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Enhancing patient-specific care in the critically ill
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ments. Conversely, in an animal model study
of ARDS, Lambermont et al. found consistent
reductions in FRC as PEEP was decremented.®

Quantifying the association between FRC
and PEEP elucidates the functional pressure-
volume (P-V) relationship. It is important to
consider the P-V curve in association with
measured FRC because FRC changes due to
PEEP admix volumes result from changes in
the number of recruited, functioning lung
units, as well as expansion of already-open
lung units. PEEP is usually adjusted to increase
FRC with the aim of achieving adequate arte-
rial oxygenation.

To obtain a full understanding of FRC in
the context of lung disease, FRC monitor-
ing must also be considered in conjunction
with oxygenation and tidal compliance data.
Compliance relates inversely to the stiffness
of the lungs and/or chest wall, but compli-
ance does not necessarily track lung volume.
Increases of FRC caused by PEEP adjustments
may be due to beneficial lung recruitment
that parallels increases in tidal compliance
and oxygenation.>* Above a specific level of
PEEP, however, (10 cm H,O in a study of lung
recruitment in anesthetized patients),” fur-
ther PEEP increases may simply cause over-
distension, indicated by a decrease in compli-
ance (Figure 1).%1° Also, risk of lung damage
develops in most patients if the selected com-
bination of PEEP and tidal volume causes pla-
teau pressure to exceed approximately 30 cm

Figure 1. When PEEP is increased, recruitment
is reflected in increases of EELV, oxygenation
and tidal compliance. While overdistention
causes compliance to decline, EELV and (with
rare exception) oxygenation continue to rise
and are therefore relatively insensitive indicators
of that change.
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H,0." Additionally, elevated airway pressures
present the risk of impeding cardiovascular
performance and decreasing oxygen deliv-
ery.’? Oxygenation adequacy or simple mea-
surements of FRC may be insensitive to these
risks.”"* However, in one study of a lung vol-
ume recruitment procedure, increases in FRC
were maintained if PEEP = 10 cm H,0O was
maintained post-procedure.’

Studies of the Relationship between
FRC, compliance and PEEP

Lung-injury model studies have investigated
the relationship between FRC and compli-

ance.®"

In a porcine oleic-acid-injury study,
Rylander et al. found FRC to be a more sensi-
tive indicator of PEEP-induced aeration and
recruitment than compliance." They recom-
mended monitoring both FRC and PaO,.
In another animal study, Lambermont et al.
found that both FRC and compliance identi-
fied an optimal level of PEEP, where FRC is
associated with best compliance and low-
est deadspace/tidal volume ratio (VD/VT).?
They also concluded that FRC and PaO, were
insensitive to over-distension. In the Bikker
et al. study of normal, primary, and second-
ary lung-injury patients, FRC and compli-
ance correlated well only in secondary lung
disease.” However, even though compliance
and oxygenation have established thresholds
for concern and are commonly monitored in-
dicators of lung dysfunction, FRC as yet has
neither.

Lung stress and strain

A recent (2008) study that monitored lung-
injury risk recommended limiting the expo-
sure of the lung to excessive stress/strain.”
FRC monitoring may help determine lung
stress and may be integral to assessing lung
strain. Stress has been defined as transpul-
monary pressure (Ptp). At end-expiration,
Ptp should be sufficient to avoid lung open-
ing/closing injury (low-pressure stress), and
Ptp at end-inspiration should limit the risk
of high-pressure stress by limiting Ptp to < 30
cm H,O. In a study by Talmor et al. examining
low-pressure stress risk, patients randomized
to receive adequate PEEP to achieve a positive
Ptp at end-exhalation exhibited improved ox-
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ygenation and greater compliance compared
to patients with a negative Ptp.'® While FRC
assessment was not performed in the Talmor
study, a critical measure would have been the
FRC required to maintain a positive Ptp.

Strain is commonly equated with tissue
“stretch.” A proposed assessment of lung
strain is V_/FRG; a strain ratio > 2 is consid-
ered excessive.'® To control strain, tidal volume
reduction is a clinician-controllable tactic in
ventilator patient care management, but the
crucial FRC denominator of the global strain
equation usually remains unknown. With
current techniques, FRC can be measured to
calculate strain. A prospective ventilator man-
agement strategy that includes monitoring of
stress and strain has not been evaluated but
should theoretically include FRC monitoring.

Factors that Affect FRC

Supine positioning has a significant effect on
FRC—on average, reducing FRC by about
25% compared to sitting upright.'”? In a
study of obese ventilated patients (vulner-
able to FRC reduction), the reduction in FRC
when supine and under anesthesia was 51%.%
Prone positioning can increase FRC in some,
but not all, patients with lung injury. Lateral
positions have intermediate detrimental ef-
fects on FRC compared to sitting and supine
postures. Several studies have evaluated how
FRC is affected by common procedures or
ventilator management strategies.

A study of eight ARDS patients evaluated the
effect of endotracheal suctioning on oxygen-
ation and FRC. FRC was restored by post-
suctioning lung recruitment but not by PEEP
alone.” In a study of postoperative cardiac
surgery patients, FRC was reduced for up to
15 minutes after endotracheal suctioning.
Patients with the greatest reductions in FRC
from suctioning should benefit most from
recruitment maneuvers.”> Pleural effusions
have space-occupying effects on FRC and
cause significant reductions in compliance.
In an animal model study of pleural effusion,
moderate PEEP completely restored FRC and
compliance.”




