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Lung Embryology

A, OT ¢ AOA j OOAOPEOAOI OU AE
A Outgrowth of foregut (future esophagus)
A Forms during 4t week of development

Pharyngeal Pouches

Foregut

Yolk Sac
(Vitelline Duct)

Hindgut
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Lung Maturation

Stages/Periods

APsuedoglandular (516wk)
A Canalicular (16-26wk)

A Saccular (26wkbirth)

A Alveolar (after birth)

STUDY SMARTER




Lung Anatomy =
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Lung Anatomy
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Lung Anatomy

Terminal bronchiole

Smooth muscle

Deoxygenated blood from
pulmonary artery

Oxygenated blood to
pulmonary vein

Respiratory bronchiole

Alveolar Alveolus

sac
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Pseudoglandular Period

5-16 weeks

ALungs resemble a gland
ABranching to level of terminal bronchioles
ANo respiratory bronchioles or alveoli present

Bronchi, Bronchial Tree, and Lungs )
Pulmonary vein

A 2\
Pulmonary artery 4% 277

Trachea

Secondary bronchi

Tertiary bronchi

Bronchioles

Alveoli

Alveolar duct

Cardiac notch

Wikipedia/Public Domain
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Fetal Respiration

A Fetal breathing movements occur in utero

A Babyaspirates amniotic fluid

A Stimulateslung development

A Growth of respiratory muscles

Almportant for growth during pseudoglandularphase
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Fetal Respiration

A Oligohydramnios:

Pulmonary hypoplasia
0OAOO 1T &£ 01 OOAO60O OANOAT AA
Caused by fetal kidney abnormalities
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Canalicular Period
16-26 weeks

ATerminal bronchioles divide

A Form respiratory bronchioles

A Respiratory bronchioles divide into alveolar ducts
A Survival after birth possible at end of period

Wikipedia/Public Domain
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Canalicular Period

16-26 weeks

AAirway lumens become larger

AType Il pneumocytes form
Produce surfactant
Lowers surface tension
Keeps alveoli open

Terminal b hioly

Smooth muscle

Deoxygenated blood from
pulmonary artery

Oxygenated blood to
pulmonary vein

Alveolar Alveolus
sac ]

«— Capillaries

Wikipedia/Public Domain
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Saccular Period

26 weeks- hirth

ATerminal sacs (primitive alveoli) form
A Capillaries multiply in contact with alveoli

Alveolar

Wikipedia/Public Domain
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Alveolar Period

After birth

AAt birth, only about 1/3 of alveoli present
A Following birth:

m 1701 AAO T &2/ OAOPEOAOT OUu AOT 1T A

A Continued lung development through age 10
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Alveolarization

A Airspaces subdivided
ANew walls formed (septa)

. | oL
Johanneschittny Cell Tissue Res.

Boards&Beyond_ 2017; 367 (3) 427
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Bronchopulmonary Dysplasia

AOccurs in premature infants

ATreated in NICU

A Surfactant, oxygen, mechanical ventilation
A Oxygen toxicity and lung trauma
AAlveolarization does not progress normally
A Respiratory problems during infancy

A Often improves during childhood
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Pulmonary Hypoplasia

Al' 1T ECT EUAOATTEI O j 01 OOAOGO
A Congenital diaphragmatic hernia

Defective formationpleuroperitoneal membrane

Hole in diaphragm

Abdominal organs herniate into chest

In utero herniation A pulmonary hypoplasia

Often fatal
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Bronchogenic Cysts

AAbnormal budding offoregut
AUsually found in mediastinum

A Contain clear fluid
Air seen when infected
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Bronchogenic Cysts

ADo not communicate with lungs

ALined by respiratory epithelium
Columnarr, ciliated

AWalls containcartilage (diagnostic criteria)
A Often asymptomatic
AMay lead to pneumonia, compression of airway
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The Radiology Assistant

BoardssBeyond.

STUDY SMARTER



Pulmonary Vascular Resistance

Aln utero
PVR is high
Canalicular stage: few/no pulmonary capillaries
Later stages: hypoxemiad vasoconstriction
Umbilical venous blood: Pa©@30mmHg; Qsat=80%
Only about 10% of cardiac output to lungs

A At birth

PVR falls significantly
100% cardiac output through lungs
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Pulmonary Anatomy

Jason Ryan, MD, MPH
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Respiratory Tract

Upper respiratory tract
Nasal cavity

Pharynx

Larynx

Lower respiratory tract

Trachea L

Primary bronchi / -

Lungs
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/0nes

AConducting Zone
No gas exchange
Large airways, nose, pharynx, trachea, bronchi
Filters, warms, humidifies air
Anatomic dead space

ARespiratory Zone
Gas exchange
Respiratory bronchioles, alveolar ducts, alveoli
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Alveolar duct

Respiratory
bronchioles

Terminal

Bronchiole —Alveolar

Sac

Pintrest/Public Domain
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Lung Anatomy

Bronchi, Bronchial Tree, and Lungs
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Bronchi and Bronchioles

ABronchi (cartilage)
Primary (left and right)
Secondary/lobar
Tertiary/segmental

A Bronchioles (no cartilage)
Lobular/large
Terminal
Respiratory (feeds alveoli)
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Airway Cells

AGoblet cells
Secretemucus
Mostly glycoproteins and water
Protects against particulates, infection

ACiliated epithelial cells
Beating cilia move mucus to epiglottis
Mucus swallowed

A Club cells (bronchioles)
Non-ciliated epithelial cells
Secrete protective proteins
Detoxification (P450 enzymes)

Boards&Beyond.
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The Respiratory Epithelium

Movement of mucus to the pharynx

Particulate —
Goblet Cell —

Mucous layer—

Cilia—

Ciliated columnar epithelial cell

Wikipedia/Public Domain

BoardssBeyond.

STUDY SMARTER



Respiratory Epithelium

ATrachea and bronchi

A Ciliated pseudostratified columnar epithelial cells
A Goblet cells

ABronchioles
A Epithelium transitions
A Forms ciliated simple cuboidalepithelium =

Il“'!\‘

11

A Club cells (terminal bronchioles)

conducting

>
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Smooth Muscle

AConducting airway walls contain smooth muscle

A Sympathetic activation (beta?2)
Bronchodilation

A Parasympathetic activation (M3)
Bronchoconstriction

Patrick Lynch/Wikipedia
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Resistance to Air Flow

AUpper airways about 50% resistance
Nose, mouth, pharynx
A Lower airway resistance

Highest inmedium bronchi (turbulent flow)
Lowest in terminal bronchioles- slow laminar flow

Trachea

Terminal
bronchioleqg

Resistance

Medium
Bronchi

Boards&Beyond_ Air vessel size
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Alveol

ASmall sacs

A Separated by septa

A Simple squamous epithelium (pneumocytes)
A Gas exchange

A Surrounded by capillaries

Capillary beds

Connective tissue

flood In

Alveolarsacs |«

Alveolar dqct

Mucous gland

Pulmonary artery |Atrium

_ Helix84/Public Domain
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Pneumocytes

Alveolar Epithelial Cells
AType 1

Most common (97% of cells)
Thin for gas exchange

AType 2

Producesurfactant
Can proliferate to form other cell types
Key forregeneration after injury

A Alveolar macrophages
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Surfactant

