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T HE new interventional bronchoscopic techniques 
emerging during the last 2 decades have significantly 

improved the outcome after treatment of tracheobronchial 
obstruction, particularly the patients’ exercise capacity, 
resulting in a higher quality of life.1,2

However, these interventions are high-risk procedures, 
especially in patients with high-grade stenosis, multiple ste-
noses, and/or other preexisting pulmonary conditions.3

The procedures are mainly performed using rigid tracheos-
copy/bronchoscopy and jet ventilation (JV). There is a large 
body of clinical experience supporting the use of superimposed 
high-frequency JV (SHFJV) in patients undergoing airway 
interventions and/or laser tumor debulking procedures.4 Even 
in cases with severe airway obstruction, SHFJV has been shown 
to maintain adequate pao2 and carbon dioxide removal.5–7

Superimposed high-frequency jet ventilation is a tech-
nique that combines a high-frequency (HF) (fHF; com-
monly >500 min−1) with a normal-frequency (NF) jet (fNF; 

12 to 20 min−1). The rationale for using a normofrequent 
ventilation component is to increase minute ventilation 
and thereby facilitate carbon dioxide removal.8 It may also 

What We Already Know about This Topic

•	 Clinical usefulness of high-frequency jet ventilation (HFJV) is 
widely accepted in unobstructed airway

•	 Superimposed HFJV (SHFJV) is reported to provide higher 
lung volume and better gas exchange than HFJV in animal 
unobstructed airways

•	 No study has systematically compared the efficacy of HFJV 
and SHFJV for oxygenation and ventilation in obstructed 	
airway

What This Article Tells Us That Is New

•	 In a study of pigs with obstructed airway, superimposed high-
frequency jet ventilation was superior over high-frequency jet 
ventilation in providing adequate oxygenation by increasing 
lung volume and carbon dioxide removal by increasing tidal 
volume even without increasing the risk of barotrauma
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ABSTRACT

Background: Both superimposed high-frequency jet ventilation (SHFJV) and single-frequency (high-frequency) jet ventila-
tion (HFJV) have been used with success for airway surgery, but SHFJV has been found to provide higher lung volumes 
and better gas exchange than HFJV in unobstructed airways. The authors systematically compared the ventilation efficacy 
of SHFJV and HFJV at different ventilation frequencies in a model of tracheal obstruction and describe the frequency and 
obstruction dependence of SHFJV efficacy.
Methods: Ten anesthetized animals (weight 25 to 31.5 kg) were alternately ventilated with SHFJV and HFJV at a set of dif-
ferent fHF from 50 to 600 min−1. Obstruction was created by insertion of interchangeable stents with ID 2 to 8 mm into the 
trachea. Chest wall volume was measured using optoelectronic plethysmography, airway pressures were recorded, and blood 
gases were analyzed repeatedly.
Results: SHFJV provided greater than 1.6 times higher end-expiratory chest wall volume than HFJV, and tidal volume (VT) 
was always greater than 200 ml with SHFJV. Increase of fHF from 50 to 600 min−1 during HFJV resulted in a more than 
30-fold VT decrease from 112 ml (97 to 130 ml) to negligible values and resulted in severe hypoxia and hypercapnia. During 
SHFJV, stent ID reduction from 8 to 2 mm increased end-expiratory chest wall volume by up to 3 times from approximately 
100 to 300 ml and decreased VT by up to 4.2 times from approximately 470 to 110 ml. Oxygenation and ventilation were 
acceptable for 4 mm ID or more, but hypercapnia occurred with the 2 mm stent.
Conclusion: In this in vivo porcine model of variable severe tracheal stenosis, SHFJV effectively increased lung volumes and 
maintained gas exchange and may be advantageous in severe airway obstruction. (Anesthesiology 2015; 123:799-809)
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provide lung recruitment and improve oxygenation.9 In a 
recent investigation of JV at different frequencies in unob-
structed airways, we found that SHFJV effectively increased 
end-expiratory chest wall volume (EEVCW) and tidal vol-
ume (VT) providing adequate arterial oxygen (pao2) and 
carbon dioxide tension (paco2) levels for a wide range of 
frequencies.10

In this study, we hypothesized that SHFJV would also 
achieve better oxygenation and gas exchange than single-
frequency (high-frequency) JV (HFJV) at severe airway 
obstruction. The aim was to systematically compare the 
efficacy of SHFJV with HFJV over a wide range of JV 
frequencies and with varying degrees of airway obstruc-
tion. Using the obtained data, we developed a descriptive 
model to predict the influence of variable airway obstruc-
tion and JV frequency on ventilatory parameters during 
SHFJV.

Materials and Methods
We studied 10 healthy pigs (Swedish mixed country breed) 
at 3 months of age (weight 25 to 31.5 kg) at the Hedensti-
erna Laboratory. Uppsala University Animal Research Eth-
ics Committee approved the study (reference number: C 
140/11), and the National Institutes of Health guidelines 
for animal research were followed.

