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Abstract

Background: Precise adjustment of tidal volume (Vt) and minute
ventilation remains a key component of intraoperative care. Control
of Vt is regulated by internal pneumotachometers and flow meters,
which may be separated from the patient by the anesthesia circuit and
the internal circuitry of the anesthesia machine. Given this arrange-
ment, there may be variations in delivered and exhaled (measured) Vt
depending on the site of measurement.

Methods: The current study used an in vitro model to determine vari-
ations in inspired and expired Vt during various volume- and pres-
sure-controlled modes of ventilation using an Avance CS? anesthesia
machine.

Results: During in vitro mechanical ventilation using pressure lim-
ited (15 and 20 cm H,O) and volume limited (Vt 50, 100, 200, and
300 mL), we saw slight discrepancies between Vt measured using a
pneumotachometer placed between the endotracheal tube (ETT) and
the anesthesia circuit as compared to those measured internally by the
anesthesia machine.

Conclusions: Although the differences were statistically significant,
the variations were no more than 5-6% at most at the higher Vt with
either volume- or pressure-limited ventilation. These differences are
unlikely to be clinically significant, thereby demonstrating the accu-
racy and safety of anesthesia machines from the modern era.
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Introduction

The accurate control of tidal volume (Vt) is one of the key
elements in limiting the risk of ventilator-induced lung in-
jury, ensuring adequate ventilation, and improving outcomes
in mechanically ventilated patients [1, 2]. In general, intra-
operative mechanical ventilation can be delivered via one of
two distinct methods: volume-controlled ventilation (VCV) or
pressure-controlled ventilation (PCV). Especially in smaller
patients, PCV is frequently chosen due to concerns with the
inaccuracy of Vt during VCV [2]. Excessive ventilation with
larger Vt may result in higher peak inflating pressures (PIPs)
and the potential for barotrauma or volutrauma when the Vt is
inadvertently larger than expected, while low Vt may result in
atelectasis, hypoventilation, and hypocarbia.

During intraoperative anesthesia care using a circle system,
the volume delivered by the ventilator into the circuit is not the
same volume that reaches the patient. The fresh gas flow and
the compliance of the circuit impact the Vt. Furthermore, it may
be difficult to determine the volume delivered to the patient,
since exhaled Vt is typically measured at the expiratory valve.
In that location, the flow sensor measures exhaled gas plus the
gas compressed in the circuit during the previous inspiration and
therefore overestimates the delivered Vt [3-5]. The purpose of
the current study was to determine the accuracy of the set Vt on
the Avance CS? Anesthesia Machine (GE Healthcare, Madison,
WI) during intraoperative mechanical ventilation.

Materials and Methods

This prospective clinical study was conducted at Nationwide
Children’s Hospital, Columbus, Ohio. It was approved by the
Institutional Review Board of Nationwide Children’s Hospital,
Columbus, Ohio (STUDY00003946). The study was conduct-
ed in compliance with the ethical standards of the responsi-
ble institution on human subjects as well as with the Helsinki
Declaration. The study was registered with clinicaltrials.gov
(identifier number NCT06232915) on January 31, 2024. As
this was only an in vitro study that did not include patients, no
informed consent was required. The study included an in vitro
evaluation of the function of the Avance CS? Anesthesia Ma-
chine (GE Healthcare, Madison, WI). The in vitro evaluation
was performed using a lung analogue to compare the spirom-
etry function of the machine with that of a separate pneumota-
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Figure 1. Photograph of the lung analogue device used in the current
study. The pneumotachometer is attached between the anesthesia cir-
cuit and the 15 mm attachment to the lung analogue device.

chometer placed at the site where the endotracheal tube (ETT)
connected to the anesthesia circuit (Fig. 1). Prior to data col-
lection, a standard machine check was performed. Compliance
and resistance compensations were performed during the ma-
chine check using a standard anesthesia circuit.

Data collection measured from the anesthesia machine
included the set Vt as well as inspiratory and expiratory Vt
using the internal spirometry of the anesthesia machine. Ad-
ditionally, inspiratory and expiratory Vt were measured with
a pneumotachometer (GE Pedi-lite spirometer, GE Health-
care, Madison, WI) placed between the anesthesia circuit and
the ETT. Data were collected during six simulated ventilator
settings including Vt of 50, 100, 200, and 300 mL as well as
PIP of 15 and 20 cm H,O. Vt values were recorded (mL) for
a total of 250 breaths for each of the six ventilator settings.
Other ventilator parameters were kept constant: fraction of
inspired oxygen concentration (FiO,) 40%, positive end ex-
piratory pressure (PEEP) 5 cm H,O, inspiratory time 1 s, and
respiratory rate 15 breaths/min. Data were collected from a
total of 250 simulated breaths and recorded onto an Excel
spreadsheet.

