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Introduction

Introduction

Respiratory symptoms, including sleep-related issues, are some of the most
common reasons for children to seek medical attention, and most respi-
ratory diseases are diagnosed and managed by primary care pediatricians.
So, in a sense, every primary care pediatrician is a pediatric pulmonologist.
With this book, our goal was to design a practical guide for the busy prac-
titioner, building upon the first publication of the American Academy of
Pediatrics (AAP) Section on Pediatric Pulmonology and Sleep Medicine
(SOPPSM), Pediatric Pulmonology. Rather than another exhaustive pediatric
pulmonology textbook, we chose to create a rapid reference guide, includ-
ing useful and practical information about the many common respiratory
disorders encountered in day-to-day pediatric practice, as well as a wide
array of rarer pulmonary and sleep disorders your patients may be strug-
gling with, even if their conditions are primarily managed by subspecialists.

It is our hope that this guide will prove useful to a wide range of health
care providers, including physicians, nurses, nurse practitioners, physician
assistants, respiratory therapists, physical and occupational therapists, dieti-
tians, and pharmacists who contribute to the care of children with complex
respiratory and sleep disorders. There are also many medical and surgical
subspecialists who may be looking for a brief yet authoritative description
of respiratory and sleep disorders in children.

We were fortunate that most of the original authors from Pediatric
Pulmonology agreed to revise and update their topics in a new, streamlined
format, and we were able to recruit outstanding authors for new topics
not previously included. We have used a standard format for each chapter
that captures the essential information, including clinical features, diag-
nostic considerations, management, expected outcomes, and when to refer
or admit. Whenever possible, we have included practical resources for
patients and families. The bulk of the work in putting this complex project
together was done by an outstanding team of section editors chosen by the
SOPPSM, and we greatly benefited from the experience and expertise of
our AAP developmental editor, Chris Wiberg. The work has also benefited
from models of prior AAP publications prepared by subspecialists for a pri-
mary care audience and from critical reviews of relevant sections by other
AAP sections, committees, and councils.

Although we have spent most of our careers as subspecialists, it was the
love of pediatrics that first led us to practice pediatric pulmonology, and
one of the great joys we have had in practice has been collaborating with so
many primary care practitioners and working together to care for infants,
children, and adolescents with respiratory diseases. It is our hope that this
volume will enhance your care of these patients and families, whom we
serve together.

Dennis C. Stokes, MD, MPH, FAAP
Allen ¥ Dozor, MD, FCCB FAAP
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Chapter 1

()

The Pediatric Pulmonary
History

Christopher Harris, MD, FAAP

History of Present Illness

The medical history for pulmonary concerns may differ from a routine
history because there is often a waxing and waning or a recurrent aspect to
respiratory diseases in children. Elements of particular importance include
e Attention to the timeline of events

¢ Occurrence, timing, and relative severity of symptoms

¢ Past therapies and previous responses to them

Primary Concern

¢ Ask parents and care providers about the reason for the visit.

¢ If the patient is an older child or adolescent, make sure to ask him or
her about the primary concern.

* The history may include the duration of the symptom or problem.

Presenting Problem or Symptom

* Onset (gradual vs sudden)

* Duration (acute vs chronic)

* Recurrence or persistence (Are there symptom-free intervals?)
— Is there a specific time of day when symptoms appear or worsen?
— Is there a seasonal appearance or recurrence of symptoms?

* Are there obvious physical findings when the symptom is present?
— Retractions or accessory muscle use
— Nasal flaring
— Shortness of breath or impaired ability to speak, eat, or cry

* Factors that worsen or improve the symptom

* Inquire specifically about environmental tobacco smoke exposure and,
among teenagers, personal tobacco use or vaping

Associated Symptoms
e Constitutional symptoms
— Fever
— Weight loss
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Ear, nose, and throat (ENT)

— Snoring or observed apnea

— Chronic rhinitis

— Recurrent infections of the throat or sinuses
Gastrointestinal system

— Frequent vomiting or reflux

— Dysphagia or poor control of oral secretions
Dermatologic concerns

— Eczema

— Contact- or food-related dermatitis

Other Factors

Environmental: It is well known that outdoor air pollutants can compro-
mise lung health, especially in the young. Living in proximity to vehicle
exhaust or areas of agricultural or waste burning may cause particularly
severe symptoms for certain children.

Exercise: Can the child keep up with peers when exercising? Does the
child cough or wheeze during exercise?

Feeding: Breast- or bottle-feeding can be a stress on the cardiopulmonary
system in infants.

Past Medical History

Perinatal/neonatal history: It is important to note pregnancy and

delivery complications, as well as clinical course, in the delivery room

and afterward.

— Was the newborn stabilized and allowed to stay in the mother’s room
or admitted to the intensive care nursery?

— Was the newborn intubated?

— How long was mechanical ventilation required?

— How long was oxygen needed by the baby?

Other medical conditions: Inquire especially about cardiac diagnoses;

neurological conditions; EN'T conditions; and genetic abnormalities.

Surgical history: Ask about a history of cardiac, EN'T, and orthopedic

procedures.

Other hospitalizations, emergency department visits, and urgent care Visits:

Information gathered about previous care will provide some idea of the

severity of acute or chronic illness.

Immunization history: Given wariness among some parents to administer

vaccines on schedule, make sure to ask about vaccination status.

Family history: Are there family members with cystic fibrosis, primary

ciliary dyskinesia, o;-proteinase inhibitor deficiency, or other immuno-

deficiencies? Asthma and allergies have a genetic component, as well.
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Social history: Exposure to other young children in care and educational
settings may be a source of frequent infections that cause respiratory
symptoms. Pets in the home may be a source of allergic exposures for
some children.

Travel history: This may be important because certain fungal infections,
such as histoplasmosis, coccidioidomycosis, or Mycobacterium tuberculosis
infection, might be considered for some presentations.

Review of systems: While inquiry into all organ systems is important,
particular attention must be paid to cardiovascular, gastrointestinal,
and neurological conditions.

Medication history: Trials of various therapies must be reviewed.
Knowing which classes of medications have been effective may provide
clues to a diagnosis.

Allergies and reactions to medications: Adverse effects of therapies should
be considered as an important step in understanding a patient’s
complete history.
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Chapter 2

")

The Pediatric Pulmonary
Physical Examination

Christopher Harris, MD, FAAP

Anthropometrics

e Important features of the physical examination pertinent to the respi-
ratory tract begin with a careful assessment of the patient’s anthropo-
metrics. Children with chronic respiratory distress do not grow well,
whether because of calories being expended with increased respiratory
effort or because of chronic hypoxia.

* Weight and height must be measured accurately, particularly in children
with concerns about failure to thrive.

e Accurate height measurement is also required for correct interpretation
of spirometry data.

Vital Signs
* Respiratory rate varies widely, especially in the first several years of life.
It is helpful to have charts of normal ranges available to determine if
values are outside of the expected range.
e Pulse oximetry (see Chapter 9, Oximetry and Capnography) has become
readily available in many practices and is now practically a fifth vital sign.
— Pulse oximetry is most useful in ensuring that levels of oxygena-
tion are adequate, especially during times of stress to the
pulmonary system.

— Staff must be well trained in the intricacies of probe application and
interpretation of pulse waveforms.

Upper Airway

Ear, Nose, and Throat

¢ Chronic otitis may be a sign of immunodeficiency or primary ciliary
dyskinesia.
* Nasal examination is key for determining whether the patient has
allergic rhinitis.
— Pale, edematous mucosa is the usual finding in allergic disease.
— Nasal polyps should be noted because they are a key finding in the
“aspirin allergy, nasal polyps, and asthma” triad, as well as in children
with cystic fibrosis.
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* Sinusitis may be tricky to diagnose, but experiencing purulent drainage
for an extended period in conjunction with pain on palpation is highly
suggestive of this diagnosis. Chronic sinus disease is found nearly
universally in cystic fibrosis and primary ciliary dyskinesia.

* Oral examination is vital for evaluating causes of respiratory difficulty,
particularly in infants. Inspection and palpation for cleft palate (including
submucous clefts) must be performed because the risk for aspiration in
these infants is high.

— Macroglossia and tonsillar hypertrophy place patients at risk for the
development of obstructive sleep apnea.

— Assess the patient’s voice, cry, and cough. The character of the voice
and the cough provide clues regarding normal vocal fold function.
Having normal vocal fold movement is key to ensuring that the
airway is protected from aspiration.

Thorax

* Young infants have ribs that are not fully ossified. Therefore, with airway
obstruction and increased airway pressure, the pliable portions of the
thorax may be seen to retract. This may include the intercostal spaces
and the areas above the sternum and clavicles. One should also inspect
the subcostal region for retractions.

e Use of accessory muscles of respiration (sternocleidomastoid and scalene
muscles) also indicates respiratory distress.

e Further inspection of the chest wall may demonstrate abnormalities of
the bony structures of the thorax.

— Congenital abnormalities of the thoracic cage (ribs, spine, and
associated cartilages)
= These are rare conditions.
= Various dwarfisms and thoracic growth abnormalities (such as
Jeune syndrome) are associated with smaller or altered thoracic
configurations.
= Restrictive lung disease should always be suspected in these children.
— Pectus deformities
= Pectus excavatum is caused by a depressed sternum, which results
from the costochondral cartilages attaching to the sternum in an
altered plane. This may be seen in Marfan or Poland syndrome.

Pectus carinatum is seen with a protruding sternum. This may

occur directly over the sternum or over the costochondral junctions.

Controversy exists about functional difficulties in patients with

either pectus excavatum or pectus carinatum defects.

~ Referral for evaluation of lung function may be useful.

~ Older children with severe pectus deformities may have problems
with exercise. Referral for exercise testing may help rule out
underlying exercise-induced bronchospasm as a contributor to
this symptom.
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= Harrison grooves may develop in children with severe obstructive
sleep apnea. These are horizontal indentations beneath the ribs at
the site of diaphragmatic insertion.

e Percussion of the chest
— Listen for a hyper-resonant, high-pitched note during pulmonary

hyperinflation or a pneumothorax.

— A short, low-pitched, and dull percussion note indicates that the lung
is consolidated, as in lobar pneumonia or when the pleural space is
filled with fluid.

e Auscultation of the chest may provide clues to multiple conditions
involving the respiratory system. Some patients may have multiple
sounds at examination. For example, a toddler with bronchiolitis may
present with wheezes, crackles, and rhonchi.

— Normal breath sounds may vary, depending on which area of the
lung is being assessed. Vesicular breath sounds are heard over the
lung periphery; they are low pitched, heard throughout inspiration,
and continue one-third of the way into exhalation.

— Bronchial breath sounds are not normally heard; they occur when
a portion of the lung is no longer air filled. They are louder than
vesicular breath sounds and last longer into exhalation.
= Adventitial breath sounds

~ Crackles are discontinuous, short sounds akin to the sound of
Velcro opening. Crackles may be described as fine or coarse.
Fine crackles are higher pitched and very short in duration;
they are usually associated with interstitial lung disease or
pulmonary edema. Coarse crackles are louder and usually found
in pneumonia, cystic fibrosis, or other cases of bronchiectasis.

~ Wheezes are high-pitched, continuous musical sounds often
found in asthma or bronchiolitis. They are usually heard during
expiration but, depending on the severity of airway obstruction,
wheezes may also extend into inspiration.

~ Rhonchi are low-pitched, continuous noises that are observed
with secretions that have collected in the large airways. Rhonchi
clear with coughing or suctioning of the airway.

~ Pleural rubs are found when inflammation affects the linings
of the lung. They sound similar to leather creaking when the
patient inhales.

