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BACKGROUND: Patient work of breathing (WOB) during assisted ventilation is reduced when
inspiratory flow (V̇ I) from the ventilator exceeds patient flow demand. Patients in acute respiratory
failure often have unstable breathing patterns and their requirements for V̇I may change from
breath to breath. Volume control ventilation (VCV) traditionally incorporates a pre-set ventilator
V̇I that remains constant even under conditions of changing patient flow demand. In contrast,
pressure control ventilation (PCV) incorporates a variable decelerating flow wave form with a high
ventilator V̇ I as inspiration commences. We compared the effects of flow patterns on assisted WOB
during VCV and PCV. METHODS: WOB was measured with a BICORE CP-100 monitor (incor-
porating a Campbell Diagram) in a prospective, randomized cross-over study of 18 mechanically
ventilated adult patients with acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS). Tidal volume, inspiratory time, and mean ventilator V̇I were constant in each mode.
RESULTS: At comparable levels of respiratory drive and minute ventilation, patient WOB was
significantly lower with PCV than with VCV (0.59 6 0.42 J/L vs 0.706 0.58 J/L, respectively, p<
0.05). Ventilator peak V̇I was significantly higher with PCV than with VCV (103.2 6 22.8 L/min vs
43.8 L/min, respectively, p < 0.01). CONCLUSIONS: In the setting of ALI and ARDS, PCV
significantly reduced patient WOB relative to VCV. The decrease in patient WOB was attributed
to the higher ventilator peak V̇I of PCV. Key words: acute lung injury, acute respiratory distress
syndrome, assisted mechanical ventilation, central respiratory drive, constant flow pattern, decelerating
flow pattern, inspiratory flow rate, pressure-time product, pressure control ventilation, volume control
ventilation, work of breathing. [Respir Care 2000;45(9):1085–1096]

Background

Patient work of breathing (WOB) during assisted ven-
tilation is reduced when inspiratory flow (V˙

I) from the
ventilator exceeds patient flow demand.1–4 Because pa-

tient flow demand reflects inspiratory muscle contractile
velocity,5,6 the ventilator will impose resistive work when-
ever patient flow demand exceeds ventilator V˙

I. Also, dur-
ing acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS), elastic WOB increases because the
inspiratory muscles strain against poorly compliant lungs
and chest wall.7,8 Therefore, high ventilator V˙

I delivery
also may lessen a patient’s elastic WOB by displacing the
chest faster than can be achieved by the inspiratory mus-
cles straining under high elastic loads.

Because patients in acute respiratory failure often have
unstable breathing patterns, their requirements for tidal
volume (VT) and flow can change from breath to breath.9
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Volume control ventilation (VCV) traditionally delivers a
breath with a pre-set ventilator V˙

I that remains constant
(ie, a rectangular flow waveform),10 even under conditions
of changing patient flow demand. During pressure control
ventilation (PCV), peak airway pressure is sustained by a
variable, decelerating flow wave form with a high venti-
lator V̇I as inspiration commences.10 Because PCV regu-
lates ventilator V˙ I to maintain a set airway pressure, trans-
mitted negative pressure from patient effort should cause
the ventilator V̇I to increase and to be sustained when
patient effort is prolonged. Therefore, the ability of PCV
to produce a high, variable, and sustained V˙

I should adapt
better to changes in patient flow and VT requirements.
Furthermore, the high V˙

I and decelerating flow pattern of
PCV cause a larger portion of the VT to be delivered
earlier during inspiration.10 This may also reduce the elas-
tic WOB by displacing the chest faster than can be achieved
by the inspiratory muscles. Based on those attributes we
predicted that PCV would reduce patient WOB during
assisted ventilation more than constant flow VCV in pa-
tients with ALI and ARDS.

Materials and Methods

Study Subjects

A convenience sample of 18 nonconsecutive ventilator-
dependent patients on the medical, general surgery, and
trauma surgery services were entered into the study. Signed,
informed consent was obtained from either the patient or a
relative. The Committee on Human Research at the Uni-
versity of California, San Francisco, approved the study.
Patients were either clinically stable, or in the recovery
phase of illness when weaning from mechanical ventila-
tion was taking place. Entrance criteria were: minute ven-
tilation (V̇E) $ 10 L/min, static respiratory system com-
pliance# 50mL/cmH2O,andmeeting theNorthAmerican-
European Consensus Conference definition for either ALI
or ARDS.11 Patients with primary respiratory failure from
ALI or ARDS who had an underlying component of chronic
obstructive pulmonary disease or asthma also were entered
into the study.