AExhaleA alveoli shrink

ACollapseA atelectasis

A AEAEAEAT AU CAO AQGAEAIT CA
A Surfactant prevents collapse of alveoli

Medical Graphics/Public Domain
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Surfactant

ASecreted bytype 2 pneumocytes
AMix of lecithins (lipid substance)
A Especiallydipalmitoylphosphatidylcholine

Boards& Beyond Medical Graphics/Public Domain
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Surface Tension

A Alveoli lined with film of liquid
A Liquid-liquid forces shrink surface area into sphere
A Surface tension = liquid-liquid forces
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Law of Laplace

A Determines collapsing pressure
Forces tending to collapse alveoli
Low collapsing pressure = easy to remain open
High collapsing pressure = difficult to remain open

Collapsing Pressure = 2 * (surface tension)

radius
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Law of Laplace

ALungs contain many small alveoli

A Small radius = high distending pressure

ANeed low surface tension to remain open

A Surfactantreduces surface tension

Alncreases lung compliance (less stiff, more floppy)

Collapsing Pressure = 2 * (surface tension)

radius
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Law of Laplace

Collapsing Pressure = 2 * (surface tension)

radius

Small

Large
9 Small Alveolus

Surfactant

IAWET NS Alveolus

Low Collapsing High Collapsing Low Collapsing
Pressure Pressure Pressure
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Fetal Lung Maturity

ALungsO 1 A O Gvbeh adequate surfactant present
AOccurs around35 weeks

A Lecithinzsphingomyelin ratio (L/S ratio)

A Both produced equally until ~35 weeks

ARatio >2.0 in amniotic fluid suggests lungs mature
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Neonatal RDS

Neonatal Respiratory Distress Syndrome

A Surfactant deficiency

AHigh surface tension

A Atelectasis

A Decreased lung compliance
ACUDT ATl EATY DP#/ ¢
A Poorly responsive to Q

Lungs collapsed (alveoli)
Intrapulmonary shunting
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Neonatal RDS

Risk Factors

APrematurity

AMaternal diabetes
High insulin levelsdecrease surfactant production

A Cesarean delivery
Baby spared stress response at delivery
Reduced fetal cortisol
Reduction insurfactant
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Neonatal RDS

Complications

ABronchopulmonary dysplasia
/A Oxygen toxicity
A Alveolarization does not progress normally
A\ Respiratory problems during infancy

A Patent ductus arteriosus
A Hypoxia keeps shunt open

A Retinopathy of prematurity
A OxygenA free radical formation
/A Neovascularization inthe retina
A Retinal detachmenta blindness
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Neonatal RDS

Prevention and Treatment

APreterm delivery: betamethasone
Corticosteroid
Given to mother to stimulate surfactanfroduction

ATreatment: surfactant
Administered via endotracheal tube

Wikipedia/Public Domain
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Lobes

Right Upper Lobe

Right Middle Lobe

Right Lower Lobe
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Left Upper Lobe

Left Lower Lobe

Image courtesy of Patrick J. Lynch, medical illustrator




Right Upper Lobe




Right Middle Lobe



Right Lower Lobe




Left Upper Lobe




Left Lower Lobe
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Foreign Body Aspiration

ACommonly occurs in children (peanuts)

ARight lung is more common site of aspiration
Right bronchus wider with less angle
More vertical path to lung

ARight lung: 60% cases

Majority in main bronchus

Small number in right lower lobe bronchus
ALeft lung: 23% cases

Majority in main bronchus
Small number in left lower lobe bronchus

Source Eren et al. Foreign body aspiration in children: experience of 1160 cases.

Ann Trop Paediatr. 2003;23(1):31.
Ll BoardsaBeyond
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Mediastinal Anatomy

Right
Anterior Left Artery
| eft Superior
Superior /
Right Artery
Anterior |
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Mediastinal Anatomy
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Mediastinal Structures

AMediastinum: space between lungs

A Divided into 3 anatomical compartments

Anterior
Middle
Posterior

A Differential diagnosis of mass varies by compartment
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Mediastinal Compartments
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Mediastinal Structures

Compartment Major Structures Masses
Thymus, Thyroid,
Anterior Internal mammary arteries, Thymic neoplasm,
lymph nodes Teratoma, Lymphoma

Pericardium, heart, aorta, Lymphadenopathy:

Middle . lymphoma, sarcoid, or
alrway and esophagus :
metastatic lung cancer
Spine, Neurogenic tumors:
Posterior nerves and spinal ganglia schwannoma,

neuroblastoma

Ll BoardsaBeyond
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Anterior Mediastinal Masses

Terrible Ts

AThymic masses
Half of anterior masses derive from thymus
Thymoma: associated with myasthenia gravis

ATeratoma orgerm cell tumors in adults
Mediastinum: most common location extra nodal GCT
Teratomas, seminomas

ATerrible lymphomas
AThyroid growths

Enlarged or ectopic thyroid tissue may present as mass
Usually connected to thyroid gland
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Diaphragm

Xiphoid process

Boards&Beyond.
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Diaphragm

A Caval opening
T8
Inferior vena cava

/A Esophageal hiatus
T10
Esophagus, Vagus nerve

A Aortic hiatus
T12
Aorta, thoracic duct, azygous vein
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Diaphragm

Alnnervated by C3, C4, C5 (phrenic nerve)
A Diaphragm irritation A OOA EAOOA A6
Classic example: gallbladder disease

Also lower lung masses
Irritation can cause dyspnea and hiccups

ACut nerveA diaphragm elevation, dyspnea

OE |

O0 AOAAT @E A AA Mdvéds Oplwittinsration

# AT OAA 11 &£ O Ol OAT U
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Muscles of Quiet Respiration

A DiaphragmA inspiration
ABEAI AOETT EO DPAOOEOA xEO

Lungs /) S 7T maches

Public Domain
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EXxercise Breathing

Alnspiration (neck)
Scaleneg raise ribs
Sternocleidomastoidsz raise sternum
A Exhalation (abdomen)
Rectus muscle
Internal/external obliques
Transverseabdominis
Internal intercostals

AUse of accessory muscles in respiratory distress
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Pulmonary
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Lung Volumes

6000

:

Lung volume
(mL)

—_ N w H

S 8 8 8

Time
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Lung Volumes

ATidal volume (TV)
In/out air with each quiet breath

A Expiratory reserve volume (ERV)
Extra air pushed out with force beyond TV
RV remains in lungs

Alnspiratory reserve volume (IRV)
Extra air can be drawn in with force beyond TV
Lungs filled to capacity

AResidual volume (RV)
|l EO OEAO AAT 60 AA Al
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Lung Capacities

Capacity = sum of two volumes

ATotal lung capacity
Sum of all volumes
RV + ERV+ IRV + TV

Alnspiratory capacity
Most air you can inspire
TV + IRV

AVital capacity
Most you can exhale
TV + IRV + ERV

Lung volume

Boards&Beyond.
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Lung Capacities

Capacity = sum of two volumes

AFunctional Residual Capacity
Residual volume after quiet expiration
RV + ERV
Volume when system is relaxed
Equilibrium: chest wall pulling out = lungs pulling in

6000 — ﬂ “““““ A A A »

5000 [~

:
|

Lung volume
(mL)
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Lung Pressures

A Atmospheric pressure = 760 mmHg = 0 mmHg
A Alveolar pressure = pressure within alveoli
AlIntrapleural pressure = pressure in pleural space

