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Abstract

Anesthesia techniques used in thoracic surgery are completely
different from those used in general surgery, because thoracic
surgery requires both effective ventilation and immobiliza-
tion of the operating area. One lung ventilation (OLV) remains
the standard ventilation method used during thoracic surgery
procedures. The most frequent position of the patient dur-
ing thoracotomy is the lateral decubitus position opposite to
the operated side. The abovementioned conditions lead to
several respiratory, hemodynamic, and oxygenation distur-
bances. However, high-frequency jet ventilation (HFJV) may be
used as an alternative way of ventilation during lung resection.
Both ventilation methods provide full or partial immobilization
of the operative field, but they result in different hemodynam-
ic effects. Comparing the cardiovascular parameters during
OLV and HFJV we can definitely say that HFJV provides better
oxygenation and ventilation in comparison to OLV, while main-
taining hemodynamic stability.

Key words: one lung ventilation, high frequency jet ventila-
tion, cardiovascular system.

One lung ventilation (OLV) remains the standard method
of providing ventilation during anesthesia before thoracic
surgery procedures. The procedures are usually conducted
with the patient in a lateral decubitus position opposite
to the operated side, with concurrent opening of the chest
(open pneumothorax), which allows for complete or partial

Streszczenie

Techniki znieczulenia i wentylacji do operacji torakochirurgicz-
nych sg zdecydowanie odmienne od stosowanych w chirurgii
ogolnej. Standardowa metoda wentylacji podczas duzych za-
biegébw torakochirurgicznych dotyczacych migzszu ptucnego
oraz innych narzadéw klatki piersiowej jest wentylacja jed-
nego ptuca (one lung ventilation — OLV). Najczesciej zabiegi
przeprowadza sie w utozeniu pacjenta na boku przeciwnym
do operowanego z réwnoczesnym otwarciem klatki piersiowej
(odma otwarta). To wszystko implikuje zaburzenia mechaniki
oddychania, hemodynamiki oraz utlenowania krwi. Alterna-
tywna metoda jest wentylacja wysokimi czestotliwosciami
(high-frequency jet ventilation — HF)V). Obie metody wentyla-
cji zapewniaja catkowite lub czesciowe unieruchomienie pola
operacyjnego, ale odmienne skutki hemodynamiczne.
Poréwnujac obie techniki wentylacji ze wzgledu na zachowa-
nie sie parametrow uktadu sercowo-naczyniowego, mozna
zdecydowanie stwierdzi¢, ze HFJV zapewniajac lepsze utleno-
wanie i prawidtowg wentylacje, utrzymuje stabilnos¢ hemody-
namiczng w poréwnaniu z wentylacjg OLV.

Stowa kluczowe: wentylacja jednym ptucem, wentylacja wy-
sokimi czestotliwosciami, uktad sercowo-naczyniowy.

immobilization of the operating field. Employing this meth-
od of ventilation, however, implies a change in the mechan-
ics of breathing, hemodynamics, and blood oxygenation [1].

During one lung ventilation, the priority for the anes-
thesiologist is to protect the patient from hypoxia, caused
primarily by right-to-left intrapulmonary shunting. The fac-
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tors which determine the amount of blood supply reaching
the unventilated lung include hypoxic pulmonary vasocon-
striction (HPV), the extent of surgical intervention performed
on the unventilated (upper) lung, preoperative and intraop-
erative functioning of the lower lung and the method by
which it is ventilated, and proper selection of anesthetic
agents. Controlled hypercapnia developed during hypoven-
tilation is an advantageous phenomenon, as it intensifies
hypoxic pulmonary vasoconstriction, probably due to the in-
tensification of acidosis. However, uncontrolled progressive
hypercapnia becomes a problem, as it increases vascular
bed resistance in the lower lung and restricts the redistribu-
tion of blood from the unventilated upper lung [2-4].

