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Purpose of review

Surgical interventions, including video-assisted

thoracoscopic surgeries, are increasingly being performed

in the neonatal and pediatric populations. Thoracic

anesthesia in infants and children poses special challenges

for the anesthesiologist. These include assessment of the

patient’s clinical condition, obtaining and maintaining single

lung ventilation, and maintaining adequate ventilation and

oxygenation while the surgery is in progress.

Recent findings

This review will outline the anesthetic management of

infants and children undergoing thoracic surgery, including

preoperative assessment, and anesthetic induction and

maintenance. The physiology and methods of single lung

ventilation will be reviewed, including the use of bronchial

blockers, Univent tubes and double-lumen tubes. Special

considerations for video-assisted thoracoscopic surgery,

pectus repair and mediastinal masses will be discussed.

Summary

These techniques will provide the anesthesiologist with a

number of strategies for assessing the pediatric thoracic

patient and for managing pediatric single lung ventilation.
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Introduction
Thoracic anesthesia in infants and children poses special

challenges for the anesthesiologist. Children may suffer

from a wide variety of conditions, and may present with

different degrees of pulmonary compromise which may

not be evident from a cursory examination. A thorough

understanding of pediatric physiology as well as of the

principles of pediatric anesthesia and thoracic anesthesia

is important in order to care for these children safely. This

review outlines anesthetic assessment and methods of

achieving single lung ventilation (SLV) in children, and

describes special circumstances, including anesthesia for

video-assisted thoracoscopic surgery, pectus repair and

mediastinal masses.

Preoperative assessment
A thorough preoperative evaluation, including appropri-

ate imaging and laboratory studies according to the lesion

involved, is essential in caring for the pediatric patient

scheduled for thoracic surgery. Special attention must be

paid to the clinical status of the child, and any underlying

acute or chronic conditions that may impact the peri-

operative course. The history in older children focuses on

complaints of dyspnea, cyanosis, wheezing, coughing,

and weight loss. Infants often show less specific signs,

such as poor feeding, irritability, or change in sleep habits.

If the child has had previous surgery, the perioperative

course should be examined. Because children tolerate the

loss of large amounts of usable lung tissue without

obvious distress, the appearance of dyspnea or dimin-

ished exercise tolerance is an ominous sign. The chest is

inspected for asymmetric expansion and use of accessory

muscles and then is auscultated for wheezes, rales,

rhonchi, and absent breath sounds in both the supine

and sitting positions. Measurement of oxygen saturation

by pulse oximetry and evaluation of venous HCO3,

elevated in children with chronic CO2 retention, gener-

ally supplant the need for arterial blood gas analysis.

While pulmonary function testing may be useful in

infants and children for monitoring progress of their

underlying pulmonary process [1], it is not routinely used

for perioperative assessment. In a recent study in patients

undergoing spinal fusion [2], there was no correlation

between deterioration of preoperative pulmonary func-

tion and the risk of postoperative pulmonary complica-

tions.

Preparation for surgery starts with a discussion of the

proposed anesthetic with the parents and, if appropriate,

the child. The anesthetic plan, including monitors,
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possible complications, and potential for postoperative

ventilation, is discussed. Guidelines for fasting, choice of

premedication, and preparation of the operating room are

used as for other infants and children scheduled for major

surgery. In addition to routine monitors, including cap-

nography, transcutaneous CO2 monitoring may provide a

useful approximation of arterial CO2 tension [3�].

Following induction of anesthesia, placement of an intra-

venous catheter, and tracheal intubation, arterial cathe-

terization should be performed for most patients

undergoing thoracotomy as well as those with severe

lung disease having thoracoscopic surgery. This facili-

tates monitoring of arterial blood pressure during manip-

ulation of the lungs and mediastinum as well as arterial

blood gas tensions during SLV. For thoracoscopic pro-

cedures of relatively short duration in patients without

severe lung disease, arterial cannulation is usually not

required. Arterial cannulation for pressure and arterial

blood samples is useful and is needed if extensive blood

loss or resection of lung tissue is expected or if the child is

already critically ill. Percutaneous arterial cannulas (24-

gauge in neonates, 22-gauge in children up to 8–10 years

of age, and 20-gauge in pre-adolescents and older) are

usually used. Central venous monitoring is used less

commonly but can be helpful for guiding extensive

intravenous fluid therapy. Urinary drainage may be useful

for particularly lengthy operations. Although blood loss is

generally minimal in thoracic procedures, the possibility

of blood loss due to manipulation of inflamed tissues, as in

the case of empyema, or possible injury to the great

vessels exists, and may necessitate blood transfusion.

