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Abstract Continuous respiratory assessment is especially

important during post-operative care following extubation.

Respiratory depression and subsequent adverse outcomes can

arise due to opioid administration and/or residual anesthetics.

A non-invasive respiratory volume monitor (RVM) has been

developed that provides continuous, real-time, measurements

of minute ventilation (MV), tidal volume (TV), and respira-

tory rate (RR) via a standardized set of thoracic electrodes.

Previous work demonstrated accuracy of the RVM versus

standard spirometry and its utility in demonstrating response

to opioids in postoperative patients. This study evaluated the

correlation between RVM measurements of MV, TV and RR

to ventilator measurements during general anesthesia (GA).

Continuous digital RVM and ventilator traces, as well as

RVM measurements of MV, TV and RR, were analyzed from

ten patients (mean 62.6 ± 7.4 years; body mass index

28.6 ± 5.2 kg/m2) undergoing surgery with GA. RVM data

were compared to ventilator data and bias, precision and

accuracy were calculated. The average MV difference

between the RVM and ventilator was -0.10 L/min (bias:

-1.3 %, precision: 6.6 %, accuracy: 9.0 %. The average TV

difference was 40 mL (bias: 0.4 %, precision: 7.3 %, accu-

racy: 9.1 %). The average RR difference was -0.22 breaths/

minute (bias: -1.8 %, precision: 3.7 % accuracy: 4.1 %).

Correlations between the RVM traces and the ventilator were

compared at various points with correlations[0.90 through-

out. Pairing the close correlation to ventilator measurements

in intubated patients demonstrated by this study with previ-

ously described accuracy compared to spirometry in non-

intubated patients, the RVM can be considered to have the

capability to provide continuity of ventilation monitoring

post-extubation This supports the use of real-time continuous
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RVM measurements to drive post-operative and post-extu-

bation protocols, initiate therapeutic interventions and

improve patient safety.

Keywords Non-invasive respiratory volume monitoring �
Thoracic bio-impedance � General anesthesia � Ventilation

monitoring in non-intubated patients

1 Introduction

Adequate ventilation monitoring in the post-operative

period has long been regarded as critical to patient safety,

particularly in the context of sedation or anesthesia. During

general anesthesia, mechanical ventilation is used as an

essential support therapy to maintain adequate gas

exchange. Accurate assessment of respiratory status

becomes especially important during post-operative care,

after the patient has been extubated and is no longer sup-

ported by a ventilator. During this recovery phase, respi-

ratory depression and subsequent adverse outcomes can

arise due to residual operating room anesthetics and/or

opioid administration for pain management [1].

There is a clear need to improve upon current practices in

respiratory monitoring and respiratory care [2, 3]. Various

organizations, including the American Society of Anes-

thesiology state that quantitative methods of respiratory

monitoring are superior to qualitative methods with respect

to patient safety and evolving practice standards increas-

ingly require monitoring not only of oxygenation, but

ventilation as well [4, 5]. Until recently, no technology has

provided a comprehensive non-invasive solution for con-

tinuous ventilation monitoring in non-intubated patients.

A non-invasive respiratory volume monitor (RVM) has

been developed to provide continuous, real-time, quanti-

tative measurements of minute ventilation (MV), tidal

volume (TV), and respiratory rate (RR). Parameter trends

are also presented to demonstrate important changes in

respiratory function in real time [6]. Previous work had

demonstrated clinically relevant accuracy compared to

turbine and closed cell spirometry (average errors in MV

and TV less than 10 %) in a population of ambulatory

subjects [6], however, the accuracy of RVM measurements

had not been formally assessed in mechanically ventilated

surgical patients. Other studies have used the RVM to

demonstrate changes in ventilatory status in response to

opioids in the post-anesthesia care unit (PACU) setting

following elective orthopedic surgery [7]. This study aimed

to assess the accuracy and relevance of the RVM in the

clinical setting by evaluating the correlation of RVM to

ventilator measurements in a surgical population. We

hypothesize that relative bias, precision and accuracy of

RVM measurements compared to a mechanical ventilator

will be similar to previously published work against turbine

and closed-cell spirometer.

