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We compared the level of assistance for spontaneous inspiration between proportional-assist ventilation
load-adjustable gain factors (PAV+) and pressure support ventilation (PSV) in patients who received assisted
mechanical ventilation in the intensive care unit. We measured thoracic and abdominal expansibility waveforms
during each mode of ventilation to understand the difference in the assistance level. The study group comprised
8 patients who underwent assisted ventilation for at least 24 hours. After patients underwent PSV for 12 to 24
hours, the expansibility of the chest and abdomen was assessed, and blood gas analyses were performed. Patients
were then switched to the PAV+ for 12 to 24 hours, and the same measurements were performed. The differ-
ence in the time from the start of inspiration to peak inspiratory distension was expressed as the phase angles
(one respiratory cycle =360 degrees). Compared with during PSV (100%), PAV increased the expansibility of the
chest and abdomen significantly (112.0 +2.7% and 118.0 = 3.7%, respectively, p<0.0001). During PAV +, the ex-
pansibility of the abdomen was significantly greater than that of the chest (p<0.005). The time taken to peak in-
spiration was shorter during PAV + than during PSV (7.6 + 3.6 degrees shorter for the chest, p=0.004 and 12.2 +
2.7 degrees shorter for the abdomen, p = 0.002). These indicate enhanced motion of the diaphragm by PAV +,

"which could be a promising ventilatory mode to promote patients to recovery from respiratory failure.
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Introduction

Among various modes available for assisted me-
chanical ventilation, pressure support ventilation
(PSV) is widely used”. In this mode, the ventilator,
once triggered by the patient effort, provides a pre-
set level of constant pressure until a cycling-off cri-
terion is reached. Proportional-assist ventilation
(PAV) mechanically assists the inspiratory flow and
volume by amplifying the patients’ own spontane-
ous efforts to breathe”. The PAV is characterized
by larger variance in respiratory rate and tidal vol-
ume than PSV. PAV has been reported to improve
patient-ventilator synchrony, as compared with

PSV®™. However, few studies have examined how
breathing patterns are improved during PAV*™.

PAYV with load-adjustable gain factors (PAV+) is
a new mode designed to support spontaneous
breathing that is based on the original concept for
PAV? and further refined. Respiratory resis-
tance" and elastance™ are measured once every 4
to 10 breaths to determine a ventilatory support
level that optimally amplifies the patient effort, and
the pressure delivered is adjusted according to the
measured changes in flow and volume.

With PAV +, the work of breathing (joules/I) can
be calculated on the basis of the pressure generated
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Fig. 1 Measured sites (sites applies sensors)

The measured sites (sites applies sensors) were the
axillary line (mid-breast line) for the chest and about
10 cm above the umbilicus for the abdomen (the mid-
point between the inferior margin of the sternum and
the umbilicus, where diaphragmatic movement is most
easily detected).

by the inspiratory muscles (Pu. inspiratory effort)
and ventilator-delivered pressure'®. For assistance
in determining the optimal support level, the total
work of breathing and the patient’s work of breath-
ing can be monitored on the “work of breathing”
bar. The work of breathing during spontaneous
breathing in healthy subjects has been reported to
be 0.3 to 0.7 joules/I"®. The support level should be
set so that the patient’s work of breathing is within
this range, thereby maximizing respiratory com-
fort.

In the present study, we noninvasively and in
real time measured and analyzed motion wave-
forms of the chest and abdomen during assisted
ventilation with PSV and PAV+ in patients, who
underwent assisted ventilation in the intensive care
unit, to clarify how patient-ventilator synchrony im-
proves the breathing pattern and thus the assist
level. Comparison of the two separate motion wave-
forms can provide direct and clear information on
the difference of the patient-ventilator synchrony in
ventilation support. We discuss the origin of differ-
ences in the recorded waveforms.

Methods

The study group comprised 8 patients who un-
derwent assisted ventilation for at least 24 hours in
the intensive care unit. The study was approved by

the Research and Ethics Committee of Tokyo
Women's Medical University. All patients or their
families provided written informed consent. A Puri-
tan Bennett® 840 Ventilator System (Covidien Co.,
Ltd,, CO, USA) equipped with a PAV + software op-
tion was used for mechanical ventilation. The initial
ventilation was pressure-assist control mode in pa-
tients who could make the transition to spontane-
ous breathing.

The level of positive end-expiratory pressure
(PEEP) was determined on the basis of the point of
maximum static compliance derived from a low
flow inflation-deflation curve, in which the lung is
largely expanded (i.e., the alveoli are assumed to be
expanded) in response to the smallest change in

16)~19)

pressure When switching to spontaneous

16)~18) was per-

breathing, a recruitment maneuver
formed (three consecutive inflation with 55 cm H;O
applied for 1.5 to 2.5 seconds) to confirm that the
lung was appropriately expanded as evaluated by a
pressure-volume (PV) curve. The PAV support
level was set at 50% or 60% of the estimated work
of breathing. The PSV pressure level was set so
that the expiratory tidal volume or peak airway
pressure were equivalent to the values obtained at
the PAV support level.