Blood oxygenation during OLV can be significantly im-
proved by applying continuous positive airway pressure
(CPAP) to the upper, unventilated lung. The values of the pos-
itive pressures should not exceed 5 cm H,0, because using
excessive CPAP values results in reducing venous return and
cardiac output (CO). In turn, applying positive end-expiratory
pressure (PEEP) results in reducing the gradient of the pres-
sure required for preserving normal venous blood flow to
the chest, while myocardial compression results in decreased
contractility of the cardiac muscle. Compression on the pul-
monary vessels limits the inflow of blood into the left ventri-
cle and impedes right heart emptying; as a result, the right
ventricle may be dilated, and the interventricular septum
may be displaced in the direction of the left ventricle, which
causes a decrease in stroke volume (SV) [5]. Elevated intrapul-
monary pressure combined with increased airway pressure
results in a drop in the tension of the left ventricular muscu-
lar lamina, thus reducing preload. The necessary fluid restric-
tion further limits the minute volume of the heart. Impeded
lymphatic drainage, resulting in transudate accumulation in
the lungs, may negatively influence oxygenation, constituting
another hemodynamically detrimental consequence of posi-
tive airway pressure [6]. One lung ventilation may be sub-
stituted with high-frequency jet ventilation (HFJV). The latter
method ensures minimal mobility of the operated lung, lower
airway pressures in comparison to classic ventilation (reduc-
ing the risk of barotrauma), low values of tidal volume, mini-
mal depressive influence on the circulatory system, reduced
intrapulmonary shunting, and the generation of low positive
end-expiratory pressure (which is probably responsible for
the excellent oxygenation parameters).

The remarkability of high frequency ventilation is as-
sociated with the fact that proper pulmonary alveoli ven-
tilation may be achieved with tidal volumes smaller than
the volume of airway dead space [7].

HFJV has been employed in the treatment of acute
respiratory failure and for ventilating patients with bron-
chopleural and tracheoesophageal fistulas. It has also been
used in laser microsurgery of the larynx and in selected
thoracic and cardiac surgery procedures [8-13].

A study by Nevin et al. [14] describes the use of HFJV in
a group of 65 patients undergoing thoracic surgery proce-
dures. The technique was employed in some of the patients,
while OLV was used in others. The authors observed shorter
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hospitalization time, lower incidence of postoperative com-
plications caused by pulmonary infections, and significantly
better oxygenation parameters with regard to the procedures
performed in the HFJV group [14]. In turn, the advantages of
substituting OLV with HFJV in pulmonary decortication pro-
cedures involving the opening of the chest were raised by
Misiotek et al, whose study confirmed that HFJV ensures
better operative conditions, shortens the duration of surgery,
and significantly reduces intraoperative bleeding [15].

Furthermore, changing the ventilation mode from in-
termittent positive pressure ventilation (IPPV) to high
frequency ventilation (HFV) improves the functioning of
the circulatory system and the general condition of pa-
tients in life-threatening situations [16-18].

In everyday practice, high-frequency jet ventilation has
been used at the Department of Anesthesiology and Inten-
sive Care of Clinical Hospital No. 1 in Zabrze since 2004; it is
a promising method of ventilation in selected thoracic surgery
procedures and is worthy of being propagated further [19-21].

There are still few reports pertaining to the use of HFJV
during thoracic surgery procedures; however, the available
studies indicate that the use of bilateral high frequency
ventilation may be an alternative for the widely used meth-
od of one lung ventilation (OLV), as it provides proper con-
ditions of blood oxygenation and low respiratory pressures,
as well as stable cardiovascular parameters, most likely due
to the use of small tidal volumes.