2 Methods

2.1 Subjects

In a blinded, observational study, data from 37 patients

undergoing elective lower extremity joint replacement surgery

under general anesthesia were collected. For this manuscript a

subset of patients were selected for analysis Patients with right

lateral positioning, ongoing excessive manipulation of the leg

or excessive electromagnetic interference from electrocautery

during surgery were excluded. While some segments of data

from all 37 patients studied were usable for analysis, the

described exclusion criteria, known to cause distortion of the

RVM signal intra-operatively for substantive portions of the

procedure, rendered the data in 27 of the patients unsuitable for

continuous analysis. The ten remaining patients were analyzed

further for this study (six females, age 61.6 ± 7.4, body mass

index (BMI) 28.6 ± 5.2; Table 1). They underwent the fol-

lowing procedures: six right hip arthroplasties, one right knee

arthroplasty, two left knee arthroplasties and one left knee

arthroplasty revision. In this cohort the procedure times varied

between 65 and 420 min. Opioids and other anesthetic and

analgesic agents were administered intermittently throughout

the procedure. This study was approved by the Partners Insti-

tutional review Board (IRB) and written informed consent was

obtained prior to enrollment.

2.2 Instrumentation

All patients were intubated and received general anesthesia

with mechanical ventilation. Intra-operatively, digital

respiratory traces were collected continuously from a bio-

Table 1 Cohort demographics

Gender

Male 4 (40 %)

Female 6 (60 %)

Age (mean ± SD) 61.6 ± 7.4 years

Height (mean ± SD) 65.7 ± 3.7 in

Weight (mean ± SD) 175.5 ± 32.8 lbs

BMI (mean ± SD) 28.6 ± 5.2 kg/m2

Procedure

Knee 4

Hip 6

Procedure time (min) 65–420

Cardio-pulmonary diseases 0/10

SD standard deviation, BMI body mass index
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impedance based RVM (ExSpiron, Respiratory Motion,

Inc., Waltham, MA, USA) as well as from the patient

ventilator (Draeger Apollo, Andover, MA, USA). The

anesthesia providers managing the patient were blinded to

the RVM measurements. Standard placement of the RVM

electrode PadSet placed on the thorax was used, with

electrodes positioned at the sternal notch, xiphoid and in the

right mid-axillary line at the level of the xiphoid (Fig. 1).

The RVM provided a continuous respiratory volume trace

from which MV, TV, and RR measurements were calcu-

lated. The ventilator provided simultaneous continuous

pressure, flow, and volume curves from which the corre-

sponding MV, TV, and RR values were calculated.

2.3 Data collection

For each patient, a 30-s period near the beginning of surgery,

within 5 min following intubation and the initiation of

mechanical ventilation was identified. This ‘‘quiet period’’ was

selected when the surgical team was neither using electro-

cautery nor performing excessive manipulations of the patient.

This period was used as a proxy for the ‘‘start of surgery’’. For

each 5-min period during the procedure, a 30-s segment that

free from electrocautery artifact and major manipulation was

selected. A similar ‘‘quiet period’’ was defined prior to extu-

bation, after the cessation of mechanical ventilation and tran-

sition to spontaneous breathing, as the ‘‘end of surgery’’.

2.4 Analyses

Temporally aligned segments from the RVM’s respiratory

trace and the ventilator’s volume trace were compared

using linear regression analysis. RVM and ventilator

measurements of MV, TV, and RR were compared with

Pearson correlation analysis and using Bland–Altman

analysis methodology [8]. Repeated measures single factor

analysis of variance (ANOVA) was used to assess the

effect of ‘‘time from calibration’’ on the difference between

the RVM and ventilator measurements. Additionally, sin-

gle-factor ANOVA was used to evaluate differences in

measurement variability between the two devices. All

analyses were performed in Matlab R2012b (Mathworks,

Natick, MA, USA).

Continuous digital respiratory traces from both the

RVM and ventilator were analyzed simultaneously. Tem-

porally aligned (between the two devices) 30-s segments

were used to calculate each pair of MV, TV and RR

measurements. The error between each pair of measure-

ments was defined as follows:

error ¼ RVM measurement� ventilator measurement
1
2

RVM measurementþ ventilator measurementð Þ

For each individual subject we calculated measurement

‘‘bias’’, ‘‘un-signed bias’’, ‘‘precision’’ and ‘‘accuracy’’ in

the following manner:

• ‘‘bias’’ is a mean value of all errors

• ‘‘un-signed bias’’ is the mean of the absolute value of

all errors

• ‘‘precision’’ is the standard deviation of all errors

• ‘‘accuracy’’ is the square-root of the mean-squared-error.