ATranspulmonary pressure
Alveolar pressurezintrapleural pressure
Pressure across walls of alveoli
Necessary to keep alveoli open
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Transpulmonary Pressure

A Alveolar Pressurez Intrapleural Pressure

Chest Wall




Transpulmonary Pressure

A Alveolar Pressurez Intrapleural Pressure

TPP=525=0 TPP =0Z(-5)=+5
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Intrapleural Pressure

ANegative during normal quiet breathing

AAlveoli and lungs tend tocollapse
Pull inward/recoll
Need outward force to keep walls open

A Chest wall tends toexpand
Spring outward
Creates negative pressure in pleural space

A. ACAOEOA DPOAOOOOA OOOAEOO
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Pneumothorax

Normal

TPP = 0z (-5) = +5

STUDY SMARTER

Pneumothorax
TPP=0
Lung collapses

TPP=0z0=0




Pneumothorax




Pressures and Air Flow

Patm = OmmHg

3= 0 No Flow

P, = OmmHg
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Pressures and Air Flow

Patm = OmmHg

3= +5 Flow Out I

P, = +5mmHg
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Pressures and Air Flow

Patm = OmmHg

3= +5 Flow Inl

P, =-5mmHg
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Lung Pressures

Air

Resting State

Chest Wall




Air Flow and Pressure Changes

Quiet Breathing

Alnhalation
Intrapleural pressure becomesmore negative
Alveolar pressure becomes negative
Air flow into lungs

A Exhalation

Intrapleural pressure becomedess negative
Alveolar pressure becomes positive
Air flow out of lungs
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Inhalation

Resting State
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1 Air Flow

Inhalation




Inhalation

1 Air Flow

Mid

STUDY SMARTER

1 Air Flow

End




Exhalation

1 Air Flow

End
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I Air Flow

Mid




Exhalation

I Air Flow

Mid
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I Air Flow

End




Alveoll and Pleural Pressures

Inhale

Exhale

Quiet (tidal) breathing

Volume 0.5
(liters)

FRC

Alveolar +
Pressure

(cm H20) 0 —

Intrapleural -9
Pressure

(cmH20) -8
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Lung Volumes and Pressures

Volume

0 +

Airway Pressure
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Chest Volumes and Pressures

Chest Wall
Lungs

Airway Pressure
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Chest Volumes and Pressures
Chest Wall

/
S

0 + +

Volume

Airway Pressure
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Chest Volumes and Pressures

(aD]
£ Chest Wall
S / Lungs
>
/ < "
%
0 + +

Airway Pressure
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Functional residual capacity

ALung in = chest out
AVolume where lungs rest after quiet exhalation
APressure inside system is zero
.1 nrs DOAOOOOA AEOI I DOOETDOI
Pressure = atmospheric pressure
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Lung Compliance

A For given pressure how much volume changes

A Compliant lung
Small amount of diaphragm effort
Generates small pressure change across lungs
Large volume change

Easy to move air in/out

ANon-compliant lung C=3V
Large amount diaphragm effort 3P

Big pressure change across lung
Small volume change (lungs stiff)
Hard to move air in/out
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Lung Compliance

Normal lung
o Noncompliant lung
&
=
S
0 + -

Airway Pressure
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Chest Volumes and Pressures

Chest Wall

Volume

System
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Lung Compliance

A$ AAOAAOAA j &2 # C
Pneumonia
Pulmonary edema
Pulmonary fibrosis

AT AOAAOAA j
Emphysema (floppy lungs)
Aging
Surfactant

Patrick Lynch/Wikipedia
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Barrel Chest

ASeen in patients withemphysema
Alncreased lung compliance
Alncreased FR@\ larger volumes in chest

Normal Barrel Chest

Boards& Beyond Quora/Public Domain
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Forced Exhalation

APleural pressure becomepositive

A Compresses airway

APressure on alveoliy positive pressure in airway
APushes air outd, air flows from airways

Pleural Pressure
+ Elastic Recoil =

+20

+
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Equal Pressure Point

APleural pressure = airway pressure

A Beyond this point airway collapses

AlIn healthy lungs: EPP occurs inartilaginous airways
A Prevents airway collapse

SRgEniTs

+20 +

., +20W
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Equal Pressure Point

Aln disease: EPPnoves toward alveoli
Obstruction (bronchitis): more pressure drop
Emphysema: loss of elastic recaoll

A Can be reached in thirwalled bronchioles
AResult: Collapse, obstruction to airflow, air trapping

o)) LLL
T

+ 20 | 1]
Ll BoardsaBeyond
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Emphysema
5 Al AO

Bronchitis
Pressure Dro




COPD

Chronic Obstructive Pulmonary Disease

A Slow exhalation

Prevents large rise in pleural pressure

&1 OAAEOI AQGEAI AOCEI T xI1 OI A wnw
APursed lips

Increases airway (alveolar) pressure
Prevents collapse

Boards&Beyond.
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Hysteresis

AHysteresis = dependence of property on its history
A Different PV curves for inhalation and exhalation

A Slope PV curve = compliance

A Different compliance despite same lung structures

Tidal
volume

Volume
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Hysteresis

APV hysteresis caused bgurface tension

Alnspiration begins with smallest volume
Molecules close together
Strongest surface tension

A Expiration begins at high lung volumes
Intermolecular forces low

Volume

rrrrrrr
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Hemoglobin

Jason Ryan, MD, MPH
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Oxygen Transport

ADissolved O,
$ AOAOI ET AA AU (AT OUBO 1 Ax
Pa,, x solubility = dissolved Q
Very small amount (2%) total blood Q

ABound to hemoglobin (98%)

C o’ 2

o a o @ |
N—

o T —
N T

Public Domain
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Hemoglobin

A Globin chains
Proteins
Alpha ()
Beta ()
Gamma ()
Delta (})
4 chains in 2 pairs

AHeme

Molecule (nonpeptide)
Contains iron (Fe)
Porphyrin ring

Oxygen binds iron

Ll BoardsaBeyond
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Hemoglobin Types

AHemoglobin A
Adult type

Most common type found (95%)
1212
A Hemoglobin A2
Adult type
Less common type (23%)
1212
AHemoglobin F

Fetal type
1212

STUDY SMARTER




O2-Hgb Dissociation Curves

AY axis: percentage of hemoglobin bound to oxygen
A X-axis: partial pressure of oxygen (Pg,)

100
95.8 f--rmremne e ,

w
(=]

nt saturation (sO,, %)

Perce

0 268 40 80 120
Oxygen partial pressure (pO,, mmHg)
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OxygenrHgb Binding

AFour heme groups do not simultaneous oxygenate

AFirst O, molecule INCREASES affinity fom2molecule
Second @molecule INCREASES affinity for8molecule
Third O, molecule INCREASES affinity fofdmolecule
Affinity last O, = 300 timesaffinity for first O,

A Positive cooperativity .
AMakes curve S shaped

ration (sO,, %)

0 26.8 40 80 120
Oxygen partial pressure (pO,, mmHg)
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Allosteric Proteins

AtT1T T OOAOEA E OI OEAO OEOA®
ABinding at one site influenced by other sites

AUsually multi-subunit proteins

AHemoglobin is an allosteric structure

A Q, cooperativity is apositive allosteric effect
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O2-Hgb Dissociation Curves

100
80
60

40

Hgb % Saturation

20

O 20 40 o0 80 100 120 140

kL) BoardseBeyond pG, (mmHg)
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Hemoglobin Forms

