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BACKGROUND: High-frequency ventilation can be delivered with either oscillatory ventilation (HFOV)
or jet ventilation (HFJV). Traditional clinician biases may limit the range of function of these important
ventilation modes. We hypothesized that (1) the jet ventilator can be an accurate monitor of mean
airway pressure (I_’aw) during HFOV, and (2) a mathematical relationship can be used to determine the
positive end-expiratory pressure (PEEP) setting required for HFJV to reproduce the P, of HFOV.
METHODS: In phase 1 of our experiment, we used a differential pressure pneumotachometer and a jet
adapter in-line between an oscillator circuit and a pediatric lung model to measure P,,,, PEEP, and peak
inspiratory pressure (PIP). Thirty-six HFOV setting combinations were studied, in random order. We
analyzed the correlation between the pneumotachometer and HFJV measurements. In phase 2 we used
the jet as the monitoring device during each of the same 36 combinations of HFOV settings, and
recorded P,,,, PIP, and AP. Then, for each combination of settings, the jet ventilator was placed in-line
with a conventional ventilator and was set at the same rate and PIP as was monitored during HFOV.
To determine the appropriate PEEP setting, we calculated the P, contributed by the PIP, respiratory
rate, and inspiratory time set for HFJV, and subtracted this from the goal P,,. This value was the PEEP
predicted for HFJV to match the HFOV P,,. RESULTS: The correlation coefficient between the
pneumotachometer and HFJV measurements was r = 0.99 (mean difference 0.62 = 0.30 cm H,O,
p < 0.001). The predicted and actual PEEP required were highly correlated (r = 0.99, p < 0.001). The
mean difference in these values is not statistically significantly different from zero (mean difference
0.25 * 1.02 cm H,0O, p > 0.15). CONCLUSIONS: HFJYV is an accurate monitor during HFOV. These
measurements can be used to calculate the predicted PEEP necessary to match P, on the 2 ventilators.
Replicating the P, with adequate PEEP on HFJV may help simplify transitioning between ventilators
when clinically indicated. Key words: high-frequency ventilation, jet ventilation, oscillatory ventilation,
mechanical ventilation, positive end-expiratory pressure, mean airway pressure, oxygenation, acute lung
injury, acute respiratory distress syndrome, neonate, pediatric. [Respir Care 2007;52(1):50-55. © 2007
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Introduction

High-frequency ventilation has become a standard of
care for supporting patients with acute lung injury (ALI)
and acute respiratory distress syndrome in adult, pediatric,
and neonatal intensive care units.!-° During high-frequency
ventilation the patient is effectively ventilated and oxy-
genated without the high peak inspiratory pressure (PIP)
and excessive fraction of inspired oxygen (Fq,) associated
with ventilator-induced lung injury.*7-10 In the neonatal
and pediatric populations, the 2 options for high-frequency
ventilation are high-frequency oscillatory ventilation
(HFOV) and high-frequency jet ventilation (HFJV). While
both modes provide the benefits of low peak airway pres-
sure and tidal volume that is usually less than anatomical
dead space, there are distinct mechanistic differences. The
choice to ventilate with HFOV or HFJV is often subjective
and based on traditional biases and/or clinician preference.
Clinicians often cite the intrinsic mechanistic differences
in these modes to support their individual preferences.

HFOV allows the clinician to directly set a continuous
distending pressure (or mean airway pressure [P,,,]), which
controls oxygenation along with Fy . In contrast, during
HFJV, there is no direct manipulation of P,,,. The positive
end-expiratory pressure (PEEP) and PIP are the primary
factors that control P,,. The ability to directly set and
maintain high P,,, during HFOV has created a bias toward
HFOV for patients with persistent hypoxemia. Addition-
ally, when P, is indirectly achieved (ie, jet ventilation),
there is often a reluctance to set a “high” PEEP to augment
oxygenation, thus lending credence to the belief that jet
ventilation is not as effective at oxygenation. These intrin-
sic mechanistic differences between HFOV and HFJV have
led to the mode-selection practices commonly seen in high-
frequency ventilation.

The mechanistic differences between HFOV and HFJV
are also highlighted by the different settings on the ma-
chine faces. Frequency, inspiratory time (Ty), and Fi,_ are
set on both devices. However, during HFOV, amplitude
and P, are set; whereas during HFJV, PIP and PEEP (on
the conventional ventilator) are set. These differences limit
the ability to extrapolate understanding of one device to
the other. If the ventilators “spoke the same language,”
this obstacle could be largely overcome. Additionally, the
jet ventilator can be used in the standby mode as an in-line
monitoring device, while the oscillator cannot.