When estimating the population averages and confi-

dence intervals we calculated the average and SD of these

metrics and reported the data as the average ±2 SD.

3 Results

Careful review of the continuous data streams revealed

marked similarity between RVM and ventilator respiratory

traces during surgery. Figure 2 shows example respiratory

trace segments from a representative subject recorded by

both the RVM and the ventilator. During continuous

mechanical ventilation the correlation coefficients between

the traces from both devices were in the range of 0.94 and

0.99. The correlation coefficient was slightly lower during

the transition period from pure mechanical ventilation to

spontaneous breathing, possibly due to the RVM being

more sensitive to spontaneous variations in the respiratory

pattern than the ventilator, as evidenced by the small pat-

tern variations present on the RVM trace but completely

missing from the ventilator trace (Fig. 2e).

A systematic analysis of the MV, TV and RR mea-

surements sampled in 5 min intervals from the ventilator

Fig. 1 Standard PadSet Placement. 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. 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
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and RVM revealed that the errors between devices are

temporally independent. Figure 3a–c shows the errors in all

three measurements between the two devices as a function

of time. Repeated measures ANOVA found no effect of

time on the absolute differences between MV, TV, and RR

measurements between the two devices (p [ 0.2 for all

three measures). Removing the temporal component of the

data and plotting individual measurements from the ven-

tilator and RVM revealed that 100 % of the MV (Fig. 3d),

99.4 % of the TV (Fig. 3e), and 100 % of the RR (Fig. 3f)

RVM measurements are within 20 % of the corresponding

ventilator measurements.

In order to account for the trial-to-trial variability in the

data (given that the relative device error is likely tempo-

rally invariant) we computed the average measurement

errors per subject. Across all 10 subjects the, the average

un-signed bias was 5.5 % for MV, 5.8 % for TV and 1.7 %

for RR and the maximum un-signed bias was 11.8, 12.7,

and 4.4 %, respectively. These values are comparable to

what has been previously reported when comparing RVM

measurements against spirometry [6].

Next we computed the individual measurement differ-

ences in MV, TV, and RR between the ventilator and the

RVM (Fig. 4, y-axes) and plotted them as a function of the

best estimate of the actual MV, TV, and RR measurement

(Fig. 4, x-axes). The resulting Bland–Altman plots show

the distribution of measurement differences as a function of

the measurement values. The average measurement dif-

ference in MV was -0.10 L/min with a corresponding

95 % CI (±2 SD) from -0.99 to 0.80 L/min. The average

measurement difference in TV was 0.4 mL with a 95 % CI

from -70.1 to 70.2 mL. The average measurement dif-

ference in RR was -0.22 breaths/min with a 95 % CI from

-0.55 to 0.11 breaths/min. Table 2 summarizes the sta-

tistics of these measurement differences, calculated as a

percentage of the measurement values. The average MV

difference between the RVM and ventilator had a mea-

surement bias of -1.3 %, precision of 6.6 %, and accuracy

of 9.0 %. The average TV difference had bias of 0.4 %,

precision of 7.3 %, and accuracy of 9.1 %. The average RR

difference had a bias of -1.8 %, precision of 3.7 % and

accuracy of 4.1 % (Table 2).
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Fig. 2 Example pairs of RVM

(blue) and ventilator (red)

respiratory traces throughout the

course of surgery. a At the start

of surgery (synchronization

period) the respiratory traces

were similar with a correlation

coefficient of 0.94. b–d At

various time-points during

surgery (25, 70 and 90 min after

the start) the similarity between

the respiratory traces remained

and the correlation coefficients

were all above 0.97 (0.99, 0.98

and 0.99, respectively). e At the

end of surgery when the patient

was switched from mechanical

ventilation to spontaneous

breathing the higher fidelity of

the RVM signal easily captures

spontaneous breathing attempts

which are omitted by the

ventilator, yet the correlation

coefficient between the

corresponding respiratory traces

remained greater than 0.90
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4 Discussion