A Globin chains can assume two formations

ATaut form (T)
Tends to release ©
Favored form in tissues
Allows more release of ©Q

ARelaxed form (R)
Holds on to Q
Favored form in lungs
Allows more binding of Q
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Shifts in Q-Hgb Curves

A Affinity of Hgb for O, can changeg not fixed
AHgb modified by environment within RBCs
A Dissociation curve shifts may occur to right or left

100

75

50

Hgb % Saturation

25

25 50 75 100
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Rightward Shift

Lungs Lungs Tissues Tissues
PaO2 YSat PaO2 %Sat
Normal 100 100 40 75%
Right Shift 100 100 40 50%

Normal: 100%A 75% Y cu b

J

Right shift: 100%A 50% ¥ wouvmnhb
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Right Curve Shifts

Release © Normal
Right shift = = =

Lungs
Tissues '
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Right Curve Shifts

Release ©

A Favorstaut form

A Causes ofight shifts
Rising Metabolic Activity
7 #2/
o] D(
nAAT B
Alncreases P50
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L eft Curve Shifts

Latchonto Q Normal
Left shift — — —
00— =
N
S
= 75 — ,
5 ;
cs M
.(2 50 — Left Shift
S Lower metabolic activity
c) > A4
e 25 — s #,h “"B(h 84
(b}
I
25 50 75 100
Boards&Beyond PaO2, mmHg




2,3-Bisphosphoglycerate

2,3 BPG

AFound in RBCs
APromotes Q release from hemoglobin
A Negativeallosteric effector

Alncreasing levels:
Decrease oxygen affinity of hemoglobin

Increase delivery oxygen to tissues O\\ _OH
HO/P\ OH
0 N
HO O
O:é)___o
HO

2,3-Bisphosphoglycerate
BoardssaBeyond



2,3 Bisphosphoglycerate

ACreated from diverted 1,3 BPG (glycolysis)
A Sacrifices ATP from glycolysis

Glyceraldehyde3-phosphate

2,3 BPG <— 1,3-bisphosphoglycerate
BPG
Mutase 3-ph08phi%ycerate
2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate
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2,3-Bisphosphoglycerate

2,3 BPG

Av " 0" chroriicgpoxia
COPD
High altitude

/

HO/P\ OH

O N
HO O
O:FL__O

/
HO

2,3-Bisphosphoglycerate
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High Altitude

PAG2 PAO2
Machu Picchu Sea level
Tissues
100 — ol
S
c I
S 75 — I
E |
E |
S
y
n
2 50 — :
o) |
% |
|
S 25 — !
) |
T |
|

25 50 75 100
Boards&Beyond. PaO2, mmHg

STUDY SMARTER




Fetal Hemoglobin
HgbF() 2r 2)

A After 8 weeksHgbFis predominant Hgb
Up to 90% fetal hemoglobin
Levels fall in weeks/months after birth
In adult HgbF<1% total hemoglobin

AHigher O, affinity than HgbA

Necessary because fetal pO2 = 40mmHg
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Fetal Hemoglobin
HgbF() 2r 2)

00— __-=

~l

o1
|
~

Left Shift
Higher O, affinity

gl
o
I

Hemoglobin Saturation, %
N
o1
I

25 50 75 100
Boards&Beyond PaO2, mmHg
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Fetal Hemoglobin
HgbF() 2r 2)

A Left shift caused by altered?,3 BPG binding
23" 0' AET AO r AEAEhhi®adly) O U j
Less 2,3BPG bindingA O, affinity increases (left shift)

O
\ /OH
HO/P\ OH
O NS
HO O
O:|ID___O
HO

2,3-Bisphosphoglycerate
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Myoglobin

AFound in skeletal muscleand heart

A Single peptide chain Myoglobin
Higher O2 affinity at all pressures

ABinds one molecule of © %

S 100
IS .
5 Hemoglobin
T /5
n
2
o 50
=
L

25

25 50 75 100

Boards&Beyond PO, (MmHg)
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Carbon Monoxide

ABinds to iron in heme 240x the affinity of Q

A Forms carboxyhemoglobin (HbCQ

ABlocks Q binding sites (less Q can be absorbed)
AO&OT AOET 1T A1 AT Al EAG

A Other binding sites cannot offload Q

Allosteric modification of hemoglobin
Shifts dissociation curve left

.C=0:s
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Carbon Monoxide

Normal

100
S carrying capacit
% 75 l ying capacity
= e 50% CO Hgb
(U -
)] : g
Left shift
S 50 |
o
g | \/
25
/7
A/v
25 50 75 100
pO, (mmHg)
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Carbon Monoxide Poisoning

ANonspecific symptoms
AHeadache most common
AMalaise, nausea, dizziness

A Classic (but rare) signcherry red lips
Carboxyhemoglobin is red
Do not see blue lips (cyanosis)

.C=0:
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Carbon Monoxide Poisoning

A Standard pulse oximetry normal
Cannotdifferentiate carboxyhemoglobin’ oxyhemoglobin

A Diagnosis:carboxyhemoglobin level
Normal <3%
Smokers 1615%
>15% suggest poisoning

ATreatment: oxygen
. [ .
. I .
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Methemoglobinemia

AMost iron in hemoglobin normally reduced (F&*)

A Small amount oxidizes iron: F&
Calledmethemoglobin
Cannot bind Q

A Excess methemoglobin: hypoxia

Fes*
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Methemoglobinemia

AAcquired methemoglobinemia fromdrugs
Local anesthetics (benzocaine)
Nitric oxide
Dapsone
ATreatment: methylene blue
Reducing agent
Fe* A Fe
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Clinical Scenario

AEndoscopy patient
ABenzocaine spray used for throat analgesia
A Post procedure shortness of breath
AO#ET AT 1 AOA AOI x1T Al TTA6®G
A Q, sat (pulse oximetry) = variable (80s90s)
A Oxygen does not improve shortness of breath
AP,5,(blood gas) = normal
ASEACI T OEOd Y 1 AOEAITCIITAE
A Other example:
Premature babies giverNOfor pulmonary vasodilation

SSSSSSSSSSSS




Pulmonary
Circulation

Jason Ryan, MD, MPH
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Pulmonary Circulation

ALow pressure system
Systemic: 120/80
Pulmonary artery: 24/12
AWalls of pulmonary artery very thin
Little smooth muscle
Low resistance to flow
Very distensible (compliant)
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Blood Oxygen Content

A Systemic circulation

5 level PaQq | AAAO Ol OAOI AEI AOQOEI
A Pulmonary circulation

8, level (PaQ) leads tovasoconstriction § 8 AT T T A /El

yd ~ N Ve ~ ~ Vd s ~

Shunts blood away from poorly ventilated areas
More blood to well ventilated areas

AKey for fetal circulation
Low G, constricts pulmonary arteries in womb
At birth, arteries receive Q and dilate
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Blood O Content

Lungs

Blood Flow

Systemic

PaQ
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Gas Exchange

Inspired Air
(humidified, tracheal)
Po, 150mmHg
Peo,0 mmHg

Venous Blood
P,o,40mmHg
P,co46mmHg

SSSSSSSSSSSS

Alveoll
Pr02100 mmHg
Prco40 mmHg

Arterial Blood
P.o0,90mmHg

a

P.co40mmHg




Gas Exchange

A Gasses classified by limiting factor for gas transfer

A Perfusion limited
Gas transport limited by perfusion (blood flow)

