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Accuracy of the Set Tidal Volume During Intraoperative 
Administration of Aerosols Into the Anesthetic Circuit:  

An In Vitro Evaluation
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Abstract

Background: Precise control of minute ventilation is essential during 
the intraoperative anesthetic care of infants and children, as increased 
tidal volume (Vt) and consequently increased peak inflating pressure 
(PIP), may lead to volutrauma or barotrauma. During the intraopera-
tive delivery of aerosolized medications such as albuterol, the addi-
tional flow required for delivery through nebulizers may alter Vt and 
secondarily PIP. The current study explores Vt changes during the 
use of a novel nebulizing device (Aerogen vibrating mesh) for the 
delivery of an aerosolized medication during mechanical ventilation.

Methods: Using a lung analogue model, this in vitro study compared 
the set Vt on the anesthesia ventilator to the internally measured in-
spiratory and expiratory Vt on the Avance CS2 anesthesia machine 
during both pressure-controlled (PC) and volume-controlled (VC) 
modes while administering aerosols using the Aerogen device.

Results: A total of 250 simulated breaths were delivered using the two 
modes of PC ventilation (PIP 15 and 20 cm H2O) and VC ventilation 
(Vt of 150 and 300 mL). In both PC and VC modes, there were no 
clinically significant differences between the set and the inspiratory or 
expiratory Vt or PIP at baseline when compared to those achieved fol-
lowing the addition of a continuous aerosol using the Aerogen device.

Conclusions: The novel technology of the Aerogen vibrating mesh 
device allows the delivery of continuous aerosolized medications dur-
ing intraoperative mechanical ventilation using a standard anesthesia 

circle system. The Aerogen device can be inserted between the Y-
piece of the anesthesia circuit and the 15-mm adaptor of the endotra-
cheal to easily allow the delivery of aerosolized medications without 
changes in mechanical ventilation parameters.
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Introduction

Accurate control of minute ventilation, including tidal volume 
(Vt), is essential during the intraoperative anesthetic care of 
infants and children. Increased Vt, and consequently increased 
peak inflating pressures (PIP), may lead to volutrauma or baro-
trauma. Overventilation may also lead to hypocarbia with del-
eterious physiologic effects on end-organ oxygenation including 
decreased cerebral oxygenation [1-4]. Intraoperative mechanical 
ventilation may be provided using either a pressure-controlled 
ventilation (PCV) or volume-controlled ventilation (VCV) sys-
tem. PCV was previously a more commonly used approach to 
minimize the risks of mechanical ventilation, supporting more 
regular Vt compared to VCV. Newer intraoperative ventilator 
platforms have been shown to accurately control Vt using ei-
ther pressure or volume control modes [5, 6]. Even during VCV, 
state of the art circuitry provides accurate Vt during changes in 
patient resistance and compliance. However, during the care of 
critically ill patients, other factors may impact Vt and minute 
ventilation, such as the delivery of aerosolized medications.

The administration of aerosolized or inhaled medications 
during anesthesia, such as albuterol, may be necessary due to 
changes in the clinical status of the patient. In such instances, 
the medications are generally administered into the inspiratory 
limb at the connection of the endotracheal tube (ETT) to the 
Y-piece of the anesthesia circuit to ensure effective delivery. 
Depending on the mode of delivery for the medication (aero-
solized, meter dose-inhaler, etc.), the additional flow imposed 
by the aerosolizing device may impact Vt. Given these con-
cerns during intraoperative anesthesia, it is important to com-
pare the set Vt to the actual delivered Vt, as different aerosol 
devices may alter ventilation parameters during intraoperative 
anesthetic care. This current study evaluates the accuracy of 
Vt during the use of an in-line aerosolizing device to compare 
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the fixed Vt set by the anesthesia machine (Avance CS2, GE 
Healthcare, Madison, WI) versus the actual Vt measured by 
the flow sensor during delivery of aerosolized medications.

Materials and Methods

This in vitro study was conducted at Nationwide Children’s Hos-
pital (Columbus, Ohio). As an in vitro study using a lung model 
analogue without human subjects, the Institutional Review 
Board (IRB) approval and informed consent were not necessary. 
The study was registered at Clinicaltrials.gov (identifier num-
ber: NCT06232915) on January 31, 2024, and was conducted in 
compliance with the ethical standards of the responsible institu-
tion on human subjects as well as with the Helsinki Declaration.

The study used an Avance CS2 anesthesia machine (GE 
Healthcare, Madison, WI) to deliver and analyze Vt both in the 
pressure and volume-controlled ventilation modes. Aerosols 
were delivered using an in-line Aerogen-Pro X device (Aero-
gen Inc, Mountain View, CA). The Aerogen device uses vi-
brating mesh technology (Fig. 1). In distinction to commonly 
used pneumatically powered nebulizing devices, the Aerogen 
device operates without added gas flow due to its vibrating 
mesh technology and can deliver an aerosol dose during me-
chanical ventilation that is up to nine times greater compared 
to standard small-volume nebulizers (Fig. 2) [7]. The Aerogen 
device was chosen for evaluation in this study as this is the 
device that is currently used at the authors’ institution. For the 
delivery of aerosols, the Aerogen device was placed between 

the Y-piece of the anesthesia circuit and the 15-mm adaptor of 
the lung analogue model (Fig. 3).