Due to native variability in ventilation dur-
ing common activities, FRC monitoring is
typically more reliable in sedated patients
receiving mechanical ventilation than in pa-
tients spontaneous breathing. This alludes to
the value of FRC monitoring during wean-
ing, which Heinze et al.** studied in patients
receiving partial ventilatory support during a
weaning protocol. These investigators found
that FRC could be reliably measured during
partial support and that FRC decreased as
ventilatory support was reduced. Thus, FRC
monitoring during weaning could serve as a
guide toward extubation success. Zinserling
et al. reported FRC values obtained during six
partial-support ventilator modes as breaths
were triggered by spontaneous efforts. FRC
values were judged to be acceptable with low
variability. Variability was greatest during air-
way pressure release ventilation.”

Collectively, this points to the utility of mea-
suring FRC. However, a paucity of data exists
for examining the clinical potential of serial
FRC monitoring.

History of Indirect Methods for Serial
FRC Determinations

Numerous methods of monitoring FRC have
been evaluated in test lungs, volunteers, and
ventilated patients. These include imaging
studies, body plethysmography (BP), gas di-
lution, and gas washin/washout.** Most of
these methods are considered impractical for
clinical monitoring, for reasons outlined in

the following paragraphs.

Analyses of lung volumes from images have
been performed by planimetry of X-rays,
electrical impedance tomography (EIT) and
computerized tomography (CT). Planimetry
involves tracing and quantifying areas from
a series of standard X-rays (planimetry) to
estimate lung volumes. This process can pro-
vide accurate thoracic gas volume estimates;
however, the method’s labor intensity and the
need for multiple X-rays prohibit its clinical

use.?

Body plethysmography, first described by Du-
Bois” in 1956, estimates FRC by enclosing a

patient in an airtight box and measuring pres-
sure changes within the box while the patient
attempts to breathe against an occluded valve.
This technique is clearly impractical for venti-
lator patients.

Both X-ray and BP studies produce estimates
of FRC that include non-ventilating lung
units—a true FRC that is often greater than
estimates based on ventilation. However, the
additional volume may include sequestered
gas that is not participating in gas exchange.

Electrical impedance tomography (EIT) pro-
duces medium-resolution video imaging that
functionally localizes ventilation quite well,
and volumes can be crudely estimated. How-
ever, the limited width of the region around
the EIT bands leads to inaccuracies in esti-
mates of total lung volume.?

Computed tomography (CT) studies are the
gold standard for FRC determinations in re-
search studies” but are clearly impractical for
serial FRC measurements clinically. Image
density analysis by CT involves the summa-
tion of voxels (volume units) according to the
amount of gas in each voxel to obtain a total
FRC. Transporting patients repeatedly to radi-
ography and the risk of cumulative radiation
exposure limit the use of serial CT imaging
for this purpose. CT studies remain a primary
diagnostic tool for evaluating the location and
extent of lung injury, but they are not used
routinely for FRC determinations.

Development of Current Methodology
for Serial FRC Testing

As early as 1800, a gas dilution method for
quantifying FRC was described using hydro-
gen.”® In more modern times to the present
day, the gas dilution method used for research
in ventilated patients involves disconnecting
the ventilator and providing manual ventila-
tion (a fixed volume and concentration of
helium) until the helium is uniformly distrib-
uted between the lungs and bag—usually =
10 breaths.”'* The proportion of helium re-
maining after mixing provides a direct dilu-
tion estimate of FRC. A study comparing this
technique to other techniques has verified its
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accuracy.”® Because this method requires an
interruption of care to connect the helium,
there is a risk of lung de-recruitment; and the
manual breaths may change the FRC if their
pattern does not closely replicate that of the
mechanical ventilator. In 10 ARDS patients,
Patroniti et al. found that FRC values deter-
mined via helium dilution measured after
ventilator disconnection did not reproduce
resting FRC but instead corresponded to the
previously applied PEEP.* Therefore, when
determining a P-V curve from no PEEP, the
P-V curve will be shifted by the previous PEEP
setting.

A method for estimating FRC from the wash-
in/washout rate of a “tracking” gas was first
described by Durig in 1903* and then by
Darling in 1940.” Generally, as a fixed frac-
tion of inspired gas is changed (added to or
washed from the lungs) during ventilation,
the rate of equilibration to the new concentra-
tion is inversely related to FRC. This method
has used changing concentrations of sulfur
hexafluoride (SF6), oxygen (O,) and nitrogen
(N,), although the limited availability of SF6
and difficulties creating accurate sensors for it
kept it from being adopted for clinical use.?®*
In 1993, Fretschner et al. measured FRC via
an integrated nitrogen washin/out method in
a test lung model and in ventilated patients
when FIO, was changed by 0.3. The method
involved intrabreath signal synchronization of
flow and FIO,. This innovation represented a
unique method of carefully determining FRC
without ventilator disconnection, but its error
range approached 20%.%

All the more recent versions of this method
use gas concentration sensors that sample gas
from the ventilator circuitry to calculate FRC
without interrupting ventilation. Rapidly re-
sponding sensors, precise solenoid control
and software synchronization of signals dur-
ing ventilation have improved this inline FRC
measurement technique.

Overcoming the Challenges of Signal
Synchronization

Flow and gas concentration data must be
linked to achieve signal synchronization. That
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challenge has been solved in two ways: mod-
eling flow viscosity and measuring only end-
tidal gas concentrations/volumes without in-
trabreath synchronization. Both approaches
have been verified as accurate in clinical stud-
ies.