To measure the expansibility of the chest and ab-
domen and the time to peak inspiratory distension,
we used an electroencephalograph equipped with
respiratory analysis function (EEG-9100,  Nihon
Kohden Co., Ltd., Tokyo, Japan) and a respiratory
pickup sensor, an accessory that can detect ventila-
tory patterns (TR-751T, Nihon Kohden Co., Ltd.). To
monitor the movement of the chest and abdomen, a
fabric belt able to transmit stretch-related motion
was connected to the sensor and was then tightly
attached to the body surface. The sensor is made of
electroconductive rubber. Changes in the move-
ment of the chest and abdomen during ventilation
were detected as resistance changes of the rubber
sensor and depicted as waveforms. Within the
measured range of the sensor expansion, the resis-
tance change is proportional to the circumference
change. As shown in Fig. 1, the measured sites
(sites applies sensors) were the axillary line (mid-
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Table 1 Demographic characteristics of patients

Pé(l;t)e.)n t (ﬁi}%) (yAegfs) Diagnosis Main treatments
1 M 44 Subarachnoid hemorrhage Open head clipping
2 M 72 Esophagus cancer, Pleural adhesion due to pyothorax Esophagus resection
3 M 74 Cerebral bleeding Removal of cerebral hematoma
4 M 78 Guillain-Barre syndrome v-globulin therapy
5 M 55 Esophagus cancer, pulmonary emphysema Esophagus resection
6 F 46 Ovarian tumor, Liver cirrhosis, Interstitial pneumonia Adnexectomy
7 M 66 Esophagus cancer Esophagus resection
3 M 61 Cerebral infarction Intracranial decompression
Table 2 Expiratory tidal volume and arterial blood gas analysis
Patient TVe (ml) pH PaCO2 (mmHg) Pa0z (mmHg)
()  psy  PAV+  PSV  PAV+  PSV  PAV+  PSV  PAV+
1 430 430 753 752 33 27 132 167
2 410 450 748 749 36 29 146 118
3 410 480 748 743 35 41 97 105
4 400 380 748 745 34 42 145 101
5 820 820 74 748 43 42 126 133
6 430 490 748 741 42 44 157 91
7 780 790 742 39 95
8 450 480 742 38 96

TVe: expiratory tidal volume

PAV+: proportional-assist ventilation load-adjustable gain factors

PSV: pressure support ventilation

PaCOz: arterial partial pressure of carbon dioxide arterial

PaOq: partial pressure of oxygen

breast line) for the chest and about 10 cm above the
umbilicus for the abdomen (the mid-point between
the inferior margin of the sternum and the umbili-
cus, where diaphragmatic movement is most easily
detected). Changes in the external circumference of
the body trunk were expressed as expansibility.
The time from the start of inspiration to the peak of
inspiratory distension was measured. The start of
inspiration is defined as a minimum point of each
expansibility waveform.

The protocol for the ventilation mode was as fol-
lows. After patients underwent PSV for 12 to 24
hours, the respiratory rate, tidal volume, arterial
blood gas values, and the expansibility of the chest
and abdomen were examined. Patients were then
switched to PAV+. After 12 to 24 hours, similar
analyses were performed. Before each ventilatory
mode, a recruitment maneuver was performed (55
cm H.O for 15 to 25 seconds x 3 consecutive
times)” ™.

The mean expansibility of the chest and abdomen

was calculated from 5 consecutive, stable breaths.
The expansibility during PSV was regarded as
100%. The expansibility during PAV+ was ex-
pressed as the relative change as compared with
the value during PSV. The time from the start of in-
spiration to peak inspiratory distension was ex-
pressed as the phase angle, given that one respira-
tory cycle was as 360 degrees, thereby allowing
data on patients with different respiratory cycles to
be quantitatively compared.

For statistical analysis, Spearman’s rank correla-
tion was used to analyze respiratory rate, tidal vol-
ume, and arterial blood gas values during PSV and
PAV+. The Wilcoxon signed-rank test was used to
analyze the expansibility of the chest and abdomen
and the time from the start of inspiration to peak of
inspiratory distension. The non-paired t-test and
Mann-Whitney U test were used to compare
changes in the expansibility of the chest and
changes in the expansibility of the abdomen during
PAV+. All data are expressed as means * standard
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Fig. 2 Waveforms of the changes in the movement
of the chest and abdomen during PAV + and PSV

error. P values of less than 0.05 were considered to
indicate statistical significance.
Results

