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Abstract

Background—The Anesthesia Patient Safety Foundation has advocated the use of continuous 

electronic monitoring of oxygenation and ventilation to preemptively identify opioid-induced 

respiratory depression. In adults, capnography is the gold standard in respiratory monitoring. An 

alternative technique used in sleep laboratories is respiratory inductance plethysmography (RIP). 

However, it is not known if either monitor is well tolerated by pediatric patients for prolonged 

periods of time.

Aim—The goal of this study was to determine whether capnography or RIP is better tolerated in 

non-intubated, spontaneously breathing pediatric patients being treated with intravenous patient-

controlled analgesia (IVPCA).

Methods—Nasal cannula capnography with oral sampling and thoracic and abdominal 

inductance plethysmography bands were placed along with routine monitors on pediatric patients 

being treated for acute pain with IVPCA. Study monitors were left in place for as long as they 

were tolerated by the patient, for a maximum of 24 consecutive hours. If the patient did not wear a 

particular study monitor for any reason, but tolerated the remaining monitor, participation in the 

study continued. If the patient would not wear either monitor, participation was terminated.

Results—Twenty-six patients (18 female, 8 male, average age 10.1 ± 5.5 years) consented to 

participate, but only 14 patients attempted to wear one or both devices. Among those who wore 

either device, median time to device removal was 8.33 hours (range 0.3–23.6 hours) for 

capnography and 23.5 hours (range 0.7–24 hours) for RIP bands.

Conclusion—Children did not tolerate wearing capnography cannulae for prolonged periods of 

time, limiting the usefulness of this device as a continuous monitor of ventilation in children. RIP 

bands were better tolerated; however, they require further assessment of their utility. Until more 
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effective, child-friendly monitors are developed and their utility validated, guidelines 

recommended for adult patients cannot be extended to children.
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Introduction

In patients of all ages, opioids are the analgesics most commonly used to treat moderate to 

severe pain. Although rare, respiratory depression is a real and potentially fatal consequence 

of opioid therapy, regardless of the opioid chosen or its method of administration.1, 2 Indeed, 

even intravenous patient-controlled analgesia (IVPCA), which is often considered the safest 

mode of opioid delivery because patients must be conscious to initiate a demand dose, is 

associated with occasional respiratory insufficiency and/or arrest.1–5 To minimize these 

risks, the Anesthesia Patient Safety Foundation and others have advocated that continuous 

electronic monitoring of oxygenation and ventilation be used to preemptively identify and 

potentially prevent opioid-induced respiratory.6

Ideally, respiratory monitoring should continuously and accurately measure respiratory rate, 

airflow, carbon dioxide (CO2) tension, and oxygenation, and it should have a low incidence 

of false (positive or negative) alarms. The most common monitoring methods in current 

practice are continuous pulse oximetry, which measures heart rate and oxygen saturation, 

and transthoracic impedance plethysmography, which estimates respiratory rate by 

measuring changes in electrical impedance associated with chest movement during 

respiration.5, 7, 8 Both monitors produce a high incidence of false alarms and have significant 

limitations. For example, supplemental oxygen circumvents the value of pulse oximetry, and 

transthoracic impedance plethysmography cannot detect airway obstruction.7–9 In contrast, 

capnography measures end-tidal CO2, provides a direct measure of airflow, and offers a 

more accurate assessment of respiratory rate than impedance plesthysmography.10 

Consequently, it is used ubiquitously in operating rooms, endoscopy suites, and critical care 

units as a respiratory monitor for anesthetized and sedated.11, 12 Overdyk and colleagues9 

extended the use of capnography with nasal and oral sampling outside of these environs to 

non-intubated, adult, postoperative patients receiving IVPCA. They found a 58.4% incidence 

of hypopnea (respiratory rate < 10 breaths per minute) even though they observed only a 

21.4% incidence of desaturation, supporting capnography’s potential use as an early warning 

monitor of impending respiratory insufficiency.

