are strongly correlated (r=0.96 ± 0.16, mean ± 95% CI) for regular 
and erratic breathing), as shown in Figure 2.

To investigate the effect of airway obstruction on RVM measurements, subjects performed 3-5 obstructed breathing trials by breathing normally for 
15 seconds and then on cue closing his or her glottis and continuing to attempt to breathe for the remaining 15 seconds of the test. During this closed 
glottis segment, visible chest movement was noted by the experimenter, but simultaneous Morgan spirometer traces demonstrated the lack of actual air 
exchange. (Figure 3).We calculated two separate subject-averaged TVs: one based on the trace before the imposed obstruction and one based on the trace 
after obstruction. We then performed a single-factor ANOVA between the subjects’ averaged TVs to test for statistically significant decrease. Studies 
have been initiated to evaluate respiratory parameters and patterns in postoperative patients. A case study of one of the patients in an ongoing trial was 
undertaken. RVM traces were recorded from a spontaneously breathing patient (male, Caucasian, age: 65 years, BMI: 29 kg/m2) throughout his stay in 
the PACU following elective orthopedic surgery. The patient had a previous diagnosis of OSA.  Apneic episodes were defined by pauses in breathing 
lasting at least 10 seconds, occurring repetitively for more than 10 minutes.

Methods

After initial calibration to the Morgan spirometer, RVM data during normal breathing was highly accurate (accuracy (RMS error) of 8.2 ± 0.8% for TV 
& MV and 1.3 ± 0.1% for RR, mean ± SEM) and strongly correlated with spirometry data (r>0.97, example traces shown in Figure 3, Panel A). During 
obstructed breathing (zero airflow based on spirometry measurements), impedance derived TV readings decreased from normal values of 1.38 L ± 80 ml 
(mean ± SEM) to 169 ml ± 20 ml, p<0.0001 (Figure 3, Panel B). Repetitive obstructed breaths, followed by rescue breaths, were detected in the PACU 
patient (Figure 5).  The patient was breathing in this manner for ~35 minutes, 20% of their total time in the PACU. There was a 29% MV decreased from 
3.8 L/min during unobstructed breathing to 2.7 L/min during periods with apneic events. 

Results
Introduction

Results demonstrate that RVMs can be used to measure tidal volume in an experimental model of upper airway obstruction with a small measurement 
error. Thus paradoxical chest wall movements are unlikely to be classified as adequate breaths by mistake. This reinforces the clinical utility of RVM in 
the critical care setting. In patients prone to airway obstruction induced respiratory failure, especially those with OSA or who have received narcotics, 
RVM can potentially be used to identify apnea in real time, such that respiratory interventions can be initiated prior to symptomatic deoxygenation or 
frank respiratory collapse. Early analysis of RVM data in a postoperative OSA patient shows repeatable apneic events leading to decreases in minute 
ventilation. Expanded studies are ongoing in patients with OSA following extubation, patients in the post-operative period, and those undergoing narcotic 
pain management, both systemic and intrathecal, as these factors place additional risks towards respiratory compromise.

Conclusions

Figure 3, Panel A: Detection of obstructed breathing. Example trials from 4 different subjects showing regular breathing during the first 15 seconds and then a segment of obstructed breathing during which subjects were instructed 
to simulate an upper airway obstruction by closing their glottis and continue to attempt to breathe. Attempted breaths were ascertained by observation of chest wall motion by the technician. The Morgan spirometer (red trace) shows 
the halted air exchange (flat line in all four cases) after the glottal stop obstruction was introduced.  The RVM (blue trace) measures the breathing attempts, registering small breath-like excursions.  Panel B: Average TVs measured 
in 25 subjects during segments of normal breathing (green) and segments of obstructed breathing (red). Error bars show 95% CI (2×SEM). The average TV drops significantly from 1.38 L ± 80 ml to 169 ml ± 020 ml 
(p<0.001). This is in the range of the calculated physiologic dead space for this cohort (172.3 ml). 

Discussion
These results suggest that RVM differentiates obstructive breathing. Morgan closed cell spirometer data demonstrated that no actual air movement 
occurred during the attempted breaths and assured that the patients had effectively performed the study with a completely closed glottis. Experimental 
technicians observed subjects to assure continuation of chest wall motion commensurate with breaths obtained prior to the requested glottal closure. 
During the obstructed breathing portion of each trial, unsuccessful respiratory efforts led to RVM artifacts related to air motion within the chest cavity due 
to maximum respiratory effort against the closed glottis. These artifactual TV measurements by the RVM 169 ml ± 20 ml were in the range of physiologic 
dead space 172.3 ml (calculated using 1 ml/lb ideal body weight per Radford method) and below the range of adequate TV. While not intuitively obvious, 
the data support this conclusion and can be attributed to the fact that the fundamental technology and algorithms are based on the change in impedance 
between the electrode sets. This change in impedance has both chest wall and intra-thoracic components.  During obstructed breathing, in trials with 
chest wall motion without air exchange, the only air that can be moved into the small airways and influence the RVM measurements can come from 
the large airways, i.e. physiologic dead space. Whereas a healthcare professional observing a patient may believe chest expansions constitute adequate 
breathing, a consistently low TV or MV reading could be used as an early indicator of impending respiratory deterioration. In the PACU we are now 
collecting data to evaluate the utility of RVM in detecting repetitive OSA events and reductions in MV during apneic periods.

There are several limitations to this study: 
• Larger tidal volumes than expected by standard literature were routinely recorded. We believe that this was due to the introduction of the      
 spirometer mouthpiece and the subjects focusing on participation in a breathing study. 

• There is a lack of standardization or quantitative documentation of actual chest wall motion or level of respiratory effort placed during subject    
 initiated obstructed breathing. While we have evidence that there was no air being moved into the Morgan spirometer at the time aggressive    
 respiratory motions were noted by the technician, no direct observation of a closed glottis was performed.   

• Obstructed breathing was artificially created as opposed to the involuntary obstruction seen in patients with obstructive sleep apnea (OSA) or
 after narcotics.

Repetitive obstructed breaths, followed by rescue breaths, were detected in the PACU patient (Figure 5).  The patient was breathing in this manner for 
~35 minutes, 20% of their total time in the PACU. There was a 29% MV decreased from 3.8 L/min during unobstructed breathing to 2.7 L/min during 
periods with apneic events. 
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