Study Protocol

The study incorporated a random presentation of breath-
ing modes in a short, time-series, cross-over design. A
blind envelope pull was used to prevent presentation bias.
Nine patients were randomized to each presentation order
(VCV to PCV and PCV to VCV). Ten minutes were al-
lowed for adaptation and stabilization of breathing pattern
between modes. Data collection required approximately
30 minutes in each mode. Afterwards, patients with a pos-
itive end-expiratory pressure (PEEP) of# 10 cm H2O

were given a short trial of spontaneous breathing on 100%
oxygen through a modified Jackson-Reese circuit. Depend-
ing on patient tolerance, data were collected once or twice
over 1–2 minutes. Tolerance was defined as, 20% change
in either heart rate or blood pressure from study conditions
and arterial oxygen saturation (as measured via pulse oxim-
etry [SpO2

]) of $ 95%. This data provided an approxima-
tion of patient WOB, V̇I, VT, and inspiratory time (TI) in
order to compare ventilator settings during assisted venti-
lation with patients’ spontaneous breathing patterns.

Procedures

Upon enrollment into the study, a Smart Cath (Thermo
Respiratory Group, Palm Springs, California) nasogastric
tube with an esophageal balloon was placed in the lower
third of the esophagus. We manipulated the positon of the
balloon while inspecting the synchrony of the peak esoph-
ageal pressure (DPES) and airway pressure deflections at
moderately low trigger sensitivitysettings (–5 cm H2O).
When cardiac artifact was minimized, an occlusion test was
performed for position confirmation using the method de-
scribed by Baydur.12 All patients were studied in the semi-
recumbentposition.Maximuminspiratorypressure (MIP)was
measured using the “Method 1” described by Marini et al, in
which the airway is occluded at end-expiration, allowing no
movement of air in either an inspiratory or expiratory direc-
tion.13 This method was chosen in order to measure muscle
strength from approximately functional residual capacity.

Prior to data collection, relaxed chest wall compliance
(CCW) curves were constructed using an analysis of 2–5
breaths during a short period of controlled ventilation.
This was achieved following additional sedation with a
100–200mg dose of Fentanyl (in 50mg doses) to suppress
spontaneous respiratory activity. CCW curves were con-
structed from esophageal pressure-volume tracings with a
counterclockwise movement, a narrow loop and a right-
ward rotation of the axis (Fig. 1).14 In 3 patients, con-
trolled ventilation could not be achieved and a normal
CCW line was used (200 mL/cm H2O). After patients re-
covered and began to trigger the ventilator, central respi-
ratory drive and patient effort were monitored until the
presedation baseline had been achieved.

Equipment

Two ventilators were used for this study: the Siemens
Servo 900C (Siemens Medical Systems Inc, Danvers, Mas-
sachusetts) and the Hamilton Veolar (Hamilton Medical
Inc, Reno, Nevada). Each ventilator was calibrated prior to
the study. The ventilator was set to achieve a TI of 1.0
second. This was verified by measurement from the scalar
V̇I wave form. The control rate (f) on the ventilator was set
between 10 and 12 breaths per minute and was held con-
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stant across treatments. This allowed all patients to con-
sistently trigger breaths during the study period. VT was
set at the level prescribed for patient care. During PCV,
the prescribed VT usually was achieved by setting the
pressure control level to the plateau pressure for the same
VT during VCV. By setting TI at 1.0 second and main-
taining a constant VT, mean ventilator V˙ I was constant for
each mode. Fractional concentration of inspired oxygen
and PEEP were kept at the level prescribed by the man-
aging physician. No patient care activities took place dur-
ing the study period.

