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24 SUMMARY:
25 The goal of this study was to evaluate the accuracy of capnography sampling lines used in
26  conjunction with a portable bedside capnography monitor. Sampling lines from 7 manufacturers
27  were evaluated for tensile strength, rise time, and ETCO; accuracy as a function of respiratory
28 rate or supplemental oxygen flow rate.
29
30 ABSTRACT:
31 Capnography is commonly used to monitor patient’s ventilatory status. While sidestream
32  capnography has been shown to provide a reliable assessment of end-tidal CO; (ETCO,), its
33  accuracy is commonly validated using commercial kits composed of a capnography monitor and
34  its matching disposable nasal cannula sampling lines. The purpose of this study was to assess the
35 compatibility and accuracy of cross-paired capnography sampling lines with a single portable
36 bedside capnography monitor. A series of 4 bench tests were performed to evaluate the tensile
37  strength, rise time, ETCO; accuracy as a function of respiratory rate, and ETCO, accuracy in the
38 presence of supplemental O.. Each bench test was performed using specialized, validated
39 equipment to allow for a full evaluation of sampling line performance. The 4 bench tests
40  successfully differentiated between sampling lines from different commercial sources and
41  suggested that due to increased rise time and decreased ETCO; accuracy, not all nasal cannula
42  sampling lines provide reliable clinical data when cross-paired with a commercial capnography
43  monitor. Care should be taken to ensure that any cross-pairing of capnography monitors and
44  disposable sampling lines is fully validated for use across respiratory rates and supplemental O;
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flow rates commonly encountered in clinical settings.

INTRODUCTION:

Capnography is a commonly used technology designed to assess the integrity of a patient’s
ventilatory status by measuring the patient’s end-tidal CO, (ETCO;) and respiratory rate!. When
used in combination with pulse oximetry, a more comprehensive assessment of respiratory
function can be achieved?3. Capnography is frequently used in the post-anesthesia care unit, in
intubated or deeply sedated patients?, in the intensive care unit (ICU), and in the emergency
department?®. In fact, the American Society of Anesthesiologists (ASA)®’ recommends continuous
capnography during all general anesthesia procedures® and during moderate and deep sedation,
which included an estimated 106 million procedures in the United States from January 2010-
December 2014%1°,

Inherent in the use of capnography is reliance on a device that provides the clinician with an
accurate assessment of a patient’s ventilatory status. Capnography monitoring can be either
sidestream, in which exhaled breath is diverted to a monitor by a nasal cannula and tubing, or
mainstream, in which exhaled breath is measured at the source without diverting the sample®?.
Mainstream capnography is most often used in intubated patients, whereas sidestream
capnography is used for both intubated and non-intubated patients2. One important component
of sidestream capnography is the sampling line, which delivers CO, from a patient’s exhaled
breath to the detector, where breath analysis occurs!3. Commercial sampling line designs vary
significantly, with differences in sampling line connection points, nasal cannula shapes, and
tubing volumes, all of which can affect sampling line performance!®*4, For example, nasal cannula
sampling lines can have up to 10 connections between the nasal cannula, humidifier, ETCO;
sampling line, and O delivery tubes (Figure 1). Each of these connections represents a potential
weak point in the monitoring system.

The performance of nasal cannula sampling lines can be evaluated by a variety of tests such as
the overall weak point and rise time. In addition, they can be tested to determine the impact of
respiratory rate and the delivery of supplemental oxygen on ETCO; readings. Although previous
studies have reported ETCO; accuracy on a limited number of sampling lines'>23, there are no
known studies that have evaluated nasal cannula capnography sampling line performance using
a combination of tests, such as identification of the overall weak point, measurement of rise time,
and determination of ETCO; accuracy.

The overall weak point of a sampling line can be measured using a tensile strength test, in which
each connection point s tested for how much force is exerted on the connection before it reaches
a breaking point. The tensile strength test can identify the weakest connection point for a medical
device, allowing direct comparisons between unique device designs. This style of strength test is
often performed on medical devices, ranging from pacing leads to catheters?*?°. Since
capnography sampling lines have a large number of tubing connection points, the weakest
connection point can differ depending on the device design. The tensile strength of connection
points is particularly important in mobile environments such as ambulances, where sampling
lines can be pulled apart unintentionally due to space constraints. Capnography sampling lines
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can also become unintentionally disconnected in hospital rooms, where multiple monitoring
systems are often simultaneously connected to a patient, and the equipment lines can become
tangled and pulled on by either a mobile patient or a healthcare provider. In both scenarios, the
tension applied to the sampling line can result in a loss of capnography data and in some
instances, interruption of supplemental O delivery.

Another critical element of sidestream capnography monitoring affected by sampling line design
is rise time, defined as the time required for a measured CO; value to increase from 10% to 90%
of the final value!. The rise time is a direct indicator of the system resolution, defining how well
individual breaths are separated from one another during sampling (Figure 2A). In practice, a
shorter rise time is preferable to a long rise time. This is due to the potential mixing of multiple
breath samples in capnography systems with long rise times, resulting in inaccurate ETCO;
measurements'. Importantly, rise time is affected by both breath flow and sampling line design,
due to the friction of air moving along the tubing, the presence of filters, and the volume of dead
space within the sampling line. Sampling lines with more dead space have reduced breath sample
resolution, resulting in mixed breath ETCO, waveforms, and as a result, inaccurate ETCO;
readings'®'4. These poorly differentiated breath samples occur most often in patients with a
rapid respiratory rate, including infants and children#16,

ETCO; measurements can also be impacted by respiratory rate and the delivery of supplemental
oxygen®>26-28 Although changes in minute ventilation and presence of respiratory depression can
be easily detected with a capnograph?”:?8, there is scarce data on specific performance of nasal
cannula capnography sampling lines at different respiratory rates. A recent study found that
during steady breathing, respiratory rate measured by a respiratory volume monitor and
capnograph were strongly correlated (R = 0.98 + 0.02) and consistent for all breathing rates,
including normal, slow, and fast breathing rates?®. Regarding use of supplemental oxygen, a
separate study compared ETCO; readings in healthy volunteers in the presence of pulsed or
continuous oxygen flow, using between 2 and 10 L/min oxygen’. While the pulsed oxygen flow
had a limited impact on measured ETCO, (median 39.2 mmHg), continuous oxygen flow, which
is standard in clinical settings, resulted in a wide range of ETCO; measurements (median 31.45
mmHg, range 5.4 to 44.7 mmHg) that were clinically different from ETCO; readings in the absence
of supplemental oxygen'’. In addition, differences in ETCO2 measurements in the presence of
supplemental oxygen flow have been compared across nasal cannula designs*>*2. In contrast to
nasal cannulas with oral scoops, one study found that some cannulas failed to deliver exhaled
CO; to the capnometer in the presence of 10 L/min 02'8. Another study reported that while ETCO;
readings with supplemental oxygen during simulated normal ventilation were normal, ETCO;
readings were reduced in the presence of supplemental oxygen during simulated hypoventilation
and hyperventilation®®. This is consistent with evidence that ETCO; accuracy is more difficult to
achieve when the flow rate of CO; in exhaled breath is similar to the flow rate of supplemental
oxygen, due to dilution of the exhaled CO, (Figure 2B)%.

The accuracy of ETCO; readings has been evaluated in multiple independent studies, all of which
concluded that capnography offered a reliable measure of ventilation status®8-22, However, few
studies have compared the accuracy of different sidestream capnography systems, and although
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capnography sampling lines are used with a variety of commercial capnography monitors, the
accuracy of these cross-paired devices is not well-described?®. Thus, determining whether
alternative commercial sampling lines are compatible with capnography monitors and provide
accurate data is important for healthcare providers who use this equipment to monitor patient
ventilation.

The purpose of this study was to determine the compatibility and accuracy of commercially
available sidestream capnography sampling lines used in conjunction with a portable
capnography monitor. A series of four bench tests were performed using specially designed,
validated systems to compare the performance of a series of capnography sampling lines with a
single respiratory monitor. The four major outcomes of the study included (1) tensile strength
and identification of the weak connection point for each capnography sampling line; (2) rise time;
(3) ETCO; accuracy as a function of respiratory rate; and (4) ETCO; accuracy in the presence of
supplemental oxygen.

PROTOCOL:

The capnography sampling lines used in these bench tests included 16 adult, pediatric, and
neonatal capnography sampling lines from 7 commercial sources. Among the 16 sampling lines
included in the bench tests, 5 sampling lines were from the same manufacturer as the
capnography monitor utilized for the bench tests (‘matched’), and 11 sampling lines were from
alternate manufacturers (‘cross-paired’) (Table of Materials). All of the nasal cannula sampling
lines share a similar design, with up to 10 connection points between the cannula, humidifier, O,
connector, CO; connector, 4-way, O; tube, and CO; tube (Figure 1).

1. Measure sampling line tensile strength

1.1 Calibrate the tensile testing jig.

1.1.1 In the tensile testing jig software, set the load cell selection to 100.00 kg and the load
parameter to 10.00 kg.

1.2 Attach sampling line components (example: O, connector with O; tube) to the calibrated
tensile testing jig.

1.3 Starting with a mass of 0 kg, initiate tension on the sampling line component and observe
whether the sampling line connection remains intact.

1.4 If the sampling line connection remains intact, automatically increase the mass in a
continuous manner, and observe when the subparts break or disconnect.

NOTE: The resolution of the jig is limited to 10 g increments.

1.5 Record the maximum tension (kg) exerted before the sampling line break occurred.
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1.6 Repeat the tensile strength test for all 10 potential sampling line subparts: O, connector with
O3 tubing; Oz tubing with 4-way; 4-way with O tubing; O tubing with cannula; cannula with CO;
tubing; CO2 tubing with 4-way; 4-way with CO; tubing; CO; tubing with CO, connector; humidifier
with tubing; tubing with cannula.

1.7 Repeat the tensile strength test on 16 sampling lines from 7 commercial sources.

2. Measure rise time and sampling line accuracy

2.1 Calibrate the rise time measurement device.

2.1.1 Cut standard 0.95 mm internal diameter CO; PVC tube into ten 15 cm pieces.

2.1.2 Operate the jig using the following steps:

2.1.2.1 Turn on the air compressor, jig controller, and power supply.

2.1.2.2 Open the CO; gas flow.

2.1.2.3 Attach the sampling channel directly to the measurement chamber without the sample.

2.1.2.4 Calibrate the air and CO> flow to 10 L/min and the gas sampling rate to 50 mL/min using
a mass flow meter and a dedicated restrictor.

NOTE: The maximum sampling rate of the capnography monitor is 50 mL/min.

2.1.2.5 Open the jig software and define the test parameters as follows: Air:CO; ratio 1:1; Air
time = 3 seconds, CO; time = 3 seconds, 10 cycles, rise time measurement length: none.