The LUFU system (Draeger Medical; Luebeck,
Germany) synchronizes flow and FlO, signals
while adjusting for gas viscosity.*"** Several
studies using LUFU have verified its accuracy
and have investigated the role of FRC moni-
toring in ventilated patients?***** A simpli-
fied method using end-inspiratory/end-expi-
ratory sensing of O, and CO, to estimate N,
washout has been tested and verified as ac-
curate.** By each method, an FIO, change of
only 0.1 generates accurate FRC estimates,"*
allowing safe measurements in patients who
require very high FIO,.

A new technology, the Engstrom Caresta-
tion (GE Healthcare Madison, WI), directly
measures the end expiratory lung volume by
slightly altering the delivered FIO2 level for
short periods of time using the volumetric O,
and CO, measurement capability. Chiumello
et. al. compared this method with gold stan-
dard Computer Tomography (CT) studies
and found that it correlates well (at all lung
volumes) and may be easily used in clinical
practice.”

Reference Values

Traditionally, FRC has been measured in the
pulmonary function testing (PFT) labora-
tory and compared to predicted values based
on height, age and gender.’ In the outpatient
setting, an elevated FRC compared to its pre-
dicted value helps categorize an obstructive
lung disease component, while decreased FRC
quantifies a restrictive impairment. But in
ventilated patients, FRC reductions caused by
lung pathology, supine positioning, and/or se-
dation trump the usual gender/age/height de-
terminants for predicting FRC. In these cases,
expected values for FRC are much less than
outpatient nomogram predictions.

Measured FRC in the acutely ill has been con-
sistently below predicted values for height,

age and gender even when PEEP is applied to
increase FRC. Bikker et al. reported FRCs of
66%, 42% and 35% of predicted sitting FRC
at PEEP = 5 cm H,O for normal, primary,
and secondary lung disease patients.” In 22
patients with ALI, FRC was 48% of predicted
FRC and only 42% of predicted FRC in 26
acute ARDS patients.”” Delamonmica et al.
measured a mean FRC of 31% of predicted in
ARDS patients.*

Clearly, FRC in ventilated patients cannot
be compared to FRC predicted values deter-
mined from PFT nomograms. In addition,
definitions of acute respiratory failure, ALI
and ARDS are not standardized; so FRC re-
duction is likely another assessment of the
extent of lung injury. In patients with ALI or
ARDS only, an FRC of < 1.0 L can be expect-
ed with no PEEP. If PEEP is applied (= 5 cm
H,0) the FRC marginally exceeds 1 L. Severe
ARDS can be expected to have FRC as low as
0.5 L.#** Importantly, measured FRC may or
may not reflect airspaces that are interfaced to
a perfused alveolar membrane; therefore, as
previously discussed, gas exchange and com-
pliance should be monitored in conjunction
with FRC. Earlier studies (Table 1 at www.
critical-decisions.org/table)) tend to report
higher FRC values in patients with respiratory
failure—probably without ALI or ARDS.

Due to all these circumstances, reference val-
ues have not been established for ventilated
patients. However, numerous studies have re-
ported FRC values in normal, respiratory fail-
ure, and lung-injured patients (Table 1).

Obtaining Valid FRC volumes

While FRC can be quantified without inter-
ruption of care (other than minor changes
in FIO,), there are prerequisites for obtaining
accurate values. Accurate FRC measurement
requires a stable metabolic baseline that is
not changing due to voluntary activities like
movements, efforts to communicate, cough-
ing, or sighing. Unfortunately, FRC naturally
varies in spontaneously breathing patients.
While sedation reduces breath-to-breath vari-
ability, sedation has the potential to lower
FRC. While varying FRC can be a problem,
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software algorithms can detect variability to
gain confidence in the measure of FRC in the
stable, spontaneously breathing patient.

From the purely technical side, there must
be no circuitry leaks during the 3-5 minute
washin/washout period—a minor restriction
for closed-circuit ventilated patients. A qual-
ity control assessment for circuit integrity
is to review the differences between washin-
washout values; they should be minimal.
FRC estimates should be elevated in COPD
patients and less consistent between repeated
measurements, as large FRC volumes require
more washin/washout time, and airways may
be variably communicating.

Future Studies

Several aspects of FRC monitoring remain to
be studied. The effect of disease on FRC has
been reported,” but FRC monitoring during
disease progression or resolution has not been
prospectively assessed—a goal recommended
in 1993.! Generally, altered FRC can be expect-
ed after bronchodilator use, certain position
changes, or increases in mean airway pressure;
but studies have not specifically determined
how those circumstances alter FRC. FRC will
be elevated in COPD patients where retained
thoracic gas volume is imprecisely moni-
tored by pressure (autoPEEP). FRC moni-
toring would quantify the volume effect of
autoPEEP; however, studies of FRC determi-
nations in COPD patients are lacking.

Clinical experience finds oxygenation to be
markedly affected by position changes in
certain patients. These hypoxemic episodes
must be due to position-dependent ventila-
tion/perfusion changes related to abrupt FRC
reductions or regional perfusion changes;
however, the cause usually remains undeter-
mined. Changes in ventilator strategy include
inversion of L:E., high-frequency ventilation,
or VT/f adjustments to affect change in FRC;
however, studies confirming the therapeutic
value of these interventions and their rela-
tionship to FRC have not been conducted.