The choice of anesthetic agents depends on both the

patient’s status and the surgical lesion. Nitrous oxide can

accumulate in cysts with air–fluid levels and should be

avoided in such cases or in patients requiring a high

fraction of inspired oxygen (FiO2). Inhalation agents

are especially useful in patients with bronchospasm

but may precipitate hypotension in patients with poor

cardiac function. Muscle relaxants are routinely used

along with controlled ventilation employing humidified

gases. Intermittent manual ventilation may provide use-

ful information to the anesthesiologist about changes in

chest compliance or airway resistance.

Inhalation anesthetic agents are commonly administered

in 100% O2 during maintenance of anesthesia. Isoflurane

may be preferred due to less attenuation of hypoxic

pulmonary vasoconstriction (HPV) compared with other

inhalational agents, although this has not been studied in

children. Use of intravenous opioids may facilitate a

decrease in the concentration of inhalational anesthetics

used, and therefore limit impairment of hypoxic pulmon-

ary vasoconstriction. Alternatively, total intravenous

anesthesia may be used with a variety of agents. There
is some evidence that propofol does not inhibit hypoxic

pulmonary vasoconstriction [4]. Thoracic epidural

anesthesia preserves this condition [5], and the combina-

tion of general anesthesia with regional anesthesia and

postoperative analgesia is particularly desirable for thor-

acotomy. Combined regional and general anesthesia may

also be beneficial for thoracoscopic procedures, especially

when thoracostomy tube drainage, a source of significant

postoperative pain, is used following surgery. A variety of

regional anesthetic techniques have been described for

intraoperative anesthesia and postoperative analgesia,

including intercostal and paravertebral blocks, intra-

pleural infusions, and epidural anesthesia. Pain manage-

ment is further covered in a separate review in this issue

[6].

Physiology of single lung ventilation in
children
Ventilation is normally distributed preferentially to

dependent regions of the lung, so that there is a gradient

of increasing ventilation from the most non-dependent to

the most dependent lung segments. Because of gravita-

tional effects, perfusion normally follows a similar dis-

tribution, with increased blood flow to dependent lung

segments. Therefore, ventilation and perfusion are nor-

mally well matched. During thoracic surgery, several

factors act to increase ventilation/perfusion (V/Q) mis-

match. Compression of the dependent lung in the lateral

decubitus position may cause atelectasis. Surgical retrac-

tion and/or SLV result in collapse of the operative lung.

Hypoxic pulmonary vasoconstriction acts to divert blood

flow away from underventilated lung regions, thereby

minimizing V/Q mismatch, and may be diminished by

inhalational anesthetic agents and other vasodilating

drugs. The overall effect of the lateral decubitus position

on V/Q mismatch, however, is different in infants com-

pared to older children and adults.

In adults with unilateral lung disease, oxygenation is

optimal when the patient is placed in the lateral decu-

bitus position with the healthy lung dependent (‘down’)

and the diseased lung non-dependent (‘up’). This is

related to an increase in blood flow to the dependent,

healthy lung and a decrease in blood flow to the non-

dependent, diseased lung due to the hydrostatic pressure

(i.e. gravitational) gradient between the two lungs. This

phenomenon promotes V/Q matching in the adult patient

undergoing thoracic surgery in the lateral decubitus posi-

tion.

In infants with unilateral lung disease, however, oxyge-

nation is improved with the healthy lung ‘up’. Several

factors account for this discrepancy between adults and

infants. Infants have a soft, easily compressible rib cage

that cannot fully support the underlying lung. Therefore,

functional residual capacity is closer to residual volume,
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making airway closure likely to occur in the dependent

lung even during tidal breathing. When the adult is

placed in the lateral decubitus position, the dependent

diaphragm has a mechanical advantage, since it is

‘loaded’ by the abdominal hydrostatic pressure gradient.