2.1.2.6 Open the CO; valve.

2.1.2.7 Select the Finish Calibration button on the Measurement tab and make sure it turns
green.

2.1.2.8 Select the Measure button and wait for the gas flow cycles to end.
2.1.2.9 Close the CO; valve.

2.1.3 Record the background rise time and ensure the result is less than 60 ms. If it is larger, clean
the optical chamber with air flow and re-connect the y-piece/airway adapter properly.

2.1.4 Take 10 measurements and calculate the average rise time value.
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2.1.5 Compare the rise time value to the margins and confirm it is inside the specification limits,
pre-defined as rise time background < 60 ms and rise time of a control sample, a 15 cm PVC tube,
0.95 mm internal diameter, equal to 39 £ 5 ms.

2.1.6 Compare the delivery time to the margins and confirm it is inside the specification limits,
predefined as background delivery time <100 ms and delivery time of a control sample, a 15 cm
PVC tube, 0.95 mm internal diameter, equal to 152 £ 5 ms.

2.2 Open a new commercial sampling line.
2.3 Connect the sampling line to the rise time measurement device.

2.4 Click on the Start button in the rise time measurement device software and wait for the
device to measure the rise time.

NOTE: The device repeats the measurement 10 times and automatically averages the repeats to
report the rise time mean and standard deviation.

2.4.1 Copy the rise time result to the report.
2.5 Disconnect the sampling line from the rise time measurement device.

2.6 Calculate maximum respiratory rate for inhalation:exhalation time ratios of 1:1 and 1:2, in
breaths per minute (BPM).

2.6.1 Calculate the maximum respiratory rate using the measured rise time for the sampling
line and a 1:1 breath ratio, using the following equation:

Maximum Respiratory Rate (BPM) = 30 s+ Rise time for sampling line (s)
where 30 s represents the cumulative time used to exhale during 1 min (1:1 inhalation:exhalation time).

NOTE: For a 1:1 breath ratio, the maximum respiratory rate represents the fastest allowed
respiratory rate without impacting ETCO; accuracy when the time required for inhalation and
exhalation is the same.

2.6.2 Calculate the maximum respiratory rate using the measured rise time for the sampling line
and a 1:2 breath ratio, using the following equation:

Maximum Respiratory Rate (BPM) = 40 s + Rise time for sampling line (s)
where 40 s represents the cumulative time used to exhale during 1 min (1:2 inhalation:exhalation time).

NOTE: For a 1:2 breath ratio, the maximum respiratory rate represents the fastest allowed
respiratory rate without impacting ETCO accuracy when the time used to exhale is twice as long

as the time used to inhale.

2.7 Calculate exhalation time for inhalation:exhalation time ratios of 1:1 and 1:2.
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2.7.1 For a 1:1 breath ratio, use the following equation:
Exhalation Time (sec) = 30s-+ Maximim respiratory rate for 1: 1 breath ratio (BPM)
where 30 s represents the cumulative time used to exhale during 1 min (1:1 inhalation:exhalation time).

2.7.2 For a 1:2 breath ratio, use the following equation:
Exhalation Time (sec) = 40 s+ Maximum respiratory rate for 1: 2 breath ratio (BPM)
where 40 s represents the cumulative time used to exhale during 1 min (1:2 inhalation:exhalation time).

2.8 Determine the accuracy of each sampling line at 150 BPM for 1:1 and 1:2 breath ratios by
evaluating the maximum respiratory rate.

NOTE: If the maximum respiratory rate is 2150 BPM, then the sampling line is considered
accurate for the breath ratio, but if the maximum respiratory rate is <150 BPM, then the sampling
line is not considered accurate at 150 BPM.

2.9 Repeat steps 2.2-2.8 for all 16 sampling lines tested.

3. Perform statistical analysis using statistical software.

3.1 Compare mean and standard deviation using Student’s t-test, with a two-sided significance
level of 0.05, for all capnography monitor matched sampling lines vs. all capnography monitor

cross-paired sampling lines.

3.2 Repeat statistical analysis to compare all capnography monitor matched pediatric sampling
lines to all capnography monitor cross-paired pediatric sampling lines.

3.3 Repeat statistical analysis to compare all capnography monitor matched adult sampling lines
to all capnography monitor cross-paired adult sampling lines.

4. Measure ETCO; accuracy as a function of respiratory rate

4.1 Prepare the manikin by placing in a supine position and connect the sampling line to the
manikin per manufacturer instructions.

4.2 Attach the sampling line to the capnography monitor and change the capnography monitor
setting to accept sampling lines from all manufacturers by selecting Settings and Cancel Gold
Ring Identification.

4.3 Prepare and calibrate the breath simulator jig, to control the simulated respiratory rate.

NOTE: The breath simulator jig is composed of a 2-way electrical operating valve, allowing for
precise control of the flow of CO, and N; to the manikin, to simulate human breathing.
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4.3.1 Use a flow meter to measure the gas flow and calibrate it to 10 L/min.
4.3.2 Open the breath simulator jig software and set the duty cycle to 50%.
4.3.3 Test for leaks in the system using a leak testing jig.

4.3.3.1 Connect the sampling line to the CO; port on the leak testing jig.

4.3.3.2 Create a kink in the sampling line to prevent CO, from exiting the end of the sampling
line.

4.3.3.3 Using a flow rate of 50 mL/min CO,, allow the pressure in the sampling line to increase to
300 mmHg, and then stop adding CO,.

4.3.3.4 Observe if the pressure in the sampling line remains the same or decreases. If the pressure
decreases, this confirms a leak in the system, and a new sampling line should be applied in Step
4.2.

4.3.4 Connect the breath simulator jig to the manikin.

4.4 Increase the 5% CO; flow rate to 10 L/min and the N; flow rate to 10 L/min using the breath
simulator jig. Keep flow rates constant throughout the test.

4.5 Wait 30 seconds to allow a steady capnography waveform to be established, then record the
ETCO; value (mmHg).

4.6 Measure a total of 10 ETCO; values over 180 seconds.

4.7 Change the respiration rate using the breath simulator jig, allow the capnography waveform
to normalize for 30 seconds, and record 10 ETCO; readings over 180 seconds.

4.7.1 Repeat readings for each respiratory rate examined: 10, 20, 40, 60, 80, 100, 120, and 150
BPM.

4.8 Determine the average and standard deviation of the 10 measured readings at each
respiratory rate.

4.9 Repeat steps 4.1-4.8 for all 16 sampling lines tested.
4.10 Perform statistical analysis using Bland-Altman graphical plots to evaluate sampling line bias.
5. Measure ETCO; accuracy in the presence of supplemental O;

5.1 Prepare the manikin and breath simulator jig as described in Steps 4.1-4.3. Set the breath
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simulator jig to 10 BPM.
5.2 Connect the O line to 100% O.

5.3 Increase the CO; flow rate to 6 L/min and the O flow rate to 0 L/min, to use as a reference
measurement.

5.4 To allow the capnography waveform to stabilize, wait 30 seconds before recording the ETCO;
value.

5.5 Read the ETCO; value 10 times over 180 seconds.

5.6 Change the flow rate of the CO, and O, allow the capnography waveform to normalize for
30 seconds, and repeat the 10 ETCO; measurements over 180 seconds. To capture common
clinical scenarios, use the following combinations of CO, and O; flow rates:

5.6.1 Use a combination of 2 L/min COz and 2 L/min O,.

5.6.2 Use a combination of 4 L/min COz and 2 L/min O,.

5.6.3 Use a combination of 4 L/min CO> with 4 L/min O,.

5.6.4 Use a combination of 6 L/min CO; with 4 L/min Oa.

5.6.5 Use a combination of 6 L/min CO; with 6 L/min Oa.

5.6.6 Use a combination of 8 L/min CO; with 6 L/min Oa.

5.7 Repeat the test as described in 5.1-5.6 for each sampling line.

5.8 Perform statistical analysis using Bland-Altman graphical plots to evaluate sampling line bias.

REPRESENTATIVE RESULTS:

Tensile strength

Sixteen capnography sampling lines from 7 manufacturers were tested to determine the tensile
strength of each major sampling line joint (Figure 1, Table of Materials). Due to differences in
sampling line design, not all joints exist in all sampling lines. The capnography monitor matched
sampling lines 8, 9, 14, 15, and 16 had minimum overall tensile strengths between 3.55 kg and
5.94 kg. Most cross-paired sampling lines exhibited similar overall tensile strengths (Table 1).
Sampling line 6 had the weakest tensile strength, with tensile strength equal to 1.33 kg at the
connection between the CO; tube and the 4-way. Common weak points among all sampling lines
included the connection between the CO; tubing and the 4-way, and the connection between
the cannula and the CO; tube.
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Rise time

The rise time, defined as time required for the measured CO, value to increase from 10% to 90%
of the final value (Figure 2), was determined for the same 16 capnography sampling lines (Table
of Materials). Comparison of capnography monitor matched vs cross-paired sampling lines found
that the rise time for all cross-paired sampling lines was significantly higher (147 + 23 ms vs. 201
+ 66 ms, respectively; p<0.001). A significant difference was also present between adult matched
and cross-paired sampling lines (135 £ 13 ms vs. 214 £ 61 ms; p<0.001) but not between pediatric
matched and cross-paired sampling lines (156 + 25 ms vs. 169 + 69 ms; p=0.395). Based on the
measured rise time for each sampling line, the maximum respiratory rate (BPM), and exhalation
time, using an inhalation: exhalation ratio of 1:1 and 1:2, the accuracy of each sampling line at
150 BPM was determined. While a majority of the sampling lines exhibited accuracy at 150 BPM
for both breathing ratios, sampling lines 2, 3, 6, 7, 12, and 13 each failed to maintain accuracy at
150 BPM, whereas sampling lines 1, 4, 5, 8, 9, 10, 11, 14, 15, and 16 maintained accuracy in all
tested conditions (Table 2). In particular, sampling lines 3, 6, and 13 all failed to meet the accuracy
standard at 150 BPM in both the 1:1 and 1:2 inhalation:exhalation ratios.

ETCO: accuracy as a function of respiratory rate

Accuracy of ETCO, was measured using respiration rates between 10 and 150 BPM for 16
sampling lines from 7 manufacturers (Table of Materials). The expected ETCO; in the presence
of 5% CO; was 34 mmHg at ambient pressure, and the range predefined as acceptable accuracy
was 2 mmHg for readings between 0-38 mmHg and +5% of the reading + 0.08 for every 1 mmHg
above 38 mmHg. Among the adult sampling lines tested, at 10 BPM, sampling lines 8 and 9 read
ETCO: equal to 33-34 mmHg (Figure 3A). Sampling lines 2, 5, 6, and 7 also read ETCO; levels
within an acceptable range (31-34 mmHg) at the lowest respiration rates (10-20 BPM). In
contrast, sampling lines 3 and 4 reported low ETCO; levels at the lowest respiration rate (10
BPM), and these readings decreased to 0 mmHg when the respiration rate increased to 80 BPM
or higher. Only sampling lines 1, 8, and 9 continued to capture readings at very high respiration
rates (120-150 BPM); sampling lines 2, 3, 4, 5, 6, and 7 read ETCO; values equal to 0 mmHg at
very high respiration rates (2100 BPM). A similar pattern was observed in the pediatric and
neonatal sampling lines, in which sampling lines 10, 11, 14, 15, and 16 captured readings across
all respiration rates, and sampling lines 12 and 13 reported ETCO; equal to 0 mmHg at respiration
rates 2100 BPM (Figure 3B). The bias of the ETCO, readings was confirmed using Bland-Altman
plots for capnography monitor matched and cross-paired sampling lines, where a majority of the
ETCO2 measurements were within 95% limits, but the matched sampling lines exhibited higher
accuracy with a bias toward overestimating ETCO; at 150 BPM, and the cross-paired sampling
lines strongly underestimated ETCO, measures when respiratory rate was 80 BPM or higher
(Figure 4A-B).

