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Introduction:

High-Frequency Jet Ventilation (HFJV) is a form of mechanical
ventilation that was first established by Bert Bunnell, ScD, in the
late 1900s. The HFJV became FDA approved for use in neonates
in 1988. It has been shown to improve oxygenation and ventila-
tion in premature neonates with respiratory distress syndrome,
bronchopulmonary dysplasia, or evolving chronic lung disease,
as well as in neonates with air leak syndromes. (1-4)

Understanding the principles through which the HFJV works is
integral to understanding servo pressure and its variability. First,
fresh, inspired gas actively jets down the center of the airway in a
laminar fashion. It does so at very high rates, ranging anywhere
from 240—660 beats per minute (bpm). By employing high rates,
the HFJV utilizes very small tidal volumes, approximating 1mL/
kg. The inspired gas travels down the center of the airway in a
laminar fashion, where resistance to flow is lowest. In doing so,
effective dead space volume becomes reduced, as only a portion
of the anatomic dead space is being used. This process repre-
sents active inhalation from the HFJV.(5-7)

Following this active process, passively expired gas exits around
the circumference of the airway walls in an annular fashion. Ex-
hilation utilizes the path of least resistance, by making use of the
“‘unused” dead space path, around the center of the highly accel-
erated inspired gas. The cumulative effect facilitates mucociliary
clearance in the airways. (5, 7, 8) Exhalation from the HFJV is
passive, as demonstrated in Figure 1.

The advantage of this type of ventilation strategy is threefold.
First, the HFJV allows one to effectively ventilate and oxygenate
at lower mean airway pressures than that required for convention-
al ventilation. Second, the use of smaller tidal volumes permits
an ability to use higher positive end-expiratory pressure (PEEP)
to optimize oxygenation. Higher PEEP use in HFJV has been as-
sociated with improving lung compliance and reducing ventilator

Figure 1: [Adapted from Bunnell, Inc ] Accelerated and actively inspired gas
travels down the center of the airway in a laminar fashion, as demonstrated
in red. Passively expired gas then exits in an annular fashion around the
circumference of the airway, as demonstrated in blue.

requirements. Finally, with smaller tidal volumes, lung compliance
has less of an influence on gas distribution within the lungs. (7,
9-11). Progressing to the right in figure 2, at higher PEEP, this
volume increases further, with a higher risk of ongoing lung injury
within the volutrauma zone. In contrast, with HFJV, the smaller
tidal volumes at higher rates remain to allow ventilation with ad-
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Figure 2: [Adapted from Bunnell, Inc ] A conventional lung volume curve is depicted with examples of Conventional Ventilation (CV) and HFJV. As demon-
strated from left to right, when ventilating to optimize Functional Residual Capacity (FRC), tidal volumes for CV are high, beyond the limits of physiologic tidal
volume (TV) and risking volutrauma and subsequent lung injury, (reaching the limits of Total Lung Capacity (TLC) and reducing vital capacity).
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Figure 3: [Adapted from Bunnell, Inc ] Servo pressure, as affected by airway resistance and lung volumes. On the left, note that servo pressure increases as
airway resistance decreases and/or while compliance is high or lung volumes increase. On the right, note that servo pressure decreases as airway resistance

increases and/or while compliance is low or lung volumes decrease.

equate FRC and within a physiologic TV range, allowing us to ma-
nipulate PEEP at higher values. With higher PEEP, TV remains
within a safe physiologic zone, allowing adequate ventilation as
well as optimal oxygenation without risking the volutrauma seen
with CV.

“The advantage of this type of ventilation
strateqy is threefold. First, the HFJV allows
one fto effectively ventilate and oxygenate

at lower mean airway pressures than that
required for conventional ventilation. Second,
the use of smaller tidal volumes permits an
ability to use higher positive end-expiratory
pressure (PEEP) to optimize oxygenation.
Higher PEEP use in HFJV has been associated
with improving lung compliance and reducing
ventilator requirements. Finally, with smaller
tidal volumes, lung compliance has less of an
influence on gas distribution within the lungs.