More blood flow A more uptake of gas Venous blood

A Diffusion limited l

Gas transport limited bydiffusion Delivered to lung

(perfusion)

|

Gas diffusion

l

Equilibrium with alveoli
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Gas Exchange

Py | e
o
>
7))
7))
o
o
I
S
al
Length along capillary
Ll BoardsaBeyond

N,O: Perfusion limited
CO: Diffusion limited

CO



Gas Exchange: Oxygen

100 |~~"""""""TTTTTTTUTTooIoooooccossassas Normal
Healthy Lung Perfusion limited
_ _ B Disease
Fibrosis

Diffusion limited

Partial Pressure
D
o

Length along capillary
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Gas Exchange: Oxygen

High Altitude

Hypoxemia

D
o

Partial Pressure
o
©

Length along capillary
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Gas Exchange: Carbon Dioxide

Normally perfusion limited

|

Partial Pressure

Length along capillary
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DLCO

Diffusing capacity of carbon monoxide

AMeasures ability of lungs to transfer gas
A Patient inhales small amount (not dangerous) CO
ACO uptake igliffusion limited

1 {1 01T O OAEAT OP B AEZAAEOOQEI I
AMachine measures CO exhaled
ANormal = 757 140 % predicted
A Severe disease <40% predicted
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Low DLCO Disorders

A *D *(P1- P2
AEmphysema Vgas = red ( )
Thickness

Destruction of alveoli
Decreased surface area

A Fibrosis or pulmonary edema
Diffusion distance (thickness) increases

P1 p2

) | E—)

Thickness
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Resistance to Blood Flow

Pulmonary Vascular Resistance

ATwo vessels types:
Alveolar: capillaries
Extra-alveolar: arteries and veins
Alncreased lung volumes:

Crushes alveolar vesselg, high resistance
Pulls extra-alveolar vessels open

L) BoardsaBeyond
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Pulmonary Vascular Resistance

Resistance to blood flow

Pulmonary
Vascular
Resistance

STUDY SMARTER

Exhale

Inhale




Pulmonary Hypertension

ANormal PA pressure
24/12
Mean 1014mmHg
APulmonary hypertension
Mean pressure >25mmHg

ALoud P2 = pulmonary hypertension
O! AAAT OOAOAASG T O OI 1T OAd
Left upper sternal border

SSSSSSSSSSSS
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Pulmonary Hypertension

AMain symptom is dyspnea
AUntreated can lead to@or pulmonale 6
Chronic high pressure in right ventricle
Right ventricle hypertrophies

Eventually dilates and fails
Jugular venous distension
Lower extremity edema
Hepatomegaly

A Death from heart failure or arrhythmia

STUDY SMARTER



Pulmonary Hypertension

Gold standard diagnosisright heart catheterization

Non-invasive diagnosis byechocardiography
Estimate PA pressure
Visualize right heart structures

m Boards&Beyond



Pulmonary Hypertension

A Arteriosclerosis
A Thickening of arterial walls

A Proliferation smooth muscle cells
A Thickening media
A Narrowing of the lumen

Medial Hypertrophy
BoardS&BeyOnd SlidesharéPublic Domain
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Pulmonary Hypertension

) High PVR
O0OI I TTAOU IHOOAOEAI ( 4
Primary or Secondary

l

P.,= CO * PVR + P,

|

High LA Pressure
Most common cause PHTN
O0O0I I TTAOU 6ATT OO

Heart Failure
Valve Disease
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eft Heart Disease

PulmonaryVenouddypertension

Pulmonary Artery
PA: 25/12 mmHg

SSSSSSSSSSSS

Pulmonary Vein

S5 mMmHg

|

Left Atrium




L eft Heart Disease

AMost common cause of pulmonary hypertension
AOO0 OT 1 TvéndueEWWDAOOAT OET 1 6
AAny cause ohigh left atrial pressure

Heart failure

Mitral stenosis
Mitral regurgitation

STUDY SMARTER




High PVR

Pulmonary Arterial Hypertension

AHypoxemia A vasoconstriction
COPD, other chronic lung diseases
Sleep apnea or high altitude (chronic hypoxia)

A Chronic pulmonary emboli
Decreasedarea for blood flow

v

v

Blood Vessel

v




PAH

Pulmonary Arterial Hypertension

AHigh pulmonary vascular resistance
ANo chronic lung disease or thrombosis

A Key associations:
Connective tissue disease (scleroderma)
Human immunodeficiency virus
Congenital heart disease (shunts)
Schistosomiasis
Drugs (amphetamines, cocaine)

Boards&Beyond.
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ldiopathic PAH

ARare disease
A Classically affects young women
AHigh pulmonary vascular resistance

Alncreased activity vasoconstrictors
Endothelin

A Decreased activity vasodilators
Nitric oxide
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Plexiform Lesions

AUnigue to idiopathic PAH
A Endothelial proliferation forms multiple lumens
ASmall arteries branch points from medium arteries

BoardssBeyond.
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BMPR?2 gene mutations

ABone morphogenetic protein receptor type I
Inhibits smooth muscle proliferation
Mutations A abnormal growth (endothelium, smooth muscle)

AUp to 25% of idiopathic cases
AUp to 80%familial cases
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PAH Treatments

AAll lower PVR

A Epoprostenol: Prostacyclin (IV)
PG|,
Potent vasodilator

A Bosentarn
Antagonist endothelin-1 receptors (PO)

A Sildenafil:
Inhibits PDE-5 in smooth muscle of lungs (PO)

STUDY SMARTER




Ventilation &
Perfusion

Jason Ryan, MD, MPH
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Ventilation

AVentilation = volume x frequency (respiratory rate)
500cc per breath x 20 breaths per minute
10,000cc/min

A Alveolar ventilation = useful for gas exchange
A Dead space ventilation = wasted ventilation

RIP

=

PixabayPublic Domain
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Dead Space

AFilled with air but no gas exchange

A Anatomic dead space
Volume of conducting portions of respiratory tract
Nose, trachea

APhysiologic dead space
' T AOITTEA 0,53 O1I1OIA T &£ Al OAI
Includes functional dead space
Insufficient perfusion
Apex is largest contributor

A Physiologic dead space increases many diseases
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Measuring Dead Space

A" T EO6O0 | AOEIT A
A Physiologic dead space\(,) from:
Tidal volume (V)

PeCQ (exhaled air)
PaCQ (blood gas)

V, = RCO2z P.CO2
V, P.CO2

STUDY SMARTER




Nomenclature

AP, = alveolar pressure A = alveolar
Py, = alveolar G a = arterial
P.co,= alveolar CQ

AP, = arterial pressure
P,o,= arterial G,
P.co,= arterial CQ

AP, = venous pressure
AP, = expired pressure

LEARNING TO WRITE THE LETTER A

Boards&Beyond.
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Equilibrium

Prco2= Pacoz

Alveolus
Paco? A’\

Pulmonary Capillary

Pucos Pacoz
—
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Bohr Equation

V, = PRCO2z P,CO2

'V, P,CO2

STUDY SMARTER




Zero Dead Space

\,; = PCO2 P,CO2

V, P.CO2
0 = PCO2z P.CO2
P.CO2

0 = PCO27 P.CO2
P.CO2 = CO2

AAAAA GCEAA&bproaches RCO2
More gas exchange
Less retained CO2
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100% Dead Space

\,; = PCO2z P.CO2

V, P.CO2
1 = RCO2z P.CO2
P.CO2

P.CO2 = 027 P.CO2
PCO2 = 0

A A A A A GEA2Adbproaches zero
Less gas exchange
More retained CO2

SSSSSSSSSSS




Dead Space
0, =70%

M.