Cardiovascular System

e Diagnosing pulmonary hypertension on the basis of physical examination
findings may be tricky because of nonspecific symptoms, such as exercise
intolerance and shortness of breath. A useful sign of increased pulmonary
arterial pressure is a loud second heart sound. One may also hear wide
splitting of the second heart sound.
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* As the right ventricle undergoes hypertrophy in association with
increased resistance within the lung, it may strike the chest wall more
forcefully, leading to right ventricular heave. When the heel of the hand
is placed just to the left of the sternum, it may be lifted off of the chest
by the increased force generated by the right ventricle.

Other Sounds

e Stertor is an upper-airway noise heard when obstruction of the naso-
pharynx is found. It is usually caused by hypertrophy of the adenoids
and/or tonsils.

* Snoring is upper-airway obstruction while asleep. It is caused by some
combination of loss of upper-airway muscle tone, tonsillar and/or
adenoidal hypertrophy, and anatomic crowding of the upper airway.

Back

* Severe scoliosis often is found in association with genetic syndromes.

e This often leads to a smaller than usual thoracic cage, which
subsequently impairs lung growth (in the developing child) and lung
expansion once full stature has been achieved.

10
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Environmental History

Harold J. Farber, MD, MSPH, FAAP

Introduction

e Respiratory irritants, toxins, and allergens may all contribute to a child’s
breathing problems.

* Problems can arise from indoor and outdoor sources; however, indoor
exposures contribute most to respiratory symptoms in children.

* Exposures can occur in the home, at school, at day care, at play, or
at work.

Types of Environmental Exposures

* Irritants stimulate airway inflammation by a mechanism of action not

dependent on prior sensitization.

e Toxins directly cause damage to airway or lung tissues.
o Allergens

— Airway inflammation is stimulated by an allergic reaction.

— Mast cells, eosinophils, and immunoglobulin E (IgE) play important
roles in allergic reactions.

— The individual needs to have been previously sensitized (ie, allergic)
for exposure to the allergen to be a problem. Seasonal allergies are
uncommon prior to the second year after birth.

— Relevant allergens are usually inhaled. It is unusual for a food allergy
to cause only respiratory symptoms.

* Hypersensitiviry pneumonitis

— Organic and inorganic antigens can trigger a T cell-mediated reaction

in sensitized persons.

— Acute and subacute hypersensitivity pneumonitis can mimic
pneumonia.

— Chronic hypersensitivity pneumonitis can lead to pulmonary fibrosis
and severe lung disease.

— Implicated antigens include avian (bird) antigens, fungi and fungal
spores, bacterial antigens, and low—molecular-weight chemicals.

— This type of reaction is uncommon; however, it is important to
recognize.

1
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Identifying a Child's Relevant Environmental

Exposures

* The most important part of identifying an environmental contribution to
a child’s respiratory illness is the history of relevant exposures.

e The patient or parent may not connect the relevant exposure to the
respiratory symptom.

e Often it is not 1 exposure exclusively that contributes to the respiratory
symptoms but a combination of several.

Respiratory Irritants and Toxins

Respiratory irritants and toxins can be a problem for anyone with respira-
tory symptoms. Previous sensitization is not needed.

Common Indoor Respiratory Irritants and Toxins

* Smoke from any source

— Common sources of smoke include tobacco, other substances of
abuse, incense, fireplaces, wood-burning stoves, barbecue grills, gas
stoves, gas heaters, and kerosene heaters.

— Sometimes the source of smoke may be from a friend or neighbor.
Smoking in multi-unit housing involuntarily introduces smoke
exposure to those who live in proximity to smokers.

— Although not technically smoke from combustion, the emissions
from electronic nicotine delivery systems (ENDS) contain chemicals
that are known respiratory irritants and toxins.

e Strong chemicals

— These include air fresheners, cleaning agents, and insecticides.

— Chemicals used in hobbies or home remodeling can be irritants or a
source of toxic exposures.

— Ask about exposure to formaldehyde due to off-gassing from building
materials, household products (glues, paints, finishes, etc), and
products of combustion (from gas stoves, kerosene space heaters,
tobacco smoke, etc).

Common Outdoor Respiratory Irritants and Toxins

* Air pollution worsens asthma problems. Important effects on lung func-
tion have been demonstrated for ozone, fine particulate matter, oxides
of nitrogen, volatile organic compounds, and diesel smoke.

Allergens

* Allergens are only a problem for an individual who has been sensitized
to them.

* Symptoms may be difficult to associate with the exposure if the exposure
is continuous, such as in the home.

* Late-phase allergic reactions can occur 8-12 hours after exposure,
creating further challenges in identifying the relevant exposure.
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¢ Sensitization to common inhaled allergens can be determined by means of
blood testing for allergen-specific IgE or allergy skin testing by a qualified
allergist. Testing should focus on relevant respiratory (inhaled) allergens.

Common Indoor Respiratory Allergens

* House dust mites

— House dust mites thrive on humidity and shed skin, both of which are
in ample supply in the bed and bedding.

— Dust mites also thrive in the fabric of carpets and upholstered furniture.

— Dust mites do not grow well in areas of low humidity (<40%).

— Dust mite allergy is common.

¢ Allergens including the dander (shed skin), saliva, and urine of furry or
feathered pets may stay airborne for long periods. Rodent infestation can
be an important asthma and allergy trigger.

* Cockroach secretions and droppings can be highly allergenic. In the
inner cities, cockroach infestation combined with cockroach allergy
contributes to poor asthma control.

* Indoor molds
— Molds grow in water-damaged or moist areas of the home.

— Mold contamination of basements, windowsills, shower stalls, bath-
room carpets, and humidifiers is common.

— The most common indoor molds are Aspergillus and Penicillium.

— Alternaria can be found in both indoor and outdoor environments.
Sensitization to Alternaria can be important because of its association
with increased risk for near-fatal asthma.

Common Outdoor Respiratory Allergens

e Pollens of trees, grasses, and weeds can contribute to allergic respiratory
symptoms.

* Qutdoor molds grow on decomposing plant matter and leaf litter.
Outdoor mold spore levels are generally highest in the autumn.

Guidance for Patients and Families
Respiratory Irritants

Smoke From Any Source

* Tobacco smoke
— The most effective solution is to help tobacco and ENDS users to

stop using these products.

= Tobacco dependence is a severe, treatable addiction. Pediatricians
can recommend treatments for parents and/or caregivers to protect
the health of the child. State-of-the-art approaches base intensity of
treatment on severity of tobacco dependence and base medication
adjustment on control of nicotine withdrawal. (See Chapter 27,
Preventing and Treating Tobacco Dependence, for details.)

13
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= Refer parents for free telephonic tobacco cessation support at
1-800/QUIT-NOW (1-800/784-8669).

— The next best approach is to keep the home and car free of smoke
and ENDS emissions.
= Restrict smoking to outdoors only and away from doors, windows,

and children.
= These measures can reduce a child’s exposure to tobacco smoke;
however, they are unlikely to eliminate it.

— If a smoke-free home is not an option, use of high-efficiency partic-
ulate air (HEPA) filters in the home can reduce a child’s exposure
to smoke particulates.

¢ Cooking smoke

— Ensure ventilation when cooking (use an exhaust fan and/or open

a window).
e Other smoke

— Identify and advise against the use of incense, fireplaces, and other
burned substances in the home.

— Be sure that exhaust from gas heaters is released outside the home.

Strong Chemicals in the Home

¢ Inquire about and advise against the use of air fresheners, strong-smelling
cleaning agents, hair sprays, perfumes, and strong chemicals and paints
used for hobbies.

* Provide information on less toxic products that can be used.

* Formaldehyde off-gassing from building materials and household prod-
ucts (glues, paints, finishes, etc) may be minimized as follows:
— Open windows to bring fresh air indoors.
— Try to avoid bringing formaldehyde-emitting products into the home.

Air Pollution

* Avoid outdoor activities on days when air pollution levels are high.

* Avoid living near a high-traffic road, if possible.

* Avoid leaf burning, wood fires, bonfires, charcoal fires, and so on.

* Advocate for implementation and enforcement of public policies to
reduce air pollution.

* Advocate for school policies to prohibit the idling of diesel buses
near schools.

Allergens
See Chapter 29, Allergic Rhinitis, for details.

Indoor Respiratory Allergens

* House dust mites
— Encase your child’s mattress, box spring, and pillow in allergen-
proof covers.

— Wash bedding in hot water weekly.
14
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— Minimize the number of stuffed animals on your child’s bed, and
wash them weekly in hot water. Alternatively, after an initial washing,
they can be run through a dryer on high heat once a week.

— Use a dehumidifier to reduce indoor humidity to <40% (may not be
possible in very humid areas).

— Air filters are not helpful for dust mite allergens, as they fall out of
the air quickly.

— Acaricides are not helpful for dust mites.

e Furry or feathered pets

— The best approach is to remove the pet from the home or keep the
pet outside only. It may take months for allergen levels to decrease
after a pet is removed.

— If removal of the pet is not an option, keep the pet out of the child’s
bedroom, bathe the pet weekly, and use HEPA filters, especially in
the child’s bedroom.

— Balance the importance of the pet to the family against the severity
of allergic symptoms. It is not necessary to advise removing pets
from the home unless specific allergic sensitization is documented.

* Rodent infestation

— Find and close holes in walls and around plumbing.

— Do not leave food or water out.

— If using rodent poisons, keep them well out of reach of children.

— Consider calling an integrated pest management professional.

* Cockroach infestation

— Attempt to locate and close off holes that insects are getting in
through.

— Do not leave food or water out.

— If insecticide is needed, use bait stations, traps, powders, or gels
rather than sprays.

— Consider calling an integrated pest management professional.

* Indoor mold contamination

— Find and fix water leaks.

— Improve ventilation in bathrooms. Open a window or use an
exhaust fan.

— Clean moldy surfaces with bleach.

— Severe water damage may require more extensive remediation.

Outdoor Respiratory Allergens

e Pollens
— Know the pollen seasons in your area. In most areas, tree pollen levels
are highest in the late winter to early spring, grass pollen levels are
highest in the spring to summer, and weed pollen levels are highest
in the late summer to fall.
— Stay inside and keep windows closed when pollen levels are high—
usually in the morning to midafternoon.

15
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— For individuals with specific sensitivities, immunotherapy may
provide substantial relief from allergic symptoms.
e Outdoor molds
— Stay inside and keep windows closed when mold spore levels are
high. Outdoor mold spore levels are highest in the autumn.
— Avoid playing in or raking leaf litter or decomposing plant matter.

When to Refer

¢ Refer the patient to a board-certified allergist
— If skin testing is needed to identify sensitization to inhalant allergens.
— If immunotherapy is being considered.
e Refer the family for a home environmental assessment
— If an environmental trigger is suspected for a severe lung disease but
not identifiable from the history alone
— For additional help with identifying and reducing exposure to
relevant environmental triggers
— If the local health department or the child’s managed care program
care manager may be able to arrange for the home assessment, espe-
cially if the child has severe lung disease. Quality of services, if avail-
able, can vary. Pediatricians should be aware of available resources
in their community. To avoid adverse incentives, it is prudent to not
have the same companies perform both assessment and remediation.
— If a home assessment visit cannot be accomplished, asking for pic-
tures of the home (indoor and outdoor) may help to identify potential
environmental triggers.
e Refer the family to social services or relevant community resources if
needed to address problems with housing quality or homelessness.

Resources for Families

e AirNow: Air Quality Monitoring (U.S. Environmental Protection
Agency). www.airnow.gov

* Formaldehyde (U.S. Environmental Protection Agency). www.epa.gov/
formaldehyde

* Manage Environmental Asthma Triggers (U.S. Environmental Protection
Agency). www.epa.gov/asthma/manage-environmental-asthma-triggers

* National Allergy Bureau (American Academy of Asthma, Allergy, and
Immunology). www.aaaai.org/global/nab-pollen-counts?ipb=1
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Clinical Pearls

* How you breathe starts with what you breathe. Routinely inquire about a
child’s environmental exposures when treating respiratory disease.

