Case Reports

Negative Pressure Ventilation via Chest Cuirass to Decrease
Ventilator-Associated Complications in Infants with Acute
Respiratory Failure: A Case Series

Hilary Klonin BM BS, Brian Bowman MD PhD, Michelle Peters RRT, Parakkal Raffeeq MD,
Andrew Durward MD, Desmond J Bohn MD, Jon N Meliones MD, and Ira M Cheifetz MD

Pulmonary and nonpulmonary complications of invasive positive pressure ventilation are well
documented in the medical literature. Many of these complications may be minimized by the use of
noninvasive ventilation. During various periods of medical history, negative pressure ventilation, a
form of noninvasive ventilation, has been used successfully. We report the use of negative pressure
ventilation with a chest cuirass to avoid or decrease the complications of invasive positive pressure
ventilation in three critically ill infants at two institutions. In each of these cases, chest cuirass
ventilation improved the patient’s clinical condition and decreased the requirement for more in-
vasive therapy. These cases illustrate the need for further clinical evaluation of the use of negative
pressure ventilation utilizing a chest cuirass. [Respir Care 2000;45(5):486—490] Key words: nonin-
vasive ventilation, negative pressure ventilation, chest cuirass ventilation, secretion clearance, mechan-

ical ventilation, extracorporeal membrane oxygenation, respiratory failure.

Introduction

Traditionally, mechanical ventilator support for re-
spiratory distress and respiratory failure has been inva-
sive positive pressure ventilation (PPV). However, there
have been periods of time, such as during the polio
epidemic, when negative pressure ventilation (NPV) has
been successfully used on a relatively large scale. In the
past, NPV has not remained popular because of techni-
cal limitations of NPV and difficulty performing gen-
eral patient care in the “iron lungs.” In order to reduce
iatrogenic complications of invasive mechanical venti-
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lation, a renewed emphasis on noninvasive ventilation,
including NPV, is surfacing.

Complications of intubation and invasive PPV are well
documented.! Potentially serious airway complications that
involve the endotracheal tube (ETT) include incorrect ETT
placement, traumatic injury during intubation, ETT ob-
struction, and ETT displacement.!-2 Prolonged intubation
may cause sinusitis, nasal septum injury, subglottic steno-
sis, and the development of airway granulomas from re-
peated endotracheal tube suctioning.'-3 Additionally, ac-
cidental extubations may result in considerable morbidity
or even mortality.* Conventional positive pressure me-
chanical ventilation may lead to clinically important pul-
monary complications, including secondary lung injury.>-7
Invasive PPV has been associated with the development of
hyaline membrane formation and the potential for subse-
quent increases in ventilatory support.®—° Patients receiv-
ing mechanical ventilation are also at risk for nosocomial
pneumonia.'0-11

SEE THE RELATED EDITORIAL ON PAGE 479

The potential complications associated with PPV extend
beyond the respiratory system. Adverse sequelae to the
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cardiovascular and neurologic systems may occur. Sub-
stantial levels of conventional mechanical ventilatory sup-
port may lead to cardiovascular compromise with decreased
cardiac output and compromised oxygen delivery.'? The-
sedation and analgesia required for patients to tolerate in-
vasive ventilation can result in the need for prolonged
ventilation because of oversedation.!3> Withdrawal symp-
toms may develop in certain patients and may require a
lengthy tapering of opiates and/or benzodiazepines.

The many difficulties associated with intubation and
invasive PPV have lead clinicians to explore other means
of respiratory support. Noninvasive ventilation avoids the
need for an artificial airway while allowing for improved
communication, coughing, and swallowing. Oral feeding
may also be better tolerated. Noninvasive ventilation can
be administered by both positive and negative pressure
and may require substantially less sedation than invasive
ventilatory techniques.

One of the currently available negative pressure venti-
lators is the Hayek Oscillator (Breasy Medical Equipment
Ltd, London, UK).'4-15 The Hayek Oscillator consists of a
chest cuirass attached to a piston pump that provides NPV
at both conventional and high-frequency rates. The base-
line negative pressure is produced by a vacuum pump. The
chest cuirass is a lightweight, flexible chest enclosure with
foam rubber around the edges to provide an airtight seal
over the chest and abdomen.