ETCO; accuracy in the presence of supplemental oxygen

In addition to examining the accuracy of ETCO; values of commercial sampling lines from 7
manufacturers (Table of Materials) as a function of respiratory rate, their accuracy was also
evaluated in the presence of 2, 4, or 6 L/min supplemental oxygen (Figure 5), which represent
the range of supplemental oxygen flow rates commonly used in clinical settings.>?° In all cases,
the expected ETCO; was 34 mmHg. In the absence of supplemental oxygen, ETCO; values were
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34 + 0 mmHg for sampling lines 8 and 9, and as low as 16 + 0 mmHg for sampling lines 3, 4, and
12 (Figure 5A). Upon the addition of 2 L/min supplemental oxygen, a majority of sampling lines
exhibited a decrease in observed ETCO; values, ranging between 0 £ 0 mmHg and 23 £ 1 mmHg;
sampling lines 7, 8, and 9 reported ETCO; values between 33 £+ 0 mmHg and 34 + 0 mmHg (Figure
5B). The most extreme drop in ETCO; value occurred in sampling line 2, which measured ETCO;
of 0 mmHg in the presence of as little as 2 L/min supplemental oxygen; this was also observed in
sampling lines 2 and 5 in the presence of 4 and 6 L/min supplemental oxygen (Figure 5C-D).
Decreased ETCO; accuracy was also observed in samplinglines 1, 6,10, 11, and 13 in the presence
of 2, 4, or 6 L/min supplemental oxygen (Figure 5B-D). Bland-Altman plots for capnography
monitor matched and cross-paired sampling lines indicate that while the matched sampling lines
had high precision and limited bias in reading ETCO; levels in the presence of supplemental
oxygen, the cross-paired sampling lines consistently underestimated ETCO; in the presence of
supplemental oxygen (Figure 6A-B).

FIGURE AND TABLE LEGENDS:
Table 1: Tensile strength test of capnography sampling lines.

Table 2: Rise time for capnography sampling lines when used in conjunction with a portable
capnography monitor. The rise time for each sampling line was measured 10 times to ensure
accuracy of results.

Figure 1: Capnography sampling line design.

Figure 2: Fundamentals of sidestream capnography. (A) Example design of a sampling line,
demonstrating how exhaled CO; is sampled by the device. (B) Typical correlation between
breathing flow rate (black line) and ETCO. (green line) as function of time. A constant
supplemental O; flow is represented by a blue dashed line. Accurate measurement of ETCO;
occurs when CO; has peaked (green dashed line). Inaccurate ETCO, measurements (red dashed
lines) can occur later in the breath cycle, when CO; is diluted with supplemental O,. This occurs
most often when the CO; exhalation flow rate is equal to the flow of supplemental O..

Figure 3: ETCO; accuracy of adult and pediatric capnography sampling lines as a function of
respiration rate. Measured ETCO; values for (A) Adult and (B) Pediatric and Neonatal
capnography sampling lines across a range of respiratory rates from 10 to 150 BPM. In all cases,
the expected ETCO; value is 34 mmHg.

Figure 4: Bland-Altman plot for ETCO, measures by (A) Matched sampling lines as a function of
increasing respiratory rate and (B) Cross-paired sampling lines as a function of increasing
respiratory rate.

Figure 5: ETCO, accuracy of capnography sampling lines in the presence of increasing
supplemental oxygen. ETCO; accuracy is reported for (A) No supplemental oxygen; (B) 2 L/min
supplemental oxygen; (C) 4 L/min supplemental oxygen; and (D) 6 L/min supplemental oxygen.
The green line at 34 mmHg represents the expected ETCO; value across all measurements.
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Figure 6: Bland-Altman plot for ETCO, measures by (A) Matched sampling lines as a function of
increasing supplemental O flow rate; (B) Cross-paired sampling lines as a function of increasing
supplemental O; flow rate.

DISCUSSION:

A series of four bench tests were performed to compare the accuracy and compatibility of
matched and cross-paired capnography sampling lines with a portable capnography monitor.
These calibrated tests measured average rise time and ETCO; levels across 10 independent
repeat measures for each of the 16 sampling lines tested, and identified minimal variation in the
results. While the tensile strength of the commercial sampling lines remained within the product
specifications, the rise time differed significantly between capnography monitor matched and
cross-paired sampling lines (p<0.001), and ETCO; accuracy as a function of respiratory rate and
in the presence of supplemental O, was higher in capnography monitor matched sampling lines
as opposed to cross-paired sampling lines. In particular, several of the cross-paired adult and
pediatric sampling lines had rise times considered inaccurate at a maximum respiratory rate 150
BPM. The same sampling lines exhibited poor ETCO; accuracy at high respiratory rate or in the
presence of supplemental oxygen.

The tensile strength test utilized a calibrated tensile testing jig to successfully measure tension
across capnography sampling line components ranging from 1.33 to 26.6 kg. Although tensile
strength tests are often performed on other types of medical devices?*2°, our method was unique
in that it examined the tensile strength of each segment of the capnography sampling line.
Therefore, in addition to determining the tensile strength of each sampling line component, it
also allowed for identification of the overall weak point of the complete sampling line. The test
results confirmed that nearly all of the sampling lines do meet product specifications, pre-defined
as withstanding a force of 2 kg. One limitation of this testing system is the continuous, gradual
increase in force applied to the sampling line, as opposed to a sudden strong force, which could
be encountered in clinical settings. Importantly, as a validated instrument, the jig used to
measure the tensile strength of the capnography sampling lines could be used for other
applications, such as measuring the tensile strength of other sampling tubes and medical devices
that have the potential to experience tension in a clinical setting.

Rise time is an important technical feature of sidestream capnography sampling lines and
determines their ability to provide a precise, high resolution reading of CO; in exhaled breath®*4,
Due to the importance of this technical feature, we sought to measure the rise time using a
validated rise time measurement device, so that the maximum respiratory rate and exhalation
time could be calculated. We needed to modify the rise time measurement parameters to
remove the upper time limit on the rise time jig, so that the rise time could be collected for all
sampling lines before the measurement period ended. The long rise time observed for some
capnography sampling lines could reflect an increased volume of dead space in these sampling
lines. Importantly, as part of this method, we determined the maximum respiratory rate and
exhalation time for two unique breathing patterns, defined by inhalation:exhalation ratios equal
to 1:1 and 1:2. This unique aspect of the analysis allowed evaluation of the accuracy of measured
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CO; in circumstances that represent patients whose breathing pattern is uniform or whose
exhalation time lasts longer than their inhalation time. In sampling lines in which the calculated
maximum respiratory rate was >150 BPM, we concluded that the sampling line was accurate.
Although a rapid breathing rate of 150 BPM is unlikely to be encountered clinically, we
determined the accuracy of each sampling device at this high breath rate because it is considered
the technical upper limit for many capnography sampling lines. While a respiratory rate of 150
BPM is non-physiologic, the bench test highlights that while some capnography sampling lines
were accurate across the full technical range of respiratory rates, other sampling lines failed to
achieve the same accuracy standard. Compared to the capnography monitor matched sampling
lines, some of the cross-paired sampling lines, including sampling lines 2 and 7, failed to achieve
accuracy at 150 BPM for the 1:1 inhalation:exhalation ratio, and sampling lines 3, 6, and 13 failed
to achieve the accuracy standard at 150 BPM for both inhalation:exhalation ratios. This could be
due to a larger dead space within the sampling lines, which results in a longer rise time and a
mixing of breath samples.

To apply the rise time findings to a clinical setting, we performed two tests to examine ETCO;
accuracy when sampling lines were connected to a portable capnography monitor via a manikin.
For both tests, we needed to modify the default capnography monitor settings to allow the
monitor to recognize cross-paired sampling lines. First, similar to a previous study, we controlled
respiratory rate using a respiratory rate controller, and monitored the resulting ETCO;
measurements for each sampling line'8. A key component of this test was the use of a pre-defined
set of respiratory rates ranging from 10 to 150 BPM, to determine ETCO; accuracy across
respiratory patterns that patients could exhibit. While the expected ETCO; level was 34 mmHg in
all circumstances, we observed many instances in which, as respiratory rate increased, sampling
lines no longer reported accurate ETCO; readings, but instead, dropped to 0 mmHg, which is not
a clinically meaningful result. In fact, only sampling lines 1, 8, 9, 10, 15, and 16 did not measure
ETCO; values of 0 mmHg at any respiratory rate. This accuracy could be due to the design of the
sampling lines, such that those with higher friction or larger dead space volume result in lower
resolution breath samples at increased respiratory rate, similar to what we observed in the rise
time test. While the sampling lines with high ETCO; readings may contain less dead space that
enable them to deliver discrete breath samples, the error of ETCO; readings above 38 mmHg was
pre-defined as +5% of the reading + 0.08 for every 1 mmHg above 38 mmHg. This could partially
explain why the ETCO; readings were increased above 34 mmHg during high respiratory rate in
some sampling lines. In contrast, the sampling lines with low or zero ETCO; readings may contain
more dead space, resulting in mixed breath samples that the capnography monitor does not
recognize as valid breaths, and thus reports as no breath. Importantly, 3 of the cross-paired
sampling lines from one manufacturer did not exhibit accurate ETCO; readings at any respiratory
rate tested between 10 and 150 BPM, suggesting that it does not provide clinically reliable
ventilatory information when cross-paired with the capnography monitor used in the test (Table
of Materials). Together, these observations suggest that devices with a longer rise time have a
lower maximum accurate respiration rate and exhibit low ETCO; accuracy at the maximum
accurate respiration rate.