Measurements

Patient and ventilator variables were measured with a
pulmonary mechanics monitor incorporating a Campbell
diagram (BICORE CP-100, Thermo Respiratory Group,
Palm Springs, California). The precision and accuracy of
this monitor has been previously validated.15,16 The mon-
itor and transducers were calibrated prior to each study.
The Var-Flex (Thermo Respiratory Group, Palm Springs,
California) airway pressure/flow transducer was placed at
the patient Y adapter so that all reported volumes excluded
compressible circuit volume. Data collection included f,
inspired VT, peak ventilator V˙ I, intrinsic PEEP (PEEPI),
the fraction of TI to total respiratory cycle time (ie, the
duty cycle, calculated as TI /TTOT), and pressure-time prod-
uct (PTP). Central respiratory drive was measured as the
esophageal pressure at 100 milliseconds (P0.1) after the
onset of effort. Campbell diagram software was used to
measureDPES and patient WOB in joules per liter (Fig.
2).15 DPESwas measured as the change in esophageal pres-
sure from the X intercept of the chest wall compliance line
from the Campbell diagram to the most negative point on

the esophageal pressure-volume curve. PEEPI was mea-
sured as the difference in esophageal pressure between the
X intercepts of the chest wall line (end-expiratory plateau)
and lung compliance line (onset of inspiratory flow) from
the Campbell diagram, minus the trigger sensitivity level
measured at the airway (the lowest airway pressure change
from baseline at the onset of flow). The mechanics mon-
itor calculated PTP using the method described by Sas-
soon et al17 as the integral of the negative change in PES

over TI, taking into account CCW. However, the monitor is
programmed to use a normal chest wall compliance value
(200 mL/cm H2O) in order to calculate PTP. Therefore,
reported calculated values of PTP probably underestimate
the true PTP as CCW is often abnormal during ALI and
ARDS.18 The lung injury score was calculated using the
method described by Murray et al.19

Fifteen to 20 assisted breaths were selected for analysis
(Figs. 2–4). The criterion used for breath selection was a
patient-triggered breath in which the PES remained below
baseline after the onset of volume change. In one case
(patient 5), respiratory drive was unstable, making it dif-
ficult to distinguish between well synchronized assisted
ventilation and diminished drive. Therefore, we excluded
all breaths from analysis when the WOB markedly fellbe-
low normal (, 0.08 J/L) in either mode. Dyssynchronous
breaths associated with coughing and gross agitation, like-
wise, were excluded.

Calculations

The following formulas were used for calculation of the
derived variables:

V̇E 5 VT 3 total f (L/min) (1)

Fig. 1. Campbell diagram for calculation of passive chest wall compliance. Relaxed chest wall com-
pliance is calculated from the esophageal pressure-volume loop. This pressure-volume loop was taken
from Patient 2, who suffered from acute respiratory distress syndrome, chronic pleural effusions, and
chronic pleural thickening. The severe rightward shift in the slope reflects the low compliance of the
chest wall. PES 5 esophageal pressure.
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Respiratory muscle power in joules/minute

(Ẇ) 5 V̇E (L/min) 3 WOB (J/L) (2)

Spontaneous inspiratory time

5 spontaneous f3TI/TTOT (s) (3)

Pressure time index (PTI)5 DPES/MIP 3 TI/TTOT (4)

Data Analysis

Descriptive statistics arereported as means and standard
deviations. The small sample size and non-normal data dis-

Fig. 2. A schematic drawing of a Campbell diagram in which line AB represents the lung compliance
constructed dynamically during spontaneous breathing. Line AC represents the chest wall compliance
constructed during passive ventilation and fitted to the end-expiratory pressure. The ellipse ADBA is
the esophageal (or pleural) pressure-volume loop. The shaded area of the ellipse represents the flow-
resistive work of breathing (WOB) performed by the patient. The area enclosed by ABCA represents
the elastic WOB performed on the lungs and chest wall. Line AI bisects the elastic WOB so that area
ABIA represents the elastic work performed on the lungs, whereas area AICA represents the elastic
work performed on the chest wall. The unshaded portion of the ellipse represents passive expiration.
Expiratory work is provided by the energy released during elastic recoil of the lungs to functional
residual capacity. Spontaneous breathing through a ventilator’s demand-flow system causes a trig-
ger-phase so that a separation occurs between the lung and chest wall compliance lines. This signifies
that the onset of effort (Point A9) does not correspond to the onset of inspiratory flow (Point A). This
separation between effort and flow also occurs in the presence of intrinsic positive end-expiratory
pressure (PEEPI). The increase in area ABCA9A is caused by rectangle AII9A9, which represents the
increased elastic work imposed by the trigger function of the ventilator and/or the presence of PEEPI.
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tribution required inferential statistical analyses using a Wil-
coxonsigned-ranktest forpairedcomparisonsbetweenmodes.
Spearman’s rank-order test was used to assess correlation
(rho). Results were considered significant if p, 0.05. Data
were analyzed using Stat View (Abacus Concepts, Berkeley,
California).