Table 1. Recorded Inspiratory Vt

Setting Patient mode Ventilator mode
Vt 50 mL 51+£0.2 50+0.1

Vt 100 mL 97+0.2 100 +0.2

Vt 200 mL 190 +0.2 200+ 0.7

Vit 300 mL 285+0.2 300+ 0.1

PIP 15 cm H,O 164 +0.9 173 +0.5

PIP 20 cm H,O 258 +0.1 274+ 0.5

The data are presented as the mean + SD. Each value was calculated
from 250 breaths. The volumes listed as patient mode were measured
by the pneumotachometer placed between the 15 mm adaptor of the
endotracheal tube and the ventilator circuit. The volumes listed as ven-
tilator mode were measured internally by the anesthesia machine. SD:
standard deviation; PIP: peak inflating pressure; Vt: tidal volume.
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Table 2. Recorded Expiratory Vt

Setting Patient mode Ventilator mode
Vt 50 mL 52+0.6 52+04

Vt 100 mL 100 £ 0.5 101 +£0.4

Vt 200 mL 202 £0.5 200+ 0.4

Vt 300 mL 305+0.6 302 +£0.5

PIP 15 cm H,0 174 +£0.8 172+ 0.6

PIP 20 cm H,O 277+ 0.6 274 £0.6

The data are presented as the mean + SD. Each value was calculated
from 250 breaths. The volumes listed as patient mode were measured
by the pneumotachometer placed between the 15 mm adaptor of the
endotracheal tube and the ventilator circuit. The volumes listed as ven-
tilator mode were measured internally by the anesthesia machine. SD:
standard deviation; PIP: peak inflating pressure; Vt: tidal volume.

Statistical analysis

Data are presented as the mean + standard deviation (SD). Vt
were evaluated using the set Vt as the standard and comparing
the inspiratory and expiratory Vt measured from the machine
and the pneumotachometer to the set Vt. Additionally, the in-
spiratory Vt and the expiratory Vt from the machine and the
pneumotachometer were compared to each other to evaluate
the accuracy of the machine-based measurements. These val-
ues were compared using paired #-tests and analysis of vari-
ance with P < 0.05 considered as statistically significant.

Results

The results of the inspiratory Vt from the 250 in vitro meas-
urements are outlined in Table 1. The data are presented as the
mean + SD. Each value is representative of 250 breaths. Patient
mode volumes were measured by the pneumotachometer placed
between the 15 mm adaptor of the ETT and the ventilator cir-
cuit. Volumes listed as ventilator mode were measured internal-
ly by the anesthesia machine using standard internal flowmeters
and pneumotachometers. Regardless of the mode of ventilation
(volume or pressure limited and the set Vt or PIP), the inspira-
tory and expiratory Vt were essentially the same from breath to
breath as demonstrated by SDs of 0.4 - 0.8 for all values.

Although the differences were statistically significant for
all comparisons (patient mode versus ventilator mode for both
VCV and PCV), when evaluating the volume-controlled modes,
using the set Vt as the standard, the differences between the pa-
tient and the ventilator-measured inspired Vt were 1%, 3%, 5%,
and 5%, for set Vt of 50, 100, 200, and 300 mL, respectively.
When evaluating the pressure-limited modes, using the ventila-
tor mode as the standard, the differences between the patient
and ventilator mode were 5% and 6% for PCV with a PIP set at
15 and 20 cm H,O, respectively. Across all volumes, the inter-
nal measurements of inspiratory Vt were closer to, and in most
cases, exactly equivalent to the set volumes, than the volumes
measured directly at the patient (lung analogue).

The results of the expiratory Vt from 250 in vitro measure-
ments are included in Table 2. When evaluating the exhaled Vt,
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the differences were, again, statistically significant for all com-
parisons (patient mode versus ventilator mode for both VCV
and PCV). For volume-controlled modes and using the set Vit
as the standard, the differences between the patient and the
ventilator measured expired Vt were 0%, 1%, 2%, and 1%, for
set Vt of 50, 100, 200, and 300 mL, respectively. When evalu-
ating the pressure-limited modes, using the ventilator mode as
the standard, the differences between the patient and ventilator
mode were 1% for PCV with a PIP set at either 15 and 20 cm
H,O. Across all volumes, the internal measurements of expira-
tory Vt were closer to the set volumes than the volumes meas-
ured directly at the patient (lung analogue).

Discussion

During mechanical ventilation, Vt is generally measured by
a sensor placed at the expiratory valve or within the expira-
tory limb of the ventilator. Given that the internal flow me-
ters and pneumotachometer are separate and distant from the
patient, concern has been expressed regarding inaccuracies of
these measurements in both the intensive care unit (ICU) and
operating room (OR) setting. These concerns had previously
led to the use of a pressure-controlled mode as the preferred
method for intraoperative mechanical ventilation. When VCV
is accurate, it is preferred over the use of PCV because PCV
may have specific clinical limitations. While PCV reduces the
potential for barotrauma and may be preferable in patients with
acute lung injury, Vt can be variable with changes noted in the
delivered Vt based on the changes in the patient’s respiratory
resistance or compliance [2].