* Respiratory disease can be caused or exacerbated by irritants (does not
require prior sensitization) and allergens (only after prior sensitization).

* Relevant exposures can occur at any location the child frequents, includ-
ing home, day care, school, recreation facilities, and work.

* Tobacco dependence is a treatable, severe chronic illness. Pediatricians
should inquire about and address parent and/or caregiver tobacco
dependence to protect the child’s health.

17
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Office Pulmonary
Function Testing

James W. Stout, MD, MPH, FAAP

Introduction

Spirometry is an office test used to assess lung function—specifically,
the flow and volume of a patient’s full and forceful inhaled and exhaled
breath, compared to normal tidal breathing.

In primary care, the focus is typically on the exhaled breath to be able to

diagnose and manage obstructive lung diseases, rather than more sophis-

ticated testing, such as lung volume measures and carbon monoxide
diffusing capacity.

In pediatrics, spirometry is used most commonly for the diagnosis and

ongoing management of asthma.

— However, spirometry does not provide information about the remain-
ing (residual) volume of air in the lungs—in other words, a reduced
total lung volume—which is required for diagnosing restrictive lung
diseases.

— A plethysmograph, also known as a full-body box, is required to mea-
sure this residual volume to determine total lung capacity and should
be used in a pulmonary function testing laboratory, with supervision
of testing and interpretation of findings performed by a specialist.

Spirometry in the Management of Asthma:
The Clinical Case

Spirometry permits an objective measurement of the degree of airway
obstruction (impairment and risk). This is important because

Patients’ perceptions of obstruction are notoriously inaccurate.
Clinically significant obstruction can be present even when the chest
appears to be clear at physical examination.

Clinical symptoms alone will lead to underestimation of asthma severity
approximately 30% of the time in primary care.

Peak flow testing alone is highly variable, is not a very sensitive measure
of obstruction, and is no longer recommended for diagnosis. However,
it may have a role in monitoring.

19
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Use of Spirometry for Asthma Care in the Primary
Care Setting

e Use of spirometry enables accurate diagnosis and management of asthma.
* Roughly half of U.S. primary care offices report using spirometry for
pediatric patients with asthma, representing a significant gap in usage.
e Spirometry should not be performed during an asthma exacerbation but
rather when patients are in their usual state of health.
e Spirometry is easy to perform poorly, but with training and feedback, it
is not hard to do well.
e Spirometry is a potent tool for improving planned asthma care, thus
reducing morbidity and lowering hospitalization rates and reducing
emergency department Vvisits.
* Spirometry has several indications in primary care pediatrics. These
include
— Diagnosis and severity assessment of asthma in patients >5 years
of age

— Follow-up of asthma control (especially when changing medications)

— Evaluation of chronic cough

— Evaluation of shortness of breath and other chronic respiratory
complaints

— Evaluation of baseline lung function in a patient with exercise-in-
duced bronchospasm

* Routine use of good-quality office spirometry can improve provider
and patient satisfaction with care and should also lead to better health
outcomes.

* Spirometry is a reimbursable procedure. The Current Procedural
Terminology® codes are as follows:

— 94010 for simple office spirometry
— 94060 for pre- or postbronchodilator spirometry

Spirometry and the Expert Panel Report 3, or EPR-3,
Asthma Guidelines

Establishing asthma severity and control is the foundation of preventive
asthma care.

Assessing Asthma Severity

¢ Assessment is based on
— Age
— Impairment (frequency and intensity of symptoms, lung function,
functional limitations over the past 2—4 weeks)
— Risk (exacerbations over the past year)
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e Levels of severity
— Intermittent
— Persistent and mild
— Persistent and moderate
— Persistent and severe

Assessing Asthma Control

e Control is assessed on the basis of severity metrics obtained over time,
once treatment is initiated.
* Metrics include
— Age
— Impairment (frequency and intensity of symptoms; lung function;
functional limitations over the past 2—4 weeks; use of a questionnaire
for patients and parents, depending on the child’s age, such as the
Childhood Asthma Control Test (“C-ACT™) for children 4-11 years
of age and the Asthma Control Test (“ACT”) for children aged 12
through adulthood
— Risk (exacerbations, reduced lung growth, adverse effects of
medications)
* Levels of control
— Well controlled
— Not well controlled
— Poorly controlled

How to Use Spirometry in Primary Care
* The goal of spirometry in a general pediatrician’s office should be to
identify and manage reversible airway obstruction, which defines asthma.

— Is the test acceptable and reproducible? (Figure 4-1, Figure 4-2)

— Is lung function normal? (Figure 4-3)

— If not, is there an obstructive pattern? (Figure 4-4)

— If obstructed, is it reversible? (Figure 4-5)

— Is lung function suspicious for something besides obstruction?
(Figure 4-6)
= If so, refer the patient to a specialist.

* In general, in primary care

— Pre- and postbronchodilator office spirometry only needs to be
performed once to establish the reversibility of lung function,
supporting the diagnosis of asthma.

— The forced expiratory maneuver (where obstruction is found) should
be the focus of testing. If a chronic inspiratory problem is suspected,
the forced inspiratory maneuver and consequent workup are best
addressed in a specialist’s office.
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Get Valid Spirometry Results EVERY Time

A Valid Test has:
3 or More Good Curves
and Repeatable FVC and FEV1*

*Use most current American Thoracic Society/
European Respiratory Society (ATS/ERS) standards
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Figure 4-1. The National Institute for Occupational Safety and Health (NIOSH). Get Valid Spirometry Results Every Time. NIOSH publication no. 2011-135.
www.cdc.gov/niosh/docs/2011-135. Accessed November 12, 2013.
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Figure 4-2. Spirometry 360. Spirometry test algorithm. Interactive Medical Training
Resources. www.spirometry360.org/spiro360resources. Published January 9, 2013.
Accessed November 12, 2013. FET = forced expiratory time, FEV1 = forced expiratory
volume in 1 second, FV = flow volume, FVC = forced vital capacity, VT = volume-time.
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Figure 4-3. Normal flow volume loop from a pediatric patient. From Link HW. Pediatric
asthma in a nutshell. Pediatr Rev. 2014;35(7):287-298.

\ /

Figure 4-4. Results from a 16-year-old male adolescent with asthma, without wheeze.
FEF = forced expiratory flow, FET = forced expiratory time, FEV1 = forced expiratory
volume in 1 second, FVC = forced vital capacity, PEF = peak expiratory flow, VAR =
variability, %Pred = percentage predicted.
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Figure 4-5. Results from a 12-year-old male patient who had no history of asthma
but had recurrent croup as an infant and now has the occasional “chest cold.” He
has had a chronic daily morning cough for 1-2 months but is otherwise healthy.
FEF = forced expiratory flow, FET = forced expiratory time, FEV1 = forced expiratory
volume in 1 second; FVC = forced vital capacity, PEF = peak expiratory flow, VAR =
variability, %Chg = percentage change, %Pred = percentage predicted.
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Figure 4-6. Results from a 16-year-old female patient who experiences shortness of
breath on exertion, without wheezing. Further specialist evaluation is indicated to

explore whether low forced vital capacity represents a restrictive condition. FEF =

forced expiratory flow, FET = forced expiratory time, FEV1 = forced expiratory volume

in 1 second, FVC = forced vital capacity, LLN = lower limit of normal, PEF = peak
expiratory flow, Pred = predicted, Var = variability, %Pred = percentage predicted.
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¢ Changes to make in practice

— Get a spirometer; numerous portable spirometers exist that meet
American Thoracic Society standards. Additionally, consultation with
local pulmonary specialists or a pediatric pulmonary laboratory may
be useful.

— Acceptable spirometry can be performed by office personnel, but
training is necessary.

— Emphasize support staff training. Usually, a limited number of
interested and motivated staff should be involved in testing.

Available Training Resources

* Hands-on workshops

e In-person 2-day National Institute for Occupational Safety and
Health training

e Local pulmonologist and/or respiratory therapist (the American
Association for Respiratory Care website [www.aarc.org] can help to
locate providers)

e Spirometry 360 online training and feedback. www.spirometry360.org

Resources for Families
* How to Perform Spirometry: A Video Guide (San Francisco Asthma Task
Force). www.spirometry360.org/otherresources

Clinical Pearls

* Peak flow testing is inadequate for assigning a diagnosis of asthma,
although it may still have a role in home monitoring for patients estab-
lished to have asthma.

e As many as 1 in 3 children and teens with asthma show obstruction at
spirometric testing yet report lack of symptoms.

e Spirometry should not be performed for diagnostic purposes during an
asthma exacerbation in the primary care setting.

e Obstructive lung disease is common, and restrictive lung disease is rare in
pediatric populations; suspected restriction should be further evaluated
by a specialist.

e Obstructive lung disease is identified in the expiratory limb of the flow
volume loop, so this should be the focus of spirometry in primary care.

e Spirometry is a technique-dependent procedure that typically requires
training and feedback regarding performance and clinical interpretation.
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Chapter 5

")

Complete Pulmonary
Function Tests

Clement L. Ren, MD, MS

Introduction

* Assessment of respiratory function is an important component of the
care of children with pediatric respiratory disease.

* There are multiple options available for pulmonary function tests
(PFTs), but in most cases, primary care physicians will use spirometry,
with or without a bronchodilator.

* However, it is still useful for any clinician involved in the care of children
with respiratory disease to be familiar with other PFTs.

Lung Volumes
e The space in the lungs can be divided into several different volumes and

capacities (capacities are the sums of 2 or more volumes). Figure 5-1

shows the subdivision of lung volumes and capacities.

e Some of the important subdivisions include the following.

— Tidal volume is the volume inspired and expired with each normal
breath.

— Vital capaciry is the maximal volume that can be expired after starting
at full inspiration. If this is done during forced expiration, then it is
called the forced vital capacity (FVC).

— Residual volume is the amount of gas remaining in the lungs at the
end of a vital capacity maneuver. Because of collapse of the small
airways during expiration and the compliance of the chest wall, there
will always be some residual volume remaining in the lungs, even
after a maximal forced expiratory maneuver.

— Total lung capacity (TLC) is the sum of vital capacity and residual
volume, representing the maximal volume of gas that can be held in
the lungs at end-inspiration.

— Functional residual capacity (FRC) is the volume of gas in the lungs at
the end of relaxed expiration.
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Figure 5-1. The subdivisions of lung volume. From Loughlin GM, Eigen H, eds.
Respiratory Disease in Children: Diagnosis and Management. Baltimore, MD: Williams
& Wilkins; 1994:79.

Spirometry

e Spirometry, the most commonly used PFT, involves measurement of
flows and volumes during a maximal forced expiratory maneuver.

¢ Although spirometry is a simple test, quality data acquisition is still
critical to ensure that the test results can be appropriately interpreted.

Spirometric Measurements
* The following are the most commonly used measurements obtained
through spirometry. There are other values that can be reported, but
they add little to clinical management.
— FVC is the forced vital capacity.
— FEV, is the volume forcefully exhaled in the first second.
— FEV//FVC ratio is the emptying constant of the respiratory system.
— FEF;s4.754 is the forced expiratory flow between 25% and 75%
of vital capacity. Because FEF254.759 is dependent on FVC, it is
much more variable than FEV, and FVC. FEF,s¢,754, was previously
thought to reflect small-airway flow, but in reality, it is dependent on
many other factors; it should not be considered a direct measure of
small-airway function. Additionally, it may not provide any additional
information beyond that obtained with FEV, and FVC.
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Interpretation of Spirometry Results

¢ Traditionally, lung diseases have been divided into 2 categories: obstruc-
tive and restrictive.

e Obstructive diseases are more commonly encountered and are character-
ized by reduced flow rates. Examples include asthma and cystic fibrosis.