(7, 9-11)”

Servo pressure (SP) in HFJV is the driving pressure required to
regulate flow. SP automatically rises and falls to ensure that the
positive inspiratory pressure (PIP) dialed into the ventilator is de-
livered, despite changes in a neonate’s lung mechanics. In gen-
eral, increased resistance and decreased compliance generate
lower SP. In contrast, decreased resistance and increased com-
pliance generate higher SP. (12) Lung volumes also affect servo

pressure, as demonstrated in Figure 3.
Hypothesis:

Servo pressure variability in HFJV has not previously been stud-
ied. We attempted to study changes in servo pressures for vari-
able compliance at different pressures and rate settings in a lung
model. We predicted that a relationship exists for servo pressure
changes at variable settings and variable lung volumes.

Methods:

For this investigation, the HFJV Model 203 was utilized. Lung
models with different compliance were predicated by utilizing
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Figure 4: From left to right in a clockwise direction (a-d): A. HFJV connected to test lung model predicated by a glass bottle, via ETT and ETT adapter. B. Test

lung with bottle cap sealed to ETT and connected via ETT adapter. C. Silicone gel dried in inside of bottle cap to ETT to ensure no air leak in the system. D.

Test lung connected via ETT adapter to tubing attached to HFJV.

sealed glass bottles at different volumes (150 mL and 500 mL
volumes). Each glass bottle represented a different lung volume.
For this study, it was presumed that higher lung volumes contrib-
uted to increasing compliance for each lung model. 4mm holes
were drilled into the bottle caps of each glass container. A 3.5-
mm endotracheal tube (ETT) was sealed into the bottle cap using
silicone gel, which, once dried, guaranteed no air leak. The ETT
was then connected to the ETT adapter and subsequently con-
nected to HFJV. See Figure 4. HFJV settings were adjusted, and
subsequent SP recorded for each test lung model at 150 mL and
500 mL. Settings used included PEEP of 10-15, PIP from 20-40
at intervals of 4, rates at 240, 300, 360, 400 and 420, and with a
fixed inspiratory time of 0.020 seconds.
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Additionally, Inspiratory-to-expiratory ratio (l:E ratio), change in
pressure (Delta-P), and mean airway pressure (MAP) were also
recorded. Data sets were mapped in graphical form using Statis-
tica® Software Technology. Data were modeled to predict SP at
each of the settings.

Results:

At the 150 mL lung volume, representative of lower lung compli-
ance, when PEEP and rate were fixed, incremental increases in
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PEEP: PIP: Rate:
10-15 20 -40 240 - 420
(10, 11, 12, (20, 24, 28, (240, 300,
13, 14, 15) 32, 36, 40) 360, 400,
420)
Fixed Fixed Incremental
increase
Fixed Incremental Fixed
increase
Incremental Fixed Fixed
increase

I- SERVO P-value
time PRESSURE
(0.02
sec)
Fixed 1-4.2 0.88
Fixed 09-4.7 <0.0001
Fixed 1.1-43 <0.00001

Figure 5: As depicted in the table above, each measured parameter from the HFJV is listed with its subsequent SP, i-time, and p-values for 150 mL lung vol-
ume. Note the increasing statistical significance that increases in PIP and PEEP have on SP

PEEP: PIP: Rate:
10-15 20 -40 240 - 420
(10, 11, 12, (20, 24, 28, (240, 300,
13, 14, 15) 32, 36, 40) 360, 400,
420)
Fixed Fixed Incremental
increase
Fixed Incremental Fixed
increase
Incremental Fixed Fixed
increase

I- SERVO P-value
time PRESSURE
(0.02
sec)
Fixed 1.8-8.5 0.88
Fixed 2.1-9.2 <0.0001
Fixed 1.9-8.6 <0.00001

Figure 6: As depicted in the table above, each measured parameter from the HFJV is listed with its subsequent SR, i-time, and p-values for 500 mL lung vol-
ume. Note the increasing statistical significance that increases in PIP and PEEP have on SP.