Hemodynamic monitoring allows for the observation
of the reactions of the cardiovascular system to therapeu-
tic interventions. The hemodynamic condition of patients
qualified for high-risk lung resections can be evaluated
based on the analysis of parameters obtained by non-
invasive methods, singular parameters of bodily function,
or with the help of various invasive techniques, e.g. Swan-
Ganz catheterization. The obtained data allow for the active
prediction of hemodynamic stability “crises” and provide
control during analgesia. Due to the cost and risk associ-
ated with invasive monitoring techniques, many high-risk
patients, especially those who cannot undergo cardiac sur-
gery procedures, are deprived of proper monitoring.

The development of alternative non-invasive or minimal-
ly invasive techniques of measuring the hemodynamic con-
dition of the circulatory system allows physicians to monitor
heart function continuously, and, in the case of some devic-
es, in real time [22]. The evaluation of cardiac output (CO),
i.e. the volume of blood pumped into the circulation within
the time interval of one minute, constituting the product
of stroke volume (SV) and heart rate (HR), is reliable and
clinically useful. Estimated left ventricular stroke volume, i.e.
the estimated volume of blood pumped during one systole,
is calculated based on heart rate and estimated cardiac out-
put, in accordance with the following equation: SV = CO/HR.
It is determined by the combination of three factors:
¢ preload, i.e. the end-diastolic volume of the left ventricle,
¢ contractility, i.e. the strength of myocardial contractions, and
e afterload, which is the resistance against which the vol-

ume of the left ventricle is ejected.
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Cardiac output constitutes the primary compensation
mechanism triggered in response to a drop in oxygenation.
It is a parameter of critical significance in terms of deter-
mining whether tissue oxygenation is adequate. Although
cardiac output changes reflect physiological changes, it is
the finding of the causes of these changes and their treat-
ment that is of fundamental importance.

However, it should be stressed that the primary objective
of hemodynamic monitoring is the evaluation of the degree
of tissue oxygenation, in accordance with the premises of
“goal-directed therapy”.

Despite the constant improvement of surgical and an-
esthesiological techniques, extensive thoracic surgery pro-
cedures are often associated with intraoperative or postop-
erative complications. In many patients treated in intensive
care units, depression of myocardial function occurs at un-
predictable times as a result of numerous factors. In various
clinical situations, therapy is the answer to the occurring
hemodynamic changes. The ability to predict the deterio-
ration of hemodynamic conditions resulting from disease
progression or surgical injury and the ability to detect un-
favorable changes constitute a key factor in preventing
hemodynamic “crises” [23, 24].

The primary physiological response to increased tissue
oxygen demand or to a drop in oxygen content in arterial
blood is the increase of heart rate. It should, however, be
mentioned that most circulatory system diseases impede
the ability of the heart to produce such a response. As
a result, tissues are subject to a secondary compensatory
mechanism, utilizing venous oxygen reserves [25].

In consequence, when tissue oxygen supply becomes
inadequate, even for a short period of time, lactic acidosis
and tissue damage may occur. Thus, the primary objective
of providing treatment to critically ill patients is preventing
these hypoxic episodes.

In order to prevent hypoxia and control tissue perfu-
sion, conventional hemodynamic monitoring is based on
the measurement of systemic pressures and central ve-
nous pressure. Although the use of information pertaining
to the level of central venous pressure in hemodynamically
unstable patients provides additional data on circulating
blood volume, the data concerning the patients’ circula-
tory condition is very general and limited. Furthermore,
the monitored pressure values reflect tissue oxygenation
only to a small degree. As a result, pressure level informa-
tion may provide an erroneous reflection of the patient’s
hemodynamic condition. In practice, blood pressure oscilla-
tion often appears in the late stages of disorders, resulting
from changes in vascular tension, which often occur when
hemodynamic changes are already very advanced.