The Hayek Oscillator offers several modes, including
noninvasive ventilation around a negative baseline, con-
tinuous negative pressure (the negative pressure equiva-
lent of continuous positive airway pressure), and secretion
clearance. The secretion clearance mode consists of oscil-
lations around a negative baseline followed by an artificial
“cough.” This artificial cough has a prolonged inspiratory
phase followed by a forced short expiratory phase. The
secretion clearance mode in combination with high-fre-
quency external chest wall oscillation has been shown to
increase mucociliary clearance in a canine model.'-17

Negative pressure ventilation using a chest cuirass has
been previously reported in the literature for various pur-
poses, including ventilatory support for patients (1) after
congenital heart surgery, (2) with neuromuscular disease,
(3) during failed fiberoptic intubation, (4) after lung re-
section for bullous emphysema, and (5) during microlaryn-
geal surgery.'8-23 In this case series, we report additional
uses of chest cuirass NPV in the neonatal population. These
cases illustrate the use of noninvasive NPV to avoid or
decrease the complications of PPV in three critically ill
infants. In this series, NPV was utilized in separate in-
stances to avoid intubation, avoid reintubation, and facil-
itate weaning from extracorporeal membrane oxygenation
(ECMO).
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Case 1

A 6-month-old male infant was transferred to Duke Chil-
dren’s Hospital from a local referring hospital with a three-
week history of diarrhea and increasing respiratory dis-
tress. The infant developed worsening respiratory failure
with peripheral oxygenation saturations of 80% on a frac-
tion of inspired oxygen (Fp ) of 0.60. A chest radiograph
revealed a lingular infiltrate. Bronchoscopy confirmed the
diagnosis of Pneumocystis carinii pneumonia. The patient’s
provisional diagnosis by immunologic testing was X-linked
v globinopathy, and the patient was started on co-trimox-
azole.

Upon arrival to the pediatric intensive care unit, the
infant was in respiratory failure, with a respiratory rate of
60 breaths per minute, severe intercostal retractions, grunt-
ing, and nasal flaring. An arterial blood gas analysis indi-
cated: pH 7.40, arterial partial pressure of carbon dioxide
38 mm Hg, arterial partial pressure of oxygen (P, ) 137
mm Hg, arterial oxygen saturation 96% on face mask with
Fio, of 1.0. Additionally, the patient was noted to have
decreased perfusion with weakly palpable peripheral pulses
and prolonged capillary refill.

In an attempt to decrease the work of breathing and
improve oxygenation, the patient was initiated on contin-
uous negative airway pressure (—6 to —8 cm H,0) using a
Hayek Oscillator. Shortly after initiating continuous neg-
ative pressure via chest cuirass, the patient’s respiratory
rate decreased to 40 breaths per minute. The F,; was
weaned from 1.0 to 0.80 while maintaining oxygen satu-
ration above 95%. However, over the next several hours
the patient’s oxygen saturation again decreased to < 90%
with the F\,, remaining at 0.80. The infant’s ventilatory
support was, therefore, changed to intermittent NPV with
a ventilatory rate of 40 breaths per minute and peak in-
spiratory and expiratory pressures of —18 cm H,O and -2
cm H,O, respectively. On these settings, the patient had
decreased work of breathing, as evidenced by decreased
retractions, grunting, and nasal flaring. The Fo delivered
via face mask was weaned to 0.60 while maintaining ox-
ygen saturation > 95%. The infant did not develop a met-
abolic acidosis on arterial blood gas analysis, and lactic
acid levels never exceeded 2.1 mmol/L.

The negative inspiratory pressure was maintained be-
tween —18 cm H,O and —22 ¢cm H,O for three days, with
continued respiratory improvement. Subsequently, the pa-
tient improved with routine supportive care. The infant
had progressive normalization of respiratory effort, respi-
ratory rate, and oxygenation. By day 10 of hospitalization,
he was receiving 1-2 L/min of oxygen via nasal cannula.
By hospital day 12, the patient no longer required supple-
mental oxygen. At that time, the infant received a bone
marrow transplant for treatment of his immunodeficiency
syndrome and was transferred from the intensive care unit.
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He did not require further admission to the intensive care
unit during his hospital course.

Case 2

A 4-month-old former 26-week premature male infant
(birthweight 905 g) was admitted to a referring hospital
after a respiratory arrest at his home. At the time of his
arrest, emergency medical service personnel performed
the initial intubation and resuscitation. The infant’s med-
ical history was notable for chronic lung disease (CLD) of
prematurity and recurrent apnea.