Our investigation focused on translating the HFOV set-
ting of P, into the HFJV setting of PEEP. We first hy-
pothesized that the jet ventilator could be used as a mon-
itor during HFOV to provide accurate pressure
measurements. Although the jet has been used clinically in
some neonatal intensive care units in the standby mode as
a monitor during HFOV, it has never been validated for
this purpose. We additionally hypothesized that a mathe-
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matical relationship could be used to determine the PEEP
setting required for HFJV to reproduce the P, of HFOV.

Methods
Phase 1: HFJV as a Monitor

The jet ventilator we studied (Life Pulse, Bunnell, Salt
Lake City, Utah) has not previously been validated for use
as a monitor during HFOV. Therefore, pressure readings
during ventilation with the oscillator (SensorMedics 3100A,
Viasys Healthcare, Yorba Linda, California) were moni-
tored by a pressure differential pneumotachometer (NICO
monitor, Respironics, Wallingford, Connecticut) and com-
pared to the readings from the jet ventilator. The NICO
monitor is a respiratory profile monitor with a flow sensor
that can be used as a monitor of gas delivery during HFOV..!!
However, the NICO monitor is not used clinically during
high-frequency ventilation because a disconnect between
the pneumotachometer and the endotracheal tube (ETT)
might not be detected by the ventilator due to the resis-
tance of the pneumotachometer. So, while this device pro-
vides appropriate readings for comparison in a bench study
with an infant test lung, it should not be used with patients
during high-frequency ventilation.

For this phase of the study, the oscillator was connected
to an infant test lung (IMT Medical, Oceanside, Califor-
nia) in a closed system that used a 3.5-mm inner-diameter
cuffed ETT. The pneumotachometer and the jet ventilator
adapter were placed in-line between the HFOV circuit and
the test lung. The jet ventilator was maintained in the
standby mode (Fig. 1). All devices were calibrated per the
manufacturers’ instructions.

Thirty-six randomly combined HFOV settings were stud-
ied: I_)aw of 15, 20, 25, and 30 cm H,O; amplitudes of 30,
40, and 50 cm H,O; and frequencies of 5, 6, and 7 Hz. T,
was maintained constant at 33% of the total respiratory
cycle time. With each settings combination, the system
was allowed 5 min to reach equilibrium, then the P, ., PIP,
and PEEP readings were recorded.

aw?

Phase 2: Predicted PEEP Calculation

Similar to phase 1, the oscillator was attached to the test
lung, but the jet ventilator alone was used as the monitoring
device. The same 36 randomly combined settings were used.
Data from the jet ventilator were recorded as during phase 1.
For each combination of settings, the oscillator was then dis-
connected and HFJV was initiated with a backup conven-
tional mechanical ventilator (Avea, Viasys Healthcare, Palm
Springs, California). The HFJV settings of PIP, frequency,
and rate were set to match what was occurring during oscil-
lation (ie, to match the previously monitored settings). The T;
was held constant at 0.02 s. The missing variable was the
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Fig. 1. Phase 1 experimental setup.

PEEP setting on conventional mechanical ventilation. There-
fore, the PEEP was sequentially increased until the P, dur-
ing HEJV matched the set HFOV P, . We refer to this PEEP
setting as the “required PEEP.”

A review of the literature revealed that calculations for
P, exist but are lengthy and impractical for use at the
bedside.'>"!> Based on our understanding of respiratory
mechanics, and noting that these previously validated equa-
tions all incorporate Ty, rate, PIP, and PEEP, we developed
a simplified equation:

P,, = [(PIP X rate X T))/60 s] + PEEP

The first part of the equation [(PIP X rate X T})/60 s)]
incorporates the settings we replicated from our oscillator
values, so this is termed the “contributed P, from the
known settings.” If the equation is then rearranged to de-
termine the predicted PEEP, it becomes:

Predicted PEEP = goal P,, — contributed P,
from the known settings, or

Predicted PEEP = goal P,,, — (PIP X rate X T)/60 s

The predicted PEEP was the value our equation pre-
dicted would be required to match the HFOV P, setting.
We calculated the predicted PEEP for each of our 36 set-
tings combinations.