Results

All 18 patients met either ALI or ARDS criteria at the time of
study enrollment. One patient, recovering from ALI, had an

improvement in hisratio of arterial partial pressure of oxygen
to fraction of inspired oxygen (PaO2

/FIO2
) to . 300 after en-

rollment. The mean Murray19 lung injury score revealed a
moderate degree of damage (Table 1). Only 7 patients had
scores indicative of severe injury ($ 2.5) at the time of study.19

The mean PEEP level was 6.76 2.8 cm H2O and the mean
FIO2

was 0.466 0.08. Respiratory system compliance was in
the range reported for ARDS (see Table 1).7

PCV was associated with significantly lower patient
WOB, DPES, and V̇I than was VCV (Table 2). PTP was

Fig. 3. Campbell diagram peak esophageal pressure vs tidal volume (PES-VT) loops comparing
high levels of assisted work of breathing (WOB) between volume control ventilation (VCV) and
pressure control ventilation (PCV). The morphology of the pressure-volume loop is altered by
the effect of positive pressure ventilation. A, B, C, D, and A9 are as defined in the legend for
Figure 2. Point A0 is added to denote the post-trigger drop in PES, which represents the amount
of effort exerted by the patient until there is sufficient flow delivery to cause a change in volume.
Point E is added to denote peak negative PES, and the horizontal distance between A9 and E
represents peak esophageal pressure (DPES). The horizontal distance AE represents the portion
of the DPES associated with the post-trigger phase. The differences in the magnitude of AE
between VCV and PCV represents the effects of each flow pattern on the resistive WOB. The
loops were matched for V̇I and approximate agreement in baseline pressure (Point A9). The
dynamic lung compliance line AB is not an accurate representation of lung compliance because
of the contribution of positive airway pressure during the breath.
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lower during PCV, but the difference was not statistically
significant. Central respiratory drive, or P0.1, was the same
between modes and was in the range reported for ARDS
patients at 50% of total ventilator support.4,20 Ventilator
conditions were successfully maintained at constant levels
between ventilator treatments (Table 3). VT, total f, mean
ventilator V̇I, and V̇E were not different between assisted
VCV and PCV. SpO2

was monitored continuously and SpO2

values were always$ 95% during data collection, in each
mode. The pressure control level needed to maintain VT

was greater than the plateau pressure measured during
VCV (32.7 6 6.4 cm H20 vs 29.76 7.6 cm H2O, respec-
tively). Peak ventilator V˙ I was significantly greater during
PCV. However, mean ventilator V˙

I was low relative to

general practice (41 L/min vs 60 L/min).21 Mean VT as a
function of body size was 10.06 2.5 mL/kg.

We were able to measure inspiratory muscle strength at
the beginning of the study in all patients. The MIP re-
vealed a moderately strong inspiratory muscle force reserve
(see Table 1). Our results were similar to those reported by
Marini et al for critically ill patients, using the same mea-
surement technique.13 In addition, we were able to assess
the breathing pattern and WOB during brief periods of
spontaneous ventilation in 16 of 18 patients at the end of
the study (Table 4). The peak V˙

I, mean V̇I, and VT that
could be generated during spontaneous breathing was lower
than the respective values measured during VCV and PCV.
Mean patient TI was close to ventilator TI (0.9 s vs 1.0 s,

Fig. 4. Campbell diagram peak esophageal pressure vs tidal volume (PES-VT) loops comparing mod-
erate levels of assisted work of breathing (WOB) between volume control ventilation (VCV) and pres-
sure control ventilation (PCV). The characteristic differences in the contour of the pressure-volume
loops seen between VCV and PCV at high levels of work and effort also are present at moderate levels
of work and effort. A, B, C, D, E, A9 and A0 are as defined in the legends for Figures 2 and 3.
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respectively). Measurements of WOB, V˙
I, pressure-time

index, PTP, and the rapid-shallow breathing index (f/VT)
made during spontaneous breathing exceeded the levels
thought to induce (or indicate) respiratory muscle fatigue
and weaning intolerance. Therefore, our sample generally
appeared to be ventilator-dependent.