This pressure gradient is reduced in infants, thereby

reducing the functional advantage of the dependent

diaphragm. The infant’s small size also results in a

reduced hydrostatic pressure gradient between the

non-dependent and dependent lungs. Consequently,

the favorable increase in perfusion to the dependent,

ventilated lung is reduced in infants.

Finally, the infant’s increased oxygen requirement,

coupled with a small functional residual capacity, predis-

poses to hypoxemia. Infants normally consume 6–8 ml of

O2/kg/min compared with a normal O2 consumption in

adults of 2–3 ml/kg/min. For these reasons, infants are at

an increased risk of significant oxygen desaturation dur-

ing surgery in the lateral decubitus position [7�].

Selective endobronchial intubation
The simplest means of providing SLV is to intentionally

intubate the ipsilateral mainstem bronchus with a conven-

tional single lumen endotracheal tube (ETT) [8]. When

the left bronchus is to be intubated, the bevel of the ETT

is rotated 1808 and the head turned to the right [9]. The

tube is advanced into the bronchus until breath sounds on

the operative side disappear. A fiberoptic bronchoscope

may be passed through or alongside the tube to confirm or

guide placement. When a cuffed ETT is used, the distance

from the tip of the tube to the distal cuff must be shorter

than the length of the bronchus so that the cuff is not

entirely in the bronchus [10].

This technique is simple and requires no special equip-

ment other than a fiberoptic bronchoscope. This may be

the preferred technique of SLV in emergency situations

such as airway hemorrhage or contralateral tension pneu-

mothorax.

Problems with using a single lumen ETT for SLV

include failure to provide an adequate seal of the

intended bronchus, especially if a smaller, uncuffed

ETT is used. This may prevent the operated lung from

adequately collapsing or fail to protect the healthy, ven-

tilated lung from contamination by purulent material

from the contralateral lung. One is unable to suction

the operated lung using this technique. Hypoxemia

may occur due to obstruction of the upper lobe bronchus,

especially when the short right mainstem bronchus is

intubated.

Variations of this technique have been described, includ-

ing intubation of both bronchi independently with small

ETTs [11–14]. One mainstem bronchus is initially
intubated with an ETT, after which another ETT is

advanced over a fiberoptic bronchoscope into the oppo-

site bronchus.

Balloon-tipped bronchial blockers
The use of an end-hole, balloon wedge catheter as a

bronchial blocker has been described [15]. The bronchus

on the operative side is initially intubated with an ETT.

A guidewire is then advanced into that bronchus through

the ETT. The tube is removed and the blocker is

advanced over the guidewire into the bronchus. A second

ETT is then reinserted into the trachea alongside the

blocker catheter. The catheter balloon is positioned in

the proximal mainstem bronchus under fiberoptic visual

guidance. Alternatively, a Fogarty embolectomy catheter

(Edwards Lifesciences, Irvine, CA, USA) may be placed

with or without fiberoptic bronchoscope guidance [16–

18]. With an inflated blocker balloon the airway is com-

pletely sealed, providing more predictable lung collapse

and better operating conditions than with an ETT in the

bronchus [19].

A potential problem with this technique is dislodgement

of the blocker balloon into the trachea. The inflated

balloon will then block ventilation to both lungs and/or

prevent collapse of the operated lung. The balloons of

most catheters currently used for bronchial blockade have

low-volume, high-pressure properties and overdistension

can damage or even rupture the airway [20]. A recent

study, however, reported that bronchial blocker cuffs

produced lower ‘cuff to tracheal’ pressures than double

lumen tubes [21]. When closed tip bronchial blockers are

used, the operated lung cannot be suctioned and con-

tinuous positive airway pressure cannot be provided to

the operated lung if needed.

Adaptors have been used that facilitate ventilation during

placement of a bronchial blocker through an indwelling

endotracheal tube [22,23]. The risk of hypoxemia during

blocker placement is diminished, and repositioning of the

blocker may be performed with fiberoptic guidance dur-

ing surgery. The increasing use of the Cook 5 French (Fr)

pediatric bronchial blocker (Cook Critical Care, Bloo-

mington, IN, USA) shows promising results for children

aged 2–16 years [24].