Statistical Analysis

Correlation was determined with the Pearson product-
moment correlation coefficient. Agreement between the
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Fig. 2. Comparison of mean airway pressure measurements from
the NICO cardiopulmonary monitor and the Life Pulse jet ventila-
tor.

NICO monitor and HFJV measurements was tested with a
paired ¢ test and quantified with linear regression and Bland-
Altman plots. The same technique was used to compare
the PEEP necessary to match the HFOV P, with the
predicted PEEP computed with our equation. All the cal-
culations were performed with statistics software (SAS 9.1,
SAS Institute, Cary, North Carolina).

Results

Phase 1: HFJV as a Monitor

Our primary goal in phase 1 was to compare the NICO
monitor and HFJV P, readings. The correlation coeffi-
cient between these values was r = 0.99 (p < 0.001) with
a mean difference of 0.62 = 0.30 cm H,O. Because of the
consistency of this bias, the mean difference is statistically
significantly different from zero (p < 0.001), but the mag-
nitude is small, ranging from 4% at a P,, of 15 cm H,O to
2% at a P, of 30 cm H,O. The bias has no correlation to
the P, setting (r = 0.09, p = 0.59). The equation relating
the NICO monitor and HFJV P, readings was:

NICO P,,, = (HFJV P,, X 0.99) + 0.76
The largest difference between the 2 measurements was
1.1 cm H,O. Therefore, the jet ventilator provides a very
accurate measure of airway pressure during HFOV (Figs.
2 and 3).

We made 2 other interesting observations during phase 1.
First, the PEEP recorded at the ETT by both devices dur-
ing HFOV was surprisingly high (Table 1); PEEP reached
a maximum of 23 cm H,O. Second, when the HFOV
amplitude was set 3 times greater than the P, the result-
ant PEEP was zero. In our settings this occurred when the
P,, was 15 cm H,O and the amplitude was 50 cm H,O
(Table 2).

Phase 2: Predicted PEEP Calculation

When the PEEP required to match the HFOV P, in
each of the 36 settings was compared to the predicted
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Fig. 3. Bland-Altman plot of mean airway pressure differences

between the measurements from the jet ventilator and the cardio-
pulmonary monitor.

Table 1.  Examples of PEEP Generated During 3 HFOV Setting
Combinations
= Amplitude Frequency Monitored PEEP
Pa (em H:0) i H,0)  (Ho) (cm H,0)
Example 1 15 30 5 7.5
Example 2 25 40 7 15
Example 3 30 30 7 23

PEEP = positive end-expiratory pressure
HFOV = high-frequency oscillatory ventilation

P,y = mean airway pressure

Table 2. HFOV Settings in Which Generated PEEP Was Zero
Amplitude Frequency P,, (cm Monitored PEEP
(ecm H,0) (Hz) H,0) (cm H,0)

50 5 15 0

50 6 15 0

50 7 15 0

HFOV = high-frequency oscillatory ventilation
PEEP = positive end-expiratory pressure

P,y = mean airway pressure

PEEP from the mathematical equation, the correlation co-
efficient was r = 0.99 (p < 0.001), with a mean difference
not statistically significantly different from zero (mean
difference 0.25 * 1.02 cm H,O, p > 0.15). The predicted
PEEP was related to the actual PEEP by the equation:

Actual PEEP = (predicted PEEP X 1.12) — 2.38
The greatest difference was 2.0 cm H,O (Fig. 4).

Discussion
High-frequency ventilation strategies have benefited
many patients with ALI and acute respiratory distress syn-

drome.!#1¢ HFOV improves oxygenation,>3!7 but there
may be times when changing to HFJV would be benefi-
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Fig. 4. Predicted versus actual positive end-expiratory pressure
(PEEP).

cial. For instance, infants with severe airway obstruction
(eg, bronchospasm) and concurrent ALI (eg, bronchiolitis/
pneumonitis) may have unacceptable “gas trapping” dur-
ing HFOV and would thus benefit from the continuous,
passive exhalation of HFJV while maintaining higher P,,.
Additionally, neonates with ALI who develop air leak syn-
dromes on HFOV might benefit from the high-velocity jet
pulses that can bypass these areas but still deliver adequate
gas to the more distal airways.!8-19 Although the need to
transition between HFJV and HFOV should be minimal, a
greater understanding of maintaining comparable P,
would allow for a more optimal transition and preservation
of lung recruitment®® when such a need exists.

