
Reliability of Displayed Tidal Volume in Healthy and Surfactant-
Depleted Piglets

A Cecilia Mendiondo Luedloff MD, Tracy L Thurman, Shirley J Holt RRT, Shasha Bai PhD,
Mark J Heulitt MD FAARC, and Sherry E Courtney MD

BACKGROUND: Volutrauma has been established as the key factor in ventilator-induced lung
injury and can only be avoided if tidal volume (VT) is accurately displayed and delivered. The
purpose of this study was to investigate the accuracy of displayed exhaled VT in a ventilator
commonly used in small infants with or without a proximal flow sensor and using 3 methods to
achieve a target VT in both a healthy and lung-injured neonatal pig model. METHODS: This
was a prospective animal study utilizing 8 male pigs, approximately 2.0 kg (range 1.8 –2.2 kg).
Intubated, sedated, neonatal pigs were studied with both healthy and injured lungs using the
Servo-i ventilator. In pressure-regulated volume control, both with and without a proximal flow
sensor, we used 3 methods to set VT: (1) circuit compliance compensation (CCC) on, set VT

6 – 8 mL/kg; (2) CCC off, calculated VT using the manufacturer’s circuit compliance factor; and
(3) CCC off, set VT 10 –12 mL/kg to approximate a target VT of 6 – 8 mL/kg. Ventilator-
displayed exhaled VT measurements were compared with exhaled VT measured at the airway
opening by a calibrated pneumotachograph. Bland-Altman plots were constructed to show the
level of agreement between the two. RESULTS: CCC improved accuracy and precision of
displayed exhaled VT when the sensor was not used, more markedly in the lung-injured model.
Without CCC, the sensor improved accuracy and precision of displayed exhaled VT, again more
markedly in the lung-injured model. CONCLUSIONS: When the Servo-i ventilator is used in
neonates, CCC or the in-line sensor should be employed due to the large positive bias and
imprecision seen with CCC off and no sensor in-line. Key words: respiratory care; mechanical
ventilation; neonatal ventilation. [Respir Care 2016;61(12):1605–1612. © 2016 Daedalus Enterprises]

Introduction

Mechanical ventilation is a vital part of care delivered in
the neonatal ICU; however, the risks of ventilation are
well-known. Volutrauma has been established as the key

factor in ventilator-induced lung injury and in addition
may cause hypocarbia, which has been associated with
neonatal brain injury, including periventricular leukoma-
lacia and cerebral palsy.1,2

Several studies have demonstrated benefits of volume-
targeted ventilation over pressure-limited ventilation in the
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neonatal population to reduce volutrauma.3,45 To optimize
lung protection with this technique, clinicians must be able
to accurately measure the tidal volume (VT) being deliv-
ered by the ventilator.

Neonatal ventilators vary in how VT is measured; some
use a proximal flow sensor connected to the endotracheal
tube, and others utilize a more distal sensor at the expira-
tory valve of the device itself. Neither method is ideal.
Proximal flow sensors increase dead space, which can be
particularly significant in smaller neonates with low VT.
Distal sensors may be inaccurate, due to the loss of gas
volume delivered into the circuit. Toyama et al6 have dem-
onstrated in neonatal test lung models that the actual VT

delivered to the patient is significantly less than the VT

delivered into the circuit by the ventilator. This gas
volume may be lost due to compression of gas in the
circuit and humidifier as well as distention of the breath-
ing circuit.

Ventilators that measure VT distally use software to
calculate for volume loss (circuit compliance compensa-
tion [CCC]). Using the Servo 300 ventilator (Siemens-
Elema, Solna, Sweden), Castle et al7 showed large inac-
curacies in actual exhaled VT measurements with the use
of CCC, particularly in small infants. Using a newer ven-
tilator model (Servo-i, Solna, Sweden), Heulitt et al8 dem-
onstrated more accurate exhaled VT measurement when
using CCC in young pigs with normal lungs. An optional
proximal flow sensor is also available for use in small
infants but has not been studied or compared with CCC,
yet some clinicians still instead prefer to estimate the ef-
fects of the circuit/humidity when setting VT. This is of
concern, because delivery of excessive or inappropriately
small VT will lead to volutrauma or atelectrauma, respec-
tively. Further, another study by Heulitt et al9 found dif-
ferences in the measured compliance of the circuit as re-
ported by the manufacturer and that measured by the
ventilator. These differences were between 37 and 65% for
the infant circuit and between 13 and 23% for the adult
circuit.