A confounding variable (PEEPI) was detected in 4 of 18
patients. In 3 cases (patients 3, 4, and 17) PEEPI was
slightly higher during PCV than during VCV (3.03 cm
H2O vs 1.03 cm H2O). However, WOB was less during
PCV than VCV (0.73 J/L vs 0.82 J/L). All three of these

Table 1. Patient Demographics at Entrance into Study

Case Sex Age Diagnosis CRS (mL/cm H2O) CCW (mL/cm H2O) PEEP (cm H2O) LIS MIP (cm H2O)

1 M 47 Pneumonia, ALI 50 143 5 0.75 14

2 F 57 ARDS, ESLD, chronic pleural effusion/

pleural thickening

16 46 8 2.75 26

3 M 19 Smoke inhalation, resolving ARDS 28 109 5 1.75 75

4 F 33 Hypovolemic shock, ascites, ARDS 21 90 15 2.5 39

5 F 65 Blunt chest trauma, pulmonary

contusion, pneumonia, ALI

41 146 5 1.75 44

6 M 44 Abdominal abscesses, pleural effusion,

resolving ALI

45 175 5 1.00 53

7 F 49 Blunt chest trauma, flail chest, ALI,

aspiration pneumonia

40 256 7 2.00 27

8 M 38 Blunt chest trauma, pulmonary

contusion, flail chest, ALI

50 262 5 1.50 32

9 M 70 Sepsis, ALI, COPD 39 * 5 1.33 71

10 M 61 Pneumonia, ALI, sepsis 33 129 5 2.67 56

11 F 33 Resolving ARDS, sepsis 25 205 5 1.33 63

12 F 39 Pneumonia, ARDS, ESLD 35 200 5 1.75 45

13 M 38 Blunt chest trauma, ARDS 23 * 5 2.50 60

14 F 51 Pancreatitis, ESLD, sepsis, ARDS 24 126 10 3.00 57

15 M 66 Pneumonia, sepsis, ALI 38 131 5 1.50 23

16 M 39 Multiple stab wounds to

chest/abdomen, ARDS

21 39 10 2.75 23

17 M 76 Pneumonia, ARDS, COPD 28 * 5 1.75 29

18 F 42 Necrotizing faciitis, ARDS, sepsis 26 164 10 2.50 57

Mean6 SD 48.26 15.0 326 11 1376 70 6.76 2.8 1.956 .66 44.16 18.3

CRS 5 respiratory system compliance. CCW 5 chest wall compliance. PEEP5 positive end-expiratory pressure. LIS5 lung injury score (ARDS Score).19 MIP 5 maximal inspiratory pressure
(esophageal). ALI5 acute lung injury. ARDS5 acute respiratory distress syndrome. ESLD5 end-stage liver disease. COPD5 chronic obstructive pulmonary disease. *5 data unobtainable.

Table 2. Patient Variables Between VCV and PCV During Assisted
Ventilation

Variable VCV PCV

P0.1 (cm H2O) 4.176 5.14 4.056 4.38
DPES (cm H2O) 9.146 5.48 7.456 5.65*
PTP (cm H2O z s z min) 95.76 59.3 83.26 53.8
WOB (J/L) 0.706 0.58 0.596 0.42†
Ẇ (J/min) 8.226 4.42 6.926 4.36*

Values are reported as mean6 standard deviation.
VCV 5 volume control ventilation.
PCV 5 pressure control ventilation.
P0.1 5 esophageal pressure in the first 100 miliseconds.
DPES 5 peak esophageal pressure.
PTP5 pressure-time product.
WOB 5 work of breathing.
Ẇ 5 power output of the inspiratory muscles.
*p , 0.01.
†p , 0.05.

Table 3. Ventilator Variables Between VCV and PCV During
Assisted Ventilation

Variable VCV PCV

VT (mL/breath) 6746 88 6856 97
Total f (breaths/min) 18.26 3.3 18.16 3.3
Peak V̇I (L/min) 43.86 8.4 103.26 22.8*
Peak PAW 40.76 8.4 32.76 6.4†
Mean V̇I (L/min) 40.76 5.3 41.16 5.8
V̇E (L/min) 12.46 2.9 12.56 3.3