Conclusion
To summarize, several potential applications




for FRC monitoring were proposed in 1993,
with the primary goals being to track disease
progression and the effect of PEEP in ALI/
ARDS patients. As yet, serial FRC monitoring
has not been evaluated as a metric for track-
ing disease progression/resolution, nor has
FRC been measured during high-frequency
oscillation or prospectively after adjustments
in mean airway pressure. Nonetheless, moni-
toring of FRC during PEEP adjustments to
optimize lung recruitment can be justified by
recent studies that complement traditional
indices of oxygenation and tidal compliance.
Expanding a protective-lung ventilation strat-
egy to include stress and strain assessments in
lung-injury patients includes the use of FRC
monitoring. Prone positioning, recruitment
maneuvers, suctioning, and weaning affect
FRC; and all these considerations are impor-
tant in daily practice. Technical constraints
that previously limited the routine clinical
use of FRC monitoring in mechanically ven-
tilated patients have recently been overcome.
For these reasons, FRC monitoring appears to
represent an emerging advance in the scien-
tific management of many ventilated patients
with developing or resolving acute respiratory

illnesses.
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Measuring absolute resting gas volume (func-
tional residual capacity, FRC) is a fundamen-
tal component of measuring lung mechanics
in the pulmonary function laboratory, where
it facilitates the separation of restrictive from
obstructive disease and allows for better in-
terpretation of DLCO as an indicator of pa-
renchymal gas exchanging efficiency. For
insight into the place of FRC determinations
in the acute care of ventilated patients, we as-
sembled a panel of experts who have exten-
sive clinical experience and strong interests in
lung mechanics, applied physiology and me-
chanical ventilation. The discussion follows.

1. For what conditions would the ability to
measure FRC be especially helpful?

Haas: Measuring end-expiratory lung vol-
ume (EELV) may prove helpful in any con-
dition that affects FRC, but it might be most
helpful in ARDS patients. Many therapies,
such as PEEP, recruitment maneuvers, and
prone positioning, attempt to improve ARDS
hypoxemia by recruiting collapsed lung units
and increasing FRC. FRC monitoring may
also be helpful in assessing the stress-strain
relationship of the lung. This may be impor-
tant for determining the risk for ventilator-
induced lung injury (VILI)."?

Blanch: Measuring FRC would be clinically
valuable for patients with bilateral pulmo-
nary infiltrates, specifically, to determine the
amount of gas in their lungs at end-expira-
tion. I consider FRC when pressure at end-
expiration is atmospheric. I consider EELV

Measuring end-expiratory

lung volume (EELV)
may prove helpful in any

condition that affects
FRC, but it might be most
helpful in ARDS patients.

- Haas -

when there is PEEP in the system. At this point
EELV is the sum of FRC and the increase in
lung volume induced by PEEP. Therefore, the
measurement of EELV is of particular im-
portance immediately after intubation and
to interpret changes in lung volume induced
by PEEP. Patients with ALI/ARDS have a wide
variability in FRC (and EELV) despite being
ventilated with a similar tidal volume.?

Culver: In hypoxemic respiratory failure (e.g.
ALIL, ARDS), improvements in oxygenation
are most likely a direct result of maintaining
an adequate aerated alveolar volume, particu-
larly at end-exhalation to avoid small-airway
closure and alveolar collapse. In a spontane-
ously breathing person with normal lungs
and chest wall, this point corresponds to the
relaxed functional residual capacity (FRC) de-
termined by the balance of the opposing re-
coil of lungs and chest wall. In a mechanically-
ventilated patient, other factors intervene and
may vary, even on a breath-to-breath basis; so
the terms dynamic FRC (dFRC) or end-ex-
piratory lung volume (EELV) are commonly
used. In recognition that some of this volume
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represents lack of gas exchange behind closed
airways, the EELV measured by gas-dilution
or washout techniques may be called the ac-
cessible pulmonary gas volume (APGV). This
would be expected to correlate best with gas
exchange.

Gommers: FRC measurements would be
especially helpful for all patients who receive
PEEP during mechanical ventilation, but es-
pecially patients with severe hypoxemia and
high levels of PEEP. It would also be helpful
for patients who are operated laparoscopically
or have surgery high in the abdomen, such as
liver surgery.

2. What factors should be considered before
making the measurement of FRC?

Kallet: The newer clinical measurements are
based upon some variation of the so-called
oxygen washout technique, which relies upon
the assumption that the amount of O, stored
in the blood has not changed significantly
during the measurement.* Therefore, either
hemodynamic instability or a sudden change
in oxygen consumption (as when the patient
is agitated) could affect the accuracy or re-
producibility of the measurement. Therefore,
I think it is important that measurements be
made after achieving a reasonable steady state
following an adjustment in either PEEP or va-
SOpressors.

Haas: The conditions required for a good
study depend on the method used to measure
FRC but, in general a passive patient with a
stable ventilatory, cardiovascular and meta-
bolic state is ideal. Each method of FRC mea-
surement has particular technical factors that
must be taken into consideration in addition
to specific patient factors related to the limita-
tions of that technique.

Blanch: In principle, FRC is a static measure-
ment. Using the closed dilution technique,
the patient breathes a known concentration
of helium mixed with oxygen and the helium
concentration in the expired breath after an
equilibrium period is used to calculate FRC.
This method is mainly used for research and
the patient must be well-adapted to mechani-
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cal ventilation to achieve a reliable and repro-
ducible FRC measurement. (This requires
sufficient sedation and analgesia, or even pa-
ralysis if required). Using the oxygen washin/
washout technique, FlO2 should be < 80% to
perform an accurate measurement of EELV.