Anesthesia and Animal Preparation
On arrival to the laboratory, the animal was premedicated 
with an intramuscular injection of xylazine 2.2 mg/kg, tile-
tamine 3 mg/kg, and zolazepam 3 mg/kg. When the pre-
medication showed an effect (after approximately 10 min), 
the animal was placed supine on the operating table and an 
ear vein was cannulated with a peripheral venous catheter. 
A bolus of 100 to 500 μg fentanyl was injected IV and the 
trachea was intubated orally (Hi-Contour Tracheal Tube, 
ID 8.0 mm; Mallinckrodt Medical, Ireland). Volume con-
trol ventilation was started (Servo-i®, Sweden) with VT of 
10 ml/kg, and the respiratory rate was adjusted to achieve 
normocarbia (37.5 to 45 mmHg).

General anesthesia was induced and maintained intrave-
nously using pentobarbital (7 to 9 mg kg−1 h−1) and mor-
phine (420 to 540 μg kg−1 h−1). After ascertaining adequate 
depth of anesthesia by painful stimulation between the 
front toes (absence of withdrawal reaction, awakening, or 
autonomous response), neuromuscular block was estab-
lished and maintained by IV infusion of pancuronium (280 
to 360 μg kg−1 h−1). To ensure adequate anesthesia during 
neuromuscular block, heart rate and blood pressure were 
monitored, and signs of responsiveness to manipulations 
were observed.

An arterial line for invasive blood pressure measurement 
and blood gas sampling was surgically placed in the left 
carotid artery. A Swan-Ganz catheter (pressure verified posi-
tion in the pulmonary arterial bed) and a central venous line 
were inserted via the ipsilateral external jugular vein.

A urinary catheter was inserted via a minilaparotomy. 
Throughout the experiment, electrocardiogram was continu-
ously monitored and oxygen saturation measured by pulse oxim-
etry was acquired by photoplethysmography on the tail base.

At completion of the experiment, the animal was eutha-
nized by an IV injection of potassium chloride under deep 
anesthesia.

Establishing Airway Obstruction
The airway obstruction was achieved by inserting a stent 
(fig. 1A) into the trachea with the following method: The 
upper part (approximately 5 cm) of the trachea and the lar-
ynx were dissected circumferentially and a tracheostomy 
was performed at the proximal end of the trachea. For stent 
insertion/exchange, the previously inserted oral endotracheal 
tube was uncuffed and withdrawn as much as possible with-
out exiting the larynx. Through the tracheostomy stoma, 
obstructive stents (length 2 cm, outer diameter 10.8 mm, 
IDs 2, 4, 6, and 8 mm) were alternately introduced into the 
tracheal lumen. Airflow bypassing the stent was prevented 
by tightening a circumferential cotton band around the tra-
chea (fig. 1B). The stent was secured with a suture at the 
proximal end to restrict any caudal dislocation. After stent 
insertion, the oral endotracheal tube was advanced until the 
cuff appeared flush with the tracheostomy stoma and cuff 
inflation prevented air leakage through the stoma. With this 
setup, we were repeatedly able to manipulate the degree of 
tracheal obstruction by simply exchanging the stents. A sche-
matic diagram of the experimental protocol is illustrated in 
figure 2.

Ventilator Interventions
A Twinstream® jet ventilator (Carl Reiner GmbH, Aus-
tria) was attached to the oral endotracheal tube by means 
of a Veres T-adaptor (Carl Reiner GmbH) and a bias flow 
of 55 l/min of warmed and humidified respiratory gas with  
Fio2 = 0.5 (HumiCare® 200 breathing gas humidifier; 
Gründler medical GmbH, Germany) was entrained through 
the proximal opening of the T-adaptor.

The Twinstream® jet ventilator consists of two independently 
adjustable modules for JV: an NF unit and an HF unit. For each 
module, operation (on/off), frequency (fNF or fHF), working 
pressure, and inspiratory/expiratory (I/E) ratio can be adjusted 
separately. Thus, the ventilator can be operated in either HFJV 
or NFJV mode, with only the respective module activated, or 
in SHFJV mode, with both modules operating simultaneously.

Throughout the experiment, the NF unit had the fol-
lowing settings: fNF = 16 min−1, I/E = 1:1, and a working 
pressure of 1.6 bar. The HF unit was adjusted as follows: 
different fHF were used (fHF = 50, 100, 150, 200, 300, 400, 
and 600 min−1), I/E = 1:1, and a constant working pressure 
of 0.8 bar. Fio2 was globally set to 0.5, including bias flow.

Whenever a condition led to a pulmonary artery pres-
sure greater than 60 mmHg or an occurrence of arrhythmias 
during a hypoxic period, the protocol was interrupted and 
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rescue ventilation (volume control ventilation with Servo-i® 
ventilator, VT of 10 ml/kg and Fio2 = 1.0) was started. After 
normalization of pulmonary artery pressure, acid–base sta-
tus, and oxygenation, the protocol was continued.

Study Design and Outcome Variables
Primary outcome variables were ∆EEVCW and chest wall 
VT. Secondary outcome variables were pao2, paco2, and 

prestenotic (PUPPER) and poststenotic airway pressure 
(PLOWER).

