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Continuous respiratory monitoring is quickly becoming an integral part of 
patient care. Historically, capnography (EtCO2) has been successfully used in 
intubated patients for both con�rming ET-tube placement and monitoring 
adequacy of ventilation during surgery. Unfortunately, capnography has 
been less useful in non-intubated patients, as it often provides 
measurements that are either unreliable or delayed from the onset of a 
respiratory event.

A novel, non-invasive Respiratory Volume Monitor (RVM) that can provide 
accurate measurements of minute ventilation (MV), tidal volume (TV) and 
respiratory rate (RR) in non-intubated patients has recently become 
available. Here we studied the relationship between EtCO2 and MV in 
intubated patients under general anesthesia and in awake, spontaneously 
breathing patients. We hypothesized that in the non-intubated patients 
EtCO2 measurements would not have the �delity to adequately capture the 
swings in MV generally associated with the onset of respiratory depression.

EQUIPMENT AND POPULATION: Two cohorts were evaluated. In both cohorts, 
continuous RVM data (ExSpiron, Respiratory Motion, Inc., Waltham, MA) 
were collected using an electrode padset placed on the thorax, as shown in 
Figure 1.

 The �rst cohort was comprised of 54 patients (age: 65.2 ±12.1 yrs, BMI: 31.2 
± 6.3 kg/m2, 31 females) undergoing elective joint replacement surgery 
under general anesthesia. In this group, ventilator-delivered MV and EtCO2 
data (Drager Apollo, Andover, MA) were also collected.  The study was 
purely observational and patients were managed on the ventilator 
according to standard care.

The second cohort was comprised of 39 volunteer subjects (age: 48.5 ±13.8 
yrs; BMI: 27.9 ±8.6 kg/m2, 14 females). Continuous RVM and capnography 
data (Capnostream 20, SmartCapnoLine Plus & Filterline Set, Covidien, 
Mans�eld, MA) were collected in the outpatient setting. Subjects were 
coached to breathe at varying RRs for 33 min.

METRICS AND STATISTICS: For both cohorts, the relationship between EtCO2 and 
MV for each patient was quanti�ed.  EtCO2 sensitivity to MV changes and 
mean EtCO2 values were compared across the two EtCO2 sampling 
techniques (paired t-test).
 
A Deming regression was used to quantify the relationship (sensitivity) 
between EtCO2 & MV for each patient. The slopes of the regression were 
presented as angles from the x-axis.  EtCO2 sensitivity and mean EtCO2 
values were compared across cohorts using un-paired t-tests.

Figure 1: A non-invasive Respira-
tory Volume Monitor (RVM, ExSpi-
ron, Respiratory Motion, Inc.) that 
provides continuous, real-time, 
non-invasive measurements of 
MV, TV and RR. Figure shows stan-
dard electrode placement.  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.

For each patient, EtCO2 measurements were negatively correlated with MV: 
as MV increased, EtCO2 generally decreased. Our studies provided data 
similar to that seen in the curve sets relating MV to arterial CO2 presented in 
standard physiology texts1 where the physiologic relationship between MV 
and PaCO2 is often represented by the loci of points located along a family of 
hyperbolic curves (Figure 2A). However, these curves generally depict only 
the steady-state equilibrium relationship between CO2 (arterial or end-tidal) 
and MV. Due to the bu�ering of CO2 in the bloodstream, transient changes in 
MV may not translate immediately along a particular hyperbola. This was of a 
particular interest in this study, as respiratory depression is likely to set in 
during this transient period. 