Univent tube
The Univent tube (Fuji Systems Corporation, Tokyo,

Japan) is a conventional ETT with a second lumen

containing a small tube that can be advanced into a

bronchus [25–27]. A balloon located at the distal end

of this small tube serves as a blocker. Univent tubes

require fiberoptic bronchoscope for successful place-

ment. Univent tubes are now available in sizes as small

as 3.5-mm and 4.5-mm internal diameter for use in

children over 6 years of age [28]. Because the blocker
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Table 1. Tube selection for single lung ventilation in children

Age (years) ETT (ID) BB (Fr) Univent (ID) DLT (Fr)

0.5–1 3.5–4.0 2–3
1–2 4.0–4.5 3
2–4 4.5–5.0 5
4–6 5.0–5.5 5
6–8 5.5–6 5 3.5
8–10 6.0 cuffed 5 3.5 26

10–12 6.5 cuffed 5 4.5 26–28
12–14 6.5–7.0 cuffed 7 4.5 32
14–16 7.0 cuffed 7 6.0 35
16–18 8.0–8.5 cuffed 7–9 7.0 35

ETT, endotracheal tube; ID, internal diameter in mm; BB, balloon-tipped
bronchial blocker; Fr, French; DLT, double lumen tube.
tube is firmly attached to the main ETT, displacement of

the Univent blocker balloon is less likely than when other

blocker techniques are used. The blocker tube has a

small lumen which allows egress of gas and can be used to

insufflate oxygen or suction the operated lung.

A disadvantage of the Univent tube is the large amount of

cross-sectional area occupied by the blocker channel,

especially in the smaller sized tubes [29] which have a

disproportionately high resistance to gas flow [30]. The

Univent tube’s blocker balloon has low-volume, high-

pressure characteristics so mucosal injury can occur dur-

ing normal inflation [31,32].

Double lumen tubes
All double lumen tubes (DLTs) are essentially two tubes

of unequal length molded together. The shorter tube

ends in the trachea and the longer tube in the bronchus.

This tube is not available in the USA. DLTs for older

children and adults have cuffs located on the tracheal and

bronchial lumens. The tracheal cuff, when inflated,

allows positive pressure ventilation. The inflated bron-

chial cuff allows ventilation to be diverted to either or

both lungs, and protects each lung from contamination

from the contralateral side.

Marraro [33] described a bilumen tube for infants which

consists of two separate uncuffed tracheal tubes of dif-

ferent length attached longitudinally. Conventional plas-

tic DLTs, once only available in adult sizes (35, 37, 39,

and 41 Fr), are now available in smaller sizes. The smal-

lest cuffed DLT is a 26 Fr (Rusch, Duluth, GA, USA)

which may be used in children as young as 8 years old.

DLTs are also available in sizes 28 and 32 Fr (Mallinck-

rodt Medical, Inc., St. Louis, MO, USA) and are suitable

for children 10 years of age and older.

In children the DLT is inserted using the same techni-

que as in adults [34]. The tip of the tube is inserted just

past the vocal cords and the stylet is withdrawn. The tube

is rotated through 908 to the appropriate side and then

advanced into the bronchus. In the adult population the

depth of insertion is directly related to the height of the

patient [36]. No equivalent measurements are yet avail-

able in children. If fiberoptic bronchoscopy is to be used

to confirm tube placement, a bronchoscope with a small

diameter and sufficient length must be available [35].

A DLT offers the advantage of ease of insertion, ability to

suction and oxygenate the operative lung with contin-

uous positive airway pressure, and the ability to visualize

the operative lung. Left tubes are preferred to right

DLTs because of the shorter length of the right main

bronchus [37]. Right DLTs are more difficult to position

accurately because of the greater risk of right upper lobe

obstruction. DLTs are safe and easy to use; there are very
few reports of airway damage from these tubes in adults,

and none in children. Their high-volume, low-pressure

cuffs should not damage the airway if they are not over-

inflated with air or distended with nitrous oxide while in

place.

