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We report the case of a 48-year-old woman who developed severe septic shock and lung injury
after community-acquired pneumonia. She was supported on arteriovenous extracorporeal
membrane oxygenation (ECMO) for 19 days. To facilitate decannulation and separation from
ECMO, we began trials of high-frequency percussive ventilation (HFPV) using the volumetric diffusive respiration ventilator VDR-4 (Percussionaire Corp, Sandpoint, Idaho) for 4 consecutive
days (1 before and 3 after). Decannulation was achieved successfully, and the patient was transferred to the floor 3 months later. During the 4 days of HFPV, the chest radiograph improved, as
did gas exchange and clearance of pulmonary secretions. HFPV may be a promising strategy for
improving lung recruitment and airway clearance during separation from ECMO in the critically ill
patient.  (A&A Case Reports. 2015;4:79–84.)

I

n patients with severe, refractory acute respiratory distress syndrome (ARDS), the combination of lung rest
with extracorporeal membrane oxygenation (ECMO)
and high-frequency percussive ventilation (HFPV) has been
advocated as a potential therapeutic option.1–5 Proposed
advantages of HFPV include improved oxygenation and
ventilation at lower peak mean and end-expiratory pressures compared with those associated with conventional
ventilation.6–9

CASE DESCRIPTION

The patient was a 48-year-old 70-kg woman admitted
to our emergency room with severe right lung pneumonia (Fig. 1). She was initially treated with bilevel positive airway pressure (pressure support ventilation [PSV]
+12 cm H2O and positive end-expiratory pressure [PEEP]
+8 cm H2O, Fio2 1) but continued to deteriorate clinically.
Blood gas analysis showing severe metabolic and respiratory acidosis (oxyhemoglobin saturation-Spo2 76%, pH
6.78, Pao2 61 mm Hg, Paco2 69 mm Hg, base excess −16.2
mEq/L, HCO3 16.2 mmol/L) was obtained, and she was
transferred to the intensive care unit (ICU) for further
management.
In the ICU, her trachea was intubated, and her lungs
were initially ventilated using pressure control ventilation (PCV) to maintain tidal volume (TV) = 6 mL/kg
and peak inspiratory pressure (PIP) ≤30 cm H2O (PEEP
+12 cm H2O, PCV +18 cm H2O, Fio2 1.0, and respiratory rate 37 breaths/min). A postintubation blood gas
analysis demonstrated only slight improvement (pH
7.05, Pao2 79 mm Hg, Paco2 57 mm Hg). Upon admission

to the ICU, her status was categorized as severe septic
shock with worsening oxygenation and hemodynamic
instability (Table 1). Because of persistent hypotension
(80/50 mm Hg, 130 bpm), we also immediately administered 2-L IV crystalloid over the next hour with limited
response.
Inotropic support with epinephrine and dobutamine (for
72 hours) and norepinephrine (for 14 days) was started, and
cardiac output was monitored using the Pulsion PICCO
(Pulsion Medical Systems AG, Munich, Germany).
After 2 days with persistent hypoxemia and hypotension despite maximal ventilation (pH 7.3, Pao2 58 mm Hg,
Fio2 1, Pco2 48, base excess −7 mEq/L, 85/45 mm Hg, and
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Figure 1. Anteroposterior chest radiograph after admission shows
a right pneumonia.
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Table 1.  Hemodynamics, ABGs, Vasoactive Drugs During the First 48 Hours
Hemodynamics

Pao2/Fio2
Sato2 (%)
Inotropic agents
Diuresis

Day 1
CI 1.7 L/min/m2, SVV 40%, MAP
66 mm Hg, 140 h, SVRI 950
dyn*s*cm−5*m2 (pulsion PICCO)

Day 2 before AV ECMO
CI 1.6 L/min/m2, SVV 30%, MAP
56 mm Hg, 110 h, SVRI 900
dyn*s*cm−5*m2 (pulsion PICCO)

0.7
88
Norepinephrine 0.25 mcg/kg/min,
epinephrine 0.1 mcg/kg/min
Absent

0.5
90
Norepinephrine 0.45 mcg/kg/min,
epinephrine 0.06 mcg/kg/min
Absent

Day 2 after AV ECMO

AV ECMO setting, RPM 4100 RPM, 4.7 L/min,
Gas flow (L) 2, Fio2 0.6 (+CV 1 Fio2)
>1.5
97
Norepinephrine 0.1 mcg/kg/min
CVVH