To preclude possible influences of preceding settings on 
outcome, we chose a crossover design. Using a computer-
generated randomization method (Excel; Microsoft, USA), 
we randomized the order of application for all interventions 
(stent ID and HF component of JV). A diagram of the study 
protocol is illustrated in figure 2.

Fig. 1. (A) Dimensions of three of the obstructive stents used in the study. The stents were anchored in the trachea with sutures 
(A) passing through the stoma and by tying a cotton band around the trachea at the site of the stent (B). (B) Tracheostomy situs 
from one animal: (1) marks the stoma with the inflated endotracheal tube cuff visible, (2) indicates the cotton band (2a) around 
the trachea and the clamp (2b) used to tighten and secure the band around the trachea, and (3) shows the catheter for measure-
ment of airway pressure distal of the stent.

Fig. 2. Schematic overview of the experimental protocol. fHF = frequency of high-frequency component; fNF = frequency of 
normal-frequency component; HFJV = high-frequency jet ventilation; NFJV = normal-frequency jet ventilation; RND = random; 
SHFJV = superimposed high-frequency jet ventilation.
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Volume Measurement
We measured chest wall volume with optoelectronic plethys-
mography (OEP).11,12 The volumes obtained by this method 
correspond well to lung volume changes in a variety of con-
ditions,13–16 and the method has recently been used for stud-
ies of different modes of JV.10,17

Optoelectronic plethysmography provides spatial (SD for 
repeated volume measurements 0.17%)15 and temporal reso-
lution (60 Hz)18 adequate for the study of JV.

An OEP System® (BTS Bioengineering, Italy) with six 
infrared cameras acquired the position and movement of 
an array of 57 adhesive retro-reflective markers on the ani-
mal’s trunk. The cameras were arranged on supports below 
the laboratory ceiling (three on each side of the animal) in a 
manner that each of the reflective markers was viewed by at 
least two cameras.

From the camera registrations, the bundled OEP Cap-
ture® motion analysis software (BTS Bioengineering) cal-
culated the position of each marker in a three-dimensional 
coordinate system for each time point. The volume enclosed 
by the surface formed by triangulation of the markers repre-
sents the chest wall volume.

Arterial Blood Gas Analysis
Arterial blood gas samples were obtained after 5 min of each 
ventilation condition, and pao2 and paco2 were immediately 
measured with a blood gas analyzer (ABL 500; Radiometer, 
Denmark).

Pressure Registration
Prestenotic airway pressure (PUPPER) was measured via a 
200-mm long 16-gauge Secalon Seldy catheter (BD Medi-
cal Surgical Systems, Sweden) at the tip of the endotracheal 
tube. For measurement of poststenotic airway pressure 
(PLOWER), another Secalon Seldy catheter was introduced 
into the trachea below the stent by the Seldinger technique. 
Identical analog pressure transducers (RCEM250DU; Sen-
sortechnics GmbH, Germany) were used to acquire pres-
sure signals that were synchronized with the OEP volume 
registrations and continuously recorded by the OEP Cap-
ture® software.

Definitions
Optoelectronic plethysmography measures total chest 
wall volume, that is, not only the lung volume. Thus, it 
was necessary to compensate for changes in volume that 
were not attributable to ventilation, for example, fluid 
administration or gas production in the intestines. For 
that purpose, each fHF step (with SHFJV and HFJV) 
was preceded by another 5 min of ventilation with NFJV  
(fNF = 16 min−1, fHF = 0), followed by a disconnection from 
the ventilator. At fNF = 16 min−1, the duration of the expi-
ratory phase is 1.9 s resulting in a decrease of PLOWER to 
0 at a low degree of obstruction. With more severe steno-
sis, it was necessary to disconnect the ventilator for some 

seconds to allow PLOWER to decrease to 0. We chose chest 
wall volume at PLOWER = 0 cm H2O as the reference volume 
(EEVCWPLOWER =0

) as we assumed that it was approximately 
equal to the functional residual capacity (FRC) at apnea.

For each condition, we derived chest wall volumes and 
airway pressures as averages of at least five consecutive 
steady-state breaths.

Changes in end-expiratory chest wall volume above 
apneic FRC (∆EEVCW) are hence defined as follows:

∆EEV EEV EEVCW CW CWSHFJV SHFJV PLOWER
= −

=0

and

∆EEV EEV EEVCW CW CWHFJV HFJV PLOWER
= −

=0

Tidal volume was calculated by subtracting EEVCW from 
end-inspiratory chest wall volume (EIVCW):

V EIV EEVT CW CW= −

At higher rates, there is a phase offset between the volume and 
the pressure signals. Hence, defining positive end-expiratory 
pressure (PEEP) as airway pressure at end-expiration would 
result in erroneous values. Therefore, we defined PEEP as the 
lowest observed pressure during the respiratory cycle.

Static Compliance (CSTAT)
The length of the experiments made it necessary to inves-
tigate whether there were changes of respiratory mechanics 
over time that could influence the outcome. For that pur-
pose, we assessed static compliance at the beginning and 
at the end of the protocol, without any degree of airway 
obstruction. In pressure control ventilation (Servo-i®), an 
incremental-decremental PEEP maneuver was performed. 
Starting from zero end-expiratory pressure (ZEEP), PEEP 
was increased by 2 cm H2O every five breaths until a maxi-
mum of 20 cm H2O. In the same manner, PEEP was then 
decreased to ZEEP.