In the second test of ETCO; accuracy using a manikin, we maintained a constant respiratory rate
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but introduced the flow of supplemental oxygen to the system. This test mimics a common
occurrence in hospital settings in which patients being monitored by sidestream capnography
receive supplemental oxygen, and where ETCO; accuracy is key in understanding a patient’s
respiratory function, as supplemental oxygen can mask ventilation challenges due to high oxygen
saturation readings from pulse oximetry3%3!, Similar to the ETCO; accuracy test with varying
respiratory rate, in this test, a key step in the protocol was to measure ETCO; accuracy across
multiple supplemental oxygen flow rates. The main limitation of the ETCO; tests is that the tests
are performed using a manikin and a controlled breathing system, as opposed to a human
subject, in which breathing patterns vary between individuals. In a control reading without
supplemental O, we observed that sampling lines 3, 4, and 12, all from the same manufacturer,
failed to report the expected ETCO; value of 34 mmHg, and only sampling lines 8, 9, and 11
reported this value. In the presence of 2, 4, or 6 L/min supplemental O,, a majority of the
sampling lines exhibited reduced ETCO; accuracy, with the exception of the matched sampling
lines 8 and 9 and the cross-paired sampling line 7. In particular, similar to our observations upon
increase of the respiratory rate, the ETCO; readings for sampling lines 2 and 5 dropped to 0 mmHg
in the presence of supplemental O, suggesting that their ETCO; accuracy when cross-paired with
a capnography monitor is very low. This may be due to the design of the sampling lines, and in
particular, the nasal cannula design, which is designed to both deliver oxygen to a patient and
collect breath samples from a patient. If the nasal cannula contains a large amount of dead space,
mixing of the supplemental oxygen and the exhaled breath can occur, resulting in low amplitude,
mixed breaths that the capnography monitor does not detect as exhaled breath. In such a case,
the ETCO2 measurement would drop to zero, as we observed with some of the cross-paired
sampling lines tested.

Similar to previous studies examining the accuracy of capnography, we successfully identified
circumstances where the ETCO, accuracy using a variety of sampling lines was acceptable,
including cases in which there was a moderate respiratory rate or when no supplemental O, was
used®®2332 Importantly, many of the sampling lines failed to maintain ETCO, accuracy upon an
increase in respiratory rate or upon the introduction of supplemental O,, which is consistent with
previous assessments of capnography accuracy'>*%20.23 Together, the findings are consistent
with previous bench tests that successfully measure the accuracy of capnography sampling
lines'>!8, Given that many of the sampling lines cross-paired to the capnography monitor
exhibited reduced ETCO; accuracy in clinically relevant circumstances, care should be taken to
ensure that any cross-paired commercial sampling lines and monitors are validated before being
used to monitor patient ventilation status.

ACKNOWLEDGMENTS:
This work was funded by Medtronic. Marco Scardapane (Medtronic Study and Scientific Solutions
MC2, Rome, Italy) performed statistical analysis.

DISCLOSURES:
Ruben D. Restrepo is a consultant for Medtronic, and Ido Karpenkop and Katherine E. Liu are
employees of Medtronic.



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660

REFERENCES:

1

10

11

12

13

14

15

Siobal, M. S. Monitoring Exhaled Carbon Dioxide. Respiratory Care. 61 (10), 1397-1416
(2016).

Lam, T. et al. Continuous Pulse Oximetry and Capnography Monitoring for Postoperative
Respiratory Depression and Adverse Events: A Systematic Review and Meta-analysis.
Anesthesia and Analgesia. 125 (6), 2019-2029 (2017).

Chung, F., Wong, J., Mestek, M. L., Niebel, K. H., Lichtenthal, P. Characterization of
respiratory compromise and the potential clinical utility of capnography in the post-
anesthesia care unit: a blinded observational trial. Journal of Clinical Monitoring and
Computing. 10.1007/s10877-019-00333-9 (2019).

Merchant, R. N., Dobson, G. Special announcement: Guidelines to the Practice of
Anesthesia - Revised Edition 2016. Canadian Journal of Anaesthesia. 63 (1), 12-15 (2016).
Whitaker, D. K., Benson, J. P. Capnography standards for outside the operating room.
Current Opinion in Anaesthesiology. 29 (4), 485-492 (2016).

American Society of Anesthesiologists Task Force on Neuraxial, O. et al. Practice
guidelines for the prevention, detection, and management of respiratory depression
associated with neuraxial opioid administration. Anesthesiology. 110 (2), 218-230 (2009).
Practice Guidelines for the Prevention, Detection, and Management of Respiratory
Depression Associated with Neuraxial Opioid Administration: An Updated Report by the
American Society of Anesthesiologists Task Force on Neuraxial Opioids and the American
Society of Regional Anesthesia and Pain Medicine. Anesthesiology. 124 (3), 535-552
(2016).

American Society of Anesthesiologists Committee on Standards and Practice Parameters.
Standards for Basic Anesthetic Monitoring. (2015).

Practice Guidelines for Moderate Procedural Sedation and Analgesia 2018: A Report by
the American Society of Anesthesiologists Task Force on Moderate Procedural Sedation
and Analgesia, the American Association of Oral and Maxillofacial Surgeons, American
College of Radiology, American Dental Association, American Society of Dentist
Anesthesiologists, and Society of Interventional Radiology. Anesthesiology. 128 (3), 437-
479 (2018).

Nagrebetsky, A., Gabriel, R. A., Dutton, R. P., Urman, R. D. Growth of Nonoperating Room
Anesthesia Care in the United States: A Contemporary Trends Analysis. Anesthesia and
Analgesia. 124 (4), 1261-1267 (2017).

Jaffe, M. B. Respiratory Gas Analysis-Technical Aspects. Anesthesia and Analgesia. 126
(3), 839-845 (2018).

Richardson, M. et al. Capnography for Monitoring End-Tidal CO2 in Hospital and Pre-
hospital Settings: A Health Technology Assessment. Vol. 142 (CADTH health technology
assessment, 2016).

Anderson, C. T., Breen, P. H. Carbon dioxide kinetics and capnography during critical care.
Critical Care (London, England). 4 (4), 207-215 (2000).

Schmalisch, G. Current methodological and technical limitations of time and volumetric
capnography in newborns. Biomedical Engineering Online. 15 (1), 104 (2016).

Phillips, J. S., Pangilinan, L. P., Mangalindan, E. R., Booze, J. L., Kallet, R. H. A Comparison
of Different Techniques for Interfacing Capnography With Adult and Pediatric



661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Supplemental Oxygen Masks. Respiratory Care. 62 (1), 78-85 (2017).

Fukuda, K., Ichinohe, T., Kaneko, Y. Is measurement of end-tidal CO2 through a nasal
cannula reliable? Anesthesia Progress. 44 (1), 23-26 (1997).

Burk, K. M., Sakata, D. J., Kuck, K., Orr, J. A. Comparing Nasal End-Tidal Carbon Dioxide
Measurement Variation and Agreement While Delivering Pulsed and Continuous Flow
Oxygen in Volunteers and Patients. Anesthesia and Analgesia.
10.1213/ane.0000000000004004 (2019).

Chang, K. C. et al. Accuracy of CO(2) monitoring via nasal cannulas and oral bite blocks
during sedation for esophagogastroduodenoscopy. Journal of Clinical Monitoring and
Computing. 30 (2), 169-173 (2016).

Takaki, S., Mihara, T., Mizutani, K., Yamaguchi, O., Goto, T. Evaluation of an oxygen mask-
based capnometry device in subjects extubated after abdominal surgery. Respiratory
Care. 60 (5), 705-710 (2015).

Takaki, S. et al. Deep Breathing Improves End-Tidal Carbon Dioxide Monitoring of an
Oxygen Nasal Cannula-Based Capnometry Device in Subjects Extubated After Abdominal
Surgery. Respiratory Care. 62 (1), 86-91 (2017).

Mason, K. P., Burrows, P. E., Dorsey, M. M., Zurakowski, D., Krauss, B. Accuracy of
capnography with a 30 foot nasal cannula for monitoring respiratory rate and end-tidal
CO2 in children. Journal of Clinical Monitoring and Computing. 16 (4), 259-262 (2000).
Zhang, C., Wang, M., Wang, R., Wang, W. Accuracy of end-tidal CO2 measurement
through the nose and pharynxin nonintubated patients during digital subtraction cerebral
angiography. Journal of Neurosurgical Anesthesiology. 25 (2), 191-196 (2013).

Ebert, T. J., Novalija, J., Uhrich, T. D., Barney, J. A. The effectiveness of oxygen delivery
and reliability of carbon dioxide waveforms: a crossover comparison of 4 nasal cannulae.
Anesthesia and Analgesia. 120 (2), 342-348 (2015).

Chan, C. W., Chan, L. K., Lam, T., Tsang, K. K., Chan, K. W. Comparative study about the
tensile strength and yielding mechanism of pacing lead among major manufacturers.
Pacing and Clinical Electrophysiology. 41 (7), 828-833 (2018).

Gonzalez Fiol, A. et al. Comparison of Changes in Tensile Strength in Three Different
Flexible Epidural Catheters Under Various Conditions. Anesthesia and Analgesia. 123 (1),
233-237 (2016).

Burton, J. H., Harrah, J. D., Germann, C. A., Dillon, D. C. Does end-tidal carbon dioxide
monitoring detect respiratory events prior to current sedation monitoring practices?
Academic Emergency Medicine. 13 (5), 500-504 (2006).

Mehta, J. H., Williams, G. W., 2nd, Harvey, B. C., Grewal, N. K., George, E. E. The
relationship between minute ventilation and end tidal CO2 in intubated and
spontaneously breathing patients undergoing procedural sedation. PloS One. 12 (6),
0180187 (2017).

Williams, G. W., 2nd, George, C. A., Harvey, B. C., Freeman, J. E. A Comparison of
Measurements of Change in Respiratory Status in Spontaneously Breathing Volunteers by
the ExSpiron Noninvasive Respiratory Volume Monitor Versus the Capnostream
Capnometer. Anesthesia and Analgesia. 124 (1), 120-126 (2017).

Curry, J. P., Jungquist, C. R. A critical assessment of monitoring practices, patient
deterioration, and alarm fatigue on inpatient wards: a review. Patient Safety in Surgery.



705
706
707
708
709
710
711
712
713

30

31

32

829 (2014).

Fu, E. S., Downs, J. B., Schweiger, J. W., Miguel, R. V., Smith, R. A. Supplemental oxygen
impairs detection of hypoventilation by pulse oximetry. Chest. 126 (5), 1552-1558 (2004).
Gupta, K. et al. Risk factors for opioid-induced respiratory depression and failure to
rescue: a review. Current Opinion in Anaesthesiology. 31 (1), 110-119 (2018).

Casati, A. et al. Accuracy of end-tidal carbon dioxide monitoring using the NBP-75
microstream capnometer. A study in intubated ventilated and spontaneously breathing
nonintubated patients. European Journal of Anaesthesiology. 17 (10), 622-626 (2000).