Pulsion PICCO was used for the first 2 days. After that, we used transthoracic echocardiograms frequently and MostCare occasionally (after decannulation).
Norepinephrine was stopped at day 3, and dobutamine was started.
CI = cardiac index; SVV = stroke volume variation; MAP = mean arterial blood pressure; HR = heart rate; SVRI = systemic vascular resistance index;
CV = conventional ventilation; CVVH = continuous venovenous hemofiltration; ABGs = arterial blood gases; RPM = rates per minute.

Figure 2. Chest radiograph 6 days after admission, on arteriovenous
extracorporeal membrane oxygenation (ECMO), shows pulmonary
infiltrates and ground-glass aspect on both lungs.

120 bpm; Fig. 2), we introduced arteriovenous ECMO to
allow lung rest and provide hemodynamic support. The
PICCO device was removed.
During the next 16 days, the patient was treated with
antibiotics and steroids for Klebsiella pneumonia; she
developed renal failure and was treated by continuous
venovenous hemofiltration after which she improved
slightly. Her lungs were ventilated during the first 3
days in the ICU with PCV 20 ± 2 cm H2O, PEEP 12 ± 2 cm
H2O, and high Fio2 during and then PSV 20 ± 2 cm H2O,
PEEP 12 ± 2 cm H2O, and lower Fio2. We used smaller
TVs (6–8 mL/kg of predicted body weight) and a higher
level of PEEP when the patient was receiving ECMO to
reduce repetitive overstretching or collapse of lung units
with each respiratory cycle, which can generate local and
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Figure 3. Computed tomography scan before decannulation still
shows right pulmonary infiltrates and left “consolidation.”

systemic inflammation, contributing to multiorgan failure
and death.10–14
Her white blood cell count decreased from 32 to
8 × 109/L, and inotropic drugs were gradually decreased
and eliminated by ECMO on day 14. However, despite
adequate organ perfusion and oxygenation with ECMO,
radiographic imaging continued to show diffuse ARDS.
A computed tomography scan performed on day 15
showed multiple pulmonary infiltrates, atelectasis, and
ground-glass opacity of the right lung (Fig. 3), whereas
the left lung was completely consolidated.15 In addition,
her course was complicated by difficult pulmonary toilet because of thick secretions and frequent left-sided
hemoptysis, which was treated with bronchoscopic
lavage and antifibrinolytic medication (tranexamic acid).
On day 16, she began to develop complications of ECMO
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Table 2.  Oxygenation and ECMO Changes During
the First HFPV Trial
pH
Pao2 (mm Hg)
Paco2 (mm Hg)
Sato2 (%)
RPM
L/min
Gas flow (L)
Fio2

CV
7.41
96
42
97.7
2700
2
2.8
0.7

Oxygenation and ECMO setting
2 h after HFPV
4 h after HFPV
7.52
7.5
154
124
32
31
99.5
99.5
2800
2330
1.8
1.8
1
1
0.5
0.5

Pao2 increased from 96-124 mm Hg, with a lower fractional inspiratory oxygen
(Fio2). There was no variation with hemodynamic parameters during HFPV.
Heart rate and mean arterial blood pressure were stable. The main variations
were correlated to ECMO support and oxygenation.
CV = conventional ventilation; ECMO = extracorporeal membrane oxygenation;
HFPV = high-frequency percussive ventilation; RPM = rates per minute.