PIP led to increasing SP ranging from 0.9 — 4.7, which reached
statistical significance (p = <0.0001). When rate and PIP were
fixed, incremental increases in PEEP led to further significant
ranges in SP from 1.1 — 4.3 (p = <0.00001). However, when PEEP
and PIP were fixed, incremental increases in rate led to only mod-
est changes in SP that were not statistically significant (p = 0.88).
See Figure 5.

At the 500 mL lung volume, representative of higher lung compli-
ance, when PEEP and rate were fixed, incremental increases in
PIP led to increasing SP ranging from 2.1 — 9.2, which reached
statistical significance (p = <0.0001). When rate and PIP were
fixed, incremental increases in PEEP led to further significant
ranges in SP from 1.9 — 8.6 (p = <0.00001). However, when PEEP
and PIP were fixed, incremental increases in rate led to only mod-
est changes in SP that were not statistically significant (p = 0.88).
See Figure 6.

Furthermore, when datasets were mapped out into graphical
form, using Statistica® Software Technology, planar 3-Dimen-
sional graphs were formulated, each categorized by rate, with SP
depicted for the variable PIP and PEEP. Note that the x-axis rep-
resents PIP, the y-axis represents PEEP, and SP are depicted on
the z-axis. See Figure 7 —11 for summary graphs representing
lung volumes comparing 150 mL and 500 mL, respectively. Also
note the change in colors on each graph as they represent chang-
es in quantitative SP values, for each variable PIP and PEEP set-
ting.

In addition to mapping out datasets in graphical form, a quantita-
tive relationship was calculated based on the relationship chang-
es for servo pressure at each of the settings tested. This resultant
calculation for servo pressure was generated for each dataset and
shown above each summary graph, in Figures 7 — 11.
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Servo-Pressure (150mL) = -2.7602 + 0.1281x + 0.228y + 0.0004x2 - 0.0038xy — 0.0051y?
E-5
Servo-Pressure (500mL) = -2.2726 + 0.2007x + 0.1925y — 3.4265 x>+ 0.002xy +

x=PIP
y = PEEP
RATE: 240 RATE: 240 Z = Servo Pressure

Figure 7: 3-Dimensional planar graphs for lung volumes at 150 mL (left) compared to 500 mL (right) for Rate at 240 bpm. Note the quantitative calculation for
SP generated based on these results.

Servo-Pressure (150mL) = -2.2041 + 0.1439x + 0.1073y + 0.0002x2 - 0.004xy — 0.0004y2
Servo-Pressure (500mL) = -1.4741 + 0.2033x + 0.0521y + 0.0002x2 + 0.0007xy - 0.0101y?

x=PIP
y = PEEP
RATE: 300 RATE: 300 Z = Servo Pressure

Figure 8: 3-Dimensional planar graphs for lung volumes at 150 mL (left) compared to 500 mL (right) for Rate at 300 bpm. Note the quantitative calculation for
SP generated based on these results.
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Servo-Pressure (150mL) = -1.7579 + 0.132x + 0.0587y + 0.0004x? - 0.004xy + 0.0018y?
Servo-Pressure (500mL) = -2.981 + 0.2115x + 0.2956y - 0.0003x> + 0.0029xy - 0.0232y?

x=PIP
y = PEEP
RATE: 360 RATE: 360 Z = Servo Pressure

Figure 9: 3-Dimensional planar graphs for lung volumes at 150 mL (left) compared to 500 mL (right) for Rate at 360 bpm. Note the quantitative calculation for

SP generated based on these results.

