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Abstract

Back ground Measurements with various flowmeters are
affected by changes in gas mixture density. The Avance
Carestation incorporates ventilator feedback controlled
by a built-in flowmeter with a variable orifice sensor. We
hypothesised that changes in the composition of delivered
gas may cause changes in the delivered tidal volume by
affecting the flow measurement unless appropriate correc-
tions are made.

Methods We used 100 % O,, 40 % O, in N, and 40 %
O, in N,O as carrier gases with/without sevoflurane and
desflurane. We measured delivered tidal volume using the
FlowAnalyzer™ PF 300 calibrated with the corresponding
gas mixtures during volume control ventilation with 500-
ml tidal volume using the Avance Carestation connected to
a test lung.

Results Change of carrier gas and addition of sevoflurane
and desflurane significantly altered delivered tidal volume.
Desflurane 6 % reduced delivered tidal volume by 7.6, 3.6
and 16 % of the pre-set volume at 100 % O,, 40 % O, in N,
and 40 % O, in N,O, respectively. Importantly, the Caresta-
tion panel indicator did not register these changes in meas-
ured expired tidal volume. Ratios of delivered tidal volume
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to 500 ml correlated inversely with the square root of the
delivered gas density.

Conclusions These results support our hypothesis and
suggest that changing gas composition may alter delivered
tidal volume of anesthesia machines with built-in ventila-
tors that are feedback-controlled by uncorrected flowmeters
due to changes in gas mixture density.

Keywords Anesthesia machine - Flowmeter - Gas
density - Ventilation

Introduction

It is well known that the density and viscosity of delivered
gas affect measurement accuracy of various types of flow-
meters. In flow measurement with pressure gradient across
the conducting tube, the Hagen—Poiseuille law predicts
that the pressure difference (AP) can be given by the fol-
lowing equation for laminar flow:

AP = 8uLv /(mr)

where u is the gas viscosity, L is the length of the tube, r is
the radius of the tube, and v is flow [1]. For turbulent flow,
the pressure difference is given by the following equation:

AP = (vaz) / (4nr5)

where p is the gas density, L is the length of the tube, r is
the radius of the tube, and v is flow [2]. Therefore, when
flow is measured with differential pressure flowmeters, the
viscosity of the gas may influence laminar flow-type sen-
sors such as the Fleisch pneumotachograph, whereas the
density may affect the turbulent flow-type such as orifice
flow meters [3].


http://crossmark.crossref.org/dialog/?doi=10.1007/s00540-015-2018-8&domain=pdf

J Anesth (2015) 29:690-695

691

An earlier study by Goto et al. [4] demonstrated that
xenon and nitrous oxide disturbed the flow measurement of
various flowmeters and that xenon at high concentrations
dramatically induced over-readings of flowmeters using
differential pressure measurement due to the increased
gas density. They showed that 70 % xenon induced an
over-reading of approximately 75 % for a variable orifice
flowmeter for a tidal volume of 500 ml. Habre et al. [5]
showed that clinical concentrations of volatile anesthetics
slightly affect the viscosity of the gas mixture and signifi-
cantly increase its density. They suggested the possibility
that inclusion of volatile anesthetics with the carrier gases
may affect flow measurement because of an increase in the
density of the gas mixture [5]. To our knowledge, however,
no reports have confirmed this possibility. The composition
of carrier gases may also affect flow and volume measure-
ments due to changes in density.

Presently, many anesthesia machines have incorporated
ventilators, and some of these ventilators are feedback-con-
trolled by built-in flowmeters. The Avance Carestation (GE
Healthcare, Fairfield, CT, USA) has two built-in flowme-
ters located at the inspiratory and expiratory outlets. Both
flowmeters are the same type and measure the pressure
difference across a variable-orifice sensor. The flowmeter
located at the inspiratory outlet feedback-controls the deliv-
ered tidal volume of the incorporated ventilator in a volume
control mode, and the flowmeter at the expiratory outlet
measures and indicates the expired tidal volume. Therefore,
we hypothesised that the addition of volatile anesthetics to
carrier gases may induce over-readings of the built-in flow-
meter and that this causes reductions in the delivered tidal
volume during volume control ventilation by feedback-
control unless correction for changes in the gas composi-
tion are made. We suspected that the clinical concentration
of desflurane may induce clinically significant decreases in
the delivered tidal volume because its effects on the density
are relatively large due to the high concentrations used clin-
ically. We focused on changes in gas density because the
flowmeters concerned are turbulent flow-type meters. We
also hypothesised that changes in the composition of car-
rier gases may induce changes in the delivered tidal volume
by affecting the flow and volume measurements. In this
study, we aimed to test these hypotheses using a model res-
piratory circuit in conjunction with the Avance Carestation.