The standard procedure in the case of critically ill pa-
tients often involves pulmonary artery (PA) catheterization
and thermodilution measurements. This enables the evalu-
ation of myocardial function, including cardiac output and
the determinants of stroke volume; moreover, in some
cases, it allows the physician to assess the adequacy of
tissue oxygenation. The mentioned parameters are ei-
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ther obtained intermittently (thermodilution catheters in-
troduced into the pulmonary artery) or obtaining them is
delayed (catheters for continuous cardiac output measure-
ment). As a result, hypoxia and tissue damage occur while
the data obtained with the PA catheter are being analyzed
[26]. The clinical limitations of pulmonary artery catheteri-
zation are, therefore, associated with the need to balance
the advantages offered by the examination to the patient
and the risks and costs of using this method.

Pulmonary artery catheterization is of limited use in
thoracic anesthesia. This stems from the specificity of this
surgical field, in which the activities of the surgeon in-
clude the evaluation and/or preparation of the pulmonary
artery, combined with the anatomical resection of lung
parenchyma (lobectomy, bilobectomy, pneumonectomy).
On the other hand, the technique of introducing a bal-
loon catheter into the pulmonary artery is associated with
certain randomness with regard to the catheterized side
(right or left pulmonary artery). In the case of such opera-
tions, one should be certain that the catheterized artery
is the one that is opposite to the operated artery, in or-
der to prevent clamping the artery with the balloon and
avoid the associated consequences. Moreover, the (acci-
dental) catheterization of the pulmonary artery affected by
disease processes of the lung (e.g. neoplastic infiltration)
may result in the rupture of the vessel and sudden death
of the patient.

The employed treatment, serving the purpose of main-
taining proper tissue oxygenation, is not aimed at changing
cardiac output, but rather at changing preload, contractility,
and afterload, i.e. the resistance against which the volume
of the left ventricle is ejected.

Blood volume and systemic vascular resistance are fac-
tors which enable the maintenance of arterial pressure val-
ues. Ultimately, oxygen supply is controlled by three funda-
mental factors: hemoglobin concentration, the oxygenation
of hemoglobin in the arterial bed, and cardiac output.

As the circulatory system forms a closed circuit, a change
in one of the hemodynamic parameters causes compensa-
tory changes in other parameters. For example, an increase
of heart rate may compensate unstable or reduced stroke
volume, caused by impairments of its basic elements. This
points to the fact that cardiac output may be insufficient for
the evaluation of the patient’s hemodynamic condition.

Therefore, employing a more comprehensive hemody-
namic profile, based on the cardiovascular determinants of
oxygen supply, may improve the treatment of such disorders.

Taking the above into account, the primary value of
non-invasive CO measurements performed in real time is
related to their ability to produce instantaneous, compre-
hensive measurements of left ventricular flow, enabling
the evaluation of the effects of changes in basic hemody-
namic parameters, i.e. stroke volume, heart rate, preload,
contractility, and afterload. The listed parameters provide
information concerning the hemodynamic condition of
the patient, allowing the physician to modify the employed
treatment and verify its results.
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As mentioned above, there are many factors which can
influence the functioning of the cardiovascular system dur-
ing thoracic surgery procedures. One of them is the meth-
od employed for ventilation.

The method that is most frequently used in lung paren-
chyma resections is one lung ventilation (OLV). The review
of the literature which we conducted demonstrated that
high frequency ventilation, popular in fields other than tho-
racic surgery, may offer measurable advantages in the form
of proper gas exchange with concurrent low lung mobility,
which is the key condition of its usefulness. Besides the ap-
parent advantages of the method, undesirable effects re-
lated to its use have also been observed, such as carbon
dioxide retention in comparison to standard two lung ven-
tilation (TLV) [27-29].

In many reports, the constant observation and moni-
toring of CO, by means of arterial blood gas assessment
demonstrated higher values of this parameter during high
frequency ventilation [19, 27-29].