For each animal, static compliance was computed using trip-
licate measurements of end-expiratory pressure and end-expi-
ratory volume at ZEEP and at 20 cm H2O, respectively. From 
all available pigs, mean and 95% CI for CSTAT were calculated.

Statistical Data Analysis
All statistical computations were performed with R (R Foun-
dation for Statistical Computing, Austria). Previous experi-
ence has shown that a number of 8 to 10 animals would be 
adequate to detect outcome differences.

In the first part of this article, we tested the alternative 
hypothesis that the use of SHFJV would result in an increase of 
∆EEVCW and VT compared with HFJV at the same frequency. 
We further hypothesized that SHFJV would maintain pao2 at 
higher and paco2 at lower levels than HFJV. Statistical analy-
ses of ∆EEVCW, VT, pao2 and paco2, and airway pressure were 
performed using linear mixed model analysis. Details on the 
definition of fixed and random factors can be found in table 1.
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The second part of the article focuses on finding a descrip-
tive model for the influence of variable stent ID and the HF 
component of ventilation on the outcomes stated in the pre-
vious paragraph. Based on our observations of lung volumes, 
gas exchange, and airway pressures, we used linear mixed 
model analysis (for details, see table 1) to predict the depen-
dency of these outcome variables on stent ID and on the HF 
component of JV.

Nonlinear frequency dependency10 or obstruction depen-
dency19 of most of our outcome variables have been reported 
previously. Therefore, the transformation of parameters was 
necessary to fit the linear mixed models to our observations 
(table 1).

All previously log-transformed data are presented as geo-
metric mean (VT, pao2, and paco2) and 95% CI, and untrans-
formed data as arithmetic mean and 95% CI. The mixed 
model was used to characterize the properties of our obser-
vations; therefore, significant results should be interpreted as 
descriptive rather than confirmatory.

Equations for the mixed models used for the analyses are 
provided as Supplemental Digital Content 1, http://links.
lww.com/ALN/B184.

Testing for statistical differences in CSTAT between the 
start and the end of the protocol was performed using the 
paired t test.

Results
One animal was excluded from the study because of bilateral 
pneumothorax that occurred during a respiratory recovery 
phase using conventional ventilation. The results of the mixed 
model analyses for the comparison of SHFJV and HFJV are 
summarized in table 2; those for the description of frequency 
and stent ID dependency of SHFJV are given in table 3. In 
Supplemental Digital Content 2, http://links.lww.com/ALN/

B185, we provide observed means and 95% CI for each variable 
for the SHFJV–HFJV comparison (table 1) and for the descrip-
tion of SHFJV dependency on frequency and stent ID (table 2).

Comparison of SHFJV and HFJV
Lung Volumes. End-expiratory chest wall volume was at 
least 1.6 times higher with SHFJV compared with HFJV 
(fig. 3A) throughout the frequency range.

Tidal volumes were greater with SHFJV compared with 
HFJV, the difference increasing with frequency (fig. 3B). 
This difference relied solely on the VT changes during HFJV, 
resulting in a more than 30-fold decrease of VT when fHF was 
increased from 50 to 600 min−1, reaching negligible VTs at 
fHF greater than 150 min−1.
Gas Exchange. Superimposed HFJV provided higher levels of 
pao2 than HFJV, especially at high frequencies, again explained 
by changes during HFJV (fig. 3C). During SHFJV, pao2 
remained practically constant at levels greater than 225 mmHg 
throughout the frequency range, whereas increasing fHF during 
HFJV resulted in a 5.5 times decrease of pao2 with hypoxemic 
values at fHF greater than 150 min−1.

Likewise, carbon dioxide elimination was acceptable 
and largely unaffected by frequency when SHFJV was used  
(fig. 3D), whereas during HFJV, paco2 almost doubled to a 
plateau at fHF greater than 150 min−1.
Airway Pressures. Superimposed HFJV resulted in higher PIP 
above and below the stenotic segment (PIPUPPER and PIPLOWER, 
respectively) (Supplemental Digital Content 3, fig. 1, http://
links.lww.com/ALN/B186). There was a significant influence 
of frequency on both pressures for SHFJV and HFJV. End-
expiratory pressures above the stenotic segment (PEEPUPPER) 
were approximately equal for SHFJV and HFJV. Below the 
stenosis, this was only true for high frequencies because SHFJV 
increased to a maximum of 2.4 times higher end-expiratory 
pressure (PEEPLOWER) at the lowest frequency.