Methods

Correction of volume measurements with the PF300
FlowAnalyzer

We measured the volume with a FlowAnalyzer™ PF300
(Imtmedical AG, Buchs, Switzerland) by applying 500 ml

of the test gases in a Super Syringe (Minato Medical Co.,
Tokyo, Japan). The test gases were 100 % O,, 40 % O, in
N,, and 40 % O, in N,O. We used these test gases con-
taining no volatile anesthetics (No VA), sevoflurane 1 %
(SEV1) and 2 % (SEV?2), and desflurane 3 % (DES3) and
6 % (DES6). We manually applied 500 ml of the test gases
with or without volatile anesthetics to the FlowAnalyzer™
PF 300 with the Super Syringe and recorded the measured
volume. The measurements were repeated 10-22 times,
and the measured volumes were averaged. We calculated
the ratio of 500 ml to the average of the measured volume
for each test gas. In the following experiments using the
anesthesia machine, we corrected the volume measured
with the PF300 by multiplying the values with these ratios
for the corresponding test gases.

Measurement of tidal volume delivered by the Avance
Carestation built-in ventilator

We measured the tidal volume delivered by the built-in
ventilator of the Avance Carestation using the FlowAna-
lyzer™ PF 300. A silicon respiratory circuit was attached
to the anesthesia machine and was connected to the PF300
and a test lung (Test Lung 190; Maquet, Rastatt, Ger-
many) through a Y piece. Ventilation was performed with
6 1/min of fresh gas flow of the test gases in the volume
control mode. Ventilatory parameters were set as tidal vol-
ume 500 ml, frequency 10/min, L:E ratio 1:2, and positive
end-expiratory pressure 0 cmH,O. Sevoflurane or desflu-
rane was applied with a Tec7 or Tec6 Plus Vaporizer (GE
Healthcare). The concentrations of oxygen and inhalation
anesthetics were measured with an anesthetic gas ana-
lyzer of the side-stream type (M1019A Intellivue; Philips
Healthcare, Andover, MA, USA). The sampling port for the
anesthetic gas analyzer was removed from the respiratory
circuit during the measurement of the tidal volume. After
stabilization of the concentrations of oxygen and inhala-
tion anesthetics, we measured the delivered tidal volume
using the PF300. We recorded 10-12 consecutive respira-
tory cycles for each test gas and calculated the corrected
delivered tidal volume. Temperature and relative humidity
of the room air were measured with a Moiscope (Skynet,
Tokyo, Japan), and those of the test gases were measured
with the PF300.

Data analysis

The data are presented as means and SD. We examined
whether the measurements of the delivered tidal vol-
ume were affected by the composition of the test gases
(100 % 0O,, 40 % O, in N, and 40 % O, in N,0) and
by the addition of volatile anesthetics (No VA, SEV1,
SEV2, DES3 and DES6) using two-way ANOVA. When
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the effects of these variables were significant, we com-
pared the means of the delivered tidal volume between
the three different test gases without volatile anesthetics
by Bonferroni multiple comparisons as a post hoc test.
We also compared the means of the delivered tidal vol-
ume at four different conditions for volatile anesthetics
within each test gas by Bonferroni multiple compari-
sons. Furthernore, we analyzed the relationship between
the ratio of the delivered tidal volume to 500 ml and
the density of the corresponding delivered gases. The
density of the delivered gases was calculated with val-
ues reported previously [5-7] (Table 1). For these cal-
culations, temperature and altitude were assumed to be
23 °C and 1013 hPa, respectively. Linear regression was
performed by least-square analysis. A p value of <0.05
was considered significant.

Results
Room temperature and relative humidity of the room air

ranged from 23.8—24.6 °C and 34-39 %, respectively.
Temperature and relative humidity of the test gases ranged

Table 1 Density of carrier gases and anesthetic gases

from 23.9—-24.6 °C and 8-9 %, respectively, according to
measurements with the PF300.

Calibration of the PF300 revealed that it under-read the
volume when sevoflurane and desflurane were added to the
test gases. The ratios for the correction of the measurement
with the PF300 are presented in Table 2. In the following
experiments, the volume values measured with the PF300
were corrected by multiplying the volume values by these
ratios for the corresponding gas compositions.