Culver: Whereas a blood gas measurement
might be used to assess an acute deterioration,
I think measurement of FRC is most likely to
be helpful in guiding ongoing management
or planned changes in ventilator parameters.
Thus, the patient should be in a fairly steady
state at least 10 minutes after any ventilator
changes, in the position they will be main-
tained. The measurement will be less consis-
tent if there are irregularities in the ventilatory
pattern, such as coughing or closely cycled
stacked breaths.

Gommers: As Bruce indicates, make sure you
establish a steady state for at least 10 minutes
after connecting the patient to the ventilator,
because the calculations need a stable VCO,
baseline for at least 10 minutes prior to the
measurements. Figure 1 shows the impor-
tance of a stable VCO,, a major factor in the
algorithm. This steady state should be even
longer when the lung condition is changed.
For example, after a recruitment maneuver,
the lung and gas exchange need to adapt to
the recruited lung volume. A steady state of

15—30 minutes would then be advised. Also,
if a prolonged recruitment maneuver is used
with increased tidal volumes, an additional
amount of CO, will be exhaled. Because the
VCO, will be increased during this period, a
new baseline will need to be established. The
energy expenditure (EE) (Fig. 1) and respira-
tory quotient (RQ) are calculated from the
same variables as the FRC, so a stable RQ
and EE indicate a stable situation for FRC
measurements. Checking a number of read-
ily available parameters before measurements
will give valuable information on whether the
measurements are feasible:

Ventilatory frequency: the maximum for FRC
measurements is 35/min according to the FRC
Appliguide (GE Healthcare; Madison, USA);
however, if possible a frequency below 25/min
is advisable. Because the sampled gas arrives
at the analyzer with a time delay over 100 mil-
liseconds and needs constant integration with
the measured airway flow, higher frequencies
increasingly reduce accuracy. This time delay
is also not constant, but depends on the gas
mixture (e.g. F10,) and pressure.

Ventilatory inhomogeneity: this can be evalu-
ated using ventilatory waveforms, and the
capnogram can also be very useful. If there is
a severe upslope in phase 3 of the capnogram,
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there will be a difference in the time constants
of individual alveoli. Especially in patients
with COPD, theoretically the washout time
will be too short for reliable measurements,
because slower alveoli will not have enough
time for a full washout for the new nitrogen
concentration. As a result, the measured val-
ues will be underestimated, but they can still
be used to show a trend.

Regularity of the breathing pattern: FRC
cannot be measured during very irregular
breathing, because there will not be a steady
state before measurements and gas and flow
integration will be difficult. This is especially
true if there is also a severe upslope in phase
3 of the capnogram, which causes a constant
difference in end tidal gas concentrations.
However, with a regular breathing pattern,
FRC can be measured with precision both in
controlled and partial support modes.

Air leaks: major air leaks (e.g. chest drains,
cuff leak) will influence the amount of ni-
trogen inhaled and exhaled used by the Eng-
strém algorithm to calculate FRC.

3. Do you think FRC would be helpful in track-
ing the progression of disease and/or the re-
sponse to treatment?

Kallet: Absolutely! There are two crucial as-
pects to FRC in the management of patients
with ARDS. First, in the recumbent position,
FRC is nearly the same as alveolar volume, a
major determinant of PaO,> Second, “specific
compliance” (the lung’s elastic properties rela-
tive to resting lung volume) is probably the
most relevant measure of lung mechanics and
may be the most important determinant of
ventilator-induced lung injury.® Because lung
injury in ARDS is heterogenous, effective lung
recruitment often comes at the price of re-
gional overdistention. Therefore, it is difficult
to determine the optimal balance between
these two considerations in a syndrome char-
acterized by its unique presentation in indi-
vidual patients.’

Haas: It definitely would be interesting to
monitor FRC if it was easy and accurate. FRC
monitoring has not moved to bedside clini-
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cal practice, primarily for technical reasons.
We are just now getting systems that can in-
tegrate with the ventilator and measure FRC
in an automated manner so that monitoring
can be done in a semicontinuous manner,
rather than intermittently. Clinical studies are
needed to determine the value of FRC moni-
toring. It appears that the washin-washout
method and the CO,-rebreathing method
are the most promising techniques for ICU
monitoring.**"2

FRC may be helpful in monitoring the pro-
gression of many disease processes that affect
FRC, especially ARDS. FRC is reduced post-
operatively due to pain, decreased chest wall
recoil, increased abdominal pressure, and
atelectasis formation. The reduction is more
pronounced with obesity. Although the re-
duced FRC can be partially restored by using
PEEP or by increasing the patient’s head of
bed, these techniques may not be as effective
in obese patients."?

Blanch: Yes. If we agree that the magnitude of
lung deformation or strain (i.e. ratio between
tidal and end-expiratory lung volumes) is key
for explaining the origin of VALI, then lower
EELV and higher strain could be associated
with increased lung injury. Moreover, some
authors have hypothesized that certain values
for these parameters could define a threshold
for ventilator induced injury to occur.!*1

Culver: T expect there would be changes in
FRC as lung or chest wall compliance change
over the course of an illness. However, I don’t
see this as an end in itself, but only as part of
the means toward the desired end of the abil-
ity to spontaneously maintain adequate gas
exchange. So I would see little utility of FRC
measurement in an improving patient, but
the data might help in understanding the
pathophysiology of a progressive deteriora-

tion or failure to improve.

4. Can FRC be used to adjust PEEP?

Kallet: Yes! The most practical utility of
measuring FRC is to access the mechanical ef-
fects of recruitment either by PEEP titration,

prone positioning, recruitment maneuvers

Because lung injury in
ARDS is heterogenous,
effective lung recruitment
often comes at the price of
regional overdistention.