Children receiving opioids via IVPCA face similar, or perhaps even greater, respiratory 

risks.3 It is unknown, however, if Overdyk’s conclusions supporting the use of capnography 

can be extrapolated to children. Although capnography is used for multiple indications in 

pediatrics and can accurately monitor ventilation in sedated and anesthetized children, 

whether it can be used in conscious children for prolonged periods has not been 

ascertained.11 Appropriate clinical use of capnography monitoring requires detection of low 

tidal volumes exhaled from both the mouth and nose, as well as patient cooperation in 

wearing a specially designed capnography cannula for periods up to or in excess of 24 
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hours.11 If the cannula is uncomfortable or if it interferes with normal activities, such as 

eating or talking, children may either refuse to wear it or remove it, generating a high 

incidence of false positive alarms and limiting the monitor’s accuracy and value.

An alternative respiratory monitoring method used in sleep laboratories is respiratory 

inductance plethysmography (RIP).13 For RIP, two soft bands are placed around the chest 

and abdomen to measure respiratory rate, airflow, and chest and abdominal wall asynchrony 

(airway obstruction). Although it is not designed as a monitor (it has no alarm components), 

RIP may provide a useful measure of respiration in conscious patients being treated with 

opioids. However, it is not known if conscious pediatric patients will tolerate wearing the 

bands for prolonged periods of time. If this were to prove to be the case, it could provide an 

impetus for the development of an appropriate alarm system. Thus, in this study, we 

compared the tolerability of capnography and RIP in children to determine which method 

might be the most useful for prolonged respiratory monitoring in pediatric patients being 

treated with IVPCA opioids.

Methods

This pilot study was approved by the Johns Hopkins Institutional Review Board. During the 

study period, 50 patients who were to be treated for acute pain with IVPCA or parent/nurse-

controlled analgesia (PNCA) therapy were approached for written informed parental consent 

and, when appropriate, patient assent. The Pediatric Acute Pain Service made all therapeutic 

decisions concerning pain therapy, including the analgesics prescribed and method of 

analgesic delivery. As per routine hospital policy, all patients were monitored for the first 24 

hours of IVPCA therapy (CADD-Solis, Smiths Medical, Dublin, OH) with continuous 

electrocardiography and pulse oximetry. In addition to standard monitors, patients were 

asked to wear two study monitors: the Smart Capnoline Plus O2 nasal cannula and the Nox 

T3 monitoring system (Figure 1). The Smart Capnoline Plus O2 nasal cannula (Covidien, 

Mansfield, MA) is a noninvasive device that features side-stream capnography. It is designed 

to monitor spontaneously breathing patients with natural (i.e., non-intubated) airways, and 

has previously been used successfully to monitor ventilation in adult patients receiving 

PCA.9 Exhaled gas is aspirated through a specially designed cannula that samples expired 

carbon dioxide from both the mouth and nose. Oxygen, if needed, can be administered 

through the cannula without affecting carbon dioxide measurement. Effective gas sampling 

requires the cannula to be properly positioned over the patient’s mouth and nares. The Nox 

T3 monitoring system monitors both respiratory rate and airway patency with a chest wall 

audio microphone (Nox Medical, Reykjavík, Iceland), a pulse oximeter probe (Nonin 

Medical Inc., Plymouth, MN), and dual thoracic and abdominal bands (Nox Medical).