The objective of this study was to investigate the
accuracy of displayed exhaled VT using 3 different meth-
ods and comparing each with the accepted standard of a
calibrated pneumotachograph. We used the Servo-i ven-
tilator, which is commonly employed for neonatal ven-
tilation in the United States and Europe. Both with and
without a proximal flow sensor in-line, and in both the
healthy and injured neonatal pig lung, we used 3 meth-

ods to set VT: (1) CCC on, (2) CCC off with a calcu-
lated VT, and (3) CCC off with an approximated target
VT. We hypothesized that accurate exhaled VT measure-
ments could be attained using either the proximal flow
sensor or the ventilator’s CCC.

Methods

The Animal Review Committee of the University of
Arkansas for Medical Science approved this study. Ani-
mals were cared for in accordance with the standards for
care and use of laboratory animals set forth by the univer-
sity. The study was a randomized crossover design, with
each animal serving as its own control.

Animal Experiments

Studies were performed on 8 neonatal pigs of approxi-
mately 2 kg (range 1.8–2.2 kg). Pigs were male, domestic
porcine anesthetized with a mixture of tiletamine–zolaz-
epam, ketamine, and xylazine (0.04 mL/kg; intramuscular
injection) and isoflurane gas (3–4%). Pigs were intubated
with a 3.0 endotracheal tube. A cuffed tube was used to
ensure accuracy of the data collected. Dissection to the
external jugular vein was performed, and a central venous
line was placed for drug administration (midazolam [0.3–
0.5 mg/kg/h] plus propofol [3–5 mg/kg/h]) during exper-
iments. In addition, an arterial catheter was placed in the
carotid artery for blood gas/blood pressure monitoring.
Heart rate, oxygen saturation, and temperature were mon-
itored with a physiologic monitor (Siemens SC 9000XL,
Dräger, Lübeck, Germany). Each pig was evaluated first in
the healthy state and then again following lung injury and
recruitment.
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QUICK LOOK

Current knowledge

Tidal volume (VT) must be accurately displayed and
delivered to prevent ventilator-induced lung injury. Sev-
eral ways of setting VT exist, especially with ventilators
that may measure VT either exiting the ventilator or
with a proximal flow sensor. The accuracy of these
measurements in neonates has not been assessed.

What this paper contributes to our knowledge

Using the Servo-i ventilator, this study showed that, in
a piglet model of both healthy and surfactant-depleted
lungs, either the circuit compensation software or the
proximal flow sensor may be employed. If neither op-
tion is utilized, large errors in displayed VT will exist.
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Pigs with both healthy and injured/recruited lungs were
ventilated with the Servo-i ventilator, both with and with-
out the proximal flow sensor, utilizing pressure-regulated
volume control (PRVC). This is a volume-targeted mode,
with varying pressure to keep VT constant. PRVC mode
adjusts the peak pressure to the VT measured internally,
irrespective of the presence of the proximal sensor. How-
ever, the displayed volume shows the VT as measured by
the proximal sensor if this is being used. We used 3 meth-
ods to set VT: (1) CCC on, set VT 6–8 mL/kg; (2) CCC
off, calculated VT using the manufacturer’s circuit com-
pliance factor; (3) CCC off, set VT 10–12 mL/kg to ap-
proximate a target VT of 6–8 mL/kg. Order of the method
and the presence or absence of sensor were randomized
within lung status (healthy and injured lung).

To produce an injured lung model, pigs were subjected
to a combined saline washout10 and ventilator-induced in-
jury (ventilation for 1 h with VT 20 mL/kg and zero PEEP).
The saline washout was completed with volumes of
30 mL/kg normal saline, administered in 3 back-to-back
instillations through a tight tracheal cannula via gravity
drainage into and out of the lungs. Lungs were considered
injured when dynamic compliance, as indicated with the
ventilator software, was �50% baseline, and PaO2

plus
PaCO2

was �200 mm Hg. We then used a published method
to set PEEP with a computerized ventilation recruitment
tool11 available on the Servo-i ventilator. Recruitment was
confirmed by PaO2

plus PaCO2
� 400 mm Hg at FIO2

1.0.12

This measure corresponds to �5% of collapsed lung on a
computed axial tomography scan.12