In the experiments using the Avance Carestation, the
results of two-way ANOVA showed that the mean values
of the delivered tidal volume were significantly affected
by both the composition of the test gases and the addition
of volatile anesthetics (p < 0.0001, F = 3706 for the test
gases; p < 0.0001, F = 587.6 for the volatile anesthetics).
The interactive terms of these variables were also signifi-
cant (p < 0.0001, F = 32.67). When the mean values of the
delivered tidal volume were compared between the three
test gases without volatile anesthetics, that of 40 % O, in
N, was significantly larger and that of 40 % O, in N,O was
significantly smaller compared with that of 100 % O,. In
the test gases of 100 % O, and 40 % O, in N,O, the addi-
tion of sevoflurane and desflurane resulted in significant

0, Air

N,O Sevoflurane Desflurane

1.293°
0°C, 1.013 hPa

1.429*
0°C, 1.013 hPa

Density (kg/m?)
Temperature, pressure

1.978*
0°C, 1.013 hPa

6.12¢
23 °C, 1.013 hPa

5.44¢
23 °C, 1.013 hPa

hPa hectopascal
* Derived from reference [6]
® Derived from reference [7]

¢ Derived from reference [5]

Table 2 Measurement of

500 ml of test gases with the Anesthetic No VA SEV1 SEV2 DES3 DES6
PF300 flowmeter Carrier gas 100 % O,
n 15 10 10 10 10
Measured volume (ml) 499+ 3 492 + 7 479+ 5 485+ 2 472 +£2
500 ml/measured volume  1.00 £ 0.01 1.02 + 0.01 1.04 + 0.01 1.03 + 0.00 1.06 &+ 0.00
Carrier gas 40 % O, in N,
n 22 10 10 10 10
Measured volume (ml) 502 +3 481 £ 7 477 £2 483 +£3 474 £3
500 ml/measured volume  0.99 £ 0.01 1.04 £ 0.01 1.05 £ 0.01 1.04 £ 0.01 1.06 £ 0.01
Carrier gas 40 % O, in N,O
n 19 10 10 10 10
Measured volume (ml) 454 + 4 447+ 5 446 + 4 435+ 2 434+ 3
500 ml/measured volume  1.10 £ 0.01 1.12 £ 0.01 1.12 £ 0.01 1.15 £ 0.01 1.15 £ 0.01

Data are means with SD

No VA no volatile anesthetic, SEVI sevoflurane 1 %, SEV2 sevoflurane 2 %, DES3 desflurane 3 %, DES6
desflurane 6 %, n number of measurements
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decreases in the delivered tidal volume at all concentrations
studied compared with No VA. In 40 % O, in N,, SEV2,
DES3 and DESG6 resulted in significant decreases in the
delivered tidal volume compared with No VA. Desflurane
dose-dependently decreased the delivered tidal volume in
the three test gases, whereas the effects of sevoflurane were
dose-dependent in 40 % O, in N, and 40 %O, in N,O but
not in 100 % O, (Table 3). In contrast to the delivered tidal
volume, there was little change in the uncorrected expira-
tory tidal volume displayed on the panel indicator of the
Avance Carestation among the test gases with or without
volatile anesthetics. The displayed values on the panel were
all approximately 525 ml and remained stable. When the
ratio of the delivered tidal volume to 500 ml was plotted
against the square root of the density of the corresponding
gas composition, this ratio was found to correlate inversely
with the square root of the density (Fig. 1).

Discussion

In accordance with our hypothesis, we found that the com-
position of the carrier gases and the addition of volatile
anesthetics to the carrier gases caused significant changes
in the delivered tidal volume during volume control ven-
tilation with the Avance Carestation when no appropriate
correction for changes in gas composition was made. The
results showed that sevoflurane and desflurane significantly
decreased the delivered tidal volume at clinically used con-
centrations even though the ventilator settings or the tidal
volume displayed on the indicator remained unchanged.
These changes seem to be due to the changes in the den-
sity of the delivered gases because the ratios of the deliv-
ered tidal volume to 500 ml (the pre-set value) correlated
inversely with the square root of the density of the deliv-
ered gases. Taken together, the changes in the composition
of the delivered gases significantly changed the delivered
tidal volume during volume control ventilation with the
Avance Carestation due to the feedback control by the
built-in flowmeter, whose measurement of flow and volume
are affected by changes in the density of delivered gases.
These changes in the delivered tidal volume can be
avoided when information about changes in gas compo-
sition is provided by a gas analyzer linked to the Avance
Carestation and correction is automatically or manually
applied. However, it seems common that data from gas
analyzers are not linked to anesthesia machines and correc-
tions for gas composition changes are not made. In addi-
tion, although it is well known that changes in the density
of anesthetic gas mixtures affect the flow measurement, it
has not been well studied how the delivered tidal volume is
altered by changes in the composition of carrier gases and
by the addition of volatile anesthetics when the ventilator is