At a local hospital, the infant experienced progressive
respiratory deterioration requiring increasing ventilatory
support and a trial of high-frequency positive pressure
oscillatory ventilation. The initial chest radiograph revealed
diffuse air space disease consistent with an intercurrent
respiratory viral infection. For transfer the infant was placed
on pressure control ventilation: ventilatory rate 40 breaths
per minute, peak inspiratory pressure 33 cm H,O, positive
end-expiratory pressure 10 cm H,O, mean airway pressure
(Payw) 21 cm H,O, inspiratory time 0.7 seconds, and Fq,
1.0. The calculated oxygenation index [(P,, X Fio X
100)/P,,] was 19. On transfer to Duke Children’s Hospi-
tal, the infant was placed on pressure control/pressure sup-
port ventilation: ventilatory rate 25 breaths per minute,
peak inspiratory pressure 37 cm H,O, positive end-expi-
ratory pressure 8 cm H,O, pressure support 10 cm H,O,
inspiratory time 0.6 seconds, and Fy 1.0. He was extubated
after one week of conventional mechanical ventilation.

After extubation the infant was noted to have a bulbar
palsy, with inability to swallow his secretions, as well as
weakened cough and gag reflexes. The postextubation chest
radiograph showed collapse of his left lung and right upper
lobe (Fig. 1A). At this same time, clinical evaluation re-
vealed an increased respiratory rate to 60 breaths per minute,
subcostal retractions, and grunting. Because of the pa-
tient’s history of CLD, the medical care team desired to
avoid reintubation and PPV. Thus, continuous negative
pressure of —30 cm H,O was initiated in an attempt to
decrease his work of breathing and to improve the atelec-
tasis. Additionally, every 2-3 hours the infant was placed
in the secretion clearance mode, with three minutes of
oscillation at 600 cycles per minute and three minutes
of “cough” at 60 cycles per second. In an effort to
support his hypotonic upper airway, nasal continuous
positive airway pressure of 6—10 cm H,O was applied.
During NPV, enteral feeding was successfully accom-
plished via a nasoduodenal tube. After two days the left
lung re-expanded, and after an additional day the right
lung expanded (see Fig. 1B). He was gradually weaned
off NPV over the next two days. His lungs remained
expanded, and he was transferred back to his previous
care facility two days later.
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Fig. 1. A 4-month-old former 26-week premature male infant with
history of chronic lung disease. The infant was intubated for an
intercurrent viral iliness. Figure 1A (upper) represents severe atel-
ectasis after extubation. Figure 1B (lower) represents substantial
improvement in the atelectasis after treatment with negative pres-
sure ventilation, including use of the secretion clearance mode.

Case 3

A 16-month-old infant was referred to Toronto Sick
Children’s Hospital, having developed respiratory failure
and a clinical diagnosis of bronchiolitis obliterans. On
conventional mechanical ventilation, the infant developed
progressive hypoxia and hypercarbia. Respiratory deteri-
oration persisted despite a trial of high-frequency positive
pressure oscillatory ventilation. Diffuse airway plugging
and atelectasis was noted. Despite daily bronchoscopic
alveolar lavage and administration of acetylcysteine (Mu-
comyst), DNAase, and exogenous surfactant, the atelecta-
sis persisted. The patient’s hospital course was compli-
cated by the development of a life-threatening cardiac
arrhythmia, further respiratory compromise and hemody-
namic instability necessitating venoarterial ECMO. The
oxygenation index immediately prior to ECMO was 60.
During his ECMO course, he suffered a pulmonary hem-
orrhage on day 8. The patient was unable to be weaned off
ECMO because of inadequate oxygenation despite high
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positive pressures on conventional mechanical ventilation.
The pulmonary dynamic compliance remained at 0.35
ml/cm H,O/kg.

After 18 days of ECMO the infant was placed on chest
cuirass NPV at a rate of 30 breaths per minute with an
inspiratory to expiratory ratio of 1:1, inspiratory pressure
of —25 cm H, 0, expiratory pressure of 5 cm H,O, and two
cycles of secretion clearance every two hours. Addition-
ally, the positive pressure conventional ventilator was set
to deliver a pressure support of 10 cm H,O and a positive
end-expiratory pressure of 5 cm H,O. These ventilatory
settings produced good chest movement and did not inter-
fere with the patient’s hemodynamic status. While on the
Hayek Oscillator, a large increase in secretions occurred,
and the secretions were easily lavaged with routine endo-
tracheal tube suctioning. After 24 hours the dynamic com-
pliance doubled to 0.72 mL/cm H,O/kg. After 48 hours
the oxygenation index fell to 5, and the infant was suc-
cessfully decannulated from ECMO. The patient remained
on conventional mechanical ventilation for an additional
three days and was subsequently weaned to nasal cannula
oxygen. The infant was successfully transferred back to
the referring hospital.

Discussion

Chest cuirass NPV may be used to avoid the potentially
deleterious effects of invasive PPV. The potential benefi-
cial effects of NPV can be divided into several categories,
including reduced airway complications, improved pulmo-
nary parenchymal inflation at reduced airway pressures,
reduced cardiovascular compromise, decreased sedation
requirements, and improved enteral nutrition. The cases
described in this paper illustrate some of these potential
benefits of chest cuirass NPV.