Study monitors were left in place for as long as they were tolerated by the patient, up to a 

maximum of 24 consecutive hours. If the patient did not wear one study monitor for any 

reason, but tolerated the remaining monitor, participation in the study continued. If the 

patient would not wear either monitor, the patient’s participation in the study was 

terminated. Data are summarized as median with range, and the nonparametric Wilcoxon 

signed-rank test was used to compare results.
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Results

Of 50 patients approached for enrollment, 24 (48%) refused to participate in the study once 

they had seen or tried on the Smart Capnoline Plus O2 nasal cannula. Reasons for refusal 

included concern that wearing additional monitoring equipment postoperatively would be 

uncomfortable and/or would exacerbate discomfort. Of the 26 patients who consented to 

participate (18 female, 8 male, average age 10.1 ± 5.5 years), 14 attempted to wear one or 

both devices. Demographics for these patients are shown in Table 1. Of these 14 patients, 3 

refused to wear the nasal cannulae, and one refused to wear the RIP bands. Median time to 

device removal was 8.33 hours (range 0.3–23.6 hrs, 95% CI [1.6, 21.8]) for nasal 

capnography and 23.5 hours (range 0.7–24 hrs, 95% CI [5.8, 24]) for RIP bands (p < 0.06), 

suggesting marginally greater tolerability of RIP over nasal capnography (Figure 2). No 

patient tolerated capnography monitoring for the full 24-hour study period. The cannula was 

removed during sleep, because it interfered with eating, or, most commonly, because the 

patient found wearing it physically uncomfortable. Three patients (27% of patients who tried 

the cannula, 11.5% of patients willing to be enrolled) wore the nasal cannula for >20 hours, 

all of whom also wore the RIP bands for a comparable period of time. However, only 3 of 7 

subjects who wore the RIP bands for >20 hours tolerated capnography for a comparable 

time.

Discussion

In this pilot study, we found that pediatric patients did not tolerate wearing the Smart 

Capnoline Plus O2 capnography cannulae for prolonged periods of time. Consequently, this 

monitor, as currently designed, is unlikely to be effective as a continuous monitor of 

ventilation in spontaneously breathing children being treated with IVPCA opioids. RIP 

bands were better tolerated, but they also had significant problems. These findings 

underscore the need for child-friendly respiratory monitors and a need to reconsider the 

applicability of adult monitoring guidelines in children until such devices are available.

The most common methods of monitoring respiratory depression in current practice are 

transthoracic impedance plethysmography, which estimates respiratory rate by measuring 

changes in electrical impedance associated with chest movement during respiration, and 

continuous pulse oximetry, which measures heart rate and oxygen saturation. Transthoracic 

impedance plethysmography readings can be inaccurate for a variety of reasons, including 

inaccurate ECG electrode placement, motion artifact, and physiological events unrelated to 

respiration that cause chest wall movement, such as coughing and crying. Furthermore, 

transthoracic impedance plethysmography has a high false alarm rate and is insensitive to 

obstructive apnea, that is, the presence of chest wall movement without any actual gas 

exchange.7, 8 These limitations make the technique of limited value as an early warning 

device for respiratory depression.

Pulse oximetry measures heart rate and oxygen saturation. However, oxygenation and 

ventilation are separate, albeit related, physiologic processes, and desaturation and 

bradycardia are only surrogate markers of gas exchange. As such, they are late rather than 

early warning signs of respiratory insufficiency, particularly if patients are receiving 
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supplemental oxygen.7–9 Although the sensitivity of pulse oximetry as a respiratory monitor 

can be enhanced if supplemental oxygen is not given, postoperative patients treated with 

opioids often receive supplemental oxygen either preemptively by well-intentioned staff or 

in response to low or falling oximetry readings. Limiting “prophylactic” supplemental 

oxygen may be possible, but experience suggests that supplemental oxygen is often required 

after many major surgeries (e.g., posterior spinal fusion, Nuss procedure, thoracotomy) in 

the early post-operative period. This need circumvents a potential safety mechanism and 

puts patients at increased risk of unrecognized hypoventilation by increasing the time 

between apnea and desaturation.