- Kallet -

or some combination of all three. Because of
the complexity of both hemodynamic and
pulmonary mechanical responses to PEEP
titration in ARDS, FRC must be integrated
with other measurements. Both PaO, and
FRC may increase beyond the point that both
lung compliance and cardiac output decrease,
and physiologic dead space fraction increas-
es—these being classical signs of lung over-
distention.” Remember that PEEP not only
indirectly recruits collapsed alveoli by rais-
ing inspiratory pulmonary pressure, but also
further expands poorly and normally inflated
alveoli.”” In addition, the effect of PEEP on
lung overdistention is a function of tidal vol-
ume magnitude.' Therefore, measuring FRC
during PEEP titration in ARDS is important
but of limited value without detailed consid-
eration to other variables such as tidal volume,
specific compliance, dead space fraction and
CO, excretion.

Haas: In general the FRC measurement by a
gas dilution or washout technique can detect
lung recruitment during PEEP titration, but
it cannot detect overdistension; so it must be
used in combination with another measure
of respiratory mechanics, such as dynamic
compliance. (Bikker 2008) On the other hand,
electrical impedance tomography (EIT) can
provide information on EELV as well as dif-
ferentiate between recruitment and overdis-

tension.!*?

To minimize overdistension and potential
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for VILI, it is suggested that higher PEEP
levels be used with patients demonstrating
recruitment potential and lower PEEP levels
for those demonstrating minimal recruit-
ment potential. A challenge is how to identify
potential responders. Dellamonica and col-
leagues compared methods of assessing PEEP-
induced strain and lung recruitment, which
included FRC measurements via the washout/
washin method.” They found that the ratio
of the change in EELV between PEEP levels to
the FRC level at ambient pressure (change in
EELV/FRC) differentiated high from low re-

cruiters.

Blanch: The surfactant system, alveolar in-
terdependence, collateral ventilation, extra-
cellular matrix, and mechanical properties
of the chest wall work together to avoid al-
veolar collapse. These mechanisms guaran-
tee a minimal resting volume (FRC/EELV)
at end-expiration and a large number of al-
veoli to distribute each tidal volume. The net
result is that healthy lungs present minimal
changes in their structure during ventilation
and only minor variations in alveolar size
and shape. Ventilatory parameters can influ-
ence lung deformation and alveolar instabil-
ity. PEEP could definitely decrease alveolar
instability when the net effect is recruitment,
and hence increase FRC/EELV. PEEP can in-
crease lung overdistension in patients with
severe lung injury with lower lung compliance
and late ARDS. In these circumstances, PEEP
will increase plateau pressure with no recruit-
ment and EELV remains lower. Excessive tis-
sue deformation can also explain why healthy
lungs ventilated with high VT and moderate
pressures develop lung injury. VT promotes a
time-dependent increase in alveolar instabil-
ity that could lead to lung damage. In this sit-
uation, FRC/EELV measurements cannot be
useful to determine immediate lung damage.
In summary, at similar VT and concomitantly
tracking changes in plateau pressure or com-
pliance, the measurement of EELV is impor-
tant to adjust PEEP to maximize recruitment.
See the figures in Albaiceta et al.”

Culver: Even with esophageal pressure
monitoring, the calculated transpulmonary




pressure can give only a rough guide to lung
volume due to uncertainties around the ab-
normal lung compliance, the correlation of
esophageal pressure to locally effective pleu-
ral pressure, and the degree of air trapping.
The ability to readily and repeatably measure
FRC as APGV could be quite helpful in guid-
ing the application of PEEP to provide an ad-
equate alveolar volume for gas exchange, and
to assess the response to recruitment efforts.
However, a lung volume measurement that
appears adequate may include both collapsed
and over-distended alveoli, so FRC measure-
ment is not sufficient to avoid the risk of baro-

trauma-volutrauma.

Gommers: Yes. A possible method of iden-
tifying optimal PEEP could be the measure-
ment of FRC. It has been shown that FRC is
decreased by 25% in healthy volunteers after
changing from sitting to supine position dur-
ing spontaneous breathing. In critically ill
patients receiving mechanical ventilation, the
level of PEEP determines FRC and therefore
it is better to speak of EELV. Application of
higher levels of PEEP leads to increased EELV
values as a result of recruitment or further
distention of already ventilated alveoli. To
differentiate between recruitment and disten-
tion, EELV changes should be combined with
dynamic compliance values or dead space
measurements.

5. How variable is FRC in an otherwise stable
patient? Should more than one measurement
be made at a given time point?

Kallet: With the oxygen washout technique
there can be a considerable degree of variabil-
ity between measurements. For example, in
a recent study the coefficient of repeatability
was approximately 13% or 300 mL."? Given
that this test/retest variability represents
17—50% of the average reported FRC mea-
sured in patients with ARDS (600-1800 mL)%,
I would not feel comfortable relying upon a
single measurement of FRC to assess my ther-
apeutic interventions.

Haas: If diagnostic procedures are easy, quick
and safe to perform, you can average 2 or 3
measurements, so it is reasonable that 2 FRC

In PEEP INview, only one
washout or washin FRC
measurement is
used at each PEEP
step and without
averaging the values.