Levin et al. [29] analyzed the influence of so-called per-
missive hypercapnia (PHC) on selected hemodynamic pa-
rameters, blood oxygenation, and the degree of intrapul-
monary shunt during one lung ventilation. They obtained
significantly higher values of parameters such as mean
arterial pressure, cardiac output, mean pulmonary ar-
tery pressure, and mixed venous blood saturation. Lower
peripheral resistance was noted in the PHC group, and
non-oxygenated blood shunting was comparable in both
groups. The obtained results confirm the vasoconstrictive
effect of hypercapnia on pulmonary circulation, which re-
sults in the intensification of HPV [30]. Adrenergic activity,
resulting from respiratory acidosis, causes an increase in
the cardiac index and mean arterial pressure. In turn, res-
piratory acidosis is another factor which intensifies HPV. In-
creased levels of carbon dioxide influence contractility and
heart rate. This was also observed by Poyhonen et al. [31].

While using HFJV, the efficient elimination of carbon di-
oxide is conditioned on respiratory cycle frequency, drive
pressure (DP), and the ratio between inhalation and exha-
lation times [30]. High breathing frequency, short inhala-
tion time, and low drive pressures contribute to carbon di-
oxide retention. Based on a large number of experimental
studies, using both animal models and clinical evaluation,
it has been determined that the frequency of 150-200 cy-
cles/minute, inhalation time of 30-40%, and DP of 1-1.5 atm
ensure optimal conditions for the successful elimination of
carbon dioxide during HFJV [32].

Numerous reports have indicated that high frequency
ventilation is a more efficient method, which provides good
oxygenation, even in patients with acute respiratory failure
or acute respiratory distress syndrome (ARDS). The prob-
able causes of this phenomenon include PEEP at the alveo-
lar level and the specificity of the breathing mixture move-
ments within the lungs [33].

It is unquestionable that different ventilation meth-
ods exert an influence on the cardiovascular system and
the respiratory system, constituted by the feedback be-
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tween ventilation, oxygenation, and the condition of
the circulatory system. The volume of a single breath and
breathing capacity are in a mutual relationship with airway
pressure.

High frequency ventilation has been described as less
harmful to the circulatory system than IPPV from the mo-
ment of its introduction into clinical practice; successive
reports comparing the two methods have confirmed this
opinion [34, 35].

It is believed that low airway pressures registered while
using high respiratory frequencies constitute the primary
factor responsible for this state of affairs [36]. Nestorow-
icz demonstrated that, in the presence of lung pathology
and considerable strain on the circulatory system, chang-
ing IPPV to HFJV provided a significant improvement in
the functioning of both physiological systems [37].

If the relationship between end-diastolic ventricular vol-
ume and heart contractility is normal (normal Frank-Sterling
curve), deterioration in the diastolic filling of the ventricles
results in reduced myocardial contraction strength, which
leads to a decrease in stroke volume and cardiac output [38].
The relationship between ventricular filling pressures and
airway pressures is proportional. Studies by Misiotek et al.,
analyzing the results of minithoracotomies, demonstrated
higher cardiac contractility and significantly lower drops in
left ventricular stroke volume toward the end of ventilation
in the group of patients undergoing anesthesia with HFJV, in
comparison to OLV [21]. This is probably a result of the higher
intrapulmonary resistances obtained in the OLV group.

The increase of heart rate by as much as 25% of the ini-
tial values can persist for as long as 2 weeks after lung
parenchyma resections. Together with the increase in heart
contractility, these changes confirm the Frank-Starling law
with regard to the right ventricle of the heart, maintaining
stroke volume at a constant level. With regard to the right
ventricle, the said law applies to pulmonary artery pres-
sures up to 60 mm Hg. Crossing this threshold results in
the development of right ventricular dilatation, right atrial
dilatation, and tricuspid valve insufficiency [39].

The above studies are complemented with the work of
Weber, who observed that HFJV does not reduce stroke vol-
ume, not even in patients with heart failure, because of
the demonstrated advantages of this ventilation method,
namely the reduction of afterload, resulting from lowered
intrapulmonary pressure [40]. The evaluation of TSVR (to-
tal systemic vascular resistance), which is a type of after-
load , conducted by Misiotek et al. [21], yielded lower val-
ues during high frequency ventilation, which corroborates
the aforementioned findings.