Figure 1 Click here to access/download;Figure;Fig 1.psd %

Figure 1

02
Connector

Cannula _

CO2
Connector


https://www.editorialmanager.com/jove/download.aspx?id=1235392&guid=44a47515-efb2-47ac-b8bb-69b923f22a88&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235392&guid=44a47515-efb2-47ac-b8bb-69b923f22a88&scheme=1

Figure 2

Click here to access/download;Figure;Fig 2.psd 2

After the
poof designed Connechan
The edges of the “chunks’
are smeared

. VAL D ===

Figure 2
A.
Exhaled Dead Space
“chunks” of aif = =
tich with CO2 | » -+ ’
Main Air Flow :_
N %’%ﬁ % % .
L ", G
B.
M
=
Time

Exhalation Flow Rate = 02 flow rate


https://www.editorialmanager.com/jove/download.aspx?id=1235393&guid=81f36f3a-f872-43b6-85a3-3a3712369578&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235393&guid=81f36f3a-f872-43b6-85a3-3a3712369578&scheme=1

Figure 3 Click here to access/download;Figure;Fig 3.psd 2

Figure 3
A 70
&
50
—@— SEmpiing Lina 1
E . SIﬂlﬂwml
z = Sampiing Line 3
"E" —a— Sampling Line 4
E 30 —a—Sampling Line 5
—5— Sampling Line &
20 —a— Sampling Lina 7
—a— 3Empling Ling &
—a— Sampling Lina ©
10
o - :
10 20 20 [ 80 100 13 150
Respiration Rate (BPM)
B. =
&0
50
—i— Sampling Line 10
? 40 —m— Sampling Line 11
E —a—Sampling Line 12
£ 30 —4— Sampling Lina 13
E » Sampling Line 14
0 —g— Sampling Line 15
—a— Sampling Line 16
0
0
10 20 S0 &0 30 100 1M 150
=10

Respiration Rate (BPM)


https://www.editorialmanager.com/jove/download.aspx?id=1235394&guid=197d26ed-6988-4770-9a27-0404e9ad1c68&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235394&guid=197d26ed-6988-4770-9a27-0404e9ad1c68&scheme=1

Figure 4 Click here to access/download;Figure;Fig 4.psd %

Figure 4
A, B.
40+ 40+
__._,:Fp B5%: Uppar ld
20- 7 e
o % upper bl ] o
&
o
g "f‘# 2er0 biag ling - SR,
-
| EE% bt it
20 401 "
= 5% (vt L
~401 : _ : | LR .
0 £ w0 50 m :m 4 50
fyarage mesusamant Awarage measurement

rﬁ;1ﬂ-ﬁ-4ﬁgﬁiu%ﬂ+!ﬁ.1h-!ﬁl Rl o0 « D6 = 40 2 80 o B0 & 1 = -1



https://www.editorialmanager.com/jove/download.aspx?id=1235395&guid=e9d32dc8-65a1-4f8c-a7a5-81aa10c2c35e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235395&guid=e9d32dc8-65a1-4f8c-a7a5-81aa10c2c35e&scheme=1

Figure 5 Click here to access/download;Figure;Fig 5.psd 2

Figure 5
A. Mo Supplsmental Oy B. 2 L/minSupplemental O, FrHRERO T
ML ETCD: (memitig)
KT, g l g 3 4 B E 1012 318 16 iE XM OB M M OMH ¥ I M M
& 3 & @ 0 10093 W oM oH 3 3 M N O3 W B & o4 i
e L= —————————— {
e —————————————————————————— Pt
S grang Lives 3
T 5 Lifa §
L g — "-*'_‘T : I ——s.....
Samihvig L4 famping Lire e
] e gt S — ¥ Sarapivg Live & —
z S
s e ] i‘l lapgline
e e e L ——————
-ﬁ e % sl
b= s i I et | W g | —
Saspiagie U | Sarreniing Lirs 10 ]
Saping L TE g L ]
e e _________________________________| Earmpling leres 13 . 7
e —— Samging bing 13 —— -
3 Lmin 00 ok Livin 02
C. 4 L/min Supplemental O, R 0. & L'min Supplemental O, Enpecned vabe
FPCo, tmmbgl y ETCO; {memHgh Jl
B2 & & @ M0 12 M o M M O3 o3 oM O3 M A MO R L o o S L
I
L R e———— f-l'ﬁml.ﬂ:
Famphing Ling T ﬁpq:’ql
g e ==l
Sanpling Lre 3 S -
w:m- Sanping Ling 2 -
- H & Eamping L5
Lo L =
II Hldi 3 Synplng Line:§
= ke _! Sy Line 7
= i L T — E B ——_—_—_—
i Syl Lires I—_I 2 Sameg Lingd o
s o
Lira Sampiing | e 19 3
A L 1] e ————— SamplingLina 11 HEETIE
Snpig lng || IE— Sarngiing Lire 13 S—
Smpieg Line 17— . Tarmciing Line 1] ——————T
g Lo -3 —————————

BEfmin 08 olii=ini0d


https://www.editorialmanager.com/jove/download.aspx?id=1235396&guid=8214e607-4deb-40ba-bee9-1d8d4806b330&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235396&guid=8214e607-4deb-40ba-bee9-1d8d4806b330&scheme=1

Figure 6 Click here to access/download;Figure;Fig 6.psd 2

Figure 6
i 404
L 5% ppar hevil 264 % uppe mi
H -
2 9 - i bigd bne & 04 p’f B EehE e
a4 - % et b .20+ i P
L5
B
i e
L T T 1 T L L]
13 34 kL] o 10 40 1

Averages maEssama Avurnge s saeman
[COE0E o b0 » 33 « 42 & b8 0 b4 - 0h - B6] [O0omd o B0 « 1 = &3 5 dd o @0 B8 BE]



https://www.editorialmanager.com/jove/download.aspx?id=1235397&guid=af10bf21-8d5a-4c24-b80c-53ba33c8b9b7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235397&guid=af10bf21-8d5a-4c24-b80c-53ba33c8b9b7&scheme=1
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ling Li . | Ozconnector { O,tube- 4- | 4-way-0, | O, tube- Cannula -
Sampling Line Connection 0, tube way tube cannula €O, tube
Sampling Line
Sampling Line 1 15.68 14.78 9.94 8.81 6.16
Sampling Line 2 19.52 20.79 4.14 4.58 4.8
Sampling Line 3 10.1 11.98 5.48 4.83 7.11
Sampling Line 4 16.5 6.72 7.48 6.87 6.91
Sampling Line 5 21.87 22.88 8.81 8.61 8.62
Sampling Line 6 19.49 10.79 3.18 3.92 3.81
Sampling Line 7 24.9 18.29 12.32 8.67 7.37
Sampling Line 8 --- 24.7 21.61 5.61 9.19
Sampling Line 9 21.91 19.87 6.68 7.7 5.49
Sampling Line 10 11.4 17.23 11.71 11.7 6.56
Sampling Line 11 17.88 17.7 12.86 8.2 8.58
Sampling Line 12 18.52 21.46 6.11 7.33 6.94
Sampling Line 13 12.83 15.5 6.06 6.11 6.08
Sampling Line 14 - - - - -
Sampling Line 15 26.27 22.79 5.94 8.3 11.03
Sampling Line 16 26.6 21.08 5.32 7.53 10.44
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CO, tube - 4{ 4-way - CO, | CO, tube - CO, | Humidifier -| Tube -
way tube connector tube cannula
7.64 5.06 7.42 - —
3.26 7.17 10.91 -— —
4.03 8.95 11.52 - —
4.81 5.53 10.66 -— —
10.14 14.61 11.72
1.33 4.41 5.52
11.82 8.26 6.28 - —
9.24 6.75 10.57 --- -
6.67 7.39 10.14 - —
7.49 7.7 8.15 -— -
6.97 6.65 7.6 - —
6.18 9.07 10.62 — —
4.99 7.38 6.46 - —

- --- 10.7 3.55 6.58
6.79 6.62 9.87 - —
6.83 6.42 9.52 — —
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. Maximum . Maximum
Average Rise . Exhalation .
Sampling Line Time (£SD) Respiratory Time [msec] Respiratory
[msec] Rate (i =1:1) (i=1:1) Rate (i=1:2)
[BPM] [BPM]

Sampling Line 1 116 (2) 258 116.279 345
Sampling Line 2 234 (3) 128 234.375 171
Sampling Line 3 282 (8) 106 283.019 142
Sampling Line 4 186 (4) 161 186.335 216
Sampling Line 5 147 (6) 204 147.059 272
Sampling Line 6 293 (5) 102 294.118 136
Sampling Line 7 233 (3) 128 234.375 172
Sampling Line 8 122 (2) 245 122.449 327
Sampling Line 9 147 (2) 204 147.059 272
Sampling Line 10 122 (2) 245 122.449 328
Sampling Line 11 127 (2) 236 127.119 315
Sampling Line 12 264 (2) 113 265.487 152
Sampling Line 13 317 (23) 95 317 126
Sampling Line 14 123 (2) 243 123.457 326
Sampling Line 15 163 (2) 184 163.043 245
Sampling Line 16 180 (2) 166 180.723 222
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Exhalation | Accurate after | Accurate after
Time [msec] 150 BPM 150 BPM
(i=1:2) (i=1:1) (i=1:2)
115.942 Y Y
233.918 N Y
281.69 N N
185.185 Y Y
147.059 Y Y
294,118 N N
232.558 N Y
122.324 Y Y
147.059 Y Y
121.951 Y Y
126.984 Y Y
263.158 N Y
317 N N
122.699 Y Y
163.265 Y Y
180.18 Y Y




Table of Materials

Name of Material/ Equipment
Adult CO2/02 Nasal Cannula
Adult Dual Nasal Cannula, Female Luer
Divided Adult Capnograpy Cannula, Female Luer
Divided Adult Capnograpy Cannula, Female Luer
Hudson RCI Softech Bi-Flo EtC0O2/02 Cannula, Female Luer
C02/02 Adult Cannula, Female Luer
Adult ETCO2 Cannula
02/C02 Nasal FilterLine sampling line, Adult, Female Luer
Smart Capnoline Plus sampling line, Adult, Female Luer
Pediatric CO2/02 Nasal Cannula
Pediatric CO2/02 Oral/Nasal Cannula
Divided Pediatric Capnograpy Cannula, Female Luer
Hudson RCI Softech Plus Pediatric Divided Nasal Cannula
FilterLine H Set sampling line, Infant/Neonate
02/C0O2 Nasal FilterLine sampling line, Pediatric, Female Luer
Smart Capnoline sampling line, Pediatric, Female Luer
Breathing simulator
Capnostream 35 portable respiratory monitor
Flow/Leak Tester
Flow Meter
Gas: 100% N2
Gas: 100% 02
Gas: 5%C02, 21%02, 74% N2
Manikin
Rise Time Jig
Tensile Testing Machine
Statistical software

Click here to access/download;Table of Materials;JoVE_Materials List_revised.xls 2

Company
Respironics
Flexicare
Salter Labs
Salter Labs
Hudson
Westmed
Ventlab
Medtronic
Medtronic
Respironics
Respironics
Salter Labs
Hudson
Medtronic
Medtronic
Medtronic
Medtronic
Medtronic
Emigal Electronic test solutions LTD
Omega
Airgas
Airgas
Airgas
Tru Corp-AirSim Advance
Medtronic
MRC Lab
SAS Institute Inc