Table 1.  Mixed Model Properties and Applied Transformations for the Statistical Analyses

Comparison of  
SHFJV vs. HFJV

Descriptive Model: fHF and Stent ID  
Influence on Outcome

Model properties Mode: SHFJV, HFJV Fixed factor n.a.
Frequency: fHF 50–600 min−1 Fixed factor Fixed factor
Stent ID: 2–8 mm n.a. Fixed factor
Mode × frequency interaction Fixed factor n.a.
Stent ID × frequency interaction n.a. Fixed factor
Animal ID: animal intrinsic properties Random factor Random factor

Transformations Outcome Variable Variable Frequency Variable Frequency fHF Stent ID
∆EEVCW

— — Logarithmic Logarithmic Logarithmic
VT Logarithmic Logarithmic Logarithmic Logarithmic Logarithmic
pao2 Logarithmic Logarithmic — Logarithmic Logarithmic
paco2 Logarithmic Logarithmic Logarithmic Logarithmic Logarithmic
PIPUPPER — — Logarithmic Logarithmic Logarithmic
PEEPUPPER — — — Logarithmic Exponential
PIPLOWER Logarithmic Logarithmic Logarithmic Logarithmic Logarithmic
PEEPLOWER Logarithmic Logarithmic Logarithmic Logarithmic Logarithmic

Animal ID = specific intrinsic properties of each animal; ∆EEVCW = end-expiratory chest wall volume change; fHF = high-frequency component of jet ven-
tilation; HFJV = single-frequency jet ventilation; index “lower” = distal of stenotic stent; index “upper” = proximal of stenotic stent; n.a. = not applicable;  
PEEP = positive end-expiratory pressure; PIP = peak inspiratory pressure; SHFJV = superimposed high-frequency jet ventilation; VT = tidal volume.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/4/799/374139/20151000_0-00018.pdf by guest on 09 April 2024

http://links.lww.com/ALN/B184
http://links.lww.com/ALN/B184
http://links.lww.com/ALN/B185
http://links.lww.com/ALN/B185
http://links.lww.com/ALN/B186
http://links.lww.com/ALN/B186


Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:799-809	 804	 Sütterlin et al.

SHFJV and HFJV Efficacy in Airway Obstruction

Description of SHFJV Dependency on Frequency  
and Stent ID
Lung Volumes. The degree of obstruction (stent ID) and fre-
quency both affected ∆EEVCW (fig.  4A) and VT (fig. 4B). 
Decreasing the stent diameter from 8 to 2 mm increased 
∆EEVCW and VT by a factor of three. At low stent ID, increas-
ing frequency resulted in an increase in ∆EEVCW that reached 
a plateau at higher frequencies, whereas VT was independent 
of frequency. With minor obstruction, EEVCW and VT both 
decreased with increasing frequency to reach a plateau.
Gas Exchange. Oxygenation during SHFJV was dependent 
on the stent ID, reduced by 30% at the narrowest stent, but 
independent of frequency (fig. 4C).

Carbon dioxide removal was strongly influenced not only 
by stent ID but also by frequency and the interaction of stent 
ID and frequency (fig. 4D). At the widest stent ID, paco2 
was normal for all frequencies but increasing the degree of 
obstruction resulted in a marked increase of paco2 to levels 
greater than 75 mmHg.

Airway Pressures. Peak inspiratory pressure above 
(PIPUPPER) and below the stenotic segment (PIPLOWER) were 
dependent on stent ID, frequency, and the interaction of 
both parameters (Supplemental Digital Content 3, fig. 2, 
http://links.lww.com/ALN/B186).

At the widest stent ID, PIPUPPER was lowest, and it 
increased by at least 11% when the stent ID was decreased 
to 2 mm. With minor obstruction, PIPUPPER and PIPLOWER 
were inversely related.

PIPLOWER was approximately equal to PIPUPPER for the 
widest stent ID and expressed the same frequency depen-
dency. With decreasing stent ID, the pressure fall over the 
stent increased significantly. There was no influence of 
the frequency fHF on PIPLOWER in the narrowest stent ID. 
Importantly, PIPUPPER always exceeded PIPLOWER.

Positive end-expiratory pressures above (PEEPUPPER) 
and below the stenotic segment (PEEPLOWER) were also 
dependent on stent ID, frequency, and the interaction  
of both.

Table 2.   Mixed Model Results of the Comparison of Superimposed High-frequency Jet Ventilation vs. Single-frequency Jet Ventilation

Variables Estimate Unit Coefficient 95% CI P Value

∆EEVCW
Intercept ml 81.69 63.32 to 100.07 <0.001
Mode ml 97.35 77.50 to 117.20 <0.001
Frequency ml 2.97 −1.64 to 7.58 0.210
Mode × frequency ml −4.70 −11.12 to 1.72 0.154

VT Intercept ml 53.00 46.06 to 60.99 <0.001
Mode Fold change 4.48 4.10 to 4.89 <0.001
Frequency Fold change 0.27 0.25 to 0.28 <0.001
Mode × frequency Fold change 3.53 3.24 to 3.85 <0.001

pao2 Intercept mmHg 125.04 106.88 to 147.84 <0.001
Mode Fold change 1.93 1.71 to 2.17 <0.001
Frequency Fold change 0.46 0.42 to 0.50 <0.001
Mode × frequency Fold change 2.14 1.90 to 2.41 <0.001

paco2 Intercept mmHg 72.08 64.13 to 81.01 <0.001
Mode Fold change 0.66 0.62 to 0.70 <0.001
Frequency Fold change 1.27 1.22 to 1.32 <0.001
Mode × frequency Fold change 0.82 0.78 to 0.87 <0.001

