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Discussion 

Over half a million cardiac surgeries are performed it the United States annually. Despite the considerable amount of 
improvements made in postoperative care and monitoring, respiratory problems following extubation are the most 
significant cause of postoperative comorbidity in cardiac patients.1   Out of the 7.8% of patients readmitted to the ICU 
following cardiac surgery, respiratory failure was reported to be the cause for 39% of them.2 While measurements of 
respiratory rate and subjective clinical assessment are routine for monitoring respiratory status in non-intubated patients, 
both are inconsistent and many times unreliable.3 Patients undergoing median sternotomy surgery are generally 
mechanically ventilated postoperatively. Current trends in cardiac anesthesia recommend early extubation.  A non-invasive 
technology that could reliably measure respiratory function after extubation and give early warning signs of respiratory 
compromise before harmful events occurred could markedly improve patient care and safety. Capnography, while useful in 
intubated patients, is limited post-extubation. Pulse oximetry recognizes oxygen desaturation, but this is a lagging indicator, 
which in the presence of supplemental oxygen, can appear only after prolonged hypoventilation. This can lead to delay in 
interventions, increased recovery times and associated healthcare costs.  A novel, non-invasive Respiratory Volume 
Monitoring (RVM) system has been shown to deliver accurate, continuous, real-time minute ventilation (MV), tidal volume 
(TV) and respiratory rate (RR) measurements.4 However, RVM has not yet been evaluated in post-sternotomy patients. We 
hypothesized that the RVM will accurately reflect MV, TV, & RR in both intubated and non-intubated patients after median 
sternotomy.  

Twelve patients (Age: 69 ± 3.5 years, BMI = 29 ± 1.6 kg/m2) were enrolled in an IRB approved protocol for monitoring 
respiratory status in the Tufts cardiothoracic unit (CTU). Respiratory traces were recorded from thoracic electrodes using an 
impedance-based RVM system (ExSpiron, Respiratory Motion, Inc., Waltham, MA) throughout their postoperative stay in 
the CTU after cardiac surgery (6 coronary artery bypass, 4 valve replacements, 2 myomectomies). All procedures were 
performed under general anesthesia and all patients arrived intubated and sedated. Ventilator (Puritan-Bennett 840, 
Covidien, Mansfield, MA) settings were determined based on ideal body weight and initiated in SIMV mode. The vertical 
portion of the RVM electrode assembly was positioned to the right of the sternal dressing, approximately at the right mid-
clavicular line, instead of the standard midsternal placement (Figure 1). The RVM system was individually synchronized with 
the ventilator for each patient, entering initial readings from the ventilator onto the RVM system screen. The Puritan-
Bennett 840 ventilator did not support continuous respiratory trace streaming and as a result, respiratory data (MV, TV and 
RR) were acquired only every 15 seconds from the ventilator. RVM based MV, TV, RR were calculated from continuous 30-
second segments. Simultaneous recordings were collected from the ventilator prior to extubation. RVM data monitoring 
was continued until 24 hours post extubation or discharge from the unit.  

Results 
During mechanical ventilation, TVs measured by the RVM strongly correlated with TVs reported by the ventilator (r=0.97, 
Figure 2). This correlation was maintained during both mandatory ventilation (SIMV) and during spontaneous breathing 
with pressure support (PS) modes. During episodes of spontaneous breathing, the relative scarcity of the ventilator data 
time points (only available as 15 second averages) introduced additional measurement variability when computing the 
average TVs and MVs over a 30-second window. This variability potentially led to an increase in the relative error between 
the RVM and ventilator measurements.  Following extubation, data from the ventilator was no longer available for patient 
monitoring, whereas, the respiratory traces recorded by the RVM showed breathing patterns that became more irregular 
and TVs and MVs decreased (Figure 3). MV & TV decreased significantly (MV: 9.2 ± 1.1 to 6.9 ± 1.1 L/min (-23 ± 10%) & TV: 580 ± 
60 to 390 ± 50ml (-28 ± 11%)) in the first 30 minutes post-extubation compared to pre-extubation values (p<0.05), while RR & 
O2 saturation remained practically unchanged. Within one hour all 8 patients showed a marked recovery of MV and TV to 
pre-extubation levels (MV: 10.0±1/7L/min (+15±17%) and TV: 500±50ml (-1%±16%); p>0.4). Importantly, respiratory rate, the 
only direct respiratory parameter currently monitored post-extubation, displayed no systematic variations following 
extubation, as shown in the bottom panel of Figure 4. Note that PCO2 levels by ABG approximately 1 hour post-extubation 
were essentially the same as pre-extubation (38.1±2.0 vs. 41.5±1.3, p=0.11, Figure 4, Table) and no patient in the series had 
any respiratory complications.  