* Restrictive diseases are characterized by reduced lung volumes, because
of either musculoskeletal factors or decreased lung compliance. Examples
of restrictive disease include kyphoscoliosis and interstitial lung disease.

e Table 5-1 summarizes the usual PFT findings in obstructive versus
restrictive disease.

* In children, FEV, is frequently normal in obstructive diseases early on
in the disease process, and FEV,/FVC ratio is a more sensitive measure
of obstruction.

* FEV//FVC ratio varies with age, and it can be as high as 0.85 in young
children and as low as 0.65 in elderly patients.

— Therefore, interpreting the FEV,/FVC ratio requires identifying the
lower limit of normal based on the patient’s age, sex, race, and height.
— A ratio less than the 5th percentile (the lower limit of normal)
or >2 standard deviations (SDs) below the mean for age signifies
obstruction.

Table 5-1. Typical Pulmonary Function Test Findings in Obstructive

Versus Restrictive Disease

TotalLung | Residual
Disease Type FVC FEV, FEV,/FVC Capacity Volume
Obstructive | Normalor { ¢ \ T T
Restrictive \ \J Normal \ {

FVC is usually normal in obstruction—especially in mild obstruction—but with severe obstruction, it may
be reduced. FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity.

Reference Equations

e Just as with growth curves, the values obtained with spirometry and other

PFTs must be normalized for the patient’s age, sex, race, and height.

* The selection of reference equations can have a substantial effect on the
interpretation of PFT results.

— Older reference equations included relatively small numbers of
nonwhite subjects and tended to cause overestimation of values in
younger, shorter children.

— Some equations did not include data on subjects younger than 8 years,
and extrapolation below that age resulted in substantial error.

— Other equations contained discontinuities in the adolescent age range.

* More recently, the Global Lung Function Initiative has developed
reference equations that span the age range of 3 to 95 years and include
both male and female subjects and multiple racial groups.
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The Global Lung Function Initiative reference equations should be used
whenever possible, but not all commercial spirometry devices contain
them yet.

According to historical convention, spirometry results are often reported

as the percentage predicted of the mean—that is, an FEV, of 90%

predicted means that the value is below the mean of patients matched

for height, race, and sex.

While percentage predicted provides a useful comparison to the normal

mean, the threshold for the lower limit of normal will depend on the

variability of the spirometric measurement in question.

— For example, an FEV, of 80% predicted is approximately 2 SDs
below the mean, and values below that are considered abnormal.

— In contrast, measurements such as FEF,s¢.75¢, are much more
variable, and values of 70% or even 65% predicted may still fall
within 2 SDs of the mean.

— It is therefore important to be familiar with the variability of the mea-
surement when interpreting percentage predicted spirometric values.

An alternative to using percentage predicted is to report results as the

number of SDs (z scores) from the mean predicted value.

— This takes into account the variability of the different measurements,
as well as the covariates of age, sex, and height.

— A z score of 0 corresponds to the mean predicted value, and a z score
of —1.645 corresponds to the fifth percentile, often taken as the lower
limit of normal.

Quality Control

Acceptable spirometric data require that the patient inspires completely

to TLC, exhales fully to residual volume, and maintains maximal effort

throughout the expiratory maneuver.

This latter element ensures that flow limitation is achieved, which in turn

reduces the variability of the measurements.

The quality of a patient’s spirometric maneuvers can be determined by

analyzing the flow volume and volume-time curves that are generated.

Figure 5-2 shows an example of acceptable flow volume and volume-

time curves.

Common reasons for unacceptable spirometry results are shown in

Figure 5-3 and include

— Incomplete expiration or early termination. This can result in under-
estimation of FVC.

— Poor start of test. The patient may not have started with maximal effort.

— Glottic closure. Some patients may involuntarily abduct their vocal
cord during forced expiration, resulting in airflow limitation.

— Inconsistent expiratory effort. The patient failed to maintain maximal
effort throughout the forced expiratory maneuver.
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Figure 5-2. An acceptable spirogram. The volume-time graph (right panel) depicts
the volume of air exhaled over the duration of the exhalation effort. It shows a good
start of the test, with a rapid increase in volume at the beginning of exhalation, and
there is complete exhalation, as demonstrated by the plateau in volume nearing
the end of exhalation. The flow-volume curve (left panel) shows the rate of air flow
compared to the volume of air that is displaced; expiration is demonstrated above
the x-axis, and inspiration is shown below the x-axis. This curve has a nice, sharp
peak expiratory flow. Flow continues throughout the expiratory maneuver and does
not terminate abruptly. Note how all the curves overlay each other completely,
demonstrating excellent reproducibility. FET = forced expiratory time, FVC = forced
vital capacity, R = medication.

Reproducibility

e In addition to quality data, the other requirement for acceptable
spirometry is reproducibility, defined as a minimum of 3 maneuvers
with <10% difference between FVC and FEV;,.

* For young children 3-5 years old, 2 reproducible maneuvers can
be acceptable.

Age

* In general, 6 years is the threshold at which most clinicians believe that
children can perform acceptable spirometry.

* However, some young children are able to meet the requirements for
high-quality spirometry data, whereas there are children >6 years of age
who are still not able to perform maximal forced expiratory maneuvers.

Peak Flow Meters

* Peak expiratory flow (PEF) reflects flow at a single point in the flow-
volume curve that occurs early in expiration.

* Measurement of PEF can be performed by using much simpler equip-
ment than a spirometer.

e PEF is highly effort dependent, so low values may not be specific for
obstruction.
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Figure 5-3. Examples of unacceptable spirometry tests. A. Poor start of test. Note also
how the curves are not reproducible. B. Glottic closure. Note how the early part of the
expiratory portion of the flow-volume curve is flattened. C. Coughing during the forced
expiratory maneuver. This accounts for the jagged lines in the flow-volume curve. D.
Early termination. Note how the flows drop abruptly in the flow-volume curve. A clear
plateau cannot be seen on the volume-time curve. FET = forced expiratory time, FEV1 =
forced expiratory volume in 1 second, FEV3 = forced expiratory volume in 3 seconds,
FVC = forced vital capacity, R« = medication.
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* PEF can be relatively preserved in the presence of obstruction; normal
values lack sensitivity.

* The National Heart, Lung, and Blood Institute Asthma Guidelines
recommend considering the use of PEF meters for some patients who
have trouble sensing airflow obstruction or prefer objective measures
of expiratory flow.

* However, this recommendation was based on the lowest level of evidence
quality (category D), which represents panel consensus judgment in the
absence of published data supporting the recommendation.

Exercise Testing

* Exercise testing can be useful in the evaluation of dyspnea to rule out a
cardiopulmonary limitation to physical activity or to identify the presence
of exercise-induced bronchoconstriction (EIB).

 Patients can exercise on a treadmill or cycle ergometer; the latter allows
for more precise calculation of power output.

* By measuring expired CO, and O, consumption during a graded increase
in exercise, the maximal oxygen consumption (VOam.) and anaerobic
threshold can be calculated; a low VO sy 1s evidence of deconditioning.

e EIB may be assessed by using serial spirometry after a rapid increase
in work intensity; EIB is demonstrated by >20% decrease in FEV, after
maximal exercise capacity has been achieved.

Gas Dilution

* Spirometry cannot be used to measure the residual gas remaining in the
lungs at the end of the forced expiratory maneuver; therefore, it cannot
be used to measure residual volume, FRC, or TLC. To measure FRC
(and calculate other volumes), other methods must be used.

* Gas dilution methods are used to measure the dilution of a tracer gas—
usually helium—by the gas in the lungs.

* By starting with a known concentration of helium and measuring
the concentration after mixing with the gas in the lungs during quiet
tidal breathing, the volume needed to dilute the concentration can
be calculated.

* Alternatively, the resident nitrogen in the lungs can be washed out by
inspiring 100% O, and dividing the total expired volume needed to wash
out all the nitrogen by the concentration difference.

* Because gas dilution techniques require complete mixing of all the lung
units with the tracer gas, they can potentially underestimate lung volumes
owing to areas of the lung that are poorly ventilated or obstructed.

Body Plethysmography

* Body plethysmograpy allows measurement of the entire volume of the
lung, regardless of whether there are areas of poor or no ventilation.

* Body plethysmograpy relies on Boyle’s law, which states that the product
of pressure and volume is a constant, assuming the temperature is stable.
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e To perform body plethysmograpy, patients pant (breathe very quickly)
against a closed tube, generating changes in pressure and volume that
can be used in the application of Boyle’s law.

* Body plethysmograpy requires a large, airtight chamber or box in which
the patient can be contained. This equipment is expensive and requires
regular maintenance and calibration.

* Some degree of coordination is also required to generate pants that are
not too fast or slow and that do not result in overly large pressure swings.
Many young children cannot adequately perform this maneuver.

Bronchoprovocation

* The hallmark of asthma is bronchial hyperresponsiveness (BHR),
which is a tendency for airways to more easily constrict in response to
a bronchoconstrictor.

* BHR can be quantitatively determined by having patients inhale
progressively higher concentrations of the bronchoconstrictive agent
methacholine.

* The PC, is the provocative concentration of methacholine required to
lower the FEV,; by 20% from baseline.

* The lower the PC,, the more sensitive the airways are to methacholine
(increased BHR is present).

e A PCy of £1 mg/mL methacholine is evidence of severe BHR and is
suggestive of asthma.

* Bronchoprovocation can be helpful in situations where the diagnosis
of asthma is being considered and there is a desire to objectively docu-
ment BHR.

* The demonstration of BHR does not indicate a diagnosis of asthma,
since there can be other causes of BHR.

Assessment of Respiratory Muscle Strength

e In patients with neuromuscular diseases, measurement of maximal
inspiratory and expiratory pressures and peak cough flow can be helpful
in assessing respiratory muscle strength and serially monitoring and
tracking changes in muscle strength.

* Generally, assisted cough devices are used when a patient’s respiratory
muscle strength is markedly reduced.

Diffusion Capacity of the Lung to Carbon Monoxide

* Gas exchange occurs through diffusion of oxygen and CO. across the
alveolar capillary membrane.

* Conditions such as interstitial lung disease or pulmonary edema, which
result in thickening of the alveolar capillary membrane, will also lead to
decreased efficiency of gas exchange.
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e The diffusion capacity of the lung can be measured by using carbon
monoxide (CO), a tracer gas that diffuses readily across the alveolar
capillary membrane but is retained in the pulmonary circulation through
its avid binding to hemoglobin.

* In clinical practice, diffusion capacity of the lung to CO (DLco) is
measured by using the following single-breath technique:

— A patient inspires a gas mixture that contains a small amount of
CO (typically 0.3%), holds his or her breath for 10 seconds, and
then exhales.

— By measuring the concentration of exhaled CO, the diffusion capacity
can be calculated.

¢ Although this measurement is referred to as the Drco, factors other than
diffusion capacity, such as pulmonary vascular perfusion and hemoglobin
concentration, also contribute to the DrLco value. Nonetheless, the DLco
is a good reflection of the gas exchange capacity of the lung.

Infant PFTs

¢ Infants cannot perform the forced expiratory maneuvers required for
standard spirometry.

e Adult-type spirometry can be replicated by using the single-breath
occlusion method or the raised-volume rapid thoracoabdominal com-
pression technique.

— Raised-volume rapid thoracoabdominal compression technique
= The method is safe and generates forced expiratory flow data
similar to those of standard spirometry.
= It is time and labor intensive, and it does require sedation.
— Single-breath occlusion method
= The method relies on triggering the Hering-Breuer reflex, which is
a brief apneic pause that occurs in response to airway occlusion.
= It can be performed in sleeping infants, as well as sedated ones.

e Infant pulmonary function testing is usually available to subspecialists in
pediatric pulmonology. While it may have some clinical applications, it is
more often used in the research setting.