feedback controlled by uncorrected flowmeters. Therefore,
we considered our findings to have practical significance.

Flowmeters of the turbulent flow type measure the pres-
sure difference across the resistance. The pressure differ-
ence is converted to the gas flow rate and volume with inte-
gration of the flow. The pressure difference measured by
these flowmeters is calculated by

AP = 1/2 pv?,

where AP, p and v are pressure difference, gas density
and velocity of the gas, respectively [8]. A variable ori-
fice flowmeter has a movable flap attached at the orifice,
and the area of the orifice is changed with the gas velocity.
This arrangement improves the measurable flow range and
applicability to long-term use [9]. The pressure difference
across the orifice measured by variable orifice flowmeters
is calculated as

AP = 1/2k(AP)pv?,

where k(AP) is a function of AP. For example, when a
mixed anesthetic gas is used, the pressure difference is cal-
culated as

AP = 1/2k(AP)p(mx)V?,

where p (mx) is the density of the mixed anesthetic gas.
However, when the flowmeter is not compensated for the
gas density or is not calibrated with the anesthetic gas, the
delivered gas is assumed to be oxygen. In this condition,
the pressure difference is calculated as

AP = 1/2k(AP)p(02)vc?,

where p (O,) is O, density and vc is the calculated gas
velocity. Thus:

ve2 v? = p(mx) / p(02)
ve/v = (p(mx) / p(02))'/?

This equation shows that the ratio of the calculated flow
to the true value is proportional to the square root of the
density of the mixed anesthetic gas. If the mean density of
the mixed anesthetic gas is larger than that of oxygen, the
uncorrected variable orifice flowmeter recognises the larger
tidal volume delivered compared with the pre-set tidal vol-
ume, so the feedback control system will decrease the tidal
volume. Thus, the ratio of delivered tidal volume to the pre-
set volume is inversely proportional to the square root of
the density of the mixed anesthetic gas.

According to the Carestation product manual, the built-
in flowmeter is calibrated with 100 % oxygen as a carrier
gas. Therefore, among the compositions studied, the deliv-
ered tidal volume was closest to the pre-set volume when
100 % oxygen was used. However, our results indicated
that even without volatile anesthetics, changing the carrier
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Table 3 Delivered tidal volume and calculated density of the test gases

Anesthetic No VA SEV1 SEV2 DES3 DES6

Carrier gas 100 % O,
n 10 10 10 10 10
Delivered TV (ml) 496 + 3 487 4 T+ 487 + 6% 483 4 2HE 46D 4 QR
Calculated density (kg/m®) 1.318 1.369 1.419 1.449 1.580

Carrier gas 40 % O, in N,
n 12 10 10 10 10
Delivered TV (ml) 544 4 4%& 546 + 8 530 o 3w 517 4 3wk 48D o
Calculated density (kg/m®) 1.219 1.271 1.322 1.353 1.487

Carrier gas 40 % O, in N,O
N 10 10 10 10 10
Delivered TV (ml) 469 + 4%& 462 + 5% 449 + Sk 45] + sk 420 + B
Calculated density (kg/m?) 1.622 1.669 1.717 1.743 1.865