The jet device, placed in-line in the standby mode, pro-
vides an accurate reading of airway pressure during oscil-
lation. Once the rate, FIOZ, and PIP are set for HFJV to
match the HFOV settings, the remaining variable is the
PEEP setting on the conventional ventilator. One method
to determine a PEEP setting would be to use the monitored
PEEP value displayed by the jet when it is used as a
monitor during HFOV. However, this value cannot be used
alone, because it measures all PEEP in the system, includ-
ing intrinsic PEEP, so setting the PEEP on the conven-
tional ventilator during HFJV to match the reading during
oscillation might cause overdistention and worsen air trap-
ping. The predicted PEEP calculation can be used to de-
termine an accurate PEEP setting that will match the P,
to what was occurring during HFOV.

Our data demonstrate that the predicted PEEP equation
can serve to match P, settings when transitioning be-
tween HFOV and HFJV. More importantly, it can also be
used when transitioning from conventional mechanical ven-
tilation directly to HFJV, to achieve a goal P,,. In a patient
on conventional mechanical ventilation who would benefit
from HFJV, clinicians can use the same principles that
guide them when initiating HFOV. During HFOV, the
goal P, is usually set at 4—6 cm H,O above the measured
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P,,, during conventional mechanical ventilation.2 This same
strategy when applied to HFJV allows for calculation of
the PEEP necessary to meet the goal P,,,.

Our data demonstrate several important concepts related
to high-frequency ventilation. The PEEP values (measured
at the ETT) during some of the HFOV settings are higher
than many clinicians would feel comfortable setting on
any other type of ventilator. But since the peak airway
pressure is limited during both types of high-frequency
ventilation, these higher PEEP values should not be feared
and could provide better oxygenation during HFJV.15.20-22

Additionally, we found that HFOV generated a PEEP of
zero when the amplitude was set at a number 3 times that
of the P,,. During these periods the ventilator may be
“robbing” the alveoli of PEEP. Our study is the first to
document this phenomenon, which has previously only
been theorized. However, it is unlikely that this effect is
clinically important, since the time at end-expiration dur-
ing high-frequency ventilation is extremely short.

Neonatal and pediatric patients can present with a com-
plicated combination of pulmonary pathologies, which
makes it difficult to choose the most appropriate high-
frequency ventilation mode. Although most pediatric pa-
tients with ALI can be managed with HFOV, the medical
literature and our clinical experience support the use of
HFJV in patients with ALI who require tight control of
carbon dioxide elimination and “high” P,,, for adequate
oxygenation.?3>* This strategy is useful in managing pa-
tients with pneumonia and severe bronchospasm (eg, re-
spiratory syncytial virus, bronchiolitis/pneumonitis) and
patients with substantial pulmonary hypertension and ALI
with no untoward pulmonary or cardiovascular effects from
the higher PEEP settings.

Study Limitations

It is important to note the limitations of our study. The
most obvious is that we used a pediatric test lung model,
and it is unknown if these same findings would be seen in
patients with dynamic, heterogeneous lung injury. Second,
comparing the P, readings at the ETT is important, but
these pressures are not necessarily transmitted to the al-
veoli. Comparing the effects of PEEP more distally would
provide additional information, although this would be
technically difficult. Repeating our study with an in vivo,
injured lung model would facilitate this comparison by
allowing us to analyze gas exchange and hemodynamics.
It should be noted that the NICO monitor has not been
validated for use during high-frequency ventilation, al-
though its predecessor (the CO,SMO+ monitor), which
has very similar software algorithms for pressure and flow
determination, has been validated for small tidal volume
delivery.?s Finally, we used the PIP measured by the HFJV
device during HFOV as our PIP setting. Since the ampli-
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tude is both a positive and negative force around the P,
on HFOV, equating these numbers may have led to un-
equal settings for carbon dioxide elimination and thus might
have impacted the HFJV P, as well.

Conclusions

The Life Pulse jet device can accurately measure airway
pressure during HFOV. Our predicted PEEP equation al-
lows calculation of the optimal PEEP when transitioning
to HFJV from conventional mechanical ventilation or
HFOV. Our results should help clinicians feel more com-
fortable using higher PEEP during HFJV with patients
who require improved oxygenation.
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