The anesthesia machine was connected to the lung ana-
logue model using a standard expandable adult general anes-
thesia circuit. A full machine check was completed prior to 

Figure 1. The Aerogen device used for nebulization during the current study. The device uses vibrating mesh technology which 
does not require the addition of a high-flow oxygen source which distinguishes it from commonly used high-flow nebulizing de-
vices.

Figure 2. Standard high flow nebulizing device that uses a high flow 
oxygen source to nebulize and aerosolize medications.
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data collection. The following ventilator parameters were kept 
constant throughout the study: fraction of inspired oxygen 
(FiO2) 40%, positive end-expiratory pressure (PEEP) 5 cm 
H2O, inspiratory time 1 s, fresh gas flow 2 L/min, and respira-
tory rate 15 breaths/min. Vt (inspiratory and expiratory) values 
were collected from the internal spirometers of the anesthesia 
machine. As has been demonstrated previously, these values 
closely correlate with those obtained from a pneumotachom-
eter placed at the Y-piece/ETT interface [7].

The data were first collected as control data (no aerosol 
added) and then during the simulated administration of an 
aerosolized medication using saline in the Aerogen device. 
Inspiratory and expiratory Vt values were recorded for each 
breath. The PIP was monitored during the study. Data from a 
total of 250 ventilator breaths were collected using four modes 
of ventilation including two VCV modes (set Vt of 150 mL 
and 300 mL) and two PCV modes (set PIP of 15 cm H2O and 
20 cm H2O). During each cycle, aerosolized saline (2 mL) was 
delivered via the in-line aerosol adaptor to simulate intraopera-
tive medication delivery throughout all 250 breaths. Data from 
each individual breath were recorded on an Excel spread sheet.

Statistical analyses

Data were presented as the mean ± standard deviation (SD). 

Inspiratory and expiratory Vt values during the control state 
were compared using a non-paired t-test to those obtained dur-
ing the administration of the nebulized saline. P < 0.05 was 
considered significant.

Results

The inspiratory and expiratory Vt values with and without aer-
osols are listed in Table 1. Throughout the study during VCV, 
there was no change noted in the PIP which remained constant 
during the control trials and with the administration of aero-
sols. Volumes measured at the inspiratory limb by the internal 
machine sensor represent the inspiratory Vt on the table, and 
volumes measured at the expiratory limb represent the expira-
tory Vt. Regardless of the mode of ventilation (VCV and PCV) 
or the settings (PIP or Vt), the inspiratory and expiratory Vt as 
well as the PIP were essentially the same from breath to breath 
during the control phase and with the administration of the 
aerosol. Although the values reached statistical significance at 
some points, the change in the Vt with and without aerosol 
administration was less than 2.5% and therefore of no clinical 
significance.

Discussion

Intraoperatively or in the intensive care unit (ICU) setting, 
various gases (such as helium or nitric oxide) or aerosolized 
medications (including bronchodilators, antibiotics, nitric ox-
ide, surfactant, tranexamic acid, and mucolytic agents) may 
be administered for various therapeutic purposes [8-10]. De-
pending on the medication administered, various devices are 
available to aerosolize the medication and ensure distal deliv-
ery to the lungs even through an ETT including nebulizers, 
supplemental gas flow, or a metered dose inhaler (MDI) [11, 
12]. While MDIs are delivered into the circuit without impact-
ing ventilatory parameters, nebulizers which are dependent on 
external gas flows may alter Vt or PIP [13, 14].

Although pneumatically powered devices, including jet 
nebulizers, have been used during mechanical ventilation, 
novel devices, such as mesh nebulizers, have more recently 
been introduced and may offer specific advantages, as they do 
not require a secondary gas flow and may therefore not impact 
mechanical ventilation parameters. The Aerogen Pro device, 
that was used for our study, is an electronic nebulizer device 

Table 1.  Inspiratory and Expiratory Vt Values With and Without Aerosol Administration

Setting Inspiratory Vt (control) Inspiratory Vt (aerosol) Expiratory Vt (control) Expiratory Vt (aerosol)
VCV 150 mL 150 ± 0.4 150 ± 0.2 159 ± 0.5 163 ± 1.1*
VCV 300 mL 300 ± 0.3 300 ± 0.5 301 ± 0.7 303 ± 1.4*
PCV 15 cm H2O 173 ± 0.5 169 ± 1.8* 175 ± 0.5 178 ± 1.6*
PCV 20 cm H2O 271 ± 0.9 259 ± 1.7* 273 ± 0.9 270 ± 1.4*

The data are presented as the mean ± standard deviation (SD) from 250 breaths. The volumes listed were measured by internal spirometer of the 
anesthesia machine without aerosols. *P < 0.01 when aerosol value is compared to corresponding control value. VCV: volume-controlled ventilation; 
PCV: pressure-controlled ventilation; Vt: tidal volume.