Although PCV has been the mode of choice in the pediat-
ric ICU setting especially in smaller infants or neonates, previ-
ous work has suggested that it may be largely unreliable when
the Vt is measured internally by the ventilator [6-9]. Neve et al
evaluated the Vt in both pressure-controlled and volume-con-
trolled modes using the Servo 300 ICU ventilator (Siemens-
Elema, Solna, Sweden) compared to the Vt measured by a
pneumotachometer placed at the connection of the circuit and
the ETT [6]. Vt were overestimated by the Servo 300 in both
the pressure-controlled and volume-controlled modes from
5% to 62% of the value displayed on the Servo 300 ventilator.
During PCV, the maximal inspiratory pressures were under-
estimated by the Servo 300 ventilator by -2 to +19 ¢cm H,O.
The differences increased with increasing respiratory system
impedance. Similar discrepancies were reported by Kim et al
when comparing ventilator-measured Vt to those measured
by a pneumotachometer in 51 intubated and mechanically
ventilated pediatric patients during both pressure-limited and
pressure-regulated volume controlled (PRVC) ventilation [9].
Both the ventilator-measured Vt and the Vt measured at proxi-
mal flow sensors were both significantly less than the Vt as
measured by the pneumotachometer placed at the ETT. Dur-
ing PCV, the median Vt measured with the pneumotachometer
was 9.5 mL/kg compared to 8.2 mL/kg at the ventilator or 8.1
mL/kg at the proximal flow sensor. During PRVC, the medi-
an Vt measured with the pneumotachometer was 10.2 mL/kg
compared to 8.0 mL/kg at the ventilator and 8.5 mL/kg at the
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proximal flow sensor.

Advances in technology show promise of increasing the
reliability of ICU ventilators. Yamaguchi et al evaluated the
function of three different ventilators using a lung simula-
tor set with normal resistance and compliance and those
indicative of acute lung injury [10]. Three combinations of
parameters were set including resistance (cm H,O/L/s) and
compliance (mL/cm H,O) of 50 and 2 (group 1), 100 and 1
(group 2), and 150 and 0.5 (group 3), respectively. The lung
analogue was connected to an anesthesia machine ventilator
(Drager Fabius GS) and two different ICU ventilators (Ser-
vo-i Universal and Evita Infinity V500). Each ventilator was
evaluated with a set Vt of 30 mL and a respiratory rate of 25
breathes/min in both the VCV and dual-controlled ventila-
tion modes. The discrepancies between set Vt, Vt measured
from the expiratory limb of the ventilator, and the Vt deliv-
ered to the patient were highest with the Fabius anesthesia
machine ventilator and increased in the simulated lung injury
groups. When comparing the ICU ventilators, the difference
was greater in the Servo-i and increased when with simulat-
ed lung injury. The authors concluded that accurate Vt were
achieved only with the infinity ICU ventilator. This was true
regardless of mode of ventilation and even during simulated
lung injury.

Concerns with the potential inaccuracy of mechanical
ventilation have similarly been expressed when using OR
anesthesia machine-based ventilators [10-12]. These changes
may be impacted by type of circuit used (adult versus pediat-
ric), as well as resistance and compliance changes of the res-
piratory system. As with ICU ventilators, these changes and
the inaccuracies seen are dependent on the technology used.
Recent advancements in intraoperative mechanical ventilation
using anesthesia machine-based ventilators have suggested
that the accuracy of volume ventilation has improved with
advancements in technology, including machine-based com-
pensations for breathing circuit compliance and fresh gas flow
[2]. Bachiller et al demonstrated that newer generation anes-
thesia machines like the Aisys (GE Healthcare, Madison, WI)
and Apollo (Draeger Medical, Telford, PA) which use compli-
ance compensation software, deliver a Vt that is in a clinically
acceptable range with the set Vt. However, older generation
anesthesia machines which use an inspiratory flow sensor to
control Vt do not.

These findings are in line with our current findings which
demonstrated the accuracy of the Vt (set versus delivered)
as well as the internal flow meters of the Avance CS? Anes-
thesia Machine with measured Vt clinically similar to those
measured at the ETT by a pneumotachometer. These findings
did not change during various levels of volume and pressure-
limited ventilation. However, these findings must be taken in
context of the potential limitations of the study, including that
this was an in vitro evaluation using a lung analogue. We did
not vary the compliance and resistance of the lung analogue
(respiratory system). We used a lung analogue which provided
a stable, reproducible, and non-changing compliance and re-
sistance. It may not be feasible to extrapolate our findings to in
vivo situations with changing or altered compliance and resist-
ance. Additionally, as demonstrated by previous studies, there

www.theijcp.org 71



Accuracy of Tidal Volume

Int ] Clin Pediatr. 2024;13(3):69-72

may be significant differences based on the type of anesthesia
machine used and the clinical scenario. Despite these limita-
tions, our preliminary in vitro evaluation demonstrates that the
newer models of anesthesia machines used for intraoperative
mechanical ventilation provide an accurate Vt during both
pressure- and volume-limited ventilation.
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