Preschool PFTs

¢ Although many children aged 3—5 years can perform acceptable spirom-
etry with achievement of flow limitation, even with less stringent criteria,
the success rate ranges from 50% to 80%. Other methods for preschool
PFTs have been developed that require less patient cooperation.
* The forced oscillation technique and the interrupter technique are
methods of measuring pulmonary function in younger children.
— Children performing the forced oscillation technique do not need to
perform forced expiratory maneuvers; they simply need to maintain
steady tidal breathing.
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— With the interrupter technique, a brief occlusion is applied while
children passively exhale through the interrupter device.

There are commercially available devices for both techniques, and

normal reference data have been published.

Availability generally remains limited to subspecialists’ offices. The need

for accurate lung function testing in young children may constitute a

reason for referral.

Multiple-Breath Washout

The degree of ventilation inhomogeneity present during a gas dilution
test can be quantified through multiple-breath washout.

The lung clearance index (L.CI) represents the number of FRC volumes
needed to completely wash out a tracer gas (either helium or sulfur
hexafluoride) or the resident nitrogen in the lungs.

The higher the LCI, the greater the amount of ventilation inhomogeneity.
A substantial advantage of this technique is that it requires only quiet,
tidal breathing.

In young children with cystic fibrosis, L.CI is increased even when
spirometric measures are normal; LLCI is being studied as a method to
detect early disease and as an outcome measure in studies of treatment
of children with mild cystic fibrosis lung disease.

Exhaled Nitric Oxide

Allergic airway inflammation mediated by type 2 helper T cell cytokines,
such as interleukin 4 and 5, induces the production of nitric oxide (NO)
in the airways of children with atopic asthma.

Measurement of the fraction of exhaled NO can be used to assess allergic
airway inflammation, and commercial, Food and Drug Administration—
cleared devices to measure fraction of exhaled NO are currently available.
Studies have shown that in general, routine measurement of fraction of
exhaled NO and medication protocols driven by this parameter have not
resulted in improved asthma control.

Fraction of exhaled NO may still have a role in the diagnosis of asthma,
assessing adherence to inhaled corticosteroid therapy in asthmatic
children, and the management of severe asthma.

Clinical Pearls

PFTs provide objective evidence of lung function in patients with lung
diseases such as asthma or cystic fibrosis.

Spirometry is the most commonly used PFT, but obtaining good spirom-
etry data requires careful attention to technique and quality control.
More specialized PFT's are available and are usually performed by
specialists such as pediatric pulmonologists.
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Imaging

Sabah Servaes, MD, FAAP

Overview of Modalities

Imaging permits screening, diagnosis, and identification of complications

of infections and other disorders of the respiratory system.

¢ Chest radiography is the most commonly ordered imaging modality.

It is quick, easy to perform, relatively inexpensive, and involves a small
amount of radiation. It is widely available and portable and can be
performed at the patient’s bedside.

e Ultrasonography (US) requires a moderate amount of time, depending
on the examination and experience level of the sonographer. The cost is
low to moderate, and the examination involves no ionizing radiation. It
is widely available (although specialized pediatric sonographers are not
as widely available) and can be performed portably, as well.

* Computed tomography (CT) is widely available and provides excellent
spatial resolution with a quick examination time at a moderate cost.
Radiation can be decreased by use of pediatric dose parameters (CT
performed at a center with American College of Radiology CT accred-
itation is ideal). Sedation may be needed in uncooperative children,
especially those 1-3 years of age. CT is excellent for characterization
of lung parenchyma and osseous structures.

* Magnetic resonance (MR) imaging provides the best soft-tissue
resolution with no ionizing radiation, but the examination is lengthy,
may require sedation, is costly, and is less widely available than other
modalities. It has limited value in the assessment of lung parenchyma.

* Positron emission tomography (PET)/CT and PET/MR imaging are
typically used for oncologic applications but are also used occasionally
for infectious or inflammatory entities. The examinations are lengthy,
frequently require sedation (especially in children under 6 years of age),
are costly, and are not widely available.

* Fluoroscopy is a dynamic examination involving low to moderate levels
of ionizing radiation. It is performed in a fluoroscopy suite to image
real-time changes in the airways, diaphragm, and thoracic cavity. It may
be used in conjunction with a speech pathologist for swallow function
studies or in conjunction with an upper gastrointestinal examination per-
formed by a radiologist (both studies are reliant on patient compliance).
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Chest Radiography

* Chest imaging is most commonly performed with chest radiography

(Figure 6-1).

Technical factors to remember include the following.

— The frontal projection is obtained with a posteroanterior radiation
beam.

— In patients who are unable to stand or follow instructions (eg, in
an intensive care unit or, if very young, typically <5 years old), the
frontal (anteroposterior [AP]) projection is obtained, which makes
anterior thoracic structures, such as the heart, appear larger.

Common findings include the following.

— Atelectasis: focal opacity due to loss of lung volume that may appear
and resolve rapidly (Figure 6-2).

— Pneumonia (Figure 6-3)
= Focal consolidation is seen without volume loss.
= Follow-up radiography is rarely necessary.
= Radiographic findings of pneumonia can persist for days or weeks,

despite clinical improvement.

— Pleural effusion (Figure 6-4) manifests as fluid between the lung and
the chest wall. Radiographically, it blunts the diaphragm margin and
may be seen tracking along the chest wall. Noncomplicated effusion
is free flowing and more easily observed with the patient in a lateral
position (decubitus views). However, decubitus radiographs are rarely
obtained in lieu of US, which can demonstrate the effusion without
additional radiation exposure.

— Bronchiectasis
= Dilated bronchi typically indicate chronic airway disease
= Commonly seen in cystic fibrosis, primary ciliary dyskinesia, or

immunodeficiency or after severe infection

— Acute chest syndrome
= Diffuse, acute, patchy lung opacity in children with sickle cell disease
= Associated with hypoxemia and respiratory distress
= May initially be a subtle opacity on chest radiographs
= May progress rapidly to complete unilateral or bilateral opacifica-

tion of the lungs
= Imaging does not allow infection to be distinguished from acute
chest syndrome

— Hyperinflation
= Flattened hemidiaphragms, typically bilaterally
= Often seen with asthma, viral illness in infants, or other obstructive

lung disorders

— Pneumothorax
= Manifests as air within the pleural space, between the chest wall and

the lung.
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Figure 6-1. Normal chest radiographs in a 3-year-old boy. A. Frontal and B. lateral
views show a normally sized heart (H), trachea (T), carina (C, arrows on A and

B), stomach (S), diaphragm (D), liver (L), pulmonary artery (PA, arrowhead on B),
esophagus (E), and transverse colon (TC).
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Figure 6-2. Bibasilar atelectasis in a 13-year-old boy with asthma. A chest radiograph

with normal findings was obtained a few days earlier. A. Anteroposterior (frontal) and
B. lateral views of the chest demonstrate tenting of the hemidiaphragms, secondary

to volume loss.

= Small pneumothoraces show a thin, dark edge identified without
lung markings beyond. Decubitus views or cross-table lateral views
better demonstrate the pleural line.

= Larger pneumothoraces are often easier to identify but can be
subtle when the lungs are hyperinflated and clear (Figure 6-5).

= Mediastinal shift indicates a tension pneumothorax, which requires
emergent intervention.

— Croup

= Chest radiographs show subglottic narrowing, described as a steeple
sign (Figure 6-6).
= Croup is most easily evaluated with soft-tissue airway radiographs.

— Foreign body (Figure 6-7)

= At radiography, opaque foreign bodies can typically be seen in the
airway (turned sideways) or the esophagus (facing forward).

= Button batteries have a lucent ring at the periphery, forming a beveled
edge. They usually lodge in the esophagus, where they face forward
on the frontal radiograph and sideways on the lateral radiograph.

= Foreign bodies in the airway that are not opaque at radiography are
more difficult to diagnose. Findings include differential aeration of
the lungs with unilateral hyperinflation.

= Decubitus radiographs, which have the advantage of not requiring
patient cooperation, are used for diagnosis. Inspiratory-expiratory
radiographs serve the same purpose in cooperative children.

= Both techniques demonstrate unchanged lung volume on the
obstructed side due to air trapping.

= Button batteries have a high rate of complications, including corrosive
strictures, tracheoesophageal fistulas, and mediastinal perforations.
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Figure 6-3. Right upper-lobe pneumonia in a 3-year-old girl. A. Frontal and B. lateral

chest radiographs demonstrate focal consolidation in the right upper lobe (arrows). 43
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Figure 6-4. Left lower-lobe pneumonia with effusion. A. Frontal and B. lateral chest
radiographs show focal opacity with air bronchograms and obscuration of the left
hemidiaphragm. On A, a subtle effusion is seen tracking along the left pleural margin
(arrow). Sternotomy wires from old surgical repair of congenital heart anomaly are
incidentally noted.
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Figure 6-5. Frontal portable radiograph obtained in a premature newborn with
surfactant deficiency and worsened respiratory distress shows diffuse fine granular
alveolar opacities, in addition to a left pneumothorax (arrow). Also, noted is a small
amount of left-to-right shift and an umbilical catheter.
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Figure 6-6. Croup. A. Anteroposterior (AP) chest radiograph in a 4-year-old girl
demonstrates subglottic narrowing (arrow). B. Note the normal trachea in the same
child on a previous AP radiograph.
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Figure 6-7. Button battery ingested by a 1-year-old girl with associated esophageal
stricture. A. Frontal radiograph shows a circular, forward-facing, esophageal foreign
body with a peripheral beveled edge. Note the subtle lucent foci along the battery
edges, indicating corrosion. B. Frontal esophagram obtained after battery removal
shows focal esophageal narrowing (arrow).
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Ultrasonography

e US is most often used to identify and characterize pleural effusions
(Figure 6-8).

e Simple effusions are dark, whereas complex effusions contain septations
and debris.

* US can also be used to assess the degree and symmetry of diaphragmatic
motion.

e US facilitates obtaining pleural fluid for diagnosis and placement of chest
tube drainage if necessary.

Computed Tomography
Detailed imaging of the lung in 3 dimensions allows discrimination of a
variety of lesions.
e Nodules
— CT is the most sensitive modality for detection.
— CT demonstrates soft-tissue (eg, presence of calcification) and
osseous structures.
— Serial examinations can be performed to document changing size or
number of lesions.

/ N\
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Figure 6-8. Pleural effusion. Sagittal ultrasonographic image demonstrates a left
pleural effusion (arrow). Normal liver (L) and right kidney (K) are partially visualized.
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* Parenchymal disease
— CT is able to demonstrate changes associated with a variety of
thoracic disorders.
= Consolidation may be seen with infection.
= Hilar adenopathy is seen with granulomatous infections and, less
commonly, in children with malignancy.
= Peripheral and mediastinal calcifications are most commonly seen
with granulomatous infection and in the Mississippi River valley,
overwhelmingly due to Histoplasma capsulatum.
= Ground-glass air space disease suggests active inflammation in the
lung parenchyma.
= Bronchiectasis is diagnosed when the bronchi are larger than the
adjacent vessel (signet ring sign) and is easiest to visualize at CT.
— Hyperlucent lesions may be seen in a variety of conditions.
= Congenital cysts
= Congenital lobar emphysema
= Congenital pulmonary airway malformations
= Acute abscesses—often partially opacified by fluid
= Postinfectious cysts and pneumatoceles
* Mediastinal masses and lymphadenopathy
— Mediastinal masses (nodes, congenital cysts, vascular lesions, and
lymphadenopathy) are evaluated easily with CT (Figures 6-9 and 6-10).
— Hilar nodes are more easily distinguished when intravenous contrast
material is used.
— Axillary and cervical nodes may also be visualized.
e Vascular anatomy
— Intravenous contrast material is required for complete visualization.
— CT can be used to detect aberrant anatomy, vascular anomalies
(eg, aneurysm), and emboli.
e Pectus excavatum
— Convex indentation of the sternum that narrows the AP diameter of
the chest
— May be quantified by using a measure called the Haller index. The
Haller index is the maximal transverse diameter or narrowest AP
length of chest. The normal index is 2.5, and indexes >3.25 are typi-
cally clinically significant enough to warrant consideration of surgical
correction on the basis of accompanying symptoms.
— The degree of cardiac compression is also important to consider.