Values are reported as mean6 standard deviation.
VCV 5 volume control ventilation.
PCV 5 pressure control ventilation.
VT 5 tidal volume.
f 5 respiratory frequency.
V̇I 5 inspiratory flow rate.
PAW 5 airway pressure.
V̇E 5 minute ventilation.
*p , 0.001.
†p , 0.05.
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patients had an underlying component of chronic obstruc-
tive pulmonary disease or asthma. Expiratory activity was
minimal in either mode. In the remaining case (patient 10)
PEEPI varied greatly between modes (5.1 cm H20 vs 12.3
cm H2O for PCV and VCV, respectively) as did WOB
(1.68 J/L and 2.28 J/L for PCV and VCV, respectively).
Active expiratory effort was prominent during VCV. We
suspected that PEEPI was attributable to mild dynamic
hyperinflation in the first 3 patients and active expiration
in patient 10.22,31 When the data were reanalyzed after
excluding all cases with PEEPI, PTP was significantly
lower during PCV (p, 0.05) (Table 5). All other signif-
icant results of dependent variables from the main data
pool remained significant during reanalysis. VT, total f, V̇I,
and P0.1 were not different between modes when all cases
with PEEPI were removed.

Discussion

The main finding of our study was that PCV was more
effective than VCV in reducing patient WOB,DPES, and
ẆI during assisted ventilation at a constant mean ventila-
tor V̇I. When PEEPI was controlled for in the analysis,
PTP also was significantly less with PCV. Both PTP and

V̇I are mechanical correlates of respiratory muscle oxygen
consumption.32 We believe that the attributes of PCV (a
high peak ventilator V˙

I, demand-responsive changes in
peak ventilator V˙ I, and a sustained high V˙

I when patient
effort is prolonged) were responsible for the lower patient
WOB with PCV, relative to VCV. The most important
factor probably was the peak ventilator V˙

I, which was
significantly higher during PCV than during VCV. The
demand-responsive changes in peak ventilator V˙

I and a
sustained high V˙

I were assessed by the variability in both
peak ventilator V˙ I and VT, respectively. We calculated the
standard deviation in the breaths used for analysis in in-
dividual subjects in each mode. We found that the mean
standard deviation for peak ventilator V˙

I was over two and
one half times higher during PCV than during VCV (9.6
L/min and 3.6 L/min, respectively). In each patient, VT

variability was not different between the modes. There-
fore, the ability of PCV to vary peak ventilator V˙

I on a
breath-to-breath basis (and not variability in VT size) also
may have contributed to reducing patient WOB during
PCV.

We hypothesized that PCV would diminish both the
elastic and resistive components of work. The Campbell
diagram is used to assess the total mechanical WOB by
accounting for the elastic load contributed by the chest
wall.33 Although the Campbell diagram also can be used to
differentiate elastic from resistive work during spontane-
ous breathing33 and weaning,14,34its use is not valid during
high levels of assisted ventilation.14 However, inspection
of the PES-VT curves generated during assisted ventilation
may provide some insight into the nature of the total work

Table 4. Spontaneous Breathing Variables Measured in 16 Patients

Variable Mean6 SD Weaning Threshold

VT (mL/breath)23 3006 120 $ 400

f (breaths/min)24 30.16 10.4 , 35

V̇E (L/min)25 9.006 4.99 , 10.0

f/VT
26 115.96 58.9 , 105

Peak V̇I (L/min) 33.06 10.8

Mean V̇I (L/min) 206 8.1

DPES (cm H2O) 14.26 5.9

DPES/MIP27 0.396 0.16 , 0.40

WOB (J/L)28 1.406 0.77 , 0.95

Ẇ (J/min)29 12.376 9.93 , 10.0

TI/TTOT 0.416 0.09

TI 0.896 0.33

PTI30 0.166 0.06 0.15

PTP (cm H2O z s z min)17 279.56 127.3 , 150

VT 5 tidal volume.
f 5 respiratory rate.
V̇E 5 minute ventilation.
f/VT 5 rapid shallow breathing index.
V̇I 5 inspiratory flow rate.
DPES5 peak esophageal pressure.
DPES/MIP 5 DPES as a fraction of maximal inspiratory esophageal pressure.
WOB 5 inspiratory work per liter of ventilation.
Ẇ 5 inspiratory muscle power output.
TI/TTOT 5 inspiratory time fraction.
TI 5 inspiratory time.
PTI 5 pressure-time index.
PTP5 pressure-time product.