PIPUPPER Intercept cm H2O 12.98 10.92 to 15.03 <0.001
Mode cm H2O 11.98 11.25 to 12.70 <0.001
Frequency cm H2O −0.87 −1.04 to −0.71 <0.001
Mode × frequency cm H2O 0.09 −0.14 to 0.32 0.457

PEEPUPPER Intercept cm H2O 0.09 −0.19 to 0.37 0.532
Mode cm H2O 0.22 0.03 to 0.40 0.024
Frequency cm H2O 0.24 0.19 to 0.28 <0.001
Mode × frequency cm H2O −0.12 −0.18 to −0.06 <0.001

PIPLOWER Intercept cm H2O 7.21 6.38 to 8.14 <0.001
Mode Fold change 2.48 2.40 to 2.57 <0.001
Frequency Fold change 0.82 0.80 to 0.84 <0.001
Mode × frequency Fold change 1.17 1.13 to 1.21 <0.001

PEEPLOWER Intercept cm H2O 2.57 2.03 to 3.24 <0.001
Mode Fold change 1.79 1.64 to 1.96 <0.001
Frequency Fold change 1.44 1.36 to 1.53 <0.001
Mode × frequency Fold change 0.75 0.69 to 0.81 <0.001

The intercept corresponds to the predicted value of the outcome for high-frequency jet ventilation at zero frequency. Mode is the predicted influence of jet 
ventilation mode. Frequency is the predicted influence of fHF on the outcome variable. 1 mmHg = 0.1333 kPa.
∆EEVCW = end-expiratory chest wall volume change; fHF = frequency of the high-frequency jet ventilation component; index “lower” = distal of stenotic stent; 
index “upper” = proximal of stenotic stent; JV = jet ventilation; PEEP = positive end-expiratory pressure; PIP = peak inspiratory pressure; VT = tidal volume.
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Positive end-expiratory pressures above (PEEPUPPER) 
increased with both stent ID and frequency fHF. At low 
degrees of stenosis, PEEP above and below the obstruction 
were almost equal, but with severe stenosis, we observed 
markedly higher values of PEEPLOWER compared with 
PEEPUPPER.

Discussion
The current study consists of two parts: (1) a comparison 
between SHFJV and HFJV in a porcine model of severe air-
way obstruction and (2) an investigation of the interaction 
between the degree of tracheal obstruction and the jet fre-
quency on ventilatory efficiency during SHFJV. It is the first 
in vivo study that systematically investigates the dependence 
of gas exchange on ventilation frequency for variable airway 
obstruction.

During HFJV, lung volumes, gas exchange, and intrapul-
monary pressures were highly dependent on frequency. In 

our model, the significantly obstructed airway (75% obstruc-
tion for the 4 mm stent) resulted in the deterioration of VT 
and gas exchange at relatively low frequencies. Already at fHF 
greater than 150 min−1, VT became negligible and resulted in 
severe hypercapnia. In intact airways, a similar dependence 
of VT and paco2 on frequency has been described earlier,20–22 
but in the previous studies, deterioration of tidal ventilation 
and carbon dioxide accumulation occurred at much higher 
frequencies.10

We observed an increase of intrapulmonary PEEP 
(PEEPLOWER) with increasing fHF, but we failed to predict an 
accompanying increase of end-expiratory chest wall volume. 
In contrast, other investigators found that end-expiratory 
chest wall volume increased with increasing frequency.20 
Ihra et al.23 made similar observations for intrapulmonary 
pressure, and theoretically, the increased end-expiratory 
pressure is caused by an increase of end-expiratory volume 
(air trapping). In our results, the deviant value of ∆EEVCW 

Table 3.   Mixed Model Results for the Obstruction and Frequency Dependence of Outcome Variables during Superimposed  
High-frequency Jet Ventilation

Estimate Unit Coefficient 95% CI P Value

∆EEVCW
Intercept ml 538.75 437.51 to 663.43 <0.001
Obstruction Fold change 0.42 0.38 to 0.46 <0.001
Frequency Fold change 0.76 0.66 to 0.88 <0.001
Obstruction × frequency Fold change 1.30 1.18 to 1.42 <0.001

VT Intercept ml 58.47 50.14 to 68.19 <0.001
Obstruction Fold change 2.53 2.35 to 2.73 <0.001
Frequency Fold change 1.12 1.01 to 1.25 0.035
Obstruction × frequency Fold change 0.86 0.80 to 0.93 <0.001

pao2 Intercept mmHg 95.86 65.56 to 126.16 <0.001
Obstruction mmHg 85.58 70.66 to 100.51 <0.001
Frequency mmHg −0.30 −22.20 to 21.53 0.977
Obstruction × frequency mmHg −3.68 −18.08 to 10.80 0.621

paco2 Intercept mmHg 141.76 122.56 to 163.96 <0.001
Obstruction Fold change 0.48 0.45 to 0.50 <0.001
Frequency Fold change 0.92 0.85 to 1.00 0.047
Obstruction × frequency Fold change 1.12 1.06 to 1.18 <0.001