Guidelines for selecting appropriate tubes (or catheters)

for SLV in children are shown in Table 1. There is

significant variability in overall size and airway dimen-

sions in children, particularly in teenagers. The recom-

mendation shown is based on average values for airway

dimensions. Larger DLTs may be safely used in large

teenagers.

Postoperative care
Tracheal extubation at the completion of surgery is often

possible after simple subsegmental resection or lobect-

omy. However, the patient’s underlying cardiopulmonary

reserve, the course of the surgery, and the expected

postoperative course may preclude extubation. Although

postoperative pain can cause significant splinting, inter-

costal or epidural blocks, coupled with judicious parent-

eral narcotics, can minimize the discomfort (see Pain

management review in this issue [6]). Whether in the

operating room or in the intensive care area, before

extubation the patient must be awake, breathing well,

able to cough and maintain an airway, and able to main-

tain acceptable oxygenation with no more than 40%

inspired oxygen. A chest radiograph should be obtained

as soon as possible after surgery to detect any significant

pneumothorax or atelectasis. Atelectasis is common and

usually responds to humidity, encouragement to cough,

and, if necessary, endotracheal suction.

The expected postoperative course depends on both the

surgical procedure and the underlying diseases. After

simple lobectomy, most children develop normally and

have normal exercise tolerance [38].

Video-assisted thoracoscopic procedures

During the past decade, the use of video-assisted

thoracoscopic surgery has dramatically increased in
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children [39��]. Advantages of thoracoscopy include smal-

ler chest incisions, reduced postoperative pain, and more

rapid postoperative recovery compared with thoracot-

omy. Thoracoscopic surgery is being used extensively

for pleural debridement in patients with empyema [40],

lung biopsy, hiatal hernia repair, spinal fusion, patent

ductus arteriosus repair [41], and sometimes for meta-

static lesions or mediastinal masses [42]. Thoracoscopy

can be performed while both lungs are being ventilated;

however, SLV is usually preferable to improve visualiza-

tion of thoracic contents and reduce the chance of lung

injury being caused by the use of retractors. Anesthetic

management for this procedure begins with a thorough

understanding of the underlying pathology, severity of

pulmonary disease, ability to tolerate lateral decubitus

position and positive pressure ventilation. Nitrous oxide

should not be used. An arterial line is usually not neces-

sary but may help to monitor the hemodynamic responses

to positive pressure. Care must be taken to monitor blood

and fluid therapy as hypovolemia may exacerbate these

responses. EtCO2 monitoring can be unreliable, and

transcutaneous CO2 or arterial blood gas monitoring

may be helpful. If the patient is tolerating the procedure

poorly, as may happen with very small infants, intermit-

tent reinsuflation of the lungs, positive end expiratory

pressure to the dependent lung or continuous positive

airway pressure to the operative lung, while decreasing

visualization, may allow the surgery to be continued.

Pectus repairs

Children with pectus excavatum (funnel chest) or the less

common pectus carinatum (pigeon breast) deformity

often appear asymptomatic, but may have cardiac or

pulmonary compromise related to the structural abnor-

mality. Patients with pectus excavatum may present

with reduced forced vital capacity and total lung volume.

The heart may be displaced to the left and compressed,

leading to arrhythmias, right axis deviation on electro-

cardiogram, and a functional murmur, most noticeable in

the standing position or during exercise, which may

indicate the need for an echocardiogram to evaluate

function. The echocardiogram may show reduced stroke

volume. There is also an increased incidence of mitral

valve prolapse in patients with pectus deformities.

Operative management involves a premedication, inha-

lation or i.v. induction and endotracheal intubation. SLV

is usually not necessary. An additional i.v. is placed in

case of bleeding, while an arterial catheter is usually not

necessary. Ventilation is with 8–10 cc/kg tidal volume,

subacute bacterial endocarditis prophylaxis is given if

warranted, and a thoracic epidural is placed for post-

operative pain control. If a minimally invasive technique

is used for the pectus repair, intravenous patient-con-

trolled analgesia along with a non-steroidal agent such as

ketorolac is generally sufficient.
Anesthesia for the patient with a
mediastinal mass
Anesthetic management of children with mediastinal

diseases demands careful preoperative evaluation and

planning [43]. Anesthetic induction alone can lead to

severe airway obstruction, hemodynamic compromise

and death [44]. History and physical examination should

focus not only on signs such as cyanosis and stridor but

also on maneuvers or circumstances that change the signs.