Figure 4. Arterial pressure of oxygen increasing during high-frequency percussive ventilation (HFPV) treatment after decannulation.
Measurements were recorded during conventional ventilation (CV)
and after 2 hours of HFPV. The improvement in Pao2/Fio2 was significant and important after each daily trial.

and anticoagulation such as inadequate oxygenation and
lower extremity edema.16
The patient was tracheostomized on day 18. Because of
increasing ECMO-related complications, we began HFPV to
accelerate the rate of lung recovery and allow for transition
off ECMO.16–18
We began with a 4-hour HFPV trial with the hope that
clearance of bronchial and peripheral secretions would
improve.6,19,20 Within the first 20 minutes on HFPV, there
was improved clearance of secretions (as measured by a
need for more frequent suctioning, every 20 minutes vs 2–4
hours on conventional ventilation, and a larger volume of
suctioned secretions) and a reduced requirement for ECMO
support.
During this first HFPV trial, the patient remained on
ECMO, and the volumetric diffusive respiration ventilator
setting was convective PEEP of +14 cm H2O, convective PIP
of +34 cm H2O for the first 2 hours (increased to +35 cm H2O
later), convective rate of 8/min, inspiratory-expiratory (I:E)
rate of 1.5:1 increased later to 2.1:1, and Fio2 0.8 decreased
later to 0.75 (Table 2).
Arterial blood gas analysis showed improved oxygenation 2 and 4 hours after the HFPV session, with no
requirement for inotropic drugs during the HFPV period
(Fig. 4).
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After the HFPV period, conventional ventilation was
restarted, and the patient’s lungs were ventilated overnight
using PSV +20 cm H2O (+2 PCV-synchronized intermittent mandatory ventilation), PEEP +12 cm H2O, PIP around
+30 cm H2O, and Fio2 0.7.
The next day, we discontinued ECMO because its oxygenation and hemodynamic support were minimal, and
we preferred to avoid new complications. Daily sessions of
HFPV for 2 h/d were continued for 3 more days.
On the first day without ECMO, a HFPV trial was begun
with 680/min percussive rate; a convective rate of 14/min;
PEEP +14 cm H2O; with these settings, PIP +32 cm H2O; 1.4:1
I:E and Fio2 0.7.
On the second day, a slightly lower HFPV rate of
670/min and a convective rate of 13/min were used, with
PEEP = 13 cm H2O; with these settings, PIP = 40 cm H2O,
1.5:1 I:E, and Fio2 1.
On the third day, HFPV was repeated with a 670/min
percussive rate and a convective rate of 9/min; PEEP =
+14 cm H2O; with these settings, PIP = 42 cm H2O; 2.1:1 I:E
and Fio2 0.5 (Table 3).
After each trial, the lungs were ventilated using conventional ventilation as above, but pressure support and Fio2
were progressively reduced (our targets were pH 7.35–7.45,
physiologic range for Pco2 and Pao2/Fio2 150–200).
Upon initiation of HFPV each day, we consistently
observed an improvement in oxygenation, with the
Pao2/Fio2 ratio increasing from 141 ± 16 to 228 ± 28.8 in
3 days (Table 3). Figure 4 shows changes in Pao2/Fio2
after each HFPV daily trial and (for comparison) on
admission to the ICU.
We also found improved lung compliance after each
HFPV trial. After 1 HFPV session, TV increased from 430 to
560 mL, with inspiratory PSV requirements decreasing from
20 to 18 mm Hg and lower Fio2 from 0.7 to 0.6. This observation may have been attributable to improved mobilization
and clearance of secretions. We observed a need for more
frequent suctioning and a larger volume of suctioned secretions after each HFPV trial. Improvements in pulmonary
compliance and gas exchange persisted for up to 3 days
after HFPV trials (Fig. 5).
One month after tracheostomy decannulation, a chest
computed tomography scan revealed a reduction in bilateral pulmonary infiltrates, atelectasis, and a significant
pulmonary recruitment (Fig. 6). Ground-glass aspect was
reduced, and aeration of lungs improved. Both lungs were
almost completely expanded.
The improvement in lung aeration, evidenced by followup chest radiographs (Fig. 7, A and B), physical examination findings, and increased Pao2, was maintained until
the patient’s transfer to the general inpatient ward, during
which she was breathing spontaneously on room air at 3
months after ICU admission.