Table 1 shows demographic characteristics of pa-
tients, including sex, age, diagnosis, and main treat-
ments. PAV+ was applied at a ventilation support
level of 50% to 60% and a PEEP 0of 10.1 = 1.0 cm
H.0. PSV was applied at a ventilation support level
of 3 to 7 cm H,O and a PEEP of 10.1 £1.0 cm H:O. In-
spired oxygen concentration was between 30 and
40% in the both methods. The mean respiratory
rate was 155 * 25 breaths per minute during
PAV+ and 155 = 22 breaths per minute during
PSV. The mean expiratory tidal volume was 540.0 =
59.2 mL during PAV+ and 5287 = 60.3 mL during
PSV. The results of arterial blood gas analysis dur-
ing PAV+ were as follows: pH, 7.46 £ 0.02; arterial
partial pressure of carbon dioxide (PaCO,), 375+ 3.0
mmHg; and arterial partial pressure of oxygen

" P<0.0001 P<0.0001
120
115 b
[
110 | |
105 112.0 118.0
PSV PAV+
Chest Abdomen
mean=+SE

Fig. 3 Changes in the thoracic expansibility and the
abdominal expansibility during PAV + and PSV
Means * standard error (SE) are given.

(Pa0,), 119.1 = 11.3 mmHg. During PSV, the respec-
tive values were as follows: pH, 7.46 = 0.02; PaCO,,
375 = 1.3 mmHg; and PaO., 124.1 + 89 mmHg. The
respiratory rate, tidal volume, and arterial blood gas
values did not differ between the groups. Table 2
shows the expiratory tidal volume and the results
of arterial blood gas analysis in individual patients.
Arterial blood gas analysis was not performed dur-
ing PAV + in Patients 7 or 8.

Figure 2 shows the waveforms of the changes in
the movement of the chest and abdomen during
PAV+ and PSV. When the expansibility of the
chest during PSV was regarded as 100%, the ex-
pansibility of the chest during PAV+ (1120% =
2.7%) significantly increased (p < 0.0001: Fig. 3).
When the expansibility of the abdomen during PSV
was regarded as 100%, the expansibility of the ab-
domen during PAV+ (1180% = 3.7%) also signifi-
cantly increased (p<<0.0001; Fig. 3). During PAV +,
the expansibility of the abdomen was significantly
greater than the expansibility of the chest (p <
0.005). This finding indicates that the motion of the
diaphragm is more enhanced than that of the chest
during PAV +.

For the chest, the mean relative time to reach
peak inspiration was 1476 = 46 degrees during
PAV+ and 1552 £ 5.1 degrees during PSV. The
mean value during PAV+ was 7.6 + 3.6 degrees less
than that during PSV. The mean time for the chest
to reach peak inspiration was significantly shorter
during PAV+ (p=0.04). For the abdomen, the mean
time taken to reach peak inspiration was 106.0 = 4.6



degrees during PAV+ and 1182 + 2.0 degrees dur-

ing PSV. The mean value during PAV+ was 12.2 +

2.7 degrees less than that during PSV. The mean

time for the abdomen to reach peak inspiration was

significantly shorter during PAV+ (p =0.002).
Discussion

We found that spontaneous breathing supported
by PAV + significantly increased the expansibility
of the chest and abdomen and shortened the time to
reach peak inspiration, as compared with PSV. The
increased expansibility of the chest and abdomen
during PAV + is attributed to the fact that PAV+
adjusts the ventilatory volume and inspiratory flow
in proportion to instantaneous respiratory work,
whereas PSV provides a pre-set level of constant
pressure. Thille et al. reported™ that one-fourth of
patients exhibit a high incidence of patient-
ventilator asynchrony during PSV. In contrast,
PAV+ changes the support pressure according to
the patient’s depth of breathing. Therefore, PAV+
is considered to provide better coupling with pa-
tients’ inspiratory efforts regulated by the respira-
tory center” ™. Better patient-ventilator synchrony
provided by PAV + is considered to increase the ex-
pansibility of the chest and abdomen as compared
with PSV. It also enhances the motion of the dia-
phragm more than that of the chest during PAV+.
During spontaneous breathing, the dorsal part of
the diaphragm moves as well as the precordium®.
In our study, the motion of the abdomen increased
during PAV+, supporting the hypothesis that
breathing during PAV+ is physiologically more
similar to spontaneous breathing than is breathing
during PSV.

The present study showed that PAV+ shortened
the time from the start of inspiration to peak inspi-
ratory expansion of the chest and abdomen, as com-
pared with PSV. The assisted ventilation during
PAV+ promptly responded to patients’ inspiratory
efforts, particularly during the early phase of dia-
phragm contraction. This induces an increase in the
supporting pressure and thus results in the rapid
completion of the inspiratory phase. Wysocki et al.
reported that breathing patterns at rest and during
exercise were similar during PSV and PAV+ in
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healthy volunteers with external thoracic restric-
tion, mimicking a patient with increased elastic
work of breathing. However, inspiratory muscle ef-
fort during exercise was lower with PAV+ because
this mode provided a significant automatic increase
in assistance. Improved patient-ventilator syn-
chrony may decrease the need for sedatives to treat

3)13)

poor synchrony with the ventilator®” and thereby
lower the incidence of sedation-related complica-
tions.