. 100%

o2 = 100%

SSSSSSSSSSSS

=70%

o2 = 100%




Dead Space Main problem: #|/
Hypercapnia
Response: 2 2

70% 70%

Flow
—.>
Obstruction

P
P
P
P
P
P
P
P
P
P
33303333

PR

/ 100%
02 =100%
No hypoxemia
Ll BoardsaBeyond TP .



Alveolar Ventilation Equation

Predicts Alveolar CO2

ATotal ventilation (TV) = volume/min
**\Volume in slightly > volume out due to Quptake
Sometimes called minute ventilation
A Alveolar ventilation
46 |1 ET OO OAAAA ODAA. [ _|
AExample: 500cc per minute ™%

150cc fills dead space
Only 350cc avallable for gas exchange

Alveolar duct Alveol

BoardssaBeyond .



Elevated Carbon Dioxide

AHypercapnia

AHypercarbia

A Causes acidosis

APhysiologic response: OAOBPEOAOI OU O

Increased alveolar ventilation

STUDY SMARTER




Alveolar Ventilation Equation

Predicts Alveolar CO2

AV, = alveolar ventilation Three Major
AVqo,= rate of CO2 producton ~ # AOOAO ,I £
AP,c0= alveolar PCO2 #/ ¢ DOIAO

@ (hypoventilation)

AVt = total ventilation V,. (dead space)

AV, = dead space ventilation
AK = constant

Veoo™ K
VA VT - Vds

Prcor=

SSSSSSSSSSS



Alveolar Gas Equation

Predicts Alveolar O2

AP,,= alveolar 02 PIOZ
AP, = inspired O2
AP,cq, alveolar CO2

AR = respiratory exchange ratio
CQ production/O , consumption
Varies with diet, metabolic state

Paco?
Pro2= Po2Z o

SSSSSSSSSSSS




Alveolar Gas Equation

Predicts Alveolar O2

I:)ACOZ
40 150 100
50 150 88
60 150 75
70 150 63
80 150 50
PACOZ

Pro2= Fo27 o
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Lung Perfusion

AUpright position: Blood flow distribution is uneven
A Caused bygravity
A Apex: Lowest blood flow
A Base: Highest blood flow

ALung divided into 3 zones to describe perfusion

7 ONE
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Lung Perfusion

Zone 1 (
(apex) —
Lowest blood flow g
=)

=

" f g
\,\\7; (

Zone 2 )

(mid) ="/

Z 41\
Zone 3 7 /j)
(base) \

Highest blood flow
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Lung Ventilation

AVentilation highest zone 3, lowest zone 1
Also caused by gravity
Upper lung compresses basd pushes air out
More room for filling of base with next breath
Variations smaller (L/min) than blood flow

Zone 1l
Lowest V

Zone 2

Zone 3
Highest V

Boards&Beyond.
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Ventilation-Perfusion Ratio

AVIQ ratio: alveolar ventilation/pulmonary blood flow
Matching critical for gas exchange
Under-ventilated or under-perfused alveoli inefficient

ANormal V/Q ratio = 0.8

Alveolar ventilation (L/min)/pulmonary blood flow (L/min)
Yields normal B,(90 mmHg) and B5,(40 mm HQ)
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Ventilation-Perfusion Ratio

Apex
Lowest Blood Flow

8  6Lowest Ventilation
s 8 1 Highest V/Q
Wasted V

Both decrease bottom to top
Blood flow decreases more
V/Q ratio changes

Base
Most Blood Flow
Most Ventilation —
Lowest V/Q
Wasted Q
Ll BoardsaBeyond
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Ventilation-Perfusion Ratio

\Y Q V/Q PaOZ PaCOZ
130 30
(3.0)
Zone 2
90 42
(0.6)
Zone 3




Zone 1

A Lowest blood flow
A Lowest ventilation
AHighest V/Q ratio
AHighest P,
ALowest P,cq5

STUDY SMARTER

Zone 1
(apex)




Tuberculosis




Pulmonary Blood Flow

ANormally, AV pressure difference drives blood flow
Aln lungs, alveolar pressure may determine blood flow
AHigh alveolar pressure”A no blood flow A dead space

Alveolar Pressure

l l Al l l Pulmonary

Pulmonary
Arterial Flow Venous Flow

P P,
a -
Pulmonary capillary >

SSSSSSSSSSSS




Pulmonary Blood Flow | pressures

P, Alveolar
P, Arterial
P, Venous

AP, constant
A At base, Pand P, highest
A At apex, Pand P, lowest

Zone 1 (Apex)

I:)AZ I:)a> I:)v
Minimal flow o
Zone 2 (Mid) o

P.>P.>P, \

Zone 3 (Base)
Pa> I:)v> I:)A

Highest flow \
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Zone 1

ALung apex: R>P,> P,
ASlight fall in P,A capillary compression
Hemorrhage/shock

AZone 1 becomeslead space
Ventilation without perfusion

Zone 1 (Apex)
P,>P,>P,
Flow o AaA

STUDY SMARTER




Exercise

Alncreased Q demand
AVentilation rate increases
Alncreased cardiac output

AVIQ ratio approaches 1
More blood flow
More ventilation
nw OAT OEI AOET 1
Becomes more even in zones =

Boards&Beyond. William Warby / Flikr
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Exercise

ANo change in mean R,and Pq,
Alncreased venous CQPyo)
A Decreased venous 9P,

Venous Blood
P,o,40mmHg
P,co46mmHg

SSSSSSSSSSSS

Arterial Blood
P,0,90mmHg

a

P.coA40mmHg




Hypoxia

Jason Ryan, MD, MPH

STUDY SMARTER




Oxygen delivery to tissues

AOxygen delivery to tissues depends on:
Cardiac output
O, content of blood

A For proper O, delivery need:
Normal cardiac output
Normal O, content

STUDY SMARTER




What determines Q content?

A O, binding capacity
How much Q blood can hold
Determined by hemoglobin

AHemoglobin saturation
% Hemoglobin molecules saturated

A Dissolved Q
O, directly dissolved in blood

STUDY SMARTER




PaQ

A Partial pressure oxygen in blood

A Obtained from an arterial blood gas

A Reflects amount of Qdissolved in blood
ANormal: >80mmHg

Twitter/Public Domain

STUDY SMARTER




Pulse Oximetry

AMeasures HgbO, saturation of blood

A Related to PaQ
AUses light and a photodetector

100

75

50

Hb % Saturation

25

Image courtesy of QuinrDombrowski 25 50 75 100

p0O; (mmHg)
Boards&Beyond. .