The PEEP was set at 3 cm H2O for baseline (PRVC,
CCC on, VT 6–8 mL/kg; breathing frequency set to main-
tain pH � 7.3, CO2 35–50) and healthy lung status; for
injured lung status, the PEEP level was determined as
stated above. Inspiratory time was set at 0.35 s for both
healthy and injured lung status. Flow was decelerating in
PRVC. Flow triggering was used, with the trigger sensi-
tivity kept within the green bar, indicating normal, and the
high pressure alarm was set at 35 cm H2O. FIO2

was 1.0 for
all experiments.

Data Acquisition

Measurements of respiratory flow and pressure wave-
forms were acquired using the Biopac MP-100 system
(Biopac Systems, Santa Barbara, California). A calibrated
0–10-L/min heated pneumotachograph (catalog No. 8410,
Hans Rudolph, Shawnee, Kansas) was placed in-line be-
tween the endotracheal tube and the ventilator and was the
referent (accepted standard) for this study. Volume mea-
surements were obtained through the computer by inte-
grating the flow signal. Exhaled VT was verified with a
10-mL calibrated syringe (Hans Rudolph). Airway pres-
sure was calibrated with a type SJ-16 vertical manometer

(Air Flow Developments Ltd, High Wycombe, United
Kingdom). All output signals were routed via an analog
channel box into the Biopac MP-100 data acquisition unit,
converting them into digital signals that can be processed
with a computer. Signals were obtained at a rate of 500
samples/s. Data were recorded for 60 s for each data col-
lection point (lung status, VT setting, and with/without
sensor).

Values for exhaled VT displayed by the ventilator were
matched time-wise and compared with measurements ob-
tained with the pneumotachograph at the airway. Displayed
measurements were collected from the ventilator via a
memory card. For each data collection period, we ana-
lyzed 10 consecutive animal-triggered and 10 consecutive
ventilator-triggered breaths, when available. Breaths were
measured consecutively unless a breath was determined to
not be a true representation (ie, evidence of movement by
the animal, double triggering, etc) of the majority of the
breaths in the sequence. If the breath was determined to
not be a true representative breath, it was skipped, and the
next available breath in the time sequence was analyzed.
All breaths utilized or skipped were documented.

Arterial blood gases were analyzed using a Radiometer
ABL 700 blood gas analyzer (Radiometer Medical, Co-
penhagen, Denmark). Primary outcomes of interest were
PaO2

(mm Hg), PaCO2
(mm Hg), and pH. Samples were

collected at each data collection point.
Ventilator parameters were downloaded from the

Servo-i ventilator. Primary outcomes of interest were
breathing frequency, exhaled VT (mL), mean airway
pressure (cm H2O), peak inspiratory pressure (cm H2O),
and dynamic and static compliance (mL/cm H2O). Data
were collected for each period (lung status, VT setting,
and with/without sensor).

Hemodynamic parameters were monitored continuously
with a physiologic monitor (Siemens SC 9000XL). Pri-
mary hemodynamic outcomes of interest were mean arte-
rial blood pressure (mm Hg) and heart rate (beats/min).

Data Analysis

Key variables, such as heart rate, mean arterial blood pres-
sure, breathing frequency, mean airway pressure, peak in-
spiratory pressure, and pH, were compared between the
healthy and injured lung models using paired tests. To assess
agreement, exhaled VT percentage error and concordance cor-
relation coefficients were reported for with and without the
sensor within the 3 methods. Exhaled VT percentage error
was calculated as [(ventilator displayed value � pneumota-
chograph-measured value)/pneumotachograph-measured
value] � 100. Exhaled VT percentage error between sen-
sor on and off was compared using paired t tests. The
concordance correlation coefficient is a standardized sta-
tistic and was used to measure the amount of agreement
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between ventilator-displayed and pneumotachograph-
measured values. Concordance correlation ranges be-
tween �1 and 1, with �1 being the perfect negative agree-
ment, 1 being the perfect positive agreement, and 0 being
no agreement. The 95% CIs for concordance correlation
coefficients were also calculated. Bland-Altman plots to
assess bias and precision were constructed for the differ-
ence plotted against the mean exhaled VT (ventilator-dis-
played and pneumotachograph-measured), utilizing all
measured data points. The bias is the mean difference
(mL) in the ventilator-displayed VT and the pneumotacho-
graph-measured VT, and precision is the variance.