Catalog Number
M2750A
032-10-126U
4707FTG-7-7
4797F-7-7
1845
539
4707
6912
9822
M2751A
M2761A
4703F-7-7
2850
6324
6913
7269
T-158
PM35MN
N/A
FMA1823A
GR04930
10133692
HPE400
S/N:

T-547
B1/E
v9.4
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Sampling Line Number
Sampling Line 1
Sampling Line 2
Sampling Line 3
Sampling Line 4
Sampling Line 5
Sampling Line 6
Sampling Line 7
Sampling Line 8
Sampling Line 9
Sampling Line 10
Sampling Line 11
Sampling Line 12
Sampling Line 13
Sampling Line 14
Sampling Line 15
Sampling Line 16



Comments/Description

https://www.medtronic.com/covidien/en-us/products/capnography/filterline-etco2-sampling-lines.html
https://www.medtronic.com/covidien/en-us/products/capnography/filterline-etco2-sampling-lines.html

https://www.medtronic.com/covidien/en-us/products/capnography/filterline-etco2-sampling-lines.html
https://www.medtronic.com/covidien/en-us/products/capnography/filterline-etco2-sampling-lines.html
https://www.medtronic.com/covidien/en-us/products/capnography/filterline-etco2-sampling-lines.html

https://www.medtronic.com/covidien/en-us/products/capnography/capnostream-35-portable-respiratory-monitor.html



Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
Reviewers.pdf

August 02, 2020

Vineeta Bajaj, Ph.D.
Review Editor
JoVE

Re: MS#: JoVE61670R1 "Evaluation of Capnography Sampling Line Compatibility and Accuracy
When Used with a Portable Capnography Monitor"

Dear Dr. Bajaj,

We would like to thank the editors and reviewers for their valuable comments on our
manuscript. We herein submit a revised version of the manuscript addressing the reviewer
comments, with our point-by-point responses below.

Best regards,
Ruben D. Restrepo

EDITORIAL COMMENTS

Editorial Comment 1: Please take this opportunity to thoroughly proofread the manuscript to
ensure that there are no spelling or grammatical errors.

Author Response: Thank you for this suggestion. We have carefully reviewed the manuscript to
ensure there are no spelling or grammatical errors.

Editorial Comment 2: Protocol Language: Please ensure that ALL text in the protocol section is
written in the imperative voice/tense as if you are telling someone how to do the technique
(i.e. “Do this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may
be added as a “Note”, however, notes should be used sparingly and actions should be described
in the imperative tense wherever possible.

1) Examples NOT in the imperative : 2.6.1

Author Response: We thank the editors for this comment, and have revised the protocol
language to ensure all steps are written in the imperative tense, as highlighted below:

2.6.1 Calculate the maximum respiratory rate using the measured rise time for the
sampling line and a 1:1 breath ratio, using the following equation: Fera-1:1-breathratie;


https://www.editorialmanager.com/jove/download.aspx?id=1235400&guid=947ca63e-1eab-434c-a33d-799312f231d9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1235400&guid=947ca63e-1eab-434c-a33d-799312f231d9&scheme=1

Maximum Respiratory Rate (BPM) = 30 sec+ Rise time for sampling line (sec)
where 30 sec represents the cumulative time used to exhale during 1 min (1:1
inhalation:exhalation time).

Note: For a 1:1 breath ratio, the maximum respiratory rate represents the fastest
allowed respiratory rate without impacting ETCO; accuracy when the time required for
inhalation and exhalation are the same.

2.6.2 Calculate the maximum respiratory rate using the measured rise time for the
sampling line and a 1:2 breath ratio, using the following equation: Fera3d:2breathratie;

Maximum Respiratory Rate (BPM) = 40 sec + Rise time for sampling line (sec)
where 40 sec represents the cumulative time used to exhale during 1 min (1:2
inhalation:exhalation time).

Note: For a 1:2 breath ratio, the maximum respiratory rate represents the fastest
allowed respiratory rate without impacting ETCO; accuracy when the time used to
exhale is twice as long as the time used to inhale.

In addition, we revised the protocol headings to ensure use of the proper voice:

1. Measurement-of Measure sampling line tensile strength

2. Measure rise time test and sampling line accuracy

3. Measurementof Measure ETCO; accuracy as a function of respiratory rate

4. Measurement-of Measure ETCO; accuracy in the presence of supplemental O;

Editorial Comment 3: Protocol Detail: Please note that your protocol will be used to generate

the script for the video, and must contain everything that you would like shown in the video.
Please ensure that all specific details (e.g. button clicks for software actions, numerical values
for settings, etc) have been added to your protocol steps. There should be enough detail in
each step to supplement the actions seen in the video so that viewers can easily replicate the
protocol. Some examples:

1) 3.3.2: Mention software steps.

2) 3.3.: how?

Author Response: As requested, we have added specific details, including button clicks and

numerical values for settings, to the protocol steps as outlined below:

2.1.2.5 Open the LabMEW jig software and define the test parameters as follows: Air:



CO; ratio 1:1; Air time = 3 seconds, CO; time = 3 seconds, 10 cycles, rise time
measurement length: none.

2.1.5 Compare the rise time value to the margins and confirm it is inside the specification
limits, pre-defined as rise time background < 60 msec and rise time of a control sample,
a 15 cm PVC tube, 0.95 mm internal diameter, equal to 39 + 5 msec.

2.1.6 Compare the delivery time to the margins and confirm it is inside the specification
limits, predefined as background delivery time <100 msec and delivery time of a control

sample, a 15 cm PVC tube, 0.95 mm internal diameter, equal to 152 + 5 msec.

3.3.2 Using Open the eontrol breath simulator jig software, and eglibrate set the & duty
cycle to 50%.

3.3.3 Test for leaks in the system using a leak testing jig.
3.3.3.1 Connect the sampling line to the CO; port on the leak testing jig.

3.3.3.2 Create a kink in the sampling line to prevent CO; from exiting the end of the
sampling line.

3.3.3.3 Using a flow rate of 50 mL/min CO,, allow the pressure in the sampling line to
increase to 300 mmHg, then stop adding CO,.

3.3.3.4 Observe if the pressure in the sampling line remains the same or decreases. If the
pressure decreases, this confirms a leak in the system, and a new sampling line should be
applied in Step 3.2.

Editorial Comment 4: Protocol Highlight: Please ensure that the highlightin is under 2.75 pages
(including line spaces).

Author Response: Thank you for this comment. We have removed some of the protocol
highlighting to ensure that it is under 2.75 pages total.

Editorial Comment 5: Discussion: JoVE articles are focused on the methods and the protocol,
thus the discussion should be similarly focused. Please ensure that the discussion covers the
following in detail and in paragraph form (3-6 paragraphs): 1) modifications and
troubleshooting, 2) limitations of the technique, 3) significance with respect to existing
methods, 4) future applications and 5) critical steps within the protocol.

Author Response: We reviewed the discussion section to ensure that it addresses the 5
discussion topics noted above. Key portions of the discussion section, including text added to




address these topics, are as follows:
1) Modifications and troubleshooting:

To apply the rise time findings to a clinical setting, we performed two tests to
examine ETCO; accuracy when sampling lines were connected to a portable
capnography monitor via a manikin. For both tests, we needed to modify the
default capnography monitor settings to allow the monitor to recognize cross-
paired sampling lines.

We needed to modify the rise time measurement parameters to remove the
upper time limit on the rise time jig, so that the rise time could be collected for all
sampling lines before the measurement period ended. The long rise time
observed for some capnography sampling lines could reflect an increased volume
of dead space in these sampling lines.

2) Limitations of the technique:
One limitation of this testing system is the continuous, gradual increase in force
applied to the sampling line, as opposed to a sudden strong force, which could be
encountered in clinical settings.

Although a rapid breathing rate of 150 BPM is unlikely to be encountered
clinically, we determined the accuracy of each sampling device at this breath rate
because it is considered the technical upper limit for many capnography sampling
lines. While a respiratory rate of 150 BPM is non-physiologic, our bench test
highlights that while some capnography sampling lines were accurate across the
full technical range of respiratory rates, other sampling lines failed to achieve the
same accuracy standard.

The main limitation of the ETCO; tests is that the tests are performed using a
manikin and a controlled breathing system, as opposed to a human subject, in
which breathing patterns vary between individuals.

3) Significance with respect to existing methods:
Although tensile strength tests are often performed on other types of medical
devices, our method was unique in that it examined the tensile strength of each
segment of the capnography sampling line. Therefore, in addition to determining
measuring the tensile strength of each sampling line component, it also allowed
for identification of the overall weak point of the complete sampling line.



...we determined the maximum respiratory rate and exhalation time for two
unique breathing patterns, defined by inhalation:exhalation ratios equal to 1:1
and 1:2. This unique aspect of our analysis allowed us to evaluate the accuracy of
measured CO; in circumstances that represent patients whose breathing pattern
is uniform or whose exhalation time lasts longer than their inhalation time.

..similar to a previous study, we controlled respiratory rate using a respiratory
rate controller, and monitored the resulting ETCO, measurements for each
sampling line.

Importantly, many of the sampling lines failed to maintain ETCO, accuracy upon
an increase in respiratory rate or upon the introduction of supplemental O,
which is consistent with previous assessments of capnography accuracy.
Together, our findings are consistent with previous bench tests that successfully
measure the accuracy of capnography sampling lines.

4) Future applications:
As a validated instrument, the jig used to measure the tensile strength of the
capnography sampling lines could be used for other applications, such as
measuring the tensile strength of other sampling tubes and medical devices that
have the potential to experience tension in a clinical setting.

Given that many of the sampling lines cross-paired to the capnography monitor
exhibited reduced ETCO; accuracy in clinically relevant circumstances, care
should be taken to ensure that any cross-paired commercial sampling lines and
monitors are validated before being used to monitor patient ventilation status.

5) Critical steps within the protocol:
Although tensile strength tests are often performed on other types of medical
devices, our method was unique in that it examined the tensile strength of each
segment of the capnography sampling line. Therefore, in addition to determining
measuring the tensile strength of each sampling line component, it also allowed
for identification of the overall weak point of the complete sampling line.

...we determined the maximum respiratory rate and exhalation time for two
unique breathing patterns, defined by inhalation:exhalation ratios equal to 1:1
and 1:2. This unique aspect of our analysis allowed us to evaluate the accuracy of
measured CO; in circumstances that represent patients whose breathing pattern
is uniform or whose exhalation time lasts longer than their inhalation time.



A key component of this test was the use of a pre-defined set of respiratory rates
ranging from 10 to 150 BPM, to determine ETCO; accuracy across respiratory
patterns that patients could exhibit.

Similar to the ETCO; accuracy test with varying respiratory rate, in this test, a key
step in the protocol was to measure ETCO; accuracy across multiple
supplemental oxygen flow rates.

