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Introduction 
Improved respiratory assessment could prevent complications associated with opioid pain management and improve 
patient safety. Post-operative pain management continues to present significant challenges, particularly in patients 
with obstructive sleep apnea. Finding a balance between appropriate pain control and adequate ventilation is 
difficult.   Previously, no technology provided continuous, real-time, non-invasive measurements of respiratory 
competence in non-intubated patients.  Capnography, while useful in intubated patients, is limited post-extubation.  
Other technologies that measure respiratory rate are not able to discern obstructed breaths.  Oxygen saturation 
decreases only after significant respiratory compromise, leading to delay in interventions, increased recovery times 
and associated healthcare costs.  A non-invasive, continuous Respiratory Volume Monitor (RVM) has been developed 
to provide real-time, non-invasive, quantitative measurements of Minute Ventilation (MV), Tidal Volume (TV) and 
Respiratory Rate (RR) and can provide an alternative to subjective clinical assessment and oximetry for decisions 
regarding post-operative pain management.  

Results Methods 

Conclusions 

All subjects were studied in IRB approved protocols.  Real-time, impedance-based RVM data (ExSpiron, Respiratory 
Motion, Inc., Waltham, MA) acquired from thoracic electrodes and a closed-cell spirometer (SpiroAir-LT, Morgan 
Scientific, Haverhill, MA) were collected simultaneously during seventy-five 30-second breathing tests from 25 
ambulatory volunteers (average age 34 years, average BMI 24.8) during normal and obstructed breathing (3-5 
attempted breaths in 15 seconds). Figure 1 shows the positioning of the RVM Electrode PadSets. Subjects were 
instructed as to how to aggressively breathe against a closed glottis to simulate obstructed breathing and then 
practiced this closed glottis breathing while being monitored by spirometry (showing minimal air exchange during 
obstructed breathing). Subjects were coached until this breathing pattern was learned or they were excluded from 
the study. With the recommended electrode placement and calibration algorithms, the RVM and spirometric 
respiratory traces have been demonstrated to be strongly correlated (r=0.96 ± 0.16, mean ± 95% CI) for regular and 
erratic breathing), as shown in Figure 2.  

In 25 ambulatory volunteers (average age 34 years, average BMI 24.8 kg/m2, after initial calibration with the Morgan 
spirometer, RVM derived TV readings were highly accurate during normal breathing (accuracy (RMS error) of 8.2 ± 0.8% 
for TV and 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 (no airflow shown on spirometer) RVM TV readings 
decreased from “normal” values of 1380 mL ±80ml from the first 15 seconds of the study to 169mL± 20 mL during 
simulated obstructed breathing (approaching anatomic dead space), p<0.0001, (Figure 3, Panel B).  • The Respiratory Volume Monitor provides: 

• Continuous  
• Real-time 
• Non-invasive measurements of respiratory competence in non-intubated patients. 

• The Respiratory Volume Monitor data demonstrates:  
• Decreased measurements of MV and TV  
• Obstructed breathing in both experimental and clinical settings.   

• The Respiratory Volume Monitor is able to differentiate between obstructed breaths and regular breaths 
• In the clinical cases: 

• Obstruction was triggered by the administration of the first dose of narcotics in the PACU.  
• Significant decreases in MV were noted in both cases after the first dose of narcotic in the PACU 
• While O2 Saturation remained >96% during the entire PACU stay, in both cases  

• The Reparatory Volume Monitor has potential utility to: 
• Define inadequate ventilation 
• Assist in narcotic pain management and improve patient safety 
• Especially in patients at risk for airway obstruction.  

• Follow-up studies are underway to quantify post-operative obstructed breathing and provide a quantitative 
measurement for use in titrating opioid dosing. 

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. 

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, when directed, by continuing to attempt to breathe while closing 
his/her glottis for the remaining 15 seconds of the test. During this closed glottis segment, visible repetitive chest 
movements were noted by the researcher, but simultaneous Morgan spirometer traces demonstrated the lack of any 
actual air exchange (Figure 3). Two separate subject-averaged TVs were calculated: one based on the trace before the 
imposed obstruction and one based on the trace after obstruction. A single-factor ANOVA between the subjects’ 
averaged TVs was performed to test for statistical significance. RVM data were also collected from an ongoing study 
of patients undergoing elective orthopedic surgery (currently 116 subjects enrolled). Continuous RVM traces were 
collected pre-operatively, intra-operatively and in the PACU. In the hospital study, 116 subjects undergoing total joint 
replacement had continuous RVM measurements performed throughout the perioperative period. Here we present 
case studies of two selected patients who demonstrated obstructed breathing and decrease in minute ventilation 
within 20 minutes following administration of the first post-operative dose of narcotic (0.2 mg PCA hydromorphone).  

Cases: Patient 1: 65 year old male, BMI 29.2 kg/m2, who underwent total knee arthroscopy with regional anesthesia.  
Pre-operative RVM traces show a regular breathing pattern and MV of 7 L/min (Figure 4a, top).  Post-operatively, 
within 20 minutes of administration of the first dose of 0.2 mg of PCA hydromorphone, the RVM traces show a loss of 
patterned breathing and evidence of apnea (15+ seconds with a lack of respiratory activity) with a decrease in MV  of 
64.2% (Figure 4b, top).  Oxygen saturation remained above 96% for the entire PACU stay. Patient 2: 70 year old male, 
BMI 46.4 kg/m2, who underwent total knee arthroscopy with general anesthesia.   Pre-operative RVM traces show a 
MV of 8 mL/min and display a regular breathing pattern (Figure 4a, top).  Post-operatively, within 20 minutes of 
administration of the first dose of 0.4 mg of PCA hydromorphone, the RVM traces demonstrate a loss of patterned 
breathing and evidence of apnea (15+ seconds with a lack of respiratory activity) with a decrease in MV of 81.2% 

(Figure 4b, bottom).  Oxygen saturation remained above 96% for the entire PACU stay. 

Figure 4: Obstructed breathing before and after narcotic administration in two patients (top: 65 year old male, BMI 29.2, regional anesthesia; bottom: 70 year old male, BMI 
46.4, general anesthesia) undergoing total knee replacements a) Examples of pre-operative respiratory traces. Traces are symmetric with appropriate Minute Ventilation and 
regular breathing pattern. b) Examples of post-operative respiratory traces in the same patients within 20 minutes of the first post-operative opioid administration (0.2 mg 
hydromorphone and 0.4 mg hydromorphone, respectively). Traces show loss of patterned breathing and evidence of apnea (episodes of 15+ seconds of lack of respiratory 
activity). Neither patient had an oxygen saturation less than 96%. 

Methods 

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

Results 

Figure 3, Panel A: Detection of obstructed breathing. Example trials from 4 different subjects showing normal breathing during the first 15 seconds and then a segment of 
obstructed breathing during which subjects were instructed close their glottis and continue to attempt to breathe. Attempted breaths were ascertained by observation of chest 
wall motion. 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).  
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