Based on continuous traces from both the RVM and ven-

tilator, we observed close correlation ([94 %) between

calculated RVM MV, TV and RR and ventilator mea-

surements collected from intubated patients undergoing

elective orthopedic surgery. Data presented here supple-

ment previous data demonstrating [90 % measurement

accuracy when the RVM was compared to turbine spi-

rometry (Wright Respirometer, nSpire Health, Inc. Long-

mont, CA, USA) and closed-cell (SpiroAir-LT, Morgan

Scientific, Haverhill, MA, USA) spirometry measurements

[6]. This study demonstrates similar accuracy of the RVM

when compared with the ventilator in intubated patients in

the hospital setting and validates its use in this patient

population. Previous pilot data comparing RVM data col-

lected in intubated patients in the cardiac ICU following

median sternotomy demonstrated strong correlation

between RVM TV’s and ventilator measurement

(r = 0.97) [9], but analysis was compromised by the fact

that the Puritan Bennett ventilator does not present or store

digital data, but only intermittent numerical data points.

This prompted the current study utilizing a ventilator from

which streaming digital data could be extracted for com-

parison with the RVM data.

This study addresses potential concerns that previous

comparisons between RVM and spirometry were based on

an ambulatory volunteer population. The data presented

here, collected in the perioperative setting validates the

accuracy of RVM in this surgical cohort. It further supports

previous work which has described changes in RVM vol-

ume measurements associated with opioid administration

in the PACU.

Respiratory complications and deaths continue to occur

despite increased awareness [10, 11]. The importance of

providing a real-time, continuous, quantitative assessment

of ventilation in non-intubated patients has long been

understood. Unfortunately, previous monitoring technolo-

gies have been unable to provide continuous, non-invasive,

real-time measurements of ventilation. Pulse oximetry

continues to be the primary technology used to assess

respiratory status in non-intubated [12], but adequate

oxygenation is not well correlated with adequate ventila-

tion [13].
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Fig. 3 Measurement

differences between RVM and

the ventilator. a–c Differences

in the absolute measurements as

a function of time in surgery on

the ventilator. All traces are

aligned to the beginning of the

case (time 0) and each color

represents a single patient. The

height of each vertical bar

corresponds to the difference

between a particular pair of

RVM and ventilator

measurements, whereas the

x-position of each bar

corresponds to the specific time

at which these measurements

were recorded. d–f Plots of the

relative relationship of between

the RVM and the Draeger

Apollo ventilator. d Minute

ventilation e tidal volume and

f respiratory rate. The black dots

depict the individual

measurement pairs and the blue

‘plus’ signs depict the patient

average measurements. The

black dashed lines depict the

region of space where

measurements are within 20 %

relative error between the two

devices. Note that nearly all

measurements are within the

20 % error margins
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Historically, there have been many challenges to pro-

viding effective, accurate monitoring of respiratory status in

spontaneously breathing patients. To supplement pulse

oximetry, end-tidal carbon dioxide (EtCO2) monitoring

assesses respiration non-invasively through the measure-

ment of carbon dioxide tension of expired gas [14, 15].

EtCO2 measurement technologies, generally considered to

accurately reflect PaCO2 for intubated patients, have not met

their promise of clinical utility for non-intubated patients

[14]. Issues with adequate sampling and patient compliance

have limited implementation in the post-operative period

[15]. Changes in breathing patterns affect the EtCO2 wave-

form making it less useful in patients with erratic breathing

patterns, a common occurrence in the post-operative setting

[16, 17]. Additionally, supplemental oxygen administration

can dilute EtCO2, making changes in respiratory status dif-

ficult to assess [18]. Even in the face of optimal respiratory

rate measurements, ventilation status cannot be adequately

assessed without knowledge of adequacy of air exchange

reflected in tidal volume measurements.