Editorial Comment 6: Figure/Table Legends: Include a reference for Suppl File 1.

Author Response: Thank you for this comment. As requested by Reviewer 1, we have moved
Supplementary Figure 1 to the main manuscript, and as such, have updated the Figure and
Table Legends to reflect this. In the revised manuscript, Figure 4 (formerly Supplementary
Figure 1A-B) is referenced in the results section entitled ‘ETCO; accuracy as a function of
respiratory rate’ and Figure 6 (formerly Supplementary Figure 1C-D) is referenced in the results
section entitled ‘ETCO; accuracy in the presence of supplemental oxygen’.

Editorial Comment 7: References: Please spell out journal names.

Author Response: We have updated the references so that the full journal names are listed for
each entry.

Editorial Comment 8: Commercial Language: JoVE is unable to publish manuscripts containing
commercial sounding language, including trademark or registered trademark symbols (TM/R)
and the mention of company brand names before an instrument or reagent. Examples of
commercial sounding language in your manuscript are Nafion, compact RIO, LabVIEW, SAS (SAS
Institute Inc, Medtronic, Respironics and Medtronic, (Respironics , Flexicare, Salter Labs,
Hudson, Westmed, Ventlab,

1) Please use MS Word'’s find function (Ctrl+F), to locate and replace all commercial sounding
language in your manuscript with generic names that are not company-specific. All commercial
products should be sufficiently referenced in the table of materials/reagents. You may use the
generic term followed by “(see table of materials)” to draw the readers’ attention to specific
commercial names.

2) Please remove the registered trademark symbols TM/R from the table of reagents/materials.
3) Since you are comparing various systems, we suggesting labeling them system 1, 2, 3 etc and
defining the labels in the table of materials.

4) Remove all product names from all figure and tables.

Author Response: Thank you for this important comment. We have removed the following




commercial language from the manuscript:

Nafion replaced with humidifier in all manuscript text, tables, and figures
Compact RIO replaced with jig controller and power supply in the manuscript text
LabVIEW replaced with jig software in the manuscript text

SAS replaced with statistical software in the manuscript text

In addition to the specific terms outlined above, we removed all commercial names for the
capnography sampling lines from the manuscript text, tables, and figures, and as suggested,
created a system to label the capnography sampling lines using numbers 1 through 16. These
are defined by the manufacturer and product name in the Table of Materials, and the product
names and manufacturers, including Respironics, Flexicare, Salter Labs, Hudson, Westmed,
Ventlab, and Medtronic, are no longer used in the manuscript text, tables, and figures.

Finally, we have verified that registered trademark symbols are not included in the Table of
Materials.

Editorial Comment 9: If your figures and tables are original and not published previously or you
have already obtained figure permissions, please ignore this comment. If you are re-using
figures from a previous publication, you must obtain explicit permission to re-use the figure
from the previous publisher (this can be in the form of a letter from an editor or a link to the
editorial policies that allows you to re-publish the figure). Please upload the text of the re-print
permission (may be copied and pasted from an email/website) as a Word document to the
Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also
cite the figure appropriately in the figure legend, i.e. "This figure has been modified from
[citation]."

Author Response: Our figures and tables are original and not previously published.

REVIEWER 1

This is well written manuscript and performed a good comparisons among several sampling
tube. They considered the tensile strength, rise time, ETCO; accuracy as a function of
respiratory rate, and ETCO; accuracy in the presence of supplemental O; as assessment
parameters for several sampling tube. The method is well written and explained. The finding of
this research is analysed used well established method namely, Bland Altman plot.

Reviewer 1, Comment 1: Line 509; Together, these tests suggest that devices with a longer rise
time have a lower maximum accurate respiration rate and exhibit low ETCO; accuracy at the
maximum accurate respiration rate.




Do you want to say that the bad performance of other sampling tube rather than medtronic,
happened due to longer rise time, hence it depends upon the CO, sensor response time, having
lower rise time, may provide similar results.

Author Response: We thank the reviewer for this question regarding the relationship between
rise time and sensor response time. Importantly, the CO, sensor response time equals the total
of (1) the rise time of the sampling line and (2) the delay time, defined as the time required for
the monitor to calculate ETCO;. Since the same capnography monitor was used for all bench
tests, the delay time is equal across all 16 capnography sampling lines reported. Therefore, the
performance of the sampling lines does not require consideration of the CO; sensor response
time (a constant value), but instead can be compared by the rise time alone.

Reviewer 1, Comment 2: As, relatively high sampling rate (i.e. 150 ml-min-I), may reduce the
response time which indirectly reflect on rise time, may provide a better way to compare the
sampling tube, | mean, the sampling tube which does perform well on higher sampling rate,
may have similar results. The experiment should be performed with higher sampling flow rate
to see the impact of rise time.

Author Response: We appreciate the reviewer’s suggestion to perform the experiment with a
higher sampling flow rate. Importantly, the rise time experiment was performed with the
capnography monitor set at its maximum sampling flow rate, which is 50 mL/min. Therefore,
we did not perform the experiment again with a higher sampling flow rate than originally used.
However, we did add this important detail to the Protocol section as follows:

2.1.2.4 Calibrate the air and CO; flow to 10 L/min and the gas sampling rate to 50
mlL/min using a mass flow meter and a dedicated restrictor. Note: The maximum
sampling rate of the capnography monitor is 50 mL/min.

Reviewer 1, Comment 3: | am curious to see the result of Bland altman plot with 95%
confidence interval with upper and lower limit from its mean value, rather than bar graph.

Author Response: Thank you for this comment. Our initial manuscript submission included a
supplementary figure of Bland Altman plots, displaying the bias with 95% confidence intervals
for both ETCO; bench tests. Importantly, our revised manuscript includes these plots as Figures
4 and 6, for ETCO; accuracy as a function of respiratory rate and ETCO; accuracy in the
presence of supplemental O, respectively. We hope that moving these plots to the main
manuscript will avoid them potentially being missed by readers. The figure legends are now as
follows:

Figure 4: Bland-Altman plot for ETCO; measures by (A) Matched sampling lines as a
function of increasing respiratory rate and (B) Cross-paired sampling lines as a function
of increasing respiratory rate.



Figure 6: Bland-Altman plot for ETCO, measures by (A) Matched sampling lines as a
function of increasing supplemental O; flow rate; (B) Cross-paired sampling lines as a
function of increasing supplemental O; flow rate.

Reviewer 1, Comment 4: The sampling tube utilized from Medtronic are five that is
comparatively more than the other company, which may provide bias results.

Author Response: We thank the reviewer for this important comment. As explained in the
revised manuscript, we compared the bench test results between sampling lines from the same
manufacturer as the capnography monitor (Medtronic, labeled in the manuscript as ‘matched’
sampling lines) vs sampling lines from alternate manufacturers (labeled in the manuscript as
‘cross-paired’ sampling lines). Since the key comparison was the performance of matched vs
cross-paired sampling lines, we felt it necessary to include more than 1 matched sampling line
across the bench tests, so that the results are not biased by a single matched sampling line. In
addition, since the capnography sampling line designs vary by manufacturer, including multiple
styles of matched Medtronic sampling lines allows for a more equal comparison against the
varied designs tested from other manufacturers. In this way, we ensured an ‘apples to apples’
comparison, as opposed to an ‘apples to oranges’ comparison among the designs of the
matched and cross-paired sampling lines. For these reasons, we have opted to retain the
comparisons as in the originally submitted manuscript, and we added the following text at the
beginning of the Protocol to clarify the comparison between matched and cross-paired
sampling lines:

The capnography sampling lines used in these bench tests included 16 adult, pediatric,
and neonatal capnography sampling lines from 7 commercial sources. Among the 16
sampling lines included in the bench tests, 5 sampling lines were from the same
manufacturer as the capnography monitor utilized for the bench tests (‘matched’), and
11 sampling lines were from alternate manufacturers (‘cross-paired’) (Table of
Materials).

Reviewer 1, Comment 5: The balnd altman analaysis should provide the in main text rather
than in supplementary.

Author Response: As suggested by the reviewer, we have moved the Bland Altman plots to the
main manuscript, where they are reported in the revised manuscript as Figures 4 and 6. The
figure legends are now as follows:

Figure 4: Bland-Altman plot for ETCO; measures by (A) Matched sampling lines as a
function of increasing respiratory rate and (B) Cross-paired sampling lines as a function
of increasing respiratory rate.



Figure 6: Bland-Altman plot for ETCO, measures by (A) Matched sampling lines as a
function of increasing supplemental O; flow rate; (B) Cross-paired sampling lines as a
function of increasing supplemental O; flow rate.

Reviewer 1, Comment 6: What is reference rise time (60 msec) ? if | am not wrong line (205)
Record the background rise time and ensure the result is less than 60 msec. There are the
sensor having lower response time comet, Sprint IR.

Author Response: The reviewer is correct that the background rise time, measured during
calibration, is <60 msec. In addition, the rise time using a control sample, defined as a 15 cm
PVC tube, 0.95 mm internal diameter, is expected to be 39 + Smsec. Although not previously
defined in the manuscript, the acceptable background delivery time is defined as <100 msec,
with delivery time of a control sample (15cm PVC tube, 0.95 mm internal diameter) equal to
152 + 5 msec. We have added these details to the Protocol section of the manuscript as below:

2.1.5 Compare the rise time value to the margins and confirm it is inside the specification
limits, pre-defined as rise time background < 60 msec and rise time of a control sample,
a 15 cm PVC tube, 0.95 mm internal diameter, equal to 39 + 5 msec.

2.1.6 Compare the delivery time to the margins and confirm it is inside the specification
limits, predefined as background delivery time <100 msec and delivery time of a control
sample, a 15 cm PVC tube, 0.95 mm internal diameter, equal to 152 + 5 msec.

Importantly, while other capnography monitors, such as the Sprint IR sensor mentioned by the
reviewer may have a different response time, the purpose of our bench tests was to compare
capnography sampling lines to one another using a single type of capnography monitor.
Exploration of performance differences between multiple capnography monitors was out of the
scope of this analysis, but is certainly a valuable topic for future studies.

REVIEWER 2

Reviewer 2, Comment 1: There are two different technologies for clinical capnography and two
very different uses of clinical capnography. Types of capnography include in-line version and
the side-stream version, capnography for breathing circuits in intubated patients and
capnography for non-intubated patients using a nasal cannula. To bring clarity to this while
concurrently orienting the reader to this being a study specifically on "nasal cannula
capnography" would really help those who heavily use capnography hone in on what this
particular study is focusing on while at the same time educating those who aren't as
experienced on the diversity of types and uses of capnography. | do note that the last sentence
of the introduction describes capnography as being used in intubated patients, but it does not
bring clarity to the fact that intubated patients can use in-line or side-stream and that this is a




differently designed sample line.