Figure 3. For this in vitro study, the Aerogen device was placed be-
tween the Y-piece of the anesthesia circuit and the 15-mm adaptor of 
the lung analogue model for the delivery of aerosolized medications.
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that utilizes mesh technology to aerosolize medication during 
mechanical ventilation. The Aerogen device is usually placed 
along the inspiratory limb of the ventilator. The device con-
tains a disc-shaped mesh plate with thousands of precision-
formed microscopic holes that vibrate at an ultrasonic frequen-
cy [15]. The medication is placed in a small 6-mL cup that 
does not require opening of the circuit. The vibration of the 
disc aerosolizes the particles into a fine droplet mist as they 
pass through microscopic holes in the disc. This aerosolization 
process, as compared to high-flow or jet nebulizers, does not 
require a bias gas flow, limits added dead space, and therefore 
is not expected to alter ventilator parameters [13, 16-17].

The current study aimed to evaluate the impact of aero-
sol therapy with the Aerogen on ventilatory parameters (Vt 
and PIP) during intraoperative mechanical ventilation using 
a standard anesthesia machine. While previous studies have 
investigated how changes in ventilation parameters may in-
fluence the efficacy of aerosol delivery with different aerosol 
devices, there remains a relative gap in the literature regarding 
the inverse relationship on how aerosol administration may 
impact the set ventilator parameters including Vt [18-23]. In 
our study, even with the delivery of an aerosol, we noted no 
clinically significant changes in Vt or PIP regardless of the 
mode of ventilation (VC or PC). These findings did not change 
during two different set Vt (150 and 300 mL) and two varied 
pressure limits (15 and 20 cm H2O) when comparing the con-
trol state (no aerosol therapy) and active aerosolization with 
the Aerogen device, which was placed between the ETT and 
the Y-piece of the anesthesia circuit.

Other benefits have been previously reported with the 
vibrating mesh nebulizing devices. In general, these devices 
have been shown to be superior to jet nebulizers for the admin-
istration of albuterol in pediatric and neonatal patients. The vi-
brating mesh device achieves a higher lung deposition, reduces 
dead space, and limits extra flow compared to jet nebulizers. 
Using an in vitro pediatric lung model, the Aerogen mesh neb-
ulizer has been shown to deliver up to three-fold more aero-
solized albuterol than jet nebulizers during mechanical ven-
tilation, noninvasive ventilation, and spontaneous breathing 
[12]. The efficacy of delivery and superiority over jet nebu-
lizers may be impacted based on the site of placement of the 
mesh aerosolizing device with optimal delivery noted when 
the device is placed at the Y-piece and not at other positions 
along the circuit [22]. ElHansy et al analyzed the efficiency of 
aerosol delivery (salbutamol) during mechanical ventilation in 
30 adult chronic obstructive pulmonary disease (COPD) pa-
tients using five different devices: the Aerogen Pro, Aerogen 
Solo, NIVO (vibrating mesh nebulizers), a jet nebulizer, and 
MDI AeroChamber-MV [24]. The devices were placed in the 
inspiratory limb of the ventilator downstream from the hu-
midifier which was switched off during delivery. Efficacy of 
delivery was evaluated by measurement of urinary salbutamol 
levels. No difference was noted between the three vibrating 
mesh devices, all of which provided more effective aerosol de-
livery than the jet nebulizer. However, delivery was best with 
the MDI-AeroChamber-MV device.

In summary, the current study investigated the impact on 
intraoperative mechanical ventilation parameters during use of 
a standard anesthesia machine imposed by the addition of neb-

ulization therapy with a vibrating mesh device. Although pri-
marily used in the ICU setting, this device may be used in the 
operating room (OR); therefore, we chose to evaluate this de-
vice using a simulated OR setting with an anesthesia machine 
and its ventilator. With the device placed at the junction of 
the ETT and Y-piece of the ventilator, no changes were noted 
during various modes of PC or VC ventilation. The vibrating 
mesh technology is able to aerosolize medications without an 
added external gas flow thereby maintaining stable ventilatory 
parameters with a less than 3% difference from control values. 
The device used in the current study (Aerogen) was quick and 
easy to set up and operated silently during aerosolization of the 
medication. The Aerogen mesh nebulizer optimizes particle 
size by producing a consistent fine aerosol, allowing for tai-
lored delivery. The study provides additional safety data sup-
porting the use of these devices during mechanical ventilation.
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