PIPUPPER Intercept cm H2O 28.08 25.66 to 30.73 <0.001
Obstruction Fold change 0.90 0.88 to 0.92 <0.001
Frequency Fold change 0.96 0.93 to 0.98 0.001
Obstruction × frequency Fold change 0.96 0.95 to 0.98 <0.001

PEEPUPPER Intercept cm H2O 0.41 0.21 to 0.61 <0.001
Obstruction cm H2O 0.0009 0.0008 to 0.0010 <0.001
Frequency cm H2O 0.18 0.08 to 0.27 <0.001
Obstruction × frequency cm H2O 0.0003 0.0002 to 0.0004 <0.001

PIPLOWER Intercept cm H2O 11.19 10.23 to 12.24 <0.001
Obstruction Fold change 1.39 1.35 to 1.43 <0.001
Frequency Fold change 1.01 0.96 to 1.05 0.782
Obstruction × frequency Fold change 0.95 0.92 to 0.97 <0.001

PEEPLOWER Intercept cm H2O 15.19 11.55 to 19.98 <0.001
Obstruction Fold change 0.39 0.36 to 0.44 <0.001
Frequency Fold change 0.79 0.69 to 0.91 0.001
Obstruction × frequency Fold change 1.32 1.20 to 1.46 <0.001

The intercept is the predicted value of the outcome variable at zero frequency and 2-mm stent ID. Obstruction is the influence of stent ID, frequency is the 
predicted influence of fHF on the outcome variable. 1 mmHg = 0.1333 kPa.
∆EEVCW = end-expiratory chest wall volume change; fHF = frequency of the high-frequency jet ventilation component; index “lower” = distal of stenotic stent; 
index “upper” = proximal of stenotic stent; PEEP = positive end-expiratory pressure; PIP = peak inspiratory pressure; VT = tidal volume.
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at a frequency of 600 min−1 could be responsible for why 
the model failed to detect the frequency dependence of 
∆EEVCW. Another explanation is that we used rather low 
working pressures for HFJV, and that changes in ∆EEVCW 
with increasing frequency would have become evident if 
higher driving pressures had been used.

Interestingly, we found in agreement with some previ-
ous studies that oxygenation deteriorated when a certain 
frequency was exceeded,10,24 whereas other investigators 
have found normoxia or hyperoxia even at very high 
rates.25,26 When using an Fio2 of 1.0, oxygen transport at 
higher frequencies would be expected to mimic apneic oxy-
genation.27 In the case of our study and that of Lin et al.,24 
Fio2 was set at 0.5 and 0.4, respectively. A possible mech-
anism for the rapid decrease of pao2 in the latter studies 
could be alveolar nitrogen accumulation28 at very low VT 
with negligible alveolar ventilation. Therefore, for HFJV, 
sufficiently low frequencies of less than 150 min−1 must be 
used to ensure adequate oxygenation and carbon dioxide 
removal in subjects with airway obstruction unless the Fio2 
is set at 1.0. Further studies could focus on or include the 

influence of working pressure and Fio2 on JV efficacy versus 
resulting airway pressure.

In contrast to the observations for HFJV, changes of the 
fHF component of SHFJV had less distinctive effect on lung 
volumes, gas exchange, and airway pressures. These findings 
support a previous report of the successful use of SHFJV 
with fHF ranging from 180 to 900 min−1 in subjects with ste-
notic airways.29 In our investigation, the greatest effect of fHF 
was observed with the widest airway stent in place. The larg-
est alterations were observed for ∆EEVCW, VT, airway pres-
sures, and paco2 at the very low-frequency end and a more 
stable plateau was seen at higher frequencies.

With decreasing stent ID, the stenotic segment increas-
ingly acted as a low-pass filter30 with a lower flow rate across 
the stenosis.31 Accordingly, reduction of stent ID displaced 
the range of frequencies with significant ventilation altera-
tions toward a lower fHF spectrum. The passive process of 
expiration was most affected, as we noted an increase in 
intrapulmonary PEEP caused by air trapping and a reduc-
tion of tidal pressure variations with lower VT. These find-
ings corroborate previous results from bench studies.19,32 

Fig. 3. Lung volumes and gas exchange plotted over frequency. (A) End-expiratory chest wall volume (∆EEVCW increase), (B) tidal 
volume (VT), as well as (C) pao2 and (D) paco2. Green circles represent observed values during superimposed high-frequency jet 
ventilation, and the mixed model prediction is shown as a green line. Red triangles are observed values from single-frequency jet 
ventilation, with the red line indicating mixed model prediction. All observed values are mean and 95% CI. The predictive functions 
were derived from the mixed models that were applied on a continuous frequency spectrum (50–600 min−1). 1 kPa = 7.5 mmHg.
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Increasing frequency further accentuates this effect31 and 
stresses the importance of the use of sufficiently low ventila-
tion frequencies for subjects with airway obstruction.