Fluoroscopy
* Fluoroscopy is used for dynamic airway assessment to evaluate the
following:
— Diaphragmatic motion
— Tracheomalacia and laryngomalacia
— Airway obstruction in suspected foreign bodies
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Figure 6-9. Esophageal duplication cyst in a 2-year-old girl. A. Posteroanterior
radiograph of the chest shows a subtle, well-defined retrocardiac opacity (arrow).
B. Coronal reconstruction from contrast-enhanced computed tomography confirms
a low-attenuation lesion (arrow) typical for a duplication cyst. The cyst was
surgically resected.
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Figure 6-10. Right aortic arch in a 14-year-old female patient. A. Posteroanterior chest
radiograph shows a soft-tissue density (arrow) along the right side of the trachea.

B. Axial contrast-enhanced computed tomographic image confirms a right aortic

arch (arrow).

¢ Fluoroscopy may also be used for a swallow function study.
— Generally performed by a radiologist with an experienced speech
pathologist
— Performed to evaluate the mechanics and efficiency of swallowing
— Can be used to identify aspiration during ingestion of liquids or solids

MR Imaging
* MR imaging is used to detect masses, such as venous and lymphatic
malformations of the mediastinum (Figure 6-11).

PET/CT and PET/MR Imaging

e PET is a functional examination combined with an anatomic modality,
CT or MR imaging, used most often to evaluate the activity of neoplastic
cells (Figure 6-12).

Resources for Families

e Children’s (Pediatric) Imaging (Radiological Society of North America).
www.radiologyinfo.org/en/submenu.cfm?pg=ped

e What Can I Do as a Parent? (Image Gently). www.imagegently.org/
Roles-What-can-I-do/Parent
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Figure 6-11. Coronal T2-weighted magnetic resonance image illustrates a left
mediastinal venous malformation, which is predominantly high in signal intensity
(arrows). Dark foci likely correspond to internal septations and phleboliths, which
are calcifications within the veins (arrowheads).
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Figure 6-12. Hodgkin lymphoma. Coronal positron emission tomography/computed
tomography image demonstrates increased fluorodeoxyglucose uptake in the
mediastinum and left lower neck, which corresponds to an active neoplasm (arrows).
Normal uptake is noted in the brain, bowel, and bladder.

51



This page intentionally left blank



Chapter 7

O
Allergy Testing

David Stukus, MD

Indications for Allergy Testing
¢ Persistent symptoms, despite regular use of medications, such as anti-
histamines and/or nasal steroid sprays
e Exposure to potential allergens with ongoing symptoms (eg, cat or dog
inside the home)
¢ Consideration of allergen immunotherapy for severe refractory symptoms
e Children with persistent asthma who
— Require more than 1 controller medication
— Have ongoing symptoms despite adherence to therapy
— Require help to determine a prognosis
* Need to establish the proper diagnosis and best treatment options

Approprlate Age for Allergy Testing
e There is no age limitation in the application of allergy testing or
interpretation of the results. If a child is old enough to develop immuno-
globulin E (IgE)-mediated inhalant allergies, then he or she is old
enough to undergo allergy testing to detect specific IgE.

* Younger children often have negative allergy test results because their
symptoms are not caused by IgE-mediated allergies.

e Perennial allergic rhinitis (caused by exposure to dogs, cats, dust
mites, cockroaches, or rodents) typically does not develop until at least
12 months of age and can begin anytime thereafter.

* Seasonal allergic rhinitis (caused by exposure to trees, grasses, weeds,
ragweed, or mold spores) develops as follows:

— Typically not until at least 2—3 years of age
— Unlikely in children <18 months of age

Skin Prick Testing

* Skin prick testing involves the introduction of a small amount of allergen
percutaneously, through the use of a prick device.

e Test samples should be placed on the upper back or volar aspect of
the forearm.

 If the patient has specific IgE attached to localized mast cells, the skin
prick test for an allergen will result in a localized wheal (bump) and
flare (erythema) response.
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Test results should be interpreted 15 minutes after application.

The mean diameter of the wheal is measured to determine sensitization
to that particular allergen. A positive (histamine) and negative (saline)
control sample should always be placed and used for comparison and
interpretation of specific allergen wheal diameters.

A wheal >3 mm larger than the negative control sample is consistent with
the presence of allergic sensitization.

The size of the skin prick test result does not correlate with severity

of symptoms but does correlate with likelihood of the test result being
clinically relevant.

Medications can interfere with test results (Table 7-1); antihistamines
should be discontinued at least 3—5 days prior to testing.

Table 7-1. Differences Among Serum-Specific Inmunogloblulin E

Diagnostic Tests

Serum-Specific

Skin Prick Test Immunoglobulin E
Sensitivity High High
Specificity Low Low
Medications that |+ Antihistamines None
may interfere e Tricyclic antidepressants
with results * H, histamine blockers

* Long-term systemic cortico-
steroids (>2 wks)

Adverse effect * Localized pruritus, discomfort | No risk for allergic reaction

* Very low risk for anaphylaxis e Localized trauma from
venipuncture

Timing of results |15-20 min Hours to days, depending on

the laboratory

Serum-Specific IgE Testing

Immunoassay is used to measure levels of specific IgE toward an allergen
through routine venipuncture.

Results are reported as a range from 0.1 to 100 kU/L.

Similar to skin prick testing, the level of specific IgE does not correlate
with severity of symptoms but does correlate with the likelihood that
allergy is present.

Many laboratories also report arbitrary classes assigned to certain ranges;
these have no clinical relevance and should not be used in the interpreta-
tion of results.

Serum IgE results are not affected by any medications; patients do not
need to discontinue antihistamines prior to testing (Table 7-1).
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* Many commercial laboratories offer panels of allergens that can be
measured on the same sample. This often combines food allergens with
inhalant allergens. These panels should be used rarely, if ever, because
they often introduce unnecessary testing or may not contain desired
allergens. Individual allergens should be assessed and ordered accordingly.

Total IGE Levels

* Total IgE levels are not diagnostic for any condition and should not be
obtained routinely.
* Atopic conditions, such as atopic dermatitis, allergic rhinitis, and asthma,
are generally associated with higher total IgE levels.
e There are 2 scenarios in which a total IgE level is indicated and useful:
— To determine if allergic bronchopulmonary mycosis (aspergillosis) is
present, in which total IgE levels often double or increase substan-
tially during an acute flare
— To determine dosing of omalizumab (anti-IgE monoclonal antibody)
for patients with moderate to severe asthma who are candidates for
this therapy

Interpretation of ISE Results

* Both skin prick and serum IgE tests are associated with high negative
predictive values but poor positive predictive values. Neither test can be
used as a screening tool or as a predictor of future allergy.

* The size of the test result does not correlate with severity of symptoms,
only the likelihood that allergy is present.

* For inhalant allergens, predictive values are not well established for any
indoor or outdoor inhalant allergens. Interpretation relies on clinical
history, pretest probability, and exposure history.

* For food allergens, predictive values have only been established for the
8 most common food allergens: milk, egg, wheat, soy, peanut, tree nuts,
fish, and shellfish. Determination of food allergy relies on clinical history,
pretest probability, and size of the test result.

* Foods should never be removed from the diet solely on the basis of IgE test
results. Owing to high rates of falsely increased and clinically insignificant
results, a thorough history should be obtained to elicit reproducible,
immediate-onset symptoms consistent with IgE-mediated food allergy
prior to ordering any food allergen IgE testing or interpreting the results.

Indications for Repeat Testing

* Repeat testing is rarely necessary any sooner than 12 months after the
last test, unless new symptoms develop.
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e Inhalant allergy testing should be repeated if symptoms at the time of the
original test have persisted or progressed despite medical management.
If new symptoms arise, if new exposures occur (eg, a new pet at home),
or if consideration for allergen immunotherapy arises, then repeat testing
should be conducted.

* Food allergy testing should be repeated annually for anyone with phy-
sician-diagnosed food allergy who is strictly avoiding a certain food (or
foods). Many children with food allergies will develop tolerance with age.

» Testing should not be repeated for these reasons:

— To gauge effectiveness of immunotherapy or to determine when to
discontinue immunotherapy. This is best determined through assess-
ment of symptoms or predetermined time frames for maintenance
immunotherapy (3-5 years).

— To determine effectiveness of medical management. This is best
approached through assessment of symptoms.

When to Refer

* Asthma or allergy symptoms persisting despite adherence to baseline
daily therapy (antihistamines with or without nasal steroid sprays,
inhaled steroids)

* Skin prick testing required

* Immunotherapy or use of monoclonal antibodies being considered in
the management of severe refractory asthma

e Education or information needed for allergy diagnosis, allergen
avoidance, prognosis, and additional treatment considerations

* Patient requires National Heart, Lung, and Blood Institute asthma
guideline step 4 care or higher

* Assistance needed in the interpretation of previously obtained IgE
test results

Resources for Families

e Allergy Testing (American Academy of Allergy, Asthma, and
Immunology). www.aaaai.org/conditions-and-treatments/library/
allergy-library/all-about-allergy-testing

* What You Need to Know About Food Allergy Testing (Kids With
Food Allergies). www.kidswithfoodallergies.org/page/food-allergy-test-
diagnosis-skin-prick-blood.aspx

Clinical Pearls

e Skin prick and serum IgE tests alone are not diagnostic for any allergies.

* The size of an allergy test result can help determine the likelihood of
allergy being present, as determined by the clinical history.

* Allergy testing for inhalant allergens can help identify the cause of
nasal and ocular symptoms, appropriate treatment strategies, avoidance
measures, and prognosis for children with asthma.
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Bronchoscopy

Shailendra Das, DO, FAAP

Introduction

Flexible bronchoscopy allows for examination of the nose, pharynx,
larynx, and tracheobronchial tree.

Bronchoscopic developments, including smaller scope sizes and improve-
ments in picture quality and video technology, have facilitated use in
younger children and neonates.