Figure 2: Comparison of TV readings between RVM and 
the ventilator. In this group the measurement bias 
between the RVM and the ventilator (defined as the 
average measurement error) was 2.1%, the precision 
(defined as the standard deviation of the measurement 
error) was 4.1% and the measurement accuracy (defined 
as the square-root of the mean-squared-error) was 4.3%. 
Note that, the average time interval over which values 
were compared was 65 minutes. 

Figure 3: Example respiratory traces from a 
representative patient (60 y/o male, BMI 29). Initial 
traces reflect ventilator breaths only with no 
spontaneous ventilation(A). As the patient awakes from 
anesthesia and progresses toward extubation, faster 
and shallower spontaneous breaths predominate with 
an occasional ventilator breath (B). Just after 
extubation, the patient’s breathing pattern is more 
irregular (C-D) and TVs and MVs decrease (D-E). TV and 
MV measurements increase over time after successful 
extubation (F-G-H). 

Methods 

Conclusions 

While intubated, RVM based MV, TV & RR correlated well with CTU ventilator measurements in patients after median 
sternotomy. After extubation, RVM continuously reported MV, TV and RR, providing a continuous, non-invasive, 
quantitative assessment of respiratory competence.  A pattern of MV and TV decrease during the first 30 minutes after 
extubation was noted in all patients. Subsequent recovery to pre-extubation levels within one hour as confirmed by PaCO2 

from arterial blood gas was noted in all patients. RVM showed distinct changes in MV and TV post extubation while RR 
showed no significant variations.   Although no patients in this study required reintubation, based on data from other 
studies collected post-extubation in premature infants; we propose that patients who continue to have a decrease in MV 
with no rise to baseline within one hour after extubation will require intervention such as non-invasive ventilation or 
reintubation.  Further studies to evaluate the use of RVM in post-operative cardiac surgical patients for early detection of 
respiratory failure for development of reintubation protocols are ongoing. 

 RVM can be used on patient’s post-median sternotomy using the modified positioning of the electrode 
PadSet.  

 RVM provides useful data on patients who are being paced with temporary pacing wires. 
 RVM provides a means to continuously and quantitatively monitor respiratory status in non-ventilated 

patients with the potential for improving patient safety. 
 RVM based protocols may be developed to assist in decisions to implement non-invasive ventilation or to 

trigger reintubation and improve patient safety. 

Figure 4: Average minute ventilation (A), tidal volume (B), respiratory rate (C) and oxygen saturation (D) during synchronized intermittent mandatory ventilation (SIMV) 
and pressure support ventilation modes on the ventilator and 5-150 minutes post extubation. MV and TV are significantly reduced 30 minutes after extubation as 
compared to pre-extubation SIMV baseline (paired t-test p<0.05) and return to baseline at 60 minutes (paired t-test p = 0.6).  Blood gases were collected both before 
and approximately one hour post extubation (see table). The ABG CO2 measurements prior to extubation and 1 hour post-extubation (last row of table) are within 
normal limits and essentially unchanged. This indicates that the MV measurements, which are also similar at these two time points, can be used as a proxy for adequate 
ventilation. All patients were on basal narcotic drips. No additional narcotics were administered in the 30 minutes prior to extubation.    
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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 alternate electrode 
placement for patients after median sternotomy. The 
PadSet electrode pads are usually placed on the sternal 
notch and xiphoid. The third pad is placed along the 
right mid-axillary line at the level of the xiphoid.  In 
patients who have had median sternotomy the sternal 
notch and xiphoid locations are not usually available so 
an alternate placement was used.  The sternal notch and 
xiphoid pads were moved to the right to the mid-
clavicular line.  The third pad remained along the right 
mid-axillary line at the level of the xiphoid. 
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