Results are presented as mean � SD. Statistical signif-
icance was defined as P � .05. All statistical analysis were
conducted using Stata 14.0 (StataCorp, College Station,
Texas). Bland-Atlman plots were produced using SPSS
16.0 (SPSS, Chicago, Illinois).

Results

Mean piglet weight was 1.9 � 0.1 kg. The mean arterial
blood pressure did not differ significantly between healthy
and injured/recruited lung models. Heart rate, breathing
frequency, mean airway pressure, and peak inspiratory pres-
sure were increased for injured/recruited lungs (P � .001)
(Table 1); pH was decreased (P � .001). There were no
differences in mean peak inspiratory pressure between CCC
on (20 � 5 cm H2O) and CCC off (19 � 5 cm H2O) or
with the sensor (19 � 4 cm H2O) and without the sensor
(20 � 6 cm H2O).

Mean compliance was 2 � 1 (dynamic) and 3 � 1
(static) mL/cm H2O for the healthy lung at baseline and
1 � 0.3 (dynamic) and 1 � 0.2 (static) for the injured lung.
Mean PaO2

plus PaCO2
was 560 � 30 mm Hg at baseline

and 103 � 45 mm Hg for the injured lung. Mean PaO2
plus

PaCO2
was 435 � 60 mm Hg for the recruited lung.

Table 2 summarizes the exhaled VT percentage error
and the concordance correlation coefficients for all study
states. Sensor use resulted in a positive error with CCC on,
whereas without the sensor, error was similar but negative.
With CCC off, use of the sensor markedly reduced exhaled
VT percentage error. Concordance correlation coefficients
were highest for CCC without sensor use in the healthy
lung, but in the injured lung, use of the sensor increased
concordance with the pneumotachograph readings in all
cases but especially if CCC was off. Table 3 summarizes
the percentage error of the pneumotachograph compared
with the set VT for all methods. None was significant.

Bland-Altman plots are shown in Figures 1–3. Figure 1
shows results for CCC on, comparing the sensor on versus
sensor off for both the healthy (top) and injured/recruited
(bottom) lung models. There is a positive bias with the
sensor on and a negative bias with the sensor off in both
the healthy and lung-injured models. Precision is improved
without the sensor. Figure 2 shows results for CCC off
(calculated VT), where it can be seen that the use of the
sensor improves both accuracy and precision, markedly so
in the injured/recruited model. Figure 3 shows results for
CCC off (VT 10–12 mL/kg), which are similar to those
with the calculated VT. Again, there is improvement in
accuracy and precision with the use of the sensor, mark-
edly so in the injured/recruited model. An overall positive
bias can also be seen in both plots, indicating that dis-
played exhaled VT is greater than measured.

Discussion

Main Results

When the flow sensor was not in place, the use of CCC
improved the overall accuracy of the ventilator-displayed
exhaled VT in both healthy and lung-injured/recruited mod-
els compared with CCC off. This improvement was much
more marked in the injured/recruited model, where use of
the in-line flow sensor improved precision in all cases,
especially when CCC was turned off. However, measure-
ments with CCC on were more precise when the proximal
flow sensor was not in place. Our study results thus dem-
onstrate that exhaled VT can be accurately measured either
at the airway with a flow sensor or at the expiratory valve
of the ventilator using current CCC software. Without the
flow sensor, exhaled VT measurements at the expiratory
valve of the ventilator become inaccurate and variable
when CCC software is not used.