Table 5. Differences in Dependent Measures Between VCV and
PCV During Assisted Ventilation After Excluding Patients
with PEEPI

Variable VCV PCV

P0.1 (cm H2O) 4.546 5.81 4.096 4.94
DPES (cm H2O) 6.786 5.75 5.636 5.84
PTP (cm H2O z s z min) 90.456 62.21 66.26 39.70*
WOB (J/L) 0.566 0.56 0.496 0.34†
Ẇ (J/min) 7.236 4.45 6.106 4.61‡
VT (mL/breath) 6806 80 6906 90
V̇E (L/min) 12.446 2.46 12.266 2.94

Values are reported as mean6 standard deviation.
VCV 5 volume control ventilation.
PCV 5 pressure control ventilation.
P0.1 5 esophageal pressure in the first 100 milliseconds.
DPES5 peak esophageal pressure.
PTP5 pressure-time product.
WOB 5 work of breathing.
Ẇ 5 power output of the inspiratory muscles.
VT 5 tidal volume.
V̇E 5 minute ventilation.
*p , 0.01.
†p , 0.05.
‡p , 0.001.
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performed by patients in each mode. The PES-VT curves
from assisted VCV and PCV (Figs. 3–5) were character-
istic of the differences in waveform morphology found
across the sample between modes. At both high and mod-
erate levels of patient work, PES continued to move in a
negative direction despite constant volume change during
VCV (see Figs. 3 and 4). We interpreted this as indicating
the presence of imposed resistive WOB. Furthermore, PES

often remained below the end-expiratory (baseline) pres-
sure at end-inspiration. This indicated to us that the vol-
ume control breath did not reduce the elastic WOB asso-
ciated with lung inflation and chest wall displacement.
During PCV, PES tended to change in a positive direction
at a lower volume (see Fig. 3). This tendency supports the
concept that PCV’s rapid ventilator V˙

I and VT delivery
may exceed the contractile velocity of the inspiratory mus-
cles, thereby arresting the drop in muscle pressure and thus

reducing both the resistive and elastic WOB. At low levels
of patient effort the PES-VT curves were almost indistin-
guishable, with minimal differences in work (see Fig. 5).
This suggests that patient WOB is not different between
modes at low effort.

To our knowledge, only Cinnella et al35 have directly
compared patient WOB between assisted VCV and PCV.
They reported no differences in patient WOB at 12 mL/kg
VT but significantly less work during PCV at 8 mL/kg VT.
As in our study, Cinnella et al kept VT and mean ventilator
V̇I constant between modes. In our study VT was kept at
the level used for clinical management (10.06 2.5 mL/
kg). We found no relationship between VT size and patient
WOB in either mode (rho5 0.09). We believe the differ-
ences in results between studies are explained by peak
ventilator V̇I performance during PCV. Peak ventilator V˙

I

during VCV was comparable to our study (43.8 L/min vs

Fig. 5. Campbell diagram peak esophageal pressure vs tidal volume (PES-VT) loops comparing low
levels of assisted work of breathing (WOB) between volume control ventilation (VCV) and pressure
control ventilation (PCV). The loops were matched for VT and approximate agreement in baseline
pressure. A, B, C, D, E, A9 and A0 are as defined in the legends for Figures 2 and 3. The contour of the
pressure-volume loops are almost indistinguishable between VCV and PCV. These tracings suggest
the equivalence in WOB reduction between modes at low levels of effort.
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43.2 L/min, respectively) and the pre-set TI in each mode
was the same as in our study (1 s). However, the peak
ventilator V̇I during PCV reported by Cinnella et al35 was
much lower than in our study (54.6 L/min vs 103.2 L/min,
respectively). The small differences in peak ventilator V˙

I

between modes reported by Cinnella et al35 were probably
due to the fact that many of their subjects had severe
obstructive lung disease with high inspiratory resistance.
High inspiratory resistance decreases peak ventilator V˙

I in
PCV because less flow is needed to achieve the target
airway pressure.36 In addition, high inspiratory resistance
during PCV causes ventilator V˙

I to taper off slowly (be-
cause of the slower rate-rise in alveolar pressure)36 so that
the flow waveform was transformed in the Cinnella study
from an exponential decelerating to a quasirectangular pat-
tern (L Brochard, Henri Mondor Hospital at the University
of Paris, 2000, personal communication). The differences
in WOB at 8 mL/kg VT for the entire sample were prob-
ably due to the larger differences in peak ventilator V˙

I

between VCV and PCV in the subset of patients without
obstructive lung disease (45 L/min vs 67 L/min, respec-
tively).35