In analogy to the reduction of VT, we found a gradual 
increase in paco2 with decreasing stent ID.32 Interestingly, 
pao2 was only mildly reduced for the downsizing step from 
8- to 4-mm stent ID (i.e., 75% obstruction). Further reduc-
tion of stent ID to 2 mm (94% obstruction) decreased 
pao2 by approximately 30 to 50%, but notably, still within 
the clinically acceptable range. It is obvious that the low-
frequency component of SHFJV was responsible for the 
observed differences between HFJV and SHFJV. Apparently, 
the low-frequency component was low enough to allow for 
the passage of greater than 100 ml of VT even at 94% airway 
obstruction.

There has been some controversy about the safety of pre-
stenotic JV in obstructed airways. From their results from 
bench studies, some claim that detrimental intrapulmonary 
pressures occur during prestenotic JV,32,33 whereas others 
report intrapulmonary pressures within acceptable limits.34,35 
In this in vivo investigation, intrapulmonary peak pressure 
never exceeded 25 cm H2O. Airway pressure measured at the 
prestenotic level always overestimated true intrapulmonary 

pressure, despite a stark discrepancy between the two mea-
surements in severe obstruction. Although we noted a con-
comitant underestimation of intrapulmonary PEEP, we 
believe that prestenotic JV with (1) a jet injector position at 
sufficient distance from the stenotic segment35 and (2) air-
way pressure monitoring more than 6 cm distal of the jet 
injector36 help prevent inadvertently high intrapulmonary 
peak pressure and its complications in subjects with severe 
airway obstruction.

Limitations
The amount of PEEP produced by JV depends on the fre-
quency used. At very low rates, there is practically no PEEP, 
whereas increasing fHF is known to lead to the development 
of an “auto-PEEP.”10,17 In our protocol, we chose to define 
PEEP not as the pressure at end-expiration, but as the lowest 
observed pressure during a respiratory cycle. At lower fre-
quencies, this probably reflects the true value of PEEP. At 
higher rates however, the “PEEP effect” has been suggested 
to be more closely related to the mean airway pressure.26 
Thus, at fHF greater than 100 min−1, our definition of PEEP 
may have underestimated the effective PEEP. However, our 
definition allows us to describe more exactly the influence of 

Fig. 4. Three-dimensional illustration of the mixed model prediction for superimposed high-frequency jet ventilation in rela-
tion to stent ID and frequency (fHF): (A) End-expiratory chest wall volume (∆EEVCW increase), (B) tidal volume (VT), (C) pao2, and  
(D) paco2. Blue color indicates low values of the outcome variable, and red color codes for high values. The predictive func-
tions were derived from the mixed models that were applied on a continuous frequency (50–600 min−1) and obstruction spectrum 
(2–8 mm). 1 kPa = 7.5 mmHg.
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frequency on airway pressure and permits direct comparison 
of the minimum airway pressure at different frequencies.

Furthermore, the interaction of JV delivery mode and 
various ventilator settings during HFJV is not well eluci-
dated. We exclusively used above-stenosis JV in the current 
study, and therefore, our observations of pre- and postste-
notic pressure and the resulting safety implications apply 
exclusively to above-stenosis, catheter-free JV. Further sys-
tematic research is needed to appraise to what extent our 
findings on above-stenosis ventilation can be extrapolated to 
other routes of JV application.

We used OEP to noninvasively monitor chest wall vol-
ume changes as a surrogate for lung volume changes. Blood 
volume shifts, gas compression, and airway distension rather 
than true recruitment could theoretically be sources of error. 
However, previous studies have shown a good correlation 
between chest wall and lung volumes.11,15

A statistical limitation of the study is that the mixed model 
equation is calculated from our observed values. Therefore, 
the results from the model analysis apply with the stated CIs 
to the range of frequencies we investigated, which restricts 
the applicability of the model outside of these boundaries. 
However, we have previously shown that higher frequencies 
are unlikely to be useful for JV.10

Finally, we performed our investigations in a porcine 
model, and the results cannot be directly transferred to the 
behavior of humans with severe airway obstruction. For 
instance, the respiratory system compliance is lower in pigs, 
and airway closure occurs at much lower FRC than in humans. 
Furthermore, upon positive pressure, stenotic tissue may have 
a greater expansion capacity than the stents we used in our 
model in which each stent was fixed in diameter. In patients, 
especially during spontaneous ventilation, dynamic obstruc-
tion may contribute to the deterioration of ventilation. The 
latter phenomenon is less likely to significantly influence the 
ventilation efficacy during positive pressure ventilation such 
as (S)HFJV, but the development of intrinsic PEEP may go 
undetected when pressure is monitored only above the stent.23

Conclusion
To conclude, HFJV may provide adequate oxygenation at 
most frequencies when the degree of stenosis is low, but 
the addition of a low-frequency jet results in improved gas 
exchange and lung volume, especially when challenged with 
a high-degree stenosis.

The choice of frequency for the fHF component has little 
impact in SHFJV, whereas for HFJV, the chosen frequency has 
an important impact on carbon dioxide removal and oxygen-
ation, in a reciprocal manner. Thus, the HFJV frequency should 
not exceed 150 min−1 in subjects with severe airway obstruction.
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