PAV+ permits non-invasive', real-time assess-
ment of total and patient work of breathing. Results
can be obtained by only setting the support level,
PEEP level, oxygen concentrations, and trigger and
expiratory sensitivities. Clinicians can thereby
evaluate the appropriateness of ventilatory support
level and assess the treatment course, which can
change rapidly. PAV+ may thus be a promising
ventilatory mode to assist spontaneous breathing as
required by the individual patient.

Some studies reported that PAV+ improved res-
piratory comfort in awake patients with respiratory
failure who underwent non-invasive mechanical
ventilation, as compared with PSV”". However, res-
piratory comfort cannot be assessed in sedated pa-
tients. Mols et al.” reported that PAV+ improved
respiratory comfort as compared with PSV in
healthy volunteers in whom decreased respiratory
system compliance was induced by banding of the
chest and abdomen. This difference in respiratory
comfort level was attributed to better adaptation of
ventilatory support to the volunteer’s needs during
PAV+.

Our study had several limitations. First, the sam-
ple size was small, and patient selection was not
controlled because patients with common causes of
respiratory failure, such as pneumonia, were not in-
cluded in the study. Second, all patients underwent
PSV and then were switched to PAV +. No patient
underwent these procedures in the reversed order.
Therefore, we cannot rule out the possibility that
the measured values may have been influenced by
time-related factors. Third, although PSV and
PAV+ were compared in the same patient, our sub-
jects had different underlying diseases and condi-
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tions, which may have influenced the synchroniza-
tion between the motion of the abdominal walls and
the motion of the diaphragm. Surgical wounds in
the chest and abdomen may also have affected our
results.
Conclusions

We analyzed waveforms of the expansibility of
the chest and abdomen and found that spontaneous
breathing supported by PAV+ significantly in-
creased the expansibility of the chest and abdomen,
enhanced the motion of the diaphragm more than
that of the chest, and shortened the time from the
start of inspiration to peak inspiratory expansion, as
compared with PSV. These results support the no-
tion that the pattern of breathing during PAV + is
physiologically more similar to spontaneous breath-
ing than the pattern of breathing during PSV.
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M3 LU ERGBEEREC L 2E9HEEIRSR (proportional assist ventilation) &
EX#FS (pressure support ventilation) LB

R L FEMRERERE V7 —FER (58 MRAHTHE)
R TERRFERERYE Y5 — ME 2

Y 7 A :'1 yay vHEN A O+ 3 I

W BT B RO BAMET - N S NG AT

EHEBEBRZICBVWTHRITFRMB 21T o BB EZ IR ICBAHB L ARVEREVHET R 2o MBI
(proportional-assist ventilation with load-adjustable gain factors : PAV+) & EXHF4S (pressure support ven-
tilation : PSV) 122wV, WHB L OEBEMBEZET S Z &1L ) BRIPRIITT 2 MBIRIR 2 B L 7.
24 BRI DL L B RIPREEIIE R 21T o 72 BE 8 L& WE & L7z, PSV O¥REX, —BIIC PAVHARBITESE, W
R— FEXR0% IR HBRE, TAEEERENTELIZIZELWEICRS X ICHRELL. W3E X O MR
FERE TR OFFIREAT G L IR Y v 2 7 v 7RAH L, WHEAMR L, BEHIIRETREBORAZR
WERAr & L CRBoNELL2MELLE LTEBE L BEICIE PSV % 12~24 BRI AT # S H A 54T,
B X BEEE2ITV, PAVHABITEE, 2~24BEBEORBROWUELIT 72, MEBEAVOERIIIRIEDOH
L TEL, BREFBISRAMEY — 27 TORMZEIE, MRER% 360 EICBA L L AR TR LIEL
72, WEB L OEIMOMBEIZPSV 2 100% &35 L, PAV+TIZIEI 1120£27% T, EEBIL 1180+37%
THEIZ PAV+HTHE L HEOMBIKE»o72 (p<00001). ZLTPAV+CHEIMPEEX, WHBMEEICH
LEBEICKEDP o7 (p<0005). MEB X OEHOBK Y — 7 ICBET HHEMIZ PAV+TIEPSVICH LT, 19
WTIEPEH 7636 B (p=0004), BEHTIIFH 12227 F (p=0002) &, PAV+OHFTIZEL,Lo7z. Th
513, PAV+ IR EE #RE S TWB I L 2 EKL, PAV+EMHHT 2 2 & THRAL b D RIEHREE
ENLLMFFTES.