Two related studies compared the effects of variable
versus constant flow wave forms on WOB. Haas et al37

compared VCV to volume-assured pressure support ven-
tilation (VAPS). During VAPS, peak ventilator V˙

I was
higher (63 L/min) than during VCV (54 L/min), although
mean ventilator V˙ I appears to have been the same as in our
study. The differences in patient WOB between VAPS and
VCV was similar to ours (0.43 J/L vs 0.52 J/L, respec-
tively). However, VAPS does not function the same as
PCV. In VAPS both peak airway pressure and minimum
VT are set so that the ventilator controls V˙

I according to
two algorithms. The ventilator V˙

I wave form of VAPS was
a hybrid resembling a half-sine wave during early inspi-
ration and a constant flow pattern in the later part of in-
spiration.37

MacIntyre et al38 compared the effectiveness of treating
patient-ventilator flow-dyssynchrony either by increasing
ventilator V̇I during VCV (by shortening TI) or by adding
a “pressure-limiting feature” to the breathing pattern. This
latter approach appeared to alter peak ventilator V˙

I by
incorporating a decelerating flow pattern. PTP (in cm H2O)
rather than WOB (in J/L) was measured. Although there
was an improvement in PTP during the pressure-limited
breath delivery, the difference was not statistically signif-
icant.38 Comparing our study to that of MacIntyre et al38 is
difficult. In their study, differences in VT, TI, and f oc-
curred between treatments and the resulting differences in
both peak and mean ventilator V˙

I across treatments were
not reported.

MacIntyre et al38treated ventilator V˙
I dyssynchrony with

VCV by reducing TI to approximately 0.5 second (com-
pared to approximately 1 s during the pressure-limited

breaths) in order to achieve comparable levels of work
reduction.38 Depending on ventilator design, shortening TI

may have a significant clinical impact. The Siemens 900C
cannot set TI independently of the control f. In addition,
VT is determined by both the control f and the pre-set V˙

E.
Therefore, in ventilators designed like the Siemens 900C,
treating ventilator V˙ I dyssynchrony by shortening TI (at a
constant VT) requires a higher f and pre-set V˙

E. This may
exceed both the f and V˙

E requirements of the patient,
resulting in hypocapnia and complete suppression of spon-
taneous effort. Also, preliminary evidence suggests that
using a high mean ventilator V˙

I may inadvertently increase
respiratory drive and may cause dyssynchrony between
the patient and ventilator.39

Our study did not address whether raising peak venti-
lator V̇I during VCV to equal that achieved during PCV
accomplishes the same reduction in WOB. To approach
the peak ventilator V˙

I achieved during PCV (103.2 L/min)
with VCV would have required a pre-set V˙

I that exceeded
patient demand. It is of interest to note that our study, as
well as the studies by Cinella et al35 and Hass et al,37 all set
VCV with a mean ventilator V˙

I significantly less than 60
L/min. However, when MacIntyre et al38 used a mean
ventilator V̇I of 76 L/min to treat V̇I dyssynchrony, PTP
was not significantly different. In fact, PTP was higher
during VCV than during pressure-limited breaths at a more
appropriate TI.38 Several recent studies have all reported
that high ventilator V˙ I delivered with a rectangular wave
causes respiratory center excitation manifested by increased
f.39–42Bshouty and Georgopoulos43 found that high mean
ventilator V̇I, rather than peak ventilator V˙

I, may be re-
sponsible for the respiratory center excitation. Therefore, a
high peak ventilator V˙

I with VCV may lessen patient WOB,
but at a certain point this may be countered by the effects
of high mean ventilator V˙

I on respiratory drive. In addi-
tion, our study did not address the issue of whether using
VCV with a decelerating flow wave form would have
produced the same results. We think it is reasonable to
predict that VCV with a decelerating flow wave form would
reduce WOB more than VCV with a constant or rectan-
gular flow wave form. However, peak ventilator V˙

I would
remain fixed and would not necessarily be adequate in
situations where patient flow demand was both vigorous
and fluctuating.

Conclusions

In conclusion, PCV may help in the management of
critically ill patients with ALI and ARDS by reducing
patient WOB, Ẇ, and PTP. We attributed these reductions
to the characteristic high, variable ventilator V˙

I and faster
VT delivery of PCV. In addition, in ventilators where TI

cannot be set independently of control f, PCV allows for
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better flow matching without the necessity of setting backup
f and V̇E in excess of patient demand.
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