Density is calculated for the condition at 23 °C and 1013 hPa. Data are means with SD
No VA no volatile anesthetics, SEVI sevoflurane 1 %, SEV2 sevoflurane 2 %, DES3 desflurane 3 %, DES6 desflurane 6 %, n number of measure-

ments, 7V tidal volume

&& 1 <0.001 vs 100 % O,, * p < 0.01 vs No VA, ** p < 0.001 vs No VA, *** p < 0.0001 vs No VA, # < 0.0001 vs lower concentration of the

same volatile anesthetic

gas from 100 % O, to 40 % O, in N, increased the deliv-
ered tidal volume by approximately 9.7 %, and changing
it from 40 % O, in N, to 100 % O, decreased the deliv-
ered tidal volume by 8.8 %. Importantly, these changes are
not accompanied by changes in the measured expired tidal
volume displayed on the panel indicator of the Avance Car-
estation. Our study also suggested that when 6 % desflu-
rane was added to the carrier gas, this practice reduced the
delivered tidal volume by 7.6, 3.6 and 16 % of the pre-set
volume at 100 % O2, 40 % O, in N, and 40 % O, in N,O,
respectively. These changes in the delivered tidal volume
represent a reduction by 6.9, 11.4 and 10.4 % of the tidal
volume delivered before addition of desflurane to 100 %
0,, 40 % O, in N, and 40 % O, in N,0, respectively. Taken
together, changes in delivered gas compositions studied in
our experiment caused changes in the delivered tidal vol-
ume by up to 16 % of the pre-set volume. According to the
product manual, the built-in ventilator has a volume deliv-
ery accuracy better than 7 % for tidal volume of >210 ml,
when the ventilator is operating with 100 % oxygen or it
is corrected with gas composition by a gas analyzer [10].
The manual says that 60 % N,O may induce >10 % error or
anesthetic agents may cause 0.95 % error for each 1 % vol-
ume agent [10]. In our study, 60 % N,O reduced the deliv-
ered volume by 6.2 and 6 % desflurane induced 6.9-11.4 %
reduction depending on the carrier gases. Therefore, desflu-
rane seemed to cause larger errors than that indicated in the
product manual. However, because the amplitudes of these
errors are unlikely to be large enough to induce severe clin-
ical consequences, it would be acceptable to use the Avance
Carestation without correction of gas composition in the

@ Springer

most cases as long as the anesthesia personnel are aware
of these errors in ventilator control and adjust the ventilator
settings in response to changes in expired carbon-dioxide
concentrations.

The effect of gas composition changes will vary depend-
ing on the type of anesthesia machine. It may be different
when various types of built-in flowmeters are used and is
not important when ventilators are not feedback-controlled
by flowmeters.

There are several limitations to our study. First, we used
the PF300 FlowAnalyzer™ PF300 to measure the actual
delivered tidal volume after correction for changes in the
composition of the gas mixture. The PF300 measures the
differential pressure across a screen within a flow channel
to determine the flow measurement. Therefore, the vis-
cosity and density of test gases affect the flow measure-
ment of the PF300. We corrected influences from the gas
composition by calculating the ratio of the actual to the
measured volume of each gas mixture. We performed this
by applying 500 ml of test gases with or without volatile
anesthetics to the PF300 using a Super Syringe. However,
this procedure does not precisely mimic the actual flow
during volume control ventilation. Because the influences
due to physical properties of test gases vary depending on
the flow, the correction we used may have errors. Second,
the temperature and humidity of the delivered gases in our
experiment are much lower than those found in clinical set-
tings. These factors are known to influence the effects of
viscosity and density on flow and volume measurements.
Although the amplitudes of the influences from differ-
ences in temperature and humidity are not precisely known,
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R=-0.943, P<0.0001

Ratio to 500 ml
o
&
Il

1.10 1.15 1.20 1.25 1.30 1.35 1.40

Square root of density ( kg°'5/m1'5)

Fig. 1 Relationship between changes in the density of delivered
gases and those in delivered tidal volume. Ratios of delivered tidal
volume to 500 ml were plotted against the square root of the density
of the corresponding delivered gas. There was a significant inverse
correlation between these variables

changes in the humidity of delivered gases seem to have
small effects on the density because changes in the concen-
tration of the water vapour are small. The density of test
gases decreases as temperature increases; however, differ-
ences in the absolute temperature are small (approximately
1 %) and would induce small decreases in the square root
of the density. Third, we did not study a wide range of tidal
volumes but only that of 500 ml. However, the inverse cor-
relation between relative changes in the tidal volume and
the square root of the density will remain the same over a
range of flows and volumes. Finally, our findings obtained
in the model system need to be confirmed to prove reliable
in the clinical setting.

In conclusion, changes made in the composition of
delivered gases significantly altered the delivered tidal vol-
ume during volume control ventilation with the Avance

Carestation due to feedback control by the built-in flow-
meter when changes in the density of the gas mixture are
uncorrected, and these changes were not registered on the
tidal volume panel display of the Carestation.
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