Lynn and Curry highlighted the fact that minute volume

is the earliest indicator in the spiral leading to respiratory
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Fig. 4 Measurement error analysis of the cohort data. Bland–Altman

plots of minute ventilation (MV), tidal volume (TV), and respiratory

rate (RR). Black data points represent individual measurements, blue

‘‘plus’’ signs are computed as the average for a single subject. In each of

the three plots, the abscissa is computed as the average between the

RVM and the ventilator and the y-axis is the difference between the two.

a Differences in MV measurements. The middle black dashed line

shows the average difference (-0.10 L/min) and the upper and lower

dashed lines depict the 95 % CI (±2 SD, -0.99 to 0.80 L/min).

b Differences in TV measurements. The average TV difference was

0.4 mL (95 % CI -70.1 to 70.2 mL). c Differences in RR measure-

ments. Average RR difference is -0.22 breaths/min (95 % CI -0.55 to

0.11 breaths/min). Note that the green dashed lines in all plots contain

the region of space where relative error is below 20 %

Table 2 Absolute differences,

measurement bias, precision,

and accuracy across the patient

cohort

Parameter All statistics are reported as average ± SD across patients

MV TV RR

Absolute difference -0.10 ± 0.45 (L/min) 0.04 ± 35.1 (mL) -0.22 ± 0.16 (b/min)

Bias (%) -1.3 ± 7.0 0.4 ± 7.0 -1.8 ± 1.3

Precision (%) 6.6 ± 1.8 7.3 ± 1.5 3.7 ± 1.5

Accuracy (%) 9.0 ± 3.0 9.1 ± 2.6 4.1 ± 1.5
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failure [13]. RVM has now been demonstrated to provide

MV, TV and RR measurements, which accurately reflect

ventilation status in both intubated and non-intubated

patients. The Center for Medicare and Medicaid Services

(CMS) Center for Clinical Standards and Quality Survey

and Certification Group has recently issued a document

defining ‘‘Requirements for Hospital Medication Admin-

istration, Particularly Intravenous (IV) Medications and

Post-Operative Care of Patients Receiving IV Opioids.’’

This document requires that continuous monitoring of

respiratory status in all post-operative patients receiving

opioids be instituted as part of routine care [19]. In this

context, RVM can provide continuity of monitoring across

the continuum of care, not only during the critical time

immediately post-extubation. Extension of RVM monitor-

ing into the post-operative period provides the opportunity

to continuously observe apneic and hypopneic episodes and

monitor patient response to opioids. With the continuity

with ventilator volume measurements provided by the

RVM, it now becomes possible to not only monitor ven-

tilation but also to assist in the detections and prevention of

respiratory failure, with protocols that address OSA with

CPAP and opioid induced ventilatory insufficiency (OIVI)

with modification of pain management regimens.

A limitation of this study is that the RVM device was

not designed for use during electrocautery or with variable

pressure placed on the electrode PadSet. For this reason,

patients where data was grossly distorted by electrical

interference or aggressive patient manipulation were

excluded from the study. This enabled analysis of multiple

consecutive time points necessary for robust analysis.

While this study demonstrates that the RVM’s MV, TV,

and RR measurements are comparable to a mechanical

ventilator widely used in clinical practice, it should be

noted that the prime utility of the RVM is in the post-

operative, post-extubation period. Under normal conditions

of patient motion and standard care protocols, the RVM has

been shown to accurately track respiratory parameters [7].

During surgery, however, the RVM measurements are

susceptible to distortion due to major changes in patient’s

posture, gross manipulations of patient’s lower extremities

which may lead to deformation of the chest cavity and/or

compression of the diaphragm, and the use of external

electrical devices (like electrocautery) which deliver high

levels of current into the patient. While clinicians are aware

that such external sources of noise and measurement var-

iability have similar effects on other electrically-based

physiological measurements (e.g. ECG, EMG, and EEG), it

is important to understand that like these other monitors,

the RVM will not track well during certain portions of a

surgical procedure. The RVM measurements analyzed here

were collected during ‘‘quiet periods’’ between episodes of

substantial external perturbations. Due to the homogeneity

of the patient population, the effects of patient BMI on the

accuracy of the RVM measurements could not be assessed;

however, based on previous work [7] any BMI-related

effects are likely to be minimal.

5 Conclusion

These results demonstrate the accuracy of the RVM when

compared to the ventilator, supplementing previous studies

which demonstrated the accuracy of the RVM when

compared to the spirometry measurements [7] and sup-

porting the capability of the RVM to provide continuity in

the assessment of respiratory status perioperatively. The

capability of the RVM to non-invasively report MV, TV

and RR, gives healthcare providers accurate, quantitative,

clinically relevant measurements of respiratory status.

Further work is needed to develop an understanding of the

RVM’s direct impact on decreasing post-operative respi-

ratory complications and healthcare costs and on improv-

ing patient safety.
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