Relevance of the Study

Several previous clinical studies using the older Servo
300 ventilator have reported poor correlation between ven-

Table 1. Summary Statistics and Comparison of Heart Rate, Mean
Arterial Pressure, Breathing Frequency, Mean Airway
Pressure, Peak Inspiratory Pressure, and pH Between the
Healthy and Injured/Recruited Lung Models

Variable
Healthy

Lung
Injured/Recruited

Lung
P

Heart rate, beats/min 144.5 � 28.9 161.9 � 46.8 �.001
MAP, mm Hg 69.3 � 7.8 69.6 � 9.8 .81
f, breaths/min 35.2 � 5.9 48.9 � 7.3 �.001
Paw, cm H2O 5.6 � 2.4 16.0 � 4.3 �.001
PIP, cm H2O 12.2 � 6.7 25.8 � 7.2 �.001
pH 7.39 � 0.05 7.22 � 0.10 �.001

Results are mean � SD. P values from paired t tests comparing means between 2 lung models
are reported.
MAP � mean arterial pressure
f � breathing frequency
Paw � mean airway pressure
PIP � peak inspiratory pressure
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tilator-displayed exhaled VT measurements and those mea-
sured at the proximal airway. Castle et al7 studied 56 in-
fants and children and found an overestimation of displayed
exhaled VT by the Servo 300 ventilator of up to 91%. After
correcting for gas compression, the ventilator underesti-
mated the true exhaled VT by up to 64% in the smallest
infants and overestimated by up to 29% in the older pop-
ulation. Using the same ventilator, Cannon et al13 looked
at the accuracy of exhaled VT measured at the ventilator
compared with a pneumotachometer at the airway and
also found poor correlation between the measurements
(r2 � 0.54 in the infant circuit). Our study results agree
with the overestimation of the displayed exhaled VT

measured by the ventilator when CCC is not used. The
newer Servo-i ventilator’s CCC software may account
for the improvement in accuracy. Similarly, sensor de-
sign may account for the positive bias and imprecision
compared with the pneumotachograph. Differences in

bias and precision with various sensors have been re-
ported previously.14

In vitro studies have also been done using test lungs to
evaluate VT delivery and exhaled VT measurement in ven-
tilators. Bachiller et al15 aimed to compare several venti-
lators’ ability to accurately measure and deliver a set VT

to both infant and adult test lungs using volume control
ventilation. This study compared several different ven-
tilators: 2 with and 2 without CCC. The ventilators with
CCC displayed exhaled VT with an error of �9%,
whereas the error was up to 50% in displayed exhaled
VT without CCC. They also found that the error was
higher in the smaller volume test lungs (�200 mL).
This study differs from ours in that they compared mea-
surements across several different ventilators; however,
our results are similar. In addition, this study compared
the delivered VT to the set VT and found that the ven-
tilators with CCC delivered 95.5–106.2% of the set VT

Table 2. Exhaled Tidal Volume Percentage Error and Significance, Concordance Correlation Coefficient, and 95% CI Comparing With or Without
a Sensor Within the 3 Methods

Lung Status
Method to Achieve

Target VT

Exhaled VT % Error � SD
Concordance Correlation

Coefficient (95% CI)

Without Sensor With Sensor P Without Sensor With Sensor

Healthy CCC on (6–8 mL/kg) �13.5 � 4.8 15.9 � 11.0 �.001 0.70 (0.63–0.76) 0.45 (0.36–0.54)
CCC off (calculated VT) 20.4 � 15.5 8.1 � 15.1 �.001 0.44 (0.34–0.53) 0.62 (0.52–0.73)
CCC off (10–12 mL/kg) 27.8 � 17.9 17.3 � 9.2 �.001 0.22 (0.13–0.31) 0.47 (0.38–0.57)

Injured/Recruited CCC on (6–8 mL/kg) �11.9 � 4.9 13.4 � 13.5 �.001 0.62 (0.54–0.70) 0.67 (0.56–0.77)
CCC off (calculated VT) 77.9 � 24.8 8.0 � 14.0 �.001 0.12 (0.08–0.16) 0.70 (0.60–0.80)
CCC off (10–12 mL/kg) 69.6 � 34.0 17.8 � 13.5 �.001 0.06 (0.02–0.10) 0.54 (0.43–0.65)

Exhaled tidal volume percentage error is calculated as the �(ventilator-displayed value � pneumotachograph-measured value)/pneumotachograph-measured value	 � 100. P values from paired t tests
comparing average exhaled tidal volume percentage error between without sensor and with sensor are reported.
VT � tidal volume
CCC � circuit compliance compensation

Table 3. Pneumotachograph Percentage Error and Significance, Concordance Correlation Coefficient, and 95% CI Comparing With or Without a
Sensor Within the 3 Methods