Oxygen Content

O, Content = (Q Binding Capacity ) * (% Sat) + (Dissolved fp
(ml O,/dl) 0 1

(1.39 * Hgb) 0.003 P,

ANormal O2 content requires:
Presence of hemoglobin
Sufficient saturation of hemoglobin
Normal P,5,

STUDY SMARTER




Hypoxemia, Hypoxia, Ischemia

AHypoxemia: low oxygen content of blood
AHypoxia: low G delivery to tissues
Alschemia: loss of blood flow

MMl abbreviate  wwe

on. 2 rel

“raft /.e1bi:'si:/ n. 1

itha aba) .cfasubject
a abdicate /'zbq g,

e z 'enouncea fa A...
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Hypoxemia, Hypoxia, Ischemia

ALow Hgb-O, sat or low PaQ= hypoxemia
AHypoxemiaA hypoxia
A Can have hypoxiavithout hypoxemia

Hypoxemia
Heart Failure
Anemia
Carbon Monoxide

SSSSSSSSSSSS



Heart Failure

A AAOAEAA 1 OOPOO
As AT T T A Al A kyposid

A O, content of blood may be normal
APaQand HgbO, sat may be normal




Anemia

A Oxygenation of blood by lungs is normal

A Oxygen carrying capacity of blood reduced
ALow Q, content of blood

APaQand HgbO, sat normal

Databese Center for Life Science (DBCLS)
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Carbon Monoxide

ABinds to iron in heme 240x the affinity of oxygen
ABlocks Q binding sites:O 0T AOET T Al
AAlveolar O, (P,o,) usually normal

Amount of CO gas required for poisoning usually small

ANormal P,;,A Normal P,
8, binding to Hb despite normalP,O,

SSSSSSSSSSSS
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Carbon Monoxide

ALow Hgb-O, sat (CO blocking ©binding sites)
APulse oximeter shows normal (100%) Qsat

#Al 60 AEOOEI COEOE (A Al QT A Ol
A Q, content of blood reduced

Normal PaO2
Low O, % sat (reality)
Normal O, % sat (detector)
Hypoxia
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Causes of Hypoxia

02 Content PaO2 % Sat
Hypoxemia 8 8 8
Heart Failure Normal Normal Normal
Anemia 8 Normal Normal
Carbon Monoxide 8 Normal 8 g
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Hypoxemia

Alndicates defect oxygenating blood

A Causes categorized bj-a gradient
Alveolar O, (P,o,)Z Arterial O, (P,5))
P.o, from alveolar gas equation
P,o.from blood gas

STUDY SMARTER




A-a Gradient

Venous bloo

Py, 40mmHg
Inspired Air 70% O2 sat
P0,150mmHg
Alveoli
Pro, 100mmHg
Pulm Capillary B
Venous blood |
Po, 40mmHg _
70% O2 sat Arterial Blood
P.o,90mmHg

100% O2 sat
Ll BoardsaBeyond
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Alveolar Gas Equation

Pro2= Fo22 Paco2= 1507 P,
R 0.8

STUDY SMARTER




A-a Gradient

A Difference between alveolar (A) and arterial (a) @
A Helpful for evaluating hypoxemia

AStep 1: Measure B, P,co,

A Step 2: Determine B, from gas equation

A Step 3: Aa gradient = R, 7 P.o»

ANormal 10-15mmHg
Shunting fromthebesian and bronchial veins

SSSSSSSSSSSS




Normal A-a Gradient

ALow alveolar oxygen content (P ,.,)

ADecreased oxygen content of air
High altitude
P, Sea level = 150 mmHg Paoz2 = Pio2 = Pacoz = 150 = Pygpp
P02 high altitude ~ 100 mmHg R 0.8

A Hypoventilation
Reduced respiratory rate
Reduced tidal volume
Causes increase 25,A decreased Ry,
Narcotics, neuromuscular weakness, obesity

SSSSSSSSSSS




Normal A-a Gradient

Almproves with oxygen

Pro2= Fo22 Pacox= 1907 Py,
R 0.8

ii‘l
]
|
| |

| OXYGEN |

Public Domain
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A-a Gradient

Inspired Air
Pio, 150mmHg

Alveoli
Pro, 100mmHg

Pulm Capillary il W

Arterial Blood
P.o,90mmHg

a
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Alveolar Gas Equation

Hypoventilation
High CO2

Pro2= Fo22 Paco2= 1507 P,
| R 0.8

Low O2
Inspired Air
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Increased Aa Gradient

ANo problem with alveolar oxygen content (Ry,)
ALow arterial oxygen content (P _5,)

AMost primary lung diseases: high Aa gradient
Pneumonia, pulmonary edema, etc.

AThree basic mechanisms create the high-& gradient

Diffusion defects
Shunt
V/Q Mismatch
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A-a Gradient

Inspired Air
Pio, 150mmHg

Alveoli
Pro, 100mmHg

Pulm Capillary il W

Arterial Blood
P.o,90mmHg

a
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Diffusion

A Gases must diffuse from air to blood

A Rate of diffusion depends on:
Pressure difference (airblood)
Area of alveoli for diffusion
Thickness of alveolar tissue

STUDY SMARTER




Diffusion

(diff. coefficient)

Area *D *(PiP2)
Vgas = _
(volitime) Thickness

P2

e, >

P1

E—

' Thickness
Boards&Beyond .



Diffusion Limitation

Area *D * (PiP2)
Vgas = _
(volitime) Thickness

A Surface area of alveoli falls immphysema

A Diffusion distance (thickness) rises in:
Pulmonary fibrosis
Pulmonary edema

ABoth lead to decreased diffusio® hypoxemia
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Ventilation-Perfusion Ratio

AVIQ ratio: alveolar ventilation/pulmonary blood flow
Matching critical for gas exchange
Unventilated or unperfused alveoli inefficient




Shunting

ANo V

A Extreme reduction in V/Q

AVIQ =0

AVenous blood to arterial system without oxygenation
A Causesypoxemia

STUDY SMARTER




Shunting

70%

100%\\\\S

SSSSSSSSSSSS

70%

k////////—10096

02 = 100%




Shunting

VIQ=0

70%

70% \

SSSSSSSSSSSS

70%

/ 100%

Hypoxemia



V/Q Mismaitch

AVIQ <1
Reduced ventilation relative to perfusion
Perfusion wasted
Blood going where not enough Qpresent
Extreme version V/Q = 0 is shunt

A Hypoxemia with increased Aa gradient
Almproves with oxygen

STUDY SMARTER




V-Q Mismaitch

VIQ<1

70%

80% \

SSSSSSSSSSSS

70%

/ 100%

Hypoxemia




Carbon Dioxide

ACauses of hypercapnia
Hypoventilation
Increased dead space
Increased CQproduction

AHypoxemia with high Aa gradient:1 |

STUDY SMARTER
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Mechanisms of Hypoxemia

High A-a gradient
PaO2 using
FEIEIOZ 100% O2
I_Diff_usi.on v 3 "
Limitation
Shunt
o} -
VIO = 0 No change
_V/Q 5 3 y
Mismatch
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Mechanisms of Hypoxemia

A-a
difference
Normal A-a
6 -
Gradient @ 10-15
High Aa "
Gradient -- Increased
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Mechanisms by Disease

AMost diseases (COPD, PN#ylm edema) have
hypoxemia from multiple mechanisms
PNA may cause V/Q mismatch or shunt

A Some examples worth knowing
Intra-cardiac shunt: pure shunt mechanism
Inhale a peanut: V/Q = 0 (also pure shunt)
Pulmonary Embolism
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Pulmonary Embolism

Obstructed blood flow
AAAA OPAAA
Hypoxemia does occur in many patients
V/Q mismatch
Blood flow forced through open vessels
Increased Q (working vessels)

