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Introduction
When identifying appropriate patient monitoring, clinicians are often faced with 
accuracy-cost trade-o� decisions. A CT scan may be more accurate than a standard 
X-ray, but it comes at a higher material cost. Invasive BP measurements are more 
accurate than NIBP, but the associated cost may include increased patient discom-
fort or risk of infection. Respiratory monitoring of non-intubated patients is partic-
ularly challenging, because until recently, any direct measurements of true respira-
tory e�ort involved the use of a tight-�tting mask attached to either a spirometer 
or pneumotachometer, making this method clinically impractical. Instead, clini-
cians often rely on secondary indicators of respiratory su�ciency, such as pulse ox-
imetry (SpO2) and capnography (EtCO2). Unfortunately, relevant changes in SpO2 
are easily masked by the use of supplemental oxygen and EtCO2 measurements in 
non-intubated patients are frequently unreliable to the point where clinicians 
resort to using only the respiratory rate (RR) measurements from the capnograph.  
A recently developed non-invasive respiratory volume monitor (RVM), which con-
tinuously measures minute ventilation (MV), tidal volume (TV) and respiratory rate 
(RR), addresses majority of these concerns. RVM also provides a new way to accu-
rately assess the ability of EtCO2-generated RR to adequately quantify respiratory 
status in non-intubated patients. This study demonstrates that the RVM’s quantita-
tive measurements provide a better assessment of ventilatory status than capnog-
raphy-generated respiratory rates.

Methods
EQUIPMENT AND POPULATION: After obtaining written informed consent continuous re-
spiratory data were recorded from an RVM (ExSpiron, Respiratory Motion, 
Waltham, MA) via an electrode PadSet placed on the thorax (Figure 1) simultane-
ously with capnography data (Capnostream 20, Covidien, Mans�eld, MA) using a 
sampling oral/nasal cannula (Smart Capoline Plus) from 50 subjects (age: 46 ±14 
yrs; BMI: 27.6 ±6.1 kg/m2).

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 place-
ment.  One electrode is placed at the sternal 
notch, another is placed on the xiphoid and 
the third is placed in the right mid-axillary 
line at the level of the xiphoid.

EXPERIMENTAL DESIGN: Each subject performed six 2.5-min trials of breathing at vari-
ous RRs including ”normal” breathing and “slow” and “fast” breathing at 2 pre-de-
�ned RRs (5 and 25 breaths/min, respectively)
METRICS:  For each subject, we calculated the ratio between the observed changes 
in MV (e.g. when transitioning from slow to fast breathing) and the corresponding 
changes in EtCO2 measurements. We used this ratio as a proxy for the sensitivity of 
the capnography monitor to re�ect changes in MV. The correlations between 
EtCO2 measurements (low: <35 mmHg, normal: 35-45 mmHg, high: >35 mmHg), 
capnography-based RR (low: <6 b/min, adequate: >=6 b/min), and RVM-based MV 
(low: <2L/min, adequate: >=2 L/min) were also evaluated.

STATISTICS: Pearson correlations were used to compare the RR measurements de-
rived from the RVM and the capnograph during periods of steady breathing. Multi-
factor ANOVA was used to evaluate di�erences in sensitivity across sampling mo-
dalities and paired t-tests were used to compare the rate of change of RR, MV and 
EtCO2 measurements between the two devices as breathing patterns changed.

Results
During steady breathing, the correlation between the RR reported by the RVM and the capno-
graph was 0.98 ±0.05 (mean±SD) and the average di�erence in RR measurements was 0.7±0.4 
breaths/min. During transitions between breathing patterns, the RVM-based RR re�ected the 
change over 32.1 ±1.2 sec, while the capnography-based RR was slower to respond (63.3 ±4.8 
sec, signi�cantly greater than the RVM, p<0.001; Figure 2). The di�erences in the rate of change 
of MV and EtCO2 were even more pronounced. The RVM MV re�ected the change in respiratory 
pattern in 31 ±1.4 sec on average while  the capnograph was notably slower, often failing to 
reach a new asymptote over the course of 2.5 minutes (150 sec).

Results
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FIGURE 2: Comparison of the performance of an RVM and a capnograph during a substantial change in ventilation. 
Top: RVM-recorded respiratory trace over the course of two 2.5 min-long cycles. At time t=0 the subject was asked 
to hyperventilate at a respiratory rate of 25 b/min (by metronome) and maintain that rate for the duration of one 
2.5 min-long cycle. At the end of the cycle the subject was asked to transition his breathing to a hypoventilation 
pattern at 5 breaths/min for a second 2.5 min-long cycle, with shallow breaths. Middle: The MV reported by the 
RVM (blue, left y-axis) along with the EtCO2 reported by the capnograph (black, right y-axis). The MV re�ects the 
change in respiratory pattern instantaneously, reaching a new asymptote of approximately 3 L/min within 25 sec-
onds of the transition. Meanwhile the EtCO2 continues to climb from 24 mmHg to 34 mmHg over the second 2.5 
min-long cycle. The EtCO2 recorded in this patient during normal baseline breathing was between 35 and 36 
mmHg. Bottom: The RR reported by the RVM (blue) and the capnograph (black) accurately match the metro-
nome-set RR during periods of constant rate. However, after the transition from 25 to 5 breaths/min, the 
RVM-based RR settles to the new rate in 32 seconds, while the capnograph-based RR takes 71 seconds.

A direct comparison of MV and EtCO2 measurements revealed that in only 24.6% 
of the 9324 analyzed epochs adequate MV coincided with normal EtCO2. 68.7% of 
the time adequate MV coincided with a low EtCO2 and, 100% of low MV measure-
ments corresponded to either normal or low EtCO2 (Fig 1A). Similarly poor correla-
tion was present between the capnorgaph’s RR and EtCO2 measurements: normal 
EtCO2 coincided with adequate RR just 24.9% of the time and none of the low RR 
measurements were indicative of a high EtCO2 (Fig 1B). When using RR as a proxy 
for MV it was also noted that low MV is observed at a wide range of RRs, with only 
15.5% of all low MV events captured by a low EtCO2-based RR (Fig 3C). 

FIGURE 3: Analysis of the collected measurements (9324) reveals poor correlations between (A) EtCO2 and MV (B) RR 
and EtCO2 and (C) RR and MV, despite RR being derived from EtCO2 and MV being a function of RR (MV=TVxRR).

Conclusions
• EtCO2 measurements lack the �delity to adequately capture rapid changes in 

ventilation. 
•  EtCO2 is an indequate proxy for MV in non-intubated patients.
•  EtCO2-based RR is a poor proxy for EtCO2 in non-intubated patients.
•  EtCO2-based RR is an even worse proxy for MV in non-intubated patients.
•  Relying on capnography to capture the volatile nature of respiratory status in 

non-intubated patients is highly inadequate
• RVM is potentially a better tool to measure adequacy of ventilation in non-intu-

bated patients since it provides a direct measure of MV
• Clincians must carefully weigh the cost-savings against the increase in patient 

risk and the likelihood of incurring extra cost due to preventable respiratory 
complications.
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