Servo-Pressure (150mL) = -0.722 + 0.103x - 0.2936y + 0.0005x2 - 0.0022xy + 0.0144y?
Servo-Pressure (500mL) = -5.366 + 0.2344x + 0.5889y - 0.0004x? + 0.002xy - 0.0321y?

x=PIP

y = PEEP
RATE: 400 RATE: 400 Z = Servo Pressure

Figure 10: 3-Dimensional planar graphs for lung volumes at 150 mL (left) compared to 500 mL (right) for Rate at 400 bpm. Note the quantitative calculation for
SP generated based on these resuits.
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Servo-Pressure (150mL) = -0.7505 + 0.1073x - 0.047y + 0.0004x2 - 0.0021xy + 0.0037y?
Servo-Pressure (500mL) = -6.0173 + 0.2565x + 0.6429y - 0.0005x?2 + 0.0008xy - 0.0331y?

x=PIP
y = PEEP
Z =Servo Pressure

RATE: 420

Figure 11: 3-Dimensional planar graphs for lung volumes at 150 mL (left) compared to 500 mL (right) for Rate at 420 bpm. Note the quantitative calculation for

SP generated based on these results.

Discussion:

High-Frequency Jet Ventilation has been associated with signifi-
cant improvement in ventilator outcomes when compared with
conventional ventilation. (2, 6) In particular, it has been found to
improve outcomes when lung disease is characterized by non-
homogeneous parenchyma. (13) Although initially used for rescue
mode ventilation strategies, HFJV has been shown to be appli-
cable to transport and other scenarios where high-frequency ven-
tilation is indicated. (10, 14, 15) There are certain situations where
High-Frequency Jet Ventilation may outperform other oscillatory
devices. (7) The evaluation of mean airway pressure, optimizing
functional residual capacity is critical to the success of the modal-
ity. (3-6) Servo pressure is a method of quantifying High-Frequen-
cy Jet mean airway pressure in a way that may be important in
defining optimal functional residual capacity.(1, 10-12, 16)

This study confirmed the presence of servo pressure variability.
For example, low lung volumes were associated with lower SP.
This relationship may potentially be representative of the pre-
sumed lower lung compliance at that lung volume. Similarly, high
lung volumes were associated with higher SP. This relationship
may also be based on presumed higher lung compliance at that
higher lung volume. The limitation of this study in making this con-
clusion, however, is the presumption that larger lung volumes cor-
related with larger or increased compliance in the system. How-
ever, the inherent compliance of a glass bottle remains fixed and
is not dynamic. This “static fixture” limits the conclusions we can

draw regarding compliance and its relationship with servo pres-
sure. Future directions for a follow-up study may include develop-
ing a test lung model with dynamic compliance, rather than a fixed
compliance system.

“An integral mathematical relationship

does exist to calculate SP’s, which enable
adequate ventilation delivery at different lung
volumes. This may be applied clinically if SP
can be monitored and tracked during the time
neonates spend on the HFJV.”

Another limitation of this study is that airway resistance was a
fixed parameter. A 3.5 mm ETT was utilized in carrying out this
study, without any applied changes in this airway resistance.
Therefore, changes in airway resistance were not studied against
SP variability for this study. Future directions for a follow-up study
may include changing the size, and hence, the resistance of the
ETT while assessing servo pressure variability.

NEONATOLOGY TODAY is interested in publishing manuscripts from Neonatologists,
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An integral mathematical relationship does exist to calculate SP’s,
which enable adequate ventilation delivery at different lung vol-
umes. This may be applied clinically if SP can be monitored and
tracked during the time neonates spend on the HFJV. For impedi-
ments in ventilation or oxygenation, i.e., hypercapnea, RDS, or
pneumothorax, SP can be assessed, and variable settings on
HFJV can be predicated by utilizing the calculations obtained from
this study. (12) However, more extensive clinical studies would
first be required to evaluate this calculation and confirm its rela-
tionship in vivo.
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