The stabilizing effect of HFJV on the dynamics of cir-
culation is further confirmed by a study of Fusciardi et al.,
conducted on a group of critically ill patients in cardiogenic
shock. The authors obtained higher values of mean arterial
pressure, cardiac index, and left ventricular stroke volume
in the group of patients treated with high frequency venti-
lation, and considered this method of respiratory support
to be the treatment of choice in this patient group [41].
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Although patients undergoing lung surgery do not
constitute a group that would be comparable to the pa-
tients included in Fusciardi’s study, the results obtained by
Misiotek et al. [21], namely the higher values of systemic
pressures and cardiac output obtained using high frequen-
cy ventilation at selected measurement points, will become
the basis for accepting this method as worthy of use for
cardiac patients.

Changing HFJV to IPPV may result in a decrease of arte-
rial pressure and pulmonary artery occlusion pressure, as
confirmed by British researchers, who conducted a study on
a group of cardiac surgery patients without any lung pathol-
ogies [42]. The degree of expected disorders in the case of
patients with impaired lung function, such as patients un-
dergoing thoracic surgery procedures, can only be surmised.

An attempt to explain the advantages of HFPPV (high-
frequency positive-pressure ventilation) over IPPV without
PEEP was made by Smith and Klain in their pioneering
report. They suggested that each jet pulsation increases
venous return to the left heart and results in a form of
counterpulsation in the pulmonary artery [43]. It is one of
the theories explaining the efficiency of gas exchange in
HFJV, and perhaps it can be used in the search for the rea-
sons behind the “better” hemodynamic condition of pa-
tients undergoing high frequency ventilation.

Research conducted by Misiotek et al. [21] revealed sig-
nificant differences between patient groups with regard to
arterial pressures in the final stages of the procedure and
ventilation; significantly higher values were obtained in
the HFJV group. Excessive lung distension with high drive
pressures in HFJV and increased | : E ratio may result in
the development of an air trap and may weaken ventricular
systolic function by increasing right ventricular afterload or
by causing direct pressure on the heart, reducing right ven-
tricular filling [44]. This undesired effect of jet ventilation
is one of the reasons for setting relatively low drive pres-
sures. The effects of using high respiratory pressures dur-
ing lung expansion were described by Tusmann et al. [45]
and Misiotek et al. [20]. One of the described consequences
is a significant reduction in the values of systemic pres-
sures. During one lung ventilation, the non-operated (low-
er) lung should be provided with tidal volume of approxi-
mately 10 ml/kg in order to mobilize the pulmonary alveoli,
prevent atelectasis, and ensure a proper ventilation/perfu-
sion ratio [46]. Tidal volume lower than 10 ml/kg results
in a drop of FRC (functional residual capacity) and causes
the spread of the foci of atelectasis. In turn, a volume higher
than 15 ml/kg causes alveolar distension, increases the re-
sistance in the pulmonary circulation, and reverses blood
flow from the lower lung to the upper lung. Such ventila-
tion parameters require high respiratory pressure in order
to overcome the decreased compliance of the lower lung,
ventilated additionally with high volume through a single
lumen of a double-lumen tube [47]. In high frequency ven-
tilation, the peak pressure values oscillate without exceed-
ing 8 mm Hg, as demonstrated by Misiotek et al. [21]; this
is one of the reasons why they can be considered as mini-
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mally invasive with regard to the “hemostasis” of the cardi-
ovascular system [20]. Based on the still modest number of
publications pertaining to this subject, it should be stated
that high frequency ventilation should occupy an important
position in thoracic surgery procedures, on the one hand as
an alternative to one lung ventilation, and on the other, as
the treatment of choice in many clinical situations, e.g. it
can be an advantageous method of ventilation in patients
with impaired circulatory system function.
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