Lung Status
Method to Achieve

Target VT

PNT % Error � SD
Concordance Correlation

Coefficient (95% CI)

Without Sensor With Sensor P Without Sensor With Sensor

Healthy CCC on (6–8 mL/kg) 17.92 � 13.41 21.75 � 14.65 .24 0.60 (0.31–0.89) 0.39 (0.06–0.72)
CCC off (calculated VT) �15.02 � 14.95 �12.74 � 18.14 .41 0.33 (�0.04 to 0.70) 0.28 (�0.17 to 0.72)
CCC off (10–12 mL/kg) �20.25 � 14.72 �20.71 � 9.18 .41 0.15 (�0.12 to 0.43) 0.23 (�0.06 to 0.51)

Injured/Recruited CCC on (6–8 mL/kg) 8.89 � 8.70 10.37 � 8.60 .64 0.71 (0.37–1.06) 0.77 (0.53–1.00)
CCC off (calculated VT) �45.05 � 7.38 �43.25 � 10.30 .56 0.11 (�0.01 to 0.23) 0.09 (�0.03 to 0.21)
CCC off (10–12 mL/kg) �41.04 � 13.49 �45.47 � 8.69 .47 0.05 (�0.08 to 0.17) 0.04 (�0.04 to 0.11)

Percentage error is calculated as the �(pneumotachograph-measured exhaled VT � set VT)/set VT	 � 100. P values from paired t tests comparing average pneumotachograph percentage error between
without sensor and with sensor are reported.
PNT � pneumotachograph
CCC � circuit compliance compensation
VT � tidal volume
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to the patient, compared with 45.6 –109.3% without
CCC.

Our study expands on the findings reported previously
by Heulitt et al,8 which also demonstrated the improved
accuracy of exhaled VT measurements at the exhaled valve
of the ventilator with the use of CCC software, using a pig
model. However, our study had several differences. Heu-

litt et al included both neonatal and pediatric pigs, whereas
our study focuses on the neonatal population. Our study
also differed in ventilation mode: Heulitt et al8 used pres-
sure support ventilation plus PEEP, whereas our pigs were
ventilated using PRVC (chosen because this is a common
mode of ventilation used in neonatal ICU patients). More-
over, our study included the surfactant-depleted model in

Fig.1.Bland-AltmanplotswithexhaledVT differenceplottedagainst
the mean (displayed and pneumotachograph-measured) with and
without sensor for method circuit compliance compensation on
(set VT 6–8 mL/kg). Center lines denote mean difference, and
outside lines show �2 SD. A: healthy lung model. B: injured/re-
cruited lung model.

Fig.2.Bland-AltmanplotswithexhaledVT differenceplottedagainst
the mean (displayed and pneumotachograph-measured) with and
without sensor for method circuit compliance compensation off
(calculated VT). Center lines denote mean difference, and outside
lines show �2 SD. A: healthy lung model. B: injured/recruited lung
model.
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addition to the healthy lung model, which is more repre-
sentative of the neonatal ICU population commonly ven-
tilated. Although our study also found that the use of CCC
improved the accuracy of exhaled VT measurements in the
healthy lung model, we additionally confirmed these find-
ings in the surfactant-depleted model. Finally, our study

differed in that we included an in-line sensor recently de-
veloped for the Servo-i ventilator.

The more recent clinical study by Heulitt et al9 looked
at the reliability of exhaled VT measurements in sub-
jects in the pediatric ICU, who were ventilated using
PRVC, volume support ventilation, or both. This study
differed from ours, because it used an older patient
population with a median weight of 14.5 kg (range
2.3–103 kg) and found no improvement in displayed ex-
haled VT using CCC in the smaller infants and children.
The authors did find good overall agreement between ex-
haled VT measured at the subject’s airway and that dis-
played by the ventilator. This study also reported an over-
estimation of displayed exhaled VT with CCC off and an
underestimation of displayed exhaled VT with CCC on.
These findings were duplicated in our study in the exper-
iments with the sensor off, although our study showed a
much higher percentage error and overestimation with CCC
off, in particular in the surfactant-depleted model. The
larger inaccuracies in the injured model can be explained
by the lower compliance and higher resistance compared
with the healthy model. These factors likely cause greater
volume loss in the circuit and in the ventilator internal
tubing, resulting in a larger error due to the compression
volume of the circuit.