Indications for Bronchoscopy

Stridor (especially in the setting of failure to thrive or apneic spells)
Persistent wheezing (especially if asthma therapies do not alleviate
symptoms)

Monophonic wheezing (suspicion of foreign body)

Persistent wet cough

Recurrent and/or persistent pneumonia

Persistent abnormal chest radiographic and/or computed tomographic
findings (atelectasis, infiltrate)

Recurrent aspiration

Foreign-body aspiration

Hemoptysis and/or pulmonary hemorrhage

Respiratory symptoms in an immunocompromised host

Interstitial lung disease

Tracheostomy evaluation

Lung transplant surveillance

Direct instillation of medications (deoxyribonuclease, hypertonic
saline, N-acetylcysteine, sodium bicarbonate) to aid in thinning and
removing mucus

Additional Tests

Bronchoalveolar lavage
— Evaluation of alveolar cells via instillation of saline in a pulmonary
lobe to obtain diagnostic information
— Indications
= Microbial cultures (bacterial, fungal, viral, and mycobacterial) and
rapid diagnostic tests
= Cytologic analysis and cell count
= Bleeding
= Aspiration or gastroesophageal reflux
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— Cytologic findings in bronchoalveolar lavage
= Normal: >80% macrophages
= Inflammation and/or infection: increased numbers of neutrophils
= Asthma: increased percentage of eosinophils
= Alveolar or airway hemorrhage: presence of hemosiderin-laden
macrophages
= Aspiration and/or gastroesophageal reflux: presence of lipid-laden
macrophages (sensitive, not specific)
= Interstitial lung disease: increased numbers of lymphocytes,
eosinophils, neutrophils
= Sarcoidosis: increased lymphocyte count (CD4" cells)
= Hypersensitivity pneumonitis: increased lymphocyte count
(CD8* cells)
e Transbronchial biopsies: evaluation for acute cellular rejection in patients
who underwent lung transplantation, sarcoidosis
* Endobronchial biopsies: evaluation of airway inflammation, potential
malignant lesions, granulation tissue
* Endobronchial brush biopsies: evaluation of ciliary motility and cilia
electron microscopy ultrastructure (primary ciliary dyskinesia)

Deciding Between Flexible and Rigid Bronchoscopy
¢ Flexible bronchoscopy
— Usually performed by pulmonologists
— Can be performed at the bedside (eg, in the pediatric intensive care
unit) or in an outpatient procedure suite
— Can be performed with moderate sedation or general anesthesia
* Rigid bronchoscopy
— Usually performed by otolaryngologists or pediatric surgeons
— Usually performed in an operating room
— Requires general anesthesia
* Table 8-1 shows indications for flexible and rigid bronchoscopy.
e In general, flexible bronchoscopy
— Allows for more maneuverability, giving a better view of the lower
airways
— Offers a more dynamic view of the airway
— Provides the opportunity for sampling of the lower airways for
microbial and cytologic testing
* Direct laryngoscopy (without endotracheal tube)
— Allows for better examination of the posterior glottis
* Rigid bronchoscopy
— DProvides for controlled ventilation through the scope
— Provides for a bigger working channel for removal of a foreign body
(see Figure 8-1 for evaluation and/or management of a foreign body)
— Essential for ruling out suspected H-type tracheoesophageal fistula
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Table 8-1. Choosing Between Flexible and Rigid Bronchoscopy

Control of bleeding

Area of Interest or Evaluation Flexible Rigid

Nasopharynx v

Larynx® v v

Vocal cord function and/or movement v

Subglottis v

Trachea v v

Laryngomalacia v

Tracheobronchomalacia v v

Diagnostic workup (microbial, cytologic analysis) v

Mainstem bronchi v v

Lobar, segmental, and subsegmental bronchi 4

Endobronchial biopsy v v

Foreign-body removal v

Diagnosis of foreign body v v
v

21f a laryngeal cleft is suspected, direct laryngoscopy must be performed, with palpation of the interary-

tenoid space.

Findings

¢ Upper-airway lesions
— Vocal cord paralysis
— Vocal cord dysfunction
— Laryngomalacia
— Laryngeal web
— Laryngeal cleft
— Subglottic stenosis
— Subglottic cysts

e Lower-airway lesions
— Tracheomalacia

— Tracheal stenosis and/or complete tracheal rings
— External (vascular) compression of the airway

— Tracheal bronchus

— Tracheoesophageal fistula

— DProtracted bacterial bronchitis
— Endobronchial foreign body
— Endobronchial mass

— Bronchomalacia
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Is there a radiopaque foreign body present,
or was there a witnessed choking event?

]
No Yes

Is the patient unstable | yag
with suspicion of
foreign body?

Proceed with rigid
bronchoscopy

No

Are there unilateral Yes
decreased breath sounds?

No

Yes

Proceed with flexible
bronchoscopy Is a bronchial

(if there is still a suspicion foreign body found?

for foreign body)

Figure 8-1. Algorithm for assessment of foreign body.

Complications of Bronchoscopy
* Common complications

Cough

Low-grade fever

Transient hypoxemia, due to either sedation or obstruction of the
airway by the scope itself

Minor airway and/or nasal bleeding, due to local trauma

Local trauma during rigid endoscopy procedures

= Abrasions of the lips or gingiva

= Chipped teeth

e Rare complications

Laryngospasm: avoided by using topical laryngeal anesthesia
Bacteremia: caused by spread of infection

Pneumothorax: incidence increased when transbronchial biopsy
performed

Hemorrhage: incidence increased when transbronchial biopsy performed
Airway obstruction: can occur during removal of a foreign body
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Resources for Families

¢ Flexible Bronchoscopy (Airway Endoscopy) (American Thoracic
Society). www.thoracic.org/patients/patient-resources/resources/
flexible-bronchoscopy.pdf
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Oximetry and
Capnography

Sankaran Krishnan, MD, MPH

Pulse Oximetry

First described in the 1940s, pulse oximetry is now considered the “fifth
vital sign” and has evolved to be the method of choice to monitor the oxy-
genation status of a patient.

Principles of Pulse Oximetry

e Pulse oximetry is used to measure oxygen saturation (Spo,) by relying
on the differential absorption spectra of deoxyhemoglobin (red light,
660 nm) and oxyhemoglobin (infrared light, 940 nm) (Figure 9-1).

* The comparative ratio of light absorbance at these 2 wavelengths is
calculated and calibrated against direct measurements of arterial oxygen
saturation (Sao,) via blood gas measurements. This establishes the pulse
oximeter’s measure of arterial saturation (Spo,).
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Figure 9-1. Absorption spectra of human hemoglobins. Adapted from Miller RD. Miller’s
Anesthesia. 8th ed. Philadelphia, PA: Elsevier; 2015. Copyright 2015, with permission
from Elsevier.
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Pulse oximeters typically consist of 2 light-emitting diodes, 1 emitting

at the red spectrum and the other at the infrared spectrum. At the other
end of the diodes, a detector is used to measure nonabsorbed energy. A
microprocessor is used to subtract absorption by constant sources like
bone and tissue and displays the final signal electronically as a waveform.
The waveform reflects the pulsatile nature of blood flow and is thus a
marker of pulse or heart rate.

Spo. is calculated by converting the absorption ratios with dedicated
calibration algorithms stored in the microprocessor of the device. These
algorithms were derived from blood gas measurements obtained in
healthy volunteers who were breathing standard oxygen concentrations.
These algorithms are not useful below an Spo; level of 75% because it

is unethical to expose volunteers to oxygen concentrations that lead to
lower Spo;, levels.

In most pulse oximeters, displayed Spo, represents the mean of the
measurements obtained during the previous 3 to 6 seconds.

Typical measuring sites include the finger, toe, pinna, and lobe of the ear.
Masimo technology (Irvine, CA) uses a patented signal extraction
technique to smooth out motion artifacts. Pulse oximeters equipped with
this technology tend to more accurately reflect Spo, in young infants

and children.

Normal Spo; Values

Normal Spo, values in children are not well established.

Readings vary with age and altitude.

— Typical Spo, values in healthy children at sea level range from 97%
to0 99%.

— In neonates and young infants, typical values are lower, ranging from
93% to 100%.

— Values are lower at higher altitudes.

— Spo;, values demonstrate diurnal fluctuation, with lower readings in
the early morning and peak readings in late afternoon.

Utility of Pulse Oximetry

Monitoring in respiratory disorders associated with hypoxemia (eg,
bronchiolitis, asthma, pneumonia)

Monitoring during resuscitation

Neonatal screening for congenital heart disease

Prevention of hyperoxia, especially in neonates

It is important to emphasize that pulse oximetry is not used to measure
“oxygen level in the blood.” Rather, it is a measure of how well the
hemoglobin is saturated with oxygen. There is no established “safe value”
to discharge a child from the hospital. Clinical consideration is needed,
and a child may be discharged from the hospital with a lower than
normal Spo, value as long as he or she is clinically well otherwise.
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Limitations of Pulse Oximetry

* Erroneous readings may occur in the presence of any of the following:
— Abnormal hemoglobins, such as methemoglobin or carboxyhemoglo-
bin (see Figure 9-1)
— Nail polish (may need to be removed before testing), skin
pigmentation
= Darker skin pigmentation can lead to erroneously lower values
of Spo,
— Ambient (white) light interference
— Poor perfusion states (decreased cardiac output, marked
hypothermia)
— Severe anemia
— Intravenous dyes (like methylene blue)
— Suboptimal probe positioning
— Motion artifact
* Pulse oximetry is inaccurate below an Spo, level of 75%
e Itis not a good reflector of O, status beyond 100% (see Figure 9-2)

Capnography
Principles of Capnography

e Capnography is the noninvasive monitoring of the concentration of
carbon dioxide (CO.) in expired respiratory gases, presented in a con-
tinuous waveform display.

e It may be worthwhile (and cost-effective) for offices, especially those that
deal with a large volume of technology-dependent children, to have this
modality available in the office to enhance monitoring.

* Infrared spectrometry is the most commonly used method of
capnography.

— Infrared radiation passing through the sample chamber is absorbed
by CO..

— The remaining unabsorbed radiation is detected by a semiconductor,
which converts it into a continuously displayed electrical signal that is
directly proportional to the concentration of CO..

e Since CO; is produced in the tissues, transported in the blood, exchanged
in the lungs, and expired through the airways, capnography is an inte-
grated indicator of the functions of the respiratory, cardiovascular, and
metabolic systems.

* Though frequently used by anesthesiologists as a tool to monitor the
adequacy of ventilation in the surgical setting, capnography continues to
develop wider applications outside the perioperative setting.

* The capnogram obtained during expiration is described in 3 phases
(Figure 9-3).

— Phase zero represents the gas from the anatomic dead space (trachea)
that contains no CO,.
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Figure 9-2. The oxygen dissociation curve demonstrates the relationship between
partial pressure of oxygen (Po,) and the percentage of hemoglobin saturation with
oxygen (Spo,). As can be seen from the curve, the relationship between Po, and Spo,
is not linear but S-shaped. At higher Po;, levels, the curve flattens out, indicating that
there is little incremental increase in Spo.. Fever, acidosis, and increased levels of
diphosphoglycerate (DPG) reduce affinity for hemoglobin with oxygen, demonstrating
a “shift to the right” for the curve, which leads to unloading of O, to the tissues.

— In phase 2, the curve increases sharply as CO,-containing alveolar
gas mixes with dead space. As expiration continues, more and more
of the alveoli empty, and CO; concentration increases rapidly.

— In phase 3, a plateau is reached as end-expiration is reached.

— As the next inspiration begins, the CO, level decreases sharply to
zero. The point at which the plateau ends, just before inspiration, is
referred to as the end-tidal CO, concentration.
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Figure 9-3. Sample capnogram. PETCO, = end-tidal CO, concentration.