Because capnography provides a direct measure of airflow and a more accurate assessment 

of respiratory rate than impedance plesthysmography, it has been studied as an early warning 

monitor of impending respiratory insufficiency in adults.6, 9, 10 We believe that this is the 

first study to investigate the tolerability of capnography and RIP for long-term respiratory 

monitoring in pediatric patients being treated for pain in noncritical care settings. Our results 

differ from those reported in a similar study that used the same capnography cannulae in 

adult patients9 but they are consistent with a respiratory monitoring study by Patino, et. al.,14 

in which only 62.5% of pediatric patients tolerated capnography for an unspecified period of 

time. Although our sample size was small, our patients were generally old enough that we 

could expect them to be cooperative. Hence, the degree to which capnography failed as a 

monitor in our study makes it unlikely that increasing our sample size would significantly 

alter our results. Rather, we suggest that the inability of pediatric patients with a natural 

airway to tolerate prolonged use of nasal capnography is not unexpected. We can only 

speculate as to whether an alternate design, such as one that sampled exhaled gas via a 

simple nasal cannula, might have been better tolerated by our subjects. Though this might 

have been the case, we specifically chose to study the Oridion cannula in large part because 

it has already been validated in adult6, 9 and short-term pediatric studies14 and because we 

had concerns that a simpler design would not accurately monitor ventilation in mouth-

breathing patients, potentially leading to inaccurate data and frequent false (positive and 

negative) alarms. Finally, this cannula is advertised as the most comfortable on the market 

because the plastic that sits on the face is soft rather than stiff, and this property was 

particularly appealing to us in the research design.

RIP bands were generally tolerated for longer periods of time than the capnography 

cannulae were, despite the fact that almost all of our study patients had undergone chest or 

spine surgery, a situation wherein placement of these bands might have caused additional 

discomfort. This finding further supports our belief that monitor design, rather than an 

unwillingness to be monitored, was responsible for the failure of long-term capnography 

monitoring in our patients. RIP uses circumferential soft bands with impregnated electrical 

coils that monitor both respiratory rate and airway patency. Respiratory movements induce 

changes in the cross sectional area and electrical self-inductance of the coils contained in the 

dual thoracic and abdominal bands; then respiratory rate is calculated from measured 

changes in body surface area. In addition, by identifying asynchrony or increasing lag 

between movement of the thorax and abdomen, the dual-band RIP can detect upper airway 

obstruction. Although the utility of this technique has been demonstrated in the sleep lab, 

where, by definition, subjects are asleep and relatively motionless, additional study is 
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required to determine the usefulness of RIP in patients who are awake, ambulating, eating, 

talking, and occasionally sleeping. In our setting, we found that using RIP bands in patients 

who were awake and mobile was frequently tolerated, but movements produced a substantial 

amount of artifact in the recordings, in part owing to constant shifting around the chest and 

abdomen (data not shown). These findings lead us to acknowledge RIP’s tolerability but 

question its potential utility as a long-term ventilatory monitor in awake subjects in the 

absence of a change in design.

In most instances during this study, capnography cannulae were removed volitionally while 

patients were awake. Although one might argue that these cannulae might have been 

tolerated for more of the study period if we had required that they be worn only while 

patients were sleeping, this monitoring approach is impractical. Patients being treated for 

pain with opioids frequently drift back and forth between sleep and wakefulness, making it 

essential that children tolerate the monitor while awake. Indeed, this situation is where pulse 

oximetry shines. Previous studies have shown that despite its known limitations in 

monitoring respiration, pulse oximetry is well tolerated for long periods in both awake and 

sleeping patients, and pulse oximetry probes were worn by all of our study patients for the 

entire 24-hour observation period. Finally, it may also be argued that adherence could have 

been improved if use of these devices had been mandated (as was pulse oximetry) rather 

than voluntary. In the context of a clinical study, however, this limitation remains an inherent 

bias as patient/parent consent and assent are mandatory for ethical trial design.15 

Nevertheless, outside of the study setting, even simple mandated monitoring in adults has 

been shown to be incompletely used, suggesting that mandating the monitoring of end-tidal 

CO2 in children would not necessarily translate into long-term compliance.