Study Limitations

Our study had several potential limitations. We used an
animal model; thus, our results may differ if these exper-
iments were performed on neonatal patients. The piglet
model requires a larger VT than that of a comparable hu-
man patient. Additionally, our animal size was generous
for a premature neonatal model; however, neonatal piglets
can only be separated from the sow at about 3 d old. Thus,
studying smaller animals is quite difficult and not finan-
cially or experimentally feasible. In addition, to prevent
animal distress, we had to sedate our lung-injured pigs
significantly, thus decreasing, although not eliminating,
their spontaneous breaths. Animal and ventilator-triggered
breaths were thus included in the analyses. Although more
spontaneous breaths were included in the healthy lung
status, patients with significant lung disease are often
spontaneously breathing. Although there is no reason to
believe that accuracy would be different for spontane-
ous versus ventilator breaths, we did not analyze these
breaths separately.

In addition, we used cuffed endotracheal tubes for op-
timal accuracy of the exhaled VT measurements. Uncuffed
tubes, which are often the standard in the intensive care
nursery, may introduce even larger inaccuracies in exhaled
VT measurements, depending on the degree of leak. How-
ever, to ensure that our volume differences were due to
study parameters and not a leak, use of cuffed tubes was

Fig. 3. Bland-Altman plots with exhaled VT difference plotted
against the mean (displayed and pneumotachograph measured)
with and without sensor for method circuit compliance com-
pensation off (set VT 10 –12 mL/kg). Center lines denote mean
difference, and outside lines show � 2 SD. A: healthy lung model.
B: injured/recruited lung model.
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necessary. Uncuffed tubes create a variable leak, which is
a confounder that makes data interpretation very difficult.
Finally, although the ventilator and mode we studied are
commonly employed in the neonatal ICU, other ventilators
that may be configured similarly to the Servo-i may show
somewhat different results.

Clinical Relevance and Implications

Although the benefits of volume-targeted ventilation in
the neonatal population are well-documented, uncertainty
remains regarding the best method to measure VT delivery
to the patient, which is crucial to accomplishing lung-
protective ventilation. Our study shows improvement in
exhaled VT measurements with the use of CCC software
or with the use of an in-line flow sensor in the Servo-i
ventilator. More importantly, in the surfactant-depleted
lung-injured model, which represents the majority of the
ventilated patients in the neonatal ICU, there is a very
large error in displayed exhaled VT as well as significant
variability if CCC or a proximal flow sensor is not used.
This inability of the clinician to know the actual VT de-
livered to the patient puts the patient at risk for over- or
underventilation, which defeats the purpose of using vol-
ume-targeted ventilation.

Clearly, either the in-line flow sensor or the CCC option
should be used for accurate VT delivery. There are clinical
circumstances where one option or the other may be pre-
ferred. The flow sensor adds extra dead space and weight;
thus, if weight, dead space, or pull on the ETT are issues,
such as when PETCO2

monitors are used or during airway
surgery, the addition of a flow sensor may not be ap-
propriate. Additionally, if secretions are a significant
issue or if aerosols must be given, the flow sensor must
be removed.

Use of the flow sensor is preferred, however, in some
circumstances. If the infant is very small, requiring set VT

values of �5 cm3, the flow sensor is recommended by the
manufacturer.16 If inhaled nitric oxide is used, the sam-
pling line for the inhaled nitric oxide, which is located near
the ETT on the inspiratory limb of the circuit, will result
in inaccuracies of the delivered compared with set VT and
will indicate a leak when none may be present. For small
infants with uncuffed ETTs, these issues can be signifi-
cant. In this circumstance, use of the proximal flow sensor
will allow more accurate VT delivery and more accurate
leak assessment.

Conclusions

Our study shows that the use of CCC software improves
the accuracy and precision of displayed exhaled VT mea-
surements. If CCC software is not used, an in-line sensor
must be placed to avoid inaccurate and imprecise mea-

surements. This is particularly true in the surfactant-de-
pleted, injured lung. Further studies may be beneficial in a
smaller animal model with smaller VT values, in the pres-
ence of leak, and with other similar ventilators, to test the
generalizability of these results to other populations of
infants.
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