Author Response: This is an excellent comment. As the reviewer notes, we initially provided
little background on mainstream vs sidestream capnography, and have revised the introduction
to include clarification that this study was focused on sidestream capnography, to compare
performance of nasal cannula sampling lines. Key modifications to the Introduction section are
as follows:

Inherent in the use of capnography is reliance on a device that provides the clinician with
an accurate assessment of a patient’s ventilatory status. Capnography monitoring can
be either sidestream, in which exhaled breath is diverted to a monitor by a nasal cannula
and tubing, or mainstream, in which exhaled breath is measured at the source without
diverting the sample. Mainstream capnography is most often used in intubated patients,
whereas sidestream capnography is used for both intubated and non-intubated patients.
One important component of sidestream capnography is the sampling line...

For example, nasal cannula sampling lines can have up to 10 connections between the
nasal cannula, humidifier, ETCO; sampling line, and O, delivery tubes (Figure 1).

The performance of nasal cannula sampling lines can be evaluated by a variety of tests
such as the overall weak point and rise time.

Another critical element of sidestream capnography monitoring affected by sampling
line design is rise time...

The purpose of this study was to determine the compatibility and accuracy of
commercially available sidestream capnography sampling lines used in conjunction with
a portable capnography monitor.

Reviewer 2, Comment 2: As the text of the article develops it seems to evolve into a
comparison of Medtronic sample lines vs non-Medtronic sample lines. Considering that the
authors all have Medtronic connections it would be in order to clarify "the reason" for
separating out the Medtronic lines. Ironically it would both allow more description regarding
the superior performance of the Medtronic lines while also giving a reason for the Medtronic vs
non-Medtronic grouping, which currently has the appearance of being associated with
corporate bias. | think that this issue can be clarified because there does seem to be a
qualitative difference between the Medtronic and non-Medtronic sample lines. If there is no
result related basis for grouping Medtronic vs non-Medtronic then it would be better not
describe this group comparison. This is a major issue with the paper that should be addressed.




Author Response: We thank the reviewer for highlighting this topic, which was also raised by
Reviewer 1. As explained in the revised manuscript, we compared the bench test results
between sampling lines from the same manufacturer as the capnography monitor (Medtronic,
labeled in the manuscript as ‘matched’ sampling lines) vs sampling lines from alternate
manufacturers (labeled in the manuscript as ‘cross-paired’ sampling lines). By re-defining these
groups of sampling lines into matched vs cross-paired groups, as opposed to Medtronic vs non-
Medtronic, the emphasis of our observations is on the qualitative difference between these
groups of sampling lines, and less on the manufacturer, avoiding potential corporate bias. In
addition, we consider the matched Medtronic sampling lines to be an appropriate control group
for comparison against the cross-paired sampling lines’ performance with a Medtronic
capnography monitor, and as mentioned in our response to Reviewer 1, Comment 4, we
included multiple styles of matched sampling lines to allow for a more equal comparison
against the varied sampling line designs tested from other manufacturers.

Among many manuscript modifications to remove references to specific sampling line
manufacturers, we added the following text at the beginning of the Protocol to clarify the
comparison between matched and cross-paired sampling lines:

The capnography sampling lines used in these bench tests included 16 adult, pediatric,
and neonatal capnography sampling lines from 7 commercial sources. Among the 16
sampling lines included in the bench tests, 5 sampling lines were from the same
manufacturer as the capnography monitor utilized for the bench tests (‘matched’), and
11 sampling lines were from alternate manufacturers (‘cross-paired’) (Table of
Materials).

Reviewer 2, Comment 3: Why were the various respiratory rate points chosen? Why is it
important or significant that a sample line performs at a respiratory rate of 150 breaths per
minute? As a clinician | can't imagine a person, even a neonate breathing at 150 BPM and just
need to understand why performance at this level significant or why this rate was chosen. It
would be important to mention that the high respiratory rates are non-physiologic, but that
some of the lines performed so well that they could function with these non-physiologic rates.

Author Response: This is an excellent question. We chose a variety of respiratory rates to
reflect possible breathing scenarios encountered in clinical settings. Importantly, we included
up to 150 BPM because this respiratory rate is defined as the technical upper limit for many
capnography sampling lines. Thus, even if a respiratory rate of 150 BPM is unlikely to occur in a
clinical setting, as a bench test, we felt it was appropriate to test the full technical range of the
devices. We have added this detail to the Discussion section as reflected below:

Although a rapid breathing rate of 150 BPM is unlikely to be encountered clinically, we
determined the accuracy of each sampling device at this high breath rate because it is
considered the technical upper limit for many capnography sampling lines. While a



respiratory rate of 150 BPM is non-physiologic, our bench test highlights that while some
capnography sampling lines were accurate across the full technical range of respiratory
rates, other sampling lines failed to achieve the same accuracy standard.

Reviewer 2, Comment 4: Figure 3A is without proper captioning. The reader has to go back to
the text of the article to understand that all of the lines were tested with a CO; level of
34mmHg. What is not clear and not addressed is why the sample lines were reading higher and
much higher CO; levels than 34 mmHg per this graph. The issue of captioning applies to all of
the figures.

Author Response: Based on the reviewer’s comment, we have added the following detail to the
figure legend for Figure 3:

Figure 3: ETCO; accuracy of adult and pediatric capnography sampling lines as a function
of respiration rate. Measured ETCO; values for (A) Adult and (B) Pediatric and Neonatal
capnography sampling lines across a range of respiratory rates from 10 to 150 BPM. In
all cases, the expected ETCO; value is 34 mmHg.

Please note that the expected ETCO; value of 34 mmHg was already highlighted in the Figure 5
legend:

Figure 5: ETCO; accuracy of capnography sampling lines in the presence of increasing
supplemental oxygen. ETCOzaccuracy is reported for (A) No supplemental oxygen; (B) 2
L/min supplemental oxygen; (C) 4 L/min supplemental oxygen; and (D) 6 L/min
supplemental oxygen. The green line at 34 mmHg represents the expected ETCO; value
across all measurements.

With respect to the sampling lines that read ETCO; levels higher than 34 mmHg at higher
respiration rates, this is partially addressed in the Results section, in which we pre-defined the
acceptable accuracy for readings between 0-38 mmHg and readings >38 mmHg:

The expected ETCO: in the presence of 5% CO» was 34 mmHg at ambient pressure, and
the range predefined as acceptable accuracy was 2 mmHg for readings between 0-38
mmHg and £5% of the reading + 0.08 for every 1 mmHg above 38 mmHg.

The high ETCO; readings are likely due to the sampling line design and the amount of dead
space present within the sampling lines, where less dead space may result in increased ETCO;
measurements, and more dead space within the sampling line leads to mixed breath samples
(Figure 2A). In the case of a large volume of dead space, the amplitude of the mixed breath
becomes so low that the capnography monitor does not recognize it as a valid breath (Figure
2B). While this concept was addressed in the Discussion section, we have added more detail to
address the topic:



This accuracy could be due to the design of the sampling lines, such that those with
higher friction or larger dead space volume result in lower resolution breath samples at
increased respiratory rate, similar to what we observed in the rise time test. While the
sampling lines with high ETCO; readings may contain less dead space that enable them
to deliver discrete breath samples, the error of ETCO; readings above 38 mmHg was pre-
defined as 5% of the reading + 0.08 for every 1 mmHg above 38 mmHg. This could
partially explain why the ETCO; readings were increased above 34 mmHg during high
respiratory rate in some sampling lines. In contrast, the sampling lines with low or zero
ETCO; readings may contain more dead space, resulting in mixed breath samples that
the capnography monitor does not recognize as valid breaths, and thus reports as no
breath.

Reviewer 2, Comment 5: | as a reader have a perception that the "breathing jig" design may be
important. Unfortunately | don't understand how this jig is set up, how the breaths were
simulated and whether its design may have impacted sample line performance. Considering the
fact that some of the sample lines had unbelievably poor performance (0 breaths detected
when oxygen was flowing), why people would be purchasing a useless sample line, unless the
clinical performance on actual humans was different. Thus | wonder about the realism of the
"breathing jig".

Author Response: We thank the reviewer for this question. With respect to the breathing jig,
we have added a more detailed description of the jig to the Protocol section of the manuscript:

3.3 Prepare and calibrate the breath simulator jig, to control the simulated respiratory
rate. Note: The breath simulator jig is composed of a 2-way electrical operating valve,
allowing for precise control of the flow of CO, and N; to the manikin, to simulate human
breathing.

Although we do not speculate in the manuscript on the reason why poor-accuracy sampling
lines are purchased, it is important to highlight potential reasons for the poor accuracy
observed in our bench tests. The breathing jig is simply used to control the amount of CO;
‘exhaled’ by the manikin, to represent a human breath. While this bench test may not perfectly
reflect the real breath patterns of humans, it is designed as a controlled system to mimic
breathing. We highlighted this as a limitation in the Discussion section:

The main limitation of the ETCO; tests is that the tests are performed using a manikin
and a controlled breathing system, as opposed to a human subject, in which breathing
patterns vary between individuals.

Our interpretation of the poor performance of some capnography sampling lines in the
presence of supplemental O; is that this is not an experimental artifact, but rather, a reflection
of the capnography sampling line design. In particular, most of the dead space within a
sampling line is within the cannula, which delivers oxygen to the patient and collects exhaled



breath for ETCO, measurement. If the sampling line is designed with a large dead space in the
cannula, during oxygen delivery, the O, can become mixed with the exhaled breath, resulting in
dilution of the exhaled breath and a low amplitude ETCO; curve that the capnography monitor
does not detect as a valid breath. Therefore, if the sampling line, and in particular, the nasal
cannula, is not carefully designed, in the presence of higher flow oxygen, ETCO; cannot be
accurately measured by the capnography sampling line and monitor. We have added this to the
discussion as below:

In particular, similar to our observations upon increase of the respiratory rate, the ETCO;
readings for sampling lines 2 and 5 dropped to 0 mmHg in the presence of supplemental
0,, suggesting that their ETCO, accuracy when cross-paired with a capnography monitor
is very low. This may be due to the design of the sampling lines, and in particular, the
nasal cannula design, which is designed to both deliver oxygen to a patient and collect
breath samples from a patient. If the nasal cannula contains a large amount of dead
space, mixing of the supplemental oxygen and the exhaled breath can occur, resulting in
low amplitude, mixed breaths that the capnography monitor does not detect as exhaled
breath. In such a case, the ETCO, measurement would drop to zero, as we observed with
some of the cross-paired sampling lines tested.

We thank the reviewers for the time and effort they have devoted to critically reviewing our
manuscript. The reviewer’s comments are much appreciated and we hope the changes made in
response to their recommendations have strengthened the manuscript for publication in JoVE.

Please feel free to contact me with any questions.

Kind regards,

Ruben D. Restrepo, MD RRT FAARC FCCP
Professor, Division of Respiratory Care,
UT Health San Antonio

7703 Floyd Curl Drive

San Antonio, Texas 78229

Phone: (210) 567-7964

Email: restrepor@uthscsa.edu