By eliminating the need for intubation, the potential
airway complications associated with invasive PPV1-4 can
be completely avoided. Barotrauma, also associated with
PPV ,5-7 can be avoided by the use of NPV. Not only does
NPV avoid the detrimental effects that PPV can have on
hemodynamics, NPV may actually improve the patient’s
hemodynamic status.!$:192425 NPV may minimize seda-
tion requirements, as it is generally well tolerated by most
patients. Additionally, enteral feeding is usually well tol-
erated in patients treated with NPV alone.

Our first case in this series demonstrates the use of NPV
to avoid intubation in a critically ill infant with Prneumo-
cystis carinii pneumonia. Original assessments of patients
with Pneumocystis carinii pneumonia requiring mechani-
cal ventilation report a mortality of > 80% in adults and
50% in children.?°-27 However, more recent reports indi-
cate that the initiation of adjuvant therapy with corticoste-
roids, as well as earlier recognition of this disease, has led
to an increase in the survival rate of patients with acquired

RESPIRATORY CARE ® MAY 2000 VoL 45 No 5

immunodeficiency syndrome and respiratory failure sec-
ondary to pneumonia.?®—30 In the patient presented, ste-
roids were felt to be contraindicated because of his con-
genital immune deficiency syndrome. In view of historically
poor results with ventilation of severely immunocompro-
mised patients, we wished to avoid intubation and PPV. In
this patient, NPV indeed saved this child from the risks of
ventilator-associated pneumonia, barotrauma, and possible
need for inotropic support.

The second infant that we described had CLD of pre-
maturity, or bronchopulmonary dysplasia, which has been
well described as a complication of PPV.3! Although reven-
tilation for lung expansion was an option, this patient’s
lungs were already severely damaged and would have been
vulnerable to further ventilatory trauma by PPV. The use
of continuous negative pressure for alveolar recruitment
combined with the physiotherapy mode for secretion clear-
ance was effective in improving the patient’s clinical course
while avoiding PPV. This method has not previously been
documented in the literature.

The patient in Case 3 was failing to show improvement
despite maximal standard therapy. An oxygen index of >
40 prior to ECMO has been associated with a mortality
of > 80%.32 The patient’s ECMO course was complicated
by a pulmonary hemorrhage, emphasizing the need to re-
move this infant from ECMO as soon as possible. How-
ever, a pulmonary compliance of < 0.6 mL/cm H,O/kg
has been associated with failure to wean from ECMO.33
Since this patient’s pulmonary compliance failed to im-
prove despite maximal “conventional” therapy, it was felt
that further options were limited. The secretion clearance
mode on the Hayek Oscillator offered this child chest phys-
iotherapy and the ability to mobilize secretions. The im-
proved secretion clearance helped to increase the infant’s
pulmonary compliance from 0.35 mL/cm H,O/kg to 0.72
ml/cm H,O/kg. This may be because of the effect of
high-frequency chest oscillation on mucociliary clear-
ance.!6-17

Limitations of Negative Pressure Ventilation

Chest cuirass NPV is associated with few complica-
tions; however, some limitations do exist. Attention must
be paid to the skin where the chest cuirass is fitted. Correct
placement of the chest cuirass is important to facilitate a
good seal and to minimize skin injury. A relative contra-
indication to NPV is fixed upper airway obstruction, as
negative pressure may exacerbate problems with air flow
via the Bernoulli effect. As demonstrated in Case 2, this
limitation of NPV may be avoided by the concurrent use
of nasal continuous positive airway pressure. Another lim-
itation is that there is not a simple method to measure
minute ventilation. This lack of a monitoring capability
may cause anxiety for the patient care team when NPV is

489



NEGATIVE PRESSURE VENTILATION VIA CHEST CUIRASS

first introduced and may partially explain the lack of wide-
spread acceptance of NPV for acute respiratory failure.

Summary

In conclusion, the three patients presented help to dem-
onstrate that noninvasive NPV may be used to suit differ-
ent scenarios not previously reported. The effects of this
relatively new mode of ventilation, especially with high-
frequency external chest wall oscillation (secretion clear-
ance mode), on mucociliary clearance are largely unex-
plored in humans. Clinical trials in conditions with severe
airway plugging such as cystic fibrosis and acute chest
syndrome in sickle cell disease would be highly informa-
tive. Additionally, there is a need for improved respiratory
support for patients with immunosuppression. Chest cui-
rass NPV may provide a partial solution that avoids many
of the pitfalls of previous ventilation strategies.
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