DISCUSSION

HFPV is a form of high-frequency ventilation that improves
gas exchange by delivering low TV, breaths at high frequencies to enhance alveolar gas mixing by multiple mechanisms, including convective ﬂow, asymmetric velocity
proﬁles, Taylor dispersion, molecular diffusion, cardiogenic
mixing, and pendelluft.21
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Table 3.  Oxygenation and High-Frequency Percussive Ventilation Settings
Oxygenation pre-HFPV and post-HFPV
 pH
 Pao2 (mm Hg)
 Paco2 (mm Hg)
 Sato2 (%)
 Pao2/Fio2
HFPV settings
 Percussive rate (rate/min)
 Convective rate (rate/min)
 PEEP (cm H2O)
 PIP (cm H2O)
 I:E
 Fio2

First day without
ECMO

2 h after
HFPV

7.37
88.8
46.6
97
141 ± 16

7.4
109.6
41.6
98.1
184 ± 28
680
14
14
32
1.4:1
0.7

Second day without
ECMO
7.35
95.1
47.2
97.9
136.5 ± 0.5

2 h after
HFPV
7.52
203
31.1
99.8
191 ± 11.5
670
13
11
40
1.5:1
1

Third day without
ECMO
7.39
119.9
43.7
99
214.5 ± 15.5

2 h after
HFPV
7.36
103.1
45.5
98.4
228 ± 28.8
670
9
14
42
2.1:1
0.5

Pao2/Fio2 rose from 141 ± 16 to 228 ± 28.8 after 3 days of HFPV. Paco2 and pH did not change significantly. The high peak inspiratory pressure (PIP) level does
not indicate a very high pressure level because the sample point is on the patient, directly connected with the tracheotomy. PIP at the carina is approximately
one-third the level set on the HFPV. In the conventional ventilator, the sampling point is inside the ventilator >1 m away from the patient.13
HFPV = High-Frequency Percussive Ventilation; ECMO = extracorporeal membrane oxygenation; positive end-expiratory pressure;

Figure 5. Tidal volume (TV) variation during high-frequency percussive ventilation (HFPV). TV was recorded before disconnection from
conventional ventilation (CV) and after 2 hours of HFPV (using the
same ventilator setting). An improvement in lung recruitment was
noticed after the first trial. Pressure support ventilation was also
reduced day by day.

In cases of pneumonia, HFPV may further augment gas
exchange by dispersing inspissated secretions. Two possible
mechanisms may facilitate mucus clearance: an increased
mucus flow interaction leading to decreased mucus viscoelasticity, and shearing at the air mucus interface that
occurs with the transient change in air flow with each highfrequency cycle.6–9,16–20
Previous studies have demonstrated the efficacy of HFPV
in the treatment of closed head injury, acute respiratory diseases caused by burns and smoke inhalation, and obesity in
patients after lung surgery and during chest physiotherapy
in cystic fibrosis patients.22 However, those previous trials
were limited by small numbers of patients and outdated ventilation strategies for the control group, and this approach
remains an unproven therapy for adults with ARDS.
In our case report, we used trials of HFPV in an
attempt to rescue a patient who was experiencing
increasing complications with ECMO therapy for respiratory failure and septic shock. This alternative mode
of ventilation resulted in an increased Pao2/Fio2 ratio
immediately after the first daily session that persisted
after treatment was stopped.

82   
cases-anesthesia-analgesia.org

Figure 6. Computed tomography (CT) scan after high-frequency percussive ventilation (HFPV) treatment. For CT scan before HFPV, see Figure 3.

It is unclear why HFPV appeared to facilitate separation from ECMO in our patient, but current literature
suggests 3 potential mechanisms: (1) improved lung recruitment, leading to increased respiratory system compliance
and improved ventilation/perfusion relationships23; (2)
increased lung secretion clearance, which was prolonged
after the end of treatment24; and (3) better distribution of TV
among different lung compartments.25
According to the 2013 OSCAR and OSCILLATE (High frequency Oscillation in ARDS, and The Oscillation for ARDS
Treated Early Trial) trials, HFPV did not reduce 30-day mortality in patients undergoing mechanical ventilation for ARDS.
However, these patients were not supported on ECMO during

A & A case reports

Figure 7. A and B, Chest radiography
before and after high-frequency percussive ventilation treatment.

their course. Whether HFPV may facilitate lung function and
shorten the course of ECMO therapy for acute respiratory failure remains unknown. HFPV could be a promising strategy
for potentially improving lung recruitment and secretion clearance during ECMO separation in the critically ill patient.13,14 E
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