Figure 2. (A) Relationships between minute ventilation (MV) and arterial CO2 
(PaCO2) for a range of ratios between dead space and tidal volume (VD/VT). 
These relationships are located along hyperbolic curves with 2 asymptotes: a steep 
one at low MV values and a shallow one at high MV values. (B) Example 
correlations between MV and EtCO2 in anesthetized and awake patients. Each 
data point corresponds to a single 30-sec measurement pair (MV and EtCO2) and the 
line and con�dence ellipse show the best-�t (Deming regression) ±1 SD to the data.  
A patient under general anesthesia (blue) undergoes large changes in EtCO2 (95% 
CI from 32 to 52 mmHg) resulting from relatively small changes in MV (95% CI from 
4.5 to 8.3 L/min). In contrast, a spontaneously breathing patient with an inline EtCO2 
sensor (purple) can modulate his EtCO2 much less (27 to 37 mmHg) in response to a 
much greater change in MV (4.4 to 30.2 L/min). In the same patient a sampling nasal 
cannula (green) captures similar variation in EtCO2 (17 to 27 mmHg) corresponding 
to an even larger changes in MV (2.7 to 37.8 L/min). Note that the EtCO2 
measurements from the nasal sampling cannula with oral/nasal scoop are 
systematically lower than with the snorkel and in-line sensor, suggesting that the 
cannula is unable to capture all of the expired air and instead captures mixed 
expired and room air.
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The EtCO2 sensitivity was signi�cantly higher in the intubated patients than 
in awake, spontaneously breathing patients (-81 ± 9.6° vs -26 ± 2.6°, 
p<0.001, un-paired t-test, Figure 3A). The sensitivity of the in-line sampling 
and the nasal cannula sampling was noted to be -30 ± 2.6° vs. -23 ± 3.3° 
(p>0.05, paired t-test).
Measured EtCO2 values were systematically higher in intubated & 
anesthetized patients than in awake patients monitored by either an 
oral/nasal or in-line sensor (37.2 ± 0.6 vs. 34.7 ± 0.6 vs. 31.0 ± 0.6 mmHg, 
respectively, p<0.01 for both comparisons, Figure 3B).  Furthermore, EtCO2 
measurements using an in-line sensor were signi�cantly higher than those 
from a sampling cannula during normal breathing (36.7 ±0.7 mmHg vs. 33.7 
±0.6 mmHg), hypoventilation (40.3 ±0.6 mmHg vs. 36.8 ± 0.6 mmHg) and 
hyperventilation (27.2 ±1.0 mmHg vs. 22.5 ±1.1 mmHg, p<0.005 for all 3 
comparisons).

Figure 3. (A) Summary of the sensitivity of EtCO2 to changes in MV. Each 
box-plot shows the median slope of the correlation between EtCO2 and MV (red 
line), the box extends from the 25th to 75th percentile, the whiskers extend to the 
most extreme non-outlier data points, and statistical outliers are plotted 
individually with red “plus” signs. Left box: sensitivity in patients under general 
anesthesia: -81° ±9.6° (mean ± SD). Right box:  sensitivity in awake, spontaneously 
breathing patients: -20° ±18.7°. (B) Average EtCO2 values across patient cohorts. 
The measured EtCO2 values were systematically higher in intubated and 
anesthetized patients (right box) that in awake patients monitored by either an  
in-line sensor (middle box) or sampling nasal cannula (left box), 37.2 ± 0.6 mmHg 
vs. 34.7 ± 0.6 mmHg vs. 31.0 ± 0.6 mmHg, respectively, p<0.01 for both 
comparisons, all values given as mean ± SEM
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• While EtCO2 may be a sound indicator of ventilatory adequacy in patients under general anesthesia, its �delity is greatly reduced in awake, spontaneously 
breathing patients.

• Con�dence in EtCO2 measurements to report small changes in ventilation status for patients  on the ventilator in the OR or ICU should not translate to similar 
con�dence in capnography readings in non-intubated patients

• The low EtCO2 sensitivity to re�ect MV changes in spontaneously breathing individuals may reduce the utility of EtCO2 in non-intubated patients. 
• As previously reported,  we were unable to induce signi�cant hypercapnia in spontaneously breathing subjects despite coached hypoventilation over a period 

of several minutes due to inherent respiratory drive. 
• The use of a sampling nasal cannula with oral/nasal scoop may introduce additional challenges in EtCO2 monitoring, as it likely captures a mixture of expired 

and ambient air, thus systematically biasing the reported EtCO2 values.
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