Clinical Applications of End-Tidal CO, Concentration
Monitoring

Confirming endotracheal intubation

Assessing effectiveness of cardiopulmonary resuscitation

Monitoring real-time alveolar ventilation in the intensive care unit setting
Monitoring ventilation in the home ventilator setting (ventilator setting
adjustments)

Monitoring changes in dead space while the patient is receiving ventilator
support (eg, mucus plugging, bronchospasm)

Resources for Families

Pulse Oximetry (American Thoracic Society). www.thoracic.org/patients/
patient-resources/resources/pulse-oximetry.pdf

Using the Pulse Oximeter (World Health Organization). www.who.int/
patientsafety/safesurgery/pulse_oximetry/who_ps_pulse_oxymetry_
tutorial2_advanced_en.pdf

67



This page intentionally left blank



O

Part I Bibliography

CHAPTER 3: ENVIRONMENTAL HISTORY

¢ Section on Tobacco Control. Clinical Practice Policy to Protect Children from
Tobacco, Nicotine, and Tobacco Smoke. Pediatrics. 2015;136(5):1008-1017

¢ American College of Chest Physicians. Tobacco Dependence Treatment Toolkit.
3rd ed. tobaccodependence.chestnet.org. Accessed October 23, 2017

¢ Sicherer SH, Wood RA, Section on Allergy and Immunology. Clinical report: allergy
testing in childhood: using allergen-specific IgE tests. Pediatrics. 2012;129(1):193-197

¢ Healthy Housing Reference Manual. Centers for Disease Control and Prevention.
https://www.cdc.gov/nceh/publications/books/housing/housing.htm. Accessed
October 23, 2017

CHAPTER 4: OFFICE PULMONARY FUNCTION TESTING

e Stout JW, Visness CM, Enright P, et al. Classification of asthma severity in children:
the contribution of pulmonary function testing. Arch Pediatr Adolesc Med.
2006;160(8):844-850

¢ Cowen MK, Wakefield DB, Cloutier MM. Classifying asthma severity: objective versus
subjective measures. J Asthma. 2007;44(9):711-715

e Fuhlbrigge AL, Kitch BT, Paltiel AD, et al. FEV(1) is associated with risk of asthma
attacks in a pediatric population. J Allergy Clin Immunol. 2001;107(1):61-67

¢ Miller MR, Hankinson J, Brusasco V, et al. Standardisation of spirometry. Eur Resp J.
2005;26:319-338

CHAPTER 5: COMPLETE PULMONARY FUNCTION TESTS

e Beydon N, Davis SD, Lombardi E, et al; American Thoracic Society/European
Respiratory Society Working Group on Infant and Young Children Pulmonary
Function Testing. An official American Thoracic Society/European Respiratory
Society statement: pulmonary function testing in preschool children. Am J Respir
Crit Care Med. 2007;175(12):1304-1345

¢ Kaslovsky R, Sadof M. Spirometry for the primary care pediatrician. Pediatr Rev.
2014;35(11):465-471, 473-475, quiz 472

¢ Stanojevic S, Wade A, Stocks ). Reference values for lung function: past, present
and future. Eur Respir J. 2010;36(1):12-19

e Wanger J, Clausen JL, Coates A, et al. Standardisation of the measurement of lung
volumes. Eur Respir J. 2005;26(3):511-522

¢ Weiner DJ, Allen JL, Panitch HB. Infant pulmonary function testing. Curr Opin
Pediatr. 2003;15(3):316-322

CHAPTER 6: IMAGING

¢ Bramson RT, Griscom NT, Cleveland RH. Interpretation of chest radiographs in
infants with cough and fever. Radiology. 2005;236(1):22-29

¢ Walker CM, Abbott GF, Greene RE, Shepard JA, Vummidi D, Digumarthy SR.
Imaging pulmonary infection: classic signs and patterns. AJR Am J Roentgenol.
2014;202(3):479-492

¢ Mahut B, De Blic J, Emond S, et al. Chest computed tomography findings in
bronchopulmonary dysplasia and correlation with lung function. Arch Dis Child
Fetal Neonatal Ed. 2007:92:F459-F464

69



m Pediatric Pulmonology, Asthma, and Sleep Medicine: A Quick Reference Guide

70

¢ Monica Epelman, Portia Kreiger, Sabah Servaes, et al. Current imaging of prenatally
diagnosed congenital lung lesions. Semin Ultrasound CT MR. 2010;31:141-157

¢ Restrepo CS, Martinez S, Lemos DF, et al. Imaging appearances of the sternum and
sternoclavicular joints. Radiographics. 2009;29(3):839-859

CHAPTER 7: ALLERGY TESTING

e Cox L, Williams B, Sicherer S, et al; American College of Allergy, Asthma and
Immunology Test Task Force; American Academy of Allergy, Asthma and
Immunology Specific IgE Test Task Force. Pearls and pitfalls of allergy diagnostic
testing: report from the American College of Allergy, Asthma and Immunology/
American Academy of Allergy, Asthma and Immunology Specific IgE Test Task Force.
Ann Allergy Asthma Immunol. 2008;101(6):580-592

¢ Ahlstedt S, Murray CS. In vitro diagnosis of allergy: how to interpret IgE antibody
results in clinical practice. Prim Care Respir J. 2006;15(4):228-236

e Hgst A, Andrae S, Charkin S, et al. Allergy testing in children: why, who, when and
how? Allergy. 2003;58(7):559-569

CHAPTER 8: BRONCHOSCOPY

¢ Wood RE, Fink R]J. Applications of flexible fiberoptic bronchoscopes in infants and
children. Chest. 1978;73(5 Suppl):737-740

¢ Midulla F, de Blic J, Barbato A, et al; ERS Task Force. Flexible endoscopy of
paediatric airways. Eur Respir J. 2003;22(4):698-708

¢ Nicolai T. The role of rigid and flexible bronchoscopy in children. Paediatr Respir
Rev. 2011;12(3):190-195

¢ Cutrone C, Pedruzzi B, Tava G, et al. The complimentary role of diagnostic and
therapeutic endoscopy in foreign body aspiration in children. Int J Pediatr
Otorhinolaryngol. 2011;75(12):1481-1485

e Midyat L, Cakir E, Kut A. Upper airway abnormalities detected in children using
flexible bronchoscopy. Int J Pediatr Otorhinolaryngol. 2012;76(4):560-563

¢ Ratjen F, Bredendiek M, Brendel M, Meltzer J, Costabel U. Differential cytology of
bronchoalveolar lavage fluid in normal children. Eur Respir J. 1994;7(10):1865-1870

CHAPTER 9: OXIMETRY AND CAPNOGRAPHY

¢ Jubran A. Pulse oximetry. Crit Care. 2015;19:272

¢ Fouzas S, Priftis KN, Anthracopoulos MB. Pulse oximetry in pediatric practice.
Pediatrics. 2011;128(4):740-752

¢ Soubani AO. Noninvasive monitoring of oxygen and carbon dioxide. Am ) Emerg
Med. 2001;19(2):141-146

* Kodali BS. Capnography outside the operating rooms. Anesthesiology.
2013;118(1):192-201



Part II. Anatomic Disorders and
Congenital Anomalies of the

Airway, Lungs, Pulmonary Vessels,
and Chest Wall

Associate Editor: Mary E. Cataletto, MD, MMM, FAAP, FCCP

SECTION 1. CONGENITAL ANOMALIES OF THE AIRWAY

Chapter 10: Choanal Atresia . .....ovveinnneennneenneeenneennneennnens 75
Nathan S. Alexander, M D, and Fames W Schroeder, Jr, M D, FACS, FAAP

Chapter 11: Laryngomalacia . .....ooveireieiie i nienieeneennennenns 83
Mary E. Cataletto, M D, MMM, FAAR FCCP

Chapter 12: Vocal Fold Paralysis. . .......ooitiiieiiiiiiiiiieenennnnn. 87
Marisa A. Earley, M D, and Max M. April, MD, FACS

Chapter 13: Subglottic StenoSiS. ....oovvriiiii it iinieneneennnnns 93
Claudia Fernandez, MD

Chapter 14: Tracheomalacia, Vascular Rings and Slings,
and Bronchomalacia. . ..ooveeeininnii it ieiieeneeanneeannas 101
Maria Teresa Santiago, MD

Chapter 15: Tracheoesophageal Fistulas ..............ccoviiiiieinn., 113
Fessica Van Beek—King, M D, and Fames W, Schroeder, Fr, MD, FACS, FAAP

SECTION 2. DEVELOPMENTAL ANOMALIES OF THE LUNG AND
PULMONARY VESSELS

Chapter 16: Pulmonary Hypoplasia..........cooiiiiiiiiiinninennnn. 123
Brian P O’Sullivan, MD

Chapter 17: Pulmonary Sequestration ............c.ooviiieernnnennnn. 131
T. Bernard Kinane, M\D

Chapter 18: Overinflation and Congenital Lobar Emphysema............ 137

Kevin Kuriakose, MD, FAAP

Chapter 19: Congenital Pulmonary Airway Malformation................ 147
Marianna M. Sockrider, MD, DrPH, FAAP

Chapter 20: Bronchogenic CystS. ....vvveevnennernerneennennenneennens 155
Marianna M. Sockrider, MD, DrPH, FAAP

Chapter 21: Pulmonary Arteriovenous Malformations .................. 163
Matthew E Abts, MD, and Susanna A. McColley, MD, FAAR, FCCP

n



Pediatric Pulmonology, Asthma, and Sleep Medicine: A Quick Reference Guide

SECTION 3. STRUCTURAL ABNORMALITIES OF THE CHEST WALL

Chapter 22: Chest Wall Deformities: Thoracic Insufficiency Syndrome. ... 173
Nicholas L. Friedman DO, FAARB and Oscar Henry Mayer, MD

Chapter 23: Pectus Deformities: Pectus Excavatum and
Pectus Carinatum . ...ouuenntie it e eneeneeneenneanennesneennenns 179
Georgia Koltsida, MD, and Oscar Henry Mayer, MD

Chapter 24: Spinal Deformities: Idiopathic Scoliosis and

L1 0] 1 1o R oo o 1= AP 183
Fulian Allen, M D, FAAP
Part Il Bibliography. ..ottt et c e 193

72



Section 1. Congenital Anomalies
of the Airway

Chapter 10: Choanal AtreSia .......ovvveeinenneeneennenneeneenneanenns 75
Nathan S. Alexander, M D, and Fames W, Schroeder, Fr, MD, FACS, FAAP

Chapter 11: Laryngomalacia . .....ovveveenenneeneennenneeneenneanenns 83
Mary E. Cataletto, M D, MMM, FAAR FCCP

Chapter 12: Vocal Fold Paralysis. .. ....ouvvneineeneennennenneenneanenns 87
Marisa A. Earley, MD, and Max M. April, MD, FACS

Chapter 13: Subglottic Stenosis. ......oovviii i it iiiinnennenns 93
Claudia Fernandez, MD

Chapter 14: Tracheomalacia, Vascular Rings and Slings,
and Bronchomalacia. . . ... oooevnenii it 101
Maria Teresa Santiago, MD

Chapter 15: Tracheoesophageal Fistulas . ............ccoviieinennn... 13
Fessica Van Beek—King, M D, and Fames W, Schroeder, Fr, MD, FACS, FAAP




This page intentionally left blank



Chapter 10

")

Choanal Atresia

Nathan S. Alexander, MD, and James W. Schroeder, Jr, MD, FACS, FAAP

Introduction/Etiology/Epidemiology

* Choanal atresia is a relatively rare congenital craniofacial defect charac-
terized by the obstruction of the posterior nasal passages.

* The incidence rate has been noted to range between 1 in 5,000 and 1
in 10,000 live births. Although it had long been thought that a 2:1 ratio
favored both female to male patients and unilateral to bilateral cases,
extensive literature reviews have shown that the ratio is closer to 1:1 for
both relationships.

* Unilateral cases are likely to be isolated (unrelated to other congenital
anomalies); bilateral cases are likely to be associated with specific dis-
orders or multiple congenital anomalies (98%).

Pathogenesis

* The pathogenesis of choanal atresia is not fully understood.

* The most widely accepted theory is that affected individuals have either
an abnormal persistence of the buccopharyngeal membrane from the
foregut or persistence of the nasobuccal membrane of Hochstetter,
which typically resorbs around the sixth week of gestation.

Clinical Features
* Neonates are classically thought to be obligate nose breathers, though
some newborns are better able to switch to mouth breathing when required.

— By 4-6 weeks of life, almost all infants are able to manage mouth
breathing well.

* As such, presentation of choanal atresia can look very different between
bilateral and unilateral atresia, given the degree of airway obstruction.

— Bilateral choanal atresia is often diagnosed soon after birth and
appears with complete nasal obstruction, which manifests with apnea
and results in decreased oxygen saturation, which is subsequently
relieved by crying (cyclic cyanosis). This can re