In conclusion, to reduce the likelihood of unrecognized, clinically significant, opioid-

induced respiratory depression, capnography and/or other continuous electronic monitors of 

ventilation and oxygenation are commonly mandated in adults whenever IVPCA is used. We 

believe that the need for respiratory monitoring may be even greater for children treated with 

opioids because young children may be more sensitive to the respiratory depressant effects 

of opioids.3, 16 In addition, they may receive continuous opioid infusions or surrogate opioid 

dosing either in the form of nurse administered as needed (prn) opioids or IVPCA demand 

doses initiated by a caregiver (PNCA or PCA by proxy).17, 18 Thus, we agree that 

continuous ventilatory monitoring is needed to detect and prevent opioid-induced respiratory 

depression. However, our pediatric patients simply did not tolerate wearing modified nasal 

cannulae designed for accurate capnographic gas sampling for prolonged periods of time. 

Therefore, it is essential to develop better tolerated or alternative respiratory monitoring 

devices to ensure patient safety. However, until such child-friendly monitors are available 

and their utility validated, guidelines and recommendations validated in adult patients cannot 

be extended to children.
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Summary

• Continuous electronic monitoring of both oxygenation and ventilation 

has been endorsed as a means to minimize the risk of opioid-induced 

respiratory depression.

• In this study of two ventilatory monitoring techniques in non-intubated, 

spontaneously breathing children, we found that capnography 

monitoring was not tolerated for prolonged periods; respiratory 

inductance plethysmography was better tolerated but may be of limited 

utility.

• Respiratory monitoring techniques effective in adult patients may not 

be appropriate for children, highlighting a need to develop and validate 

effective respiratory monitors for pediatric patients.
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Figure 1. 
The Smart Capnoline Plus O2 nasal cannula and Nox T3 monitoring system worn by an 

adolescent. Effective gas sampling requires the Smart Capnoline Plus O2 nasal cannula to be 

positioned over both the mouth and nares. The Nox T3 monitoring system includes dual 

circumferential thoracic and abdominal respiratory inductance plethysmography bands to 

monitor both respiratory rate and airway patency. Photo courtesy of J. Craig Shearman.
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Figure 2. 
Time to Failure of Monitoring Devices. Kaplan Meier plot showing time to patient removal 

of capnography cannula and RIP bands (n=14). Each patient wore a continuous pulse 

oximetry probe for the entire 24-hour study duration as part of routine monitoring. RIP = 

respiratory inductance plethysmography
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Table 1

Demographic Data for the 26 Patients Composing the Study Population

Parameter Patients who
consented number

(%)

Patients who wore
cannula and/or RIP

bands
number (%)

Age

  12–18 years 13 (50%) 10 (38.5%)

  6–11 years 5 (19.2%) 3 (11.5%)

  3–5 years 5 (19.2%) 1 (3.8%)

  7 months–2 years 3 (11.5%) 0 (0%)

Sex

  Male 8 (30.8%) 7 (26.9%)

  Female 18 (69.2%) 7 (26.9%)

Race/Ethnicity

  White 16 (61.5%) 8 (30.8%)

  Black 9 (34.6%) 5 (19.2%)

  Other 1 (3.8%) 1 (3.8%)

Reason for PCA/PNCA Administration

  Spine surgerya 19 (73.1%) 12 (46.2%)

  Peripheral orthopedic surgeryb 4 (15.4%) 0 (0%)

  Bladder exstrophy repair 1 (3.8%) 0 (0%)

  Pectus excavatum repair 1 (3.8%) 1 (3.8%)

  T-cell lymphoma 1 (3.8%) 1 (3.8%)

PCA = patient-controlled analgesia; PNCA = parent/nurse-controlled analgesia; RIP = respiratory inductance plethysmography.

a
Spinal surgery included posterior spinal fusion, laminectomy, suboccipital craniectomy, growing rod revision, spinal cord untethering.

b
Peripheral orthopedic surgery included tenotomy, osteotomy, club foot repair.
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