- Gommers -

measurements would be desirable until re-
search shows that an individual study is ad-
equate. Several studies have reported the dif-
ference between repeated FRC measurements
in patients to be 5—10%.'2 242

Blanch: Olegard and colleagues studied a
modified nitrogen washin/washout technique
based on standard monitors using inspiratory
and end-tidal gas concentration values for
functional residual capacity (FRC) measure-
ments in patients with acute respiratory fail-
ure (ARF).* They showed good precision of
FRC measurements with standard monitors
using a change in FlO, of only 0.1. Measure-
ments can be performed with equal precision
up to an FlO2 of 1.0. Today, the washin/wash-
out technique is built into ventilators and it
seems that the technique is reproducible with
only a few measurements.

Culver: Variability in FRC measurements
will reflect both the reproducibility of the test
itself and true short-term changes in EELV. I
would expect the latter to be small in a sedated
patient on a volume control or a stable assist-
control ventilator mode with no position
change preceding the measurement. More
variability would be expected when spontane-
ous efforts are present, as in an IMV or pres-
sure-cycled mode. Breath-breath stability of
exhaled tidal volume may be an indicator of a
stable FRC. In the pulmonary function lab, it
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is typical to average three plethysmographic
measurements of FRC, though gas dilution
measurement are usually not repeated due
to the time required. It would be prudent for
any ICU to do repeated measurements until
the consistency of the measurement in their
hands is established.

Gommers: In contrast to a single measure-
ment that provides the average of both a
washout and washin, the PEEP INview® (GE
Healthcare) only performs a washout or a
washin at each PEEP step (one measurement).
During a PEEP trial, the washout either over-
or underestimates the average with the washin
exhibiting the opposite behavior. This behav-
ior depends on a number of physiological
principles (e.g. transfer of nitrogen between
blood and alveoli), but is eliminated by aver-
aging a washin and washout. In PEEP INview,
only one washout or washin FRC measure-
ment is used at each PEEP step and without
averaging the values.

6. How influential is position in the FRC?
Kallet: To my knowledge, the effects of body
position on FRC have only been measured
in normal subjects between the sitting and
supine positions, wherein FRC is uniformly
diminished by 25%.%” Because bodily position
changes in critically-ill patients are much less
drastic (e.g., from 20° to 30° semi-Fowlers to
the supine position), it’s difficult to estimate
the magnitude of change in FRC. That being
said, in the context of making crucial venti-
lator adjustments in a patient with severe
ARDS, T would want to keep the patient in
the same position during all measurements,
just to remove the possibility of confound-
ing influence. In terms of the effects on FRC
due to positioning a patient from side to side,
I would be concerned about the compressive
effects of the heart, or an enlarged liver on
lung recruitment/de-recruitment and FRC
measurements as body position was changed.
That would actually be a very interesting and
clinically useful study!

Blanch: FRC is influenced by age, position
and height. Whereas V/Q mismatch improves
from supine to prone it seems that total vol-
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ume changes (FRC or EELV) are similar in
patients with ALI/ARDS. Richard and col-
leagues demonstrated that vertical position-
ing is a simple technique that may improve
oxygenation and lung recruitment in ARDS
patients.®® Although FRC or EELV was not
measured in that study, the authors found
that the volume at 20 cmH,O of airway pres-
sure measured on the PV curve from PEEP
increased using the vertical position only in
responders (233146 vs. -8+9 mL in nonre-
sponders); this change was well correlated to
oxygenation change. This article highlights
the importance of lung recruitment in EELV
variations in patients with ARDS.

Culver: In normal individuals, there is a well-
documented decrement in FRC with a change
from upright posture (standing or sitting) to
supine.With obesity or increased abdominal
pressure, the change may be more marked,
but it may also be attenuated when the FRC
is already very reduced in the sitting position.
The normal positional change raises the ques-
tion as to whether to target the normal sitting
FRC, widely available from PFT prediction
equations, or the expected reduced value ex-
pected in a recumbent position.

7. Does FRC measurement have value in the
spontaneously breathing patient?

Kallet: That is a hard question to answer.
First, there is the issue of measurement reli-
ability under circumstances when the breath-
ing pattern is poorly controlled. In normal
subjects, when measurements are repeated
under well-controlled laboratory conditions,
the mean difference is typically only 1% to
2%.” But those are decidedly not the circum-
stances under which clinical measurements
are made in patients with ARE Furthermore,
the validity of the test is based upon the as-
sumption that inspired and expired volumes
are essentially equal, so that performing FRC
measurements when the breathing pattern is
unstable presents a particularly vexing prob-
lem. Second, it is not apparent to me that
measuring FRC in this situation is clinically
useful. If the patient’s clinical condition is
deteriorating, then they should be ventilated
with a full support mode such as volume- or

10

In normal individuals,
there is a well-
documented decrement in
FRC with a change from
upright posture (standing
or sitting) to supine.

- Culver -

pressure-assist control and sedated appropri-
ately. If they are recovering sufficiently to al-
low spontaneous breathing trials, I don’t think
that information about the FRC is important
in terms of management decisions.

Haas: FRC monitoring may be particularly
helpful when applying modes of mechani-
cal ventilation that encourage spontaneous
breathing, especially APRV, which is used
with ARDS patients. In general, FRC monitor-
ing systems designed to be used with ventila-
tors are validated on spontaneous breathing
individuals with no lung disease,*” but those
systems may not be accurate when there is
considerable variability in tidal volume and
respiratory rate, particular at low volumes and
fast rates.

Blanch: Patients with ARDS ventilated with
modes that allow spontaneous breathing (e.g.,
APRYV, BIPAP) seem to improve ventilation to
dorsal lung areas and FRC/EELV improves as
a result. In ARDS patients with quiet breath-
ing, historic data seem to support reproduc-
ibility on those measurements.” In patients
with very active breathing who do not interact
well with the ventilator, FRC measurements
are not reproducible.