The practitioner should determine whether sleep, ex-

citement, position, movement of the head and neck, or

coughing changes the degree of obstruction. Although

chest radiographs, tomograms, and barium studies pro-

vide some information, computed tomography (CT)

scans are best at delineating airway or cardiovascular

obstruction. CT scans have the added advantage of

demonstrating extension of infection or tumor into struc-

tures such as the pericardium. Signs of lower airway

disease can be caused by mediastinal tumors.

Compression of the lower airways and lung tissue can be

responsible for wheezing, atelectasis, obstructive em-

physema, and recurrent pneumonias. This is important

because wheezing caused by compression of lower airways

and lung tissue usually does not respond to bronchodila-

tors, nor will atelectasis caused by compression respond to

chest physical therapy. In older, more cooperative

children, maximal inspiratory and expiratory flow volume

loops obtained with the patient upright and supine can

quantitate the functional degree of impairment and help

distinguish fixed from variable obstructions. Cardiovas-

cular involvement may be related to direct compression

of the heart or of the great vessels. Echocardiography or

CT scanning can delineate impingement. The important

determination is assessment of functional impairment. If

the child has arrhythmias, pulsus paradoxus, hypotension,

or superior vena caval syndrome, the risk of general

anesthesia increases dramatically.

Induction of anesthesia may remove compensatory

efforts by the patient. The child’s position, pattern

of ventilation, or sympathetic tone while awake may

have been responsible for barely maintaining ade-

quate cardiopulmonary function. In these situations

the anesthesiologist and surgeon must determine alter-

native approaches to the lesion. If the child has a better

airway, easier ventilation, or less hypotension in one

position, efforts are made to maintain this position.

Biopsy of accessible lesions under local anesthesia should

be considered if there is significant cardiopulmonary

compromise. In extreme cases, radiation or corticosteroid

therapy may shrink the tumor mass quickly, allowing a

biopsy to be done later with less risk to the patient.

If general anesthesia is employed, the surgeon should be

present at induction and prepared for interventions such
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as passage of a rigid bronchoscope or immediate release of

a pneumomediastinum by subxiphoid thoracotomy. Of

utmost importance is that patients, family, pediatrician,

and surgeon all understand the risk of cardiovascular and

respiratory compromise that exists when performing tis-

sue biopsies under general anesthesia. Mask induction

with a volatile agent and 100% oxygen is preferred to

intravenous induction if there is concern about airway

obstruction. Thus, some of the negative intrathoracic

pressure of spontaneous ventilation and any positive

effect this has on maintenance of airway patency are

preserved. Airway obstruction may significantly worsen

with positive pressure ventilation.

Major complications include airway obstruction, perfora-

tion of the airway, and massive blood loss. There con-

tinue to be sporadic reports of death during induction and

maintenance of anesthesia in children with mediastinal

masses, usually related to airway or hemodynamic com-

promise related to the mass effect. From a review of the

44 pediatric patients with mediastinal masses, Ferrari and

Bedford [45] noted that significant anesthesia-related

problems occurred in the patients who were symptomatic

before surgery. They noted that general anesthesia could

be administered with the following caveats: spontaneous

ventilation must be maintained, induction of anesthesia

should be in the sitting position, intravenous access

should be in the lower extremity, and a rigid broncho-

scope and experienced bronchoscopist must be available.

The anesthesiologist not only must be prepared for each

complication but must also notify the surgeon immedi-

ately if there is loss of airway, difficulty in ventilation, or

sudden hypotension.
Conclusion
Thoracic anesthesia in infants and children poses special

challenges for the anesthesiologist. These include careful

preoperative preparation, obtaining SLV in a small airway,

and maintaining a delicate balance of ventilation and

hemodynamics while allowing the surgeon access to a

very limited intrathoracic cavity. Ensuring adequate

monitoring, intravenous access, arterial cannulation and

blood replacement, and constant communication with

the surgeon about developing situations are essential to

success.
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