Culver: In the ICU, the main utility of FRC

measurement would be to guide therapy di-
rected at changing the FRC so, in a patient
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receiving no ventilator support this would be
limited to position change. If CPAP or biilevel
NPPV is being used to support oxygenation,
then the same considerations apply as for
PEEP adjustments.

Summary

There appears to be strong agreement among
the expert panelists that accurate knowledge
of the end-tidal resting volume of the lungs
would provide information to the clinician
that cannot be easily inferred from the airway
pressure and tidal flow and volume data alone.
Although the latter continue to be of unques-
tioned value and have served well for more
than a half century, FRC is a complementary
“missing piece” that completes the bedside
pulmonary function battery. Moreover, for
some applications, FRC offers unique infor-
mation that conceptually is closer than tra-
ditional spirometric indicators to the actual
clinical questions that confront the practitio-
ner. Diagnostically, these include determina-
tions of the nature, severity, and progression
of disease. Therapeutically, tracking FRC may
allow the clinician to determine the effects of
attempted interventions; e.g., re-positioning,
recruiting maneuvers, PEEP selection, and
relief of hyperinflation. Limitations of cur-
rent washout technology do not allow its ap-
plication to every clinical setting. At present,
FRC determinations is a new tool for care of
the acutely ill whose appropriate application
to clinical practice awaits more widespread
deployment and utilization in the context of
everyday ICU care.
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1. Which of the following is not true? An increase in FRC

after an increase in applied PEEP:

a. Is associated with the patient's dynamic

P-V relationship
b. Will improve CO, extraction

c. Indicates lung recruitment if compliance

also improves

d. May be related to lung overdistension if

compliance is decreasing

2. FRCin ventilated patients should be interpreted in
conjunction with:
a. Oxygenation
b. Tidal compliance
c. Changing pathology
d. All of the above

3. Inventilated patients, FRCis not known to be
affected by:
a. Pleural effusion
b. Positioning
c. Sedation
d. Nutritional status

4. In patients with ALl or ARDS, FRC measurements
have been reported to be:
a. Unresponsive to increases in PEEP
b. Less than 1 L.
c. Related to height, age and gender
d. Too difficult to determine due to high
FIO, settings

This program has been approved for 2.0 con-
tact hours of continuing education (CRCE) by

the American Association for Respiratory Care

(AARC). AARC is accredited as an approver of
continuing education in respiratory care.

To earn credit, do the following:
1. Read all the articles.

2.To earn 2.0 CRCEs or CPEs, you must
achieve a score of 75% or more on the post-
test. If you do not pass it the first time, you
may re-take it once.

3.Complete the entire post-test and the par-
ticipant evaluation.

4.The post-test may be taken online at www.
saxetesting.com, or you may complete this
page'’s test/participant evaluation and mail
or fax it to the address listed on page 11.

5.1f you use the paper version of this form,
mark your answers clearly with an “X” in
the box next to the correct answer. On the
evaluation portion, clearly circle the most
appropriate answer.

6.Answer forms must be postmarked by Dec.
31, 2012 (RTs). These programs are re-
newed anually. Please check website for
current expiration date.

7. If you take this test online, you can print
your certificate immediately upon success-
ful completion. AARC members’ results are
automatically forward to the AARC for ac-
creditation.

8.1f you fax or mail this form, your results will
be sent within 4-6 weeks after we receive
them.

5. Historically, which of the following methods has not-

been used to determine FRC?

a. CO diffusion

b. Body Plethysmography

c. Gas dilution

d. Washin/washout of a tracking gas

6. The washin/washout method of FRC determination
requires:
a. FIO, changes > .25 during the
procedure
b. A paralyzed, sedated patient
c. Assist/control mode
d. 3—5 minutes to complete

7. FRChas been reported to be increased by

a. Pleural effusion
b. Endotracheal suctioning
c. Lung recruitment maneuvers
d. Supine positioning
8. Proposed future studies of FRC monitoring in venti-
lated patients include the effects on FRC of:
a. Progression or resolution of disease
b. Adjustments to I:E ratio
c. Positional hypoxemia episodes related
to V/Q mismatching
d. All of the above

Participant’s Evaluation (3 questions)
(Circle one answer for each question)

1. What is the highest degree you have
earned? Diploma Associate Bachelor
Masters Doctorate

2. Indicate to what degree the program met
each of the following objectives:

Discuss the potential clinical applications of
FRC estimation.

Yes Somewhat Not at all

List the requirements for successful and ac-
curate measurement of FRC in the ventilated
patient.

Yes Somewhat Not at all

Describe the potential impact of position and
irregular breathing on the values obtained.

Yes Somewhat Not at all

3. Please indicate your agreement with the
following statement: “The content of this
course was presented without bias of any
product or drug.”

Agree Disagree

_g><______

9. Which of the following is not true regarding the mea-
surement of FRCin the clinical setting?

a. FRC measurement may aide in setting
an appropriate level of PEEP.

b. Patients need to be in a metabolically
“steady state” before the measurement
is attempted.

c. Body position influences the FRC value
recorded.

d. Adjustments of FIO, are permitted
during the measurement period.

10. Which one of these statements cannot be easily de-
fended regarding FRC assessment at the bedside?

a. FRC measurement requires the absence
of triggered breathing.

b. FRC is reduced in the transition from
sitting to supine position.

c. FRC assessment helps assess the
progress of disease and response to
pulmonary treatments.

d. Washin/washout FRC determination
underestimates the volume of gas in air-
trapped zones.
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