Same V
Decreased V/Q (mismatch)
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Carbon Dioxide

Jason Ryan, MD, MPH
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Carbon Dioxide

AProduced bycellular metabolism

ATransported to lungs viathree mechanisms
Dissolved (5%)
Bound to hemoglobin (3%)
Bicarbonate (>90%)

Mitochondrion

Boards&Beyond
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Dissolved CO2

ADetermined by( AT OUG6 O | A X
APae,X solubility = dissolved CQ
AVery small amount (5%) total blood CQ

" e ®

Public Domain
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Bicarbonate

AMost (>90%) CQ exists as bicarbonate

ACarrier form of CQ

ARed cells contain large amountsarbonic anhydrase
A Converts COto HCQ

CO +H,0é H,COeé HCO, + H
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Bicarbonate
CO+H0é H,CQé HCO +H

Tissues Lungs

O, Consumed Exhaled

CQ Produced

l diffusion

HCQ'

|

HCQ

Veins




RBC Bicarbonate Transport

AHCQ inside RBCs leaves cell to plasma
A H+ remains in red cells

AChloride (Cl-) enters cell

A Maintains electrical neutrality
AO#EI T OEAA OEE A&EQDG
ARBCs have high €tontent in venous blood

CO + H0é H,CQé HCQ + H




RBC Buffering H .. 1060, sco, + 1

AH*produced when bicarbonate generated
Could cause dangerous fall in pH

A Deoxyhemoglobin buffers (absorbs) H in red cells
n AAT gUEAIT T CITAET, ET 2" #0 xE
APrevents H from reducing pH

Richard Wheeler andZephyris

Ll BoardsaBeyond
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Bicarbonate

Tissues

O, Consumed
CQ Produced

Deoxyhemoglobin

Buffering [ /

1 OAA |AAI I
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Carbaminohemoglobin

A Hemoglobin bound to CQ

Binds at different site from Q

A CQ binding alters affinity for oxygen
More CQ A More O, release
CQ decreases affinity for oxygen
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Bohr Effect

ACQ produced by metabolismA generatesH* in RBCs
CQ+H0é H,CQé HCQ +H

AH*and low pHare indicators of metabolism

AH*and low pH triggerrelease of O, by hemoglobin

Cellular
Metabolism

A z:r»‘ /

|

(B
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Bohr Effect

A Deoxyhemoglobin has high affinity for H

AH* binds hemoglobin in low Q/high CQO, areas

A#1T 1 OAOOO (CA Ol OOAQO A& O
Shifts Q curve to right

AHemoglobinreleases more oxygen

CO +H,0é H,COe HCQ + H

Bohr Effect | <———;

Hgb
L) BoardsaBeyond J .




Bohr Effect

— = =

o, === High H/High CO,
-
2 75
©
) . .
g Right Shift
< 50 More O, offloaded for
= , given PQ
T /

/
25 /
25 50 75 100
PO, (mMmHgQ)
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Haldane Effect

A Q, binding alters affinity for CO ,

Low G, environment Hgb binds more CQ
High O, environment Hgb bindslessCGO

Richard Wheeler andZephyris

Ll BoardsaBeyond
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Haldane Effect

A Deoxyhemoglobin binds more CQ
Allows more CQ loading with O, consumption
Allows more CQ unloading with high G,

Hgb
CG

Content

Low G, (tissues)

High O, (lungs)

STUDY SMARTER
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Tissues versus Lungs

Tissues Lungs
ALow O, (consumption)  AHigh O, (air)
AHigh CQ (metabolism)  ALow CQ (exhalation)

AHigh H ALow HY

ALow pH AHigh pH

A Favors Q unloading AFavors Q loading
Bohr Effect Bohr Effect

AFavors CQloading A Favors CQunloading
Haldane Effect Haldane Effect
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CQ Transport

Po2 100 8

I:)COZ 40 V

HCO; 24 7

pH 7.4 8
Deoxyhemoglobin 8 n
Red cell Ct 8 7
Dissolved CO2 8 7
Carbaminohemoglobin 8 n
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High Altitude B (
PO,

A Lower atmospheric pressure pCG,

ALower pG, HCOy

AHypoxiaA hyperventilation

A8 B # A respiratory alkalosis (pH rises)
A After 24-48hrs, kidneys will excreteHCQy
ApH will fall back toward normal

Wikipedia/Public Domain
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Exercise

AV, ¢onsumption
AV $ptoduction

i 6 AT OET AOET 1

STUDY SMARTER
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Exercise

AMore CQ produced by muscles
ACQ levels invenousblood rise
AMore O, consumed by muscles
A Q, levels invenousblood fall

Boards&Beyond. William Warby / Flikr

STUDY SMARTER



Exercise

Av OAT OEI AOET T AT A AlTTA
ANormal PaQ and PaCQdespite metabolic changes

Veins: O2 falls, CO2 rises
Arteries : O2 and CO2 normal




Cerebral Blood Flow

= =
o o
LL LL
© ®)
o ®)
L) i)
0 k 0
'S '©
S S
®) ®)
o D
Q Q
@ @
Normal Range | Normal Range
02 Content CO2Content
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Panic Attacks

A Hyperventilation

ALow CQ

AHypocapniaA cerebral vasoconstriction
ACNS symptoms (dizziness, blurred vision)

PixabayPublic Domain
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CQ and Breathing Control

APaCQis the major stimulus for breathing
A Central chemoreceptors ilfmedulla most important

A Peripheral chemoreceptors: carotid and aortic bodies
Sense CObut more sensitive to Q

AHigh Pa,A increased respiratory rate
ALow Pa.o,A decreased respiratory rate




CQ and Breathing Control

ACOPD patients: chronic retention of CO
A Lose sensitivity to CQ
/A Oxygen becomes major breathing stimulus

AExcess oxygen therapy giveA, hypoventilation
ATheory: response to CQblunted
A\ Respiratory depression with high Q

ANew data indicates more complex
A Haldane effect

Wikipedia/Public Domain
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CQ and Breathing Control

ACQ level useful to determineventilation status
High CQ: hypoventilation
Low CQ: hyperventilation
A Clinical scenario:
Patient with pneumonia
O, applied via nasal cannula
O, level 95%
Blood gas: PaC{O= 60mmHg (high)
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CQ and Breathing Control

AClinical scenario
Patient with neuromuscular disease (ALS)
O, saturation on G, 95%
Blood gas: PaC{O= 60 (high)
Respiratory muscles failing
A Symptoms of hypercapnia (high C9)
Lethargy
Confusion
Agitation

STUDY SMARTER




Lung Physical Exam

Jason Ryan, MD, MPH
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Lung Exam

APercussion
Finger against thoraxA tap

A Auscultation
Stethoscope thorax
Upper, mid, lower lung fields

A Special techniques
Fremitus
Pectoriloquy

STUDY SMARTER




Percussion

ANormal sounds = resonant

AAbnormal: dull or hyperresonant
ADull

Pleural effusion
Consolidation (pneumonia)

AHyperresonantA air trapped
Pneumothorax
Emphysema

STUDY SMARTER




Lung Auscultation

ANormal breath sounds are vesicular

AMost all pathologic lung processes result in decreased
lung sounds over affected area

NS
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Adventitious Lung Sounds

ARales

AWheezes

ARhonchi

ABronchial breath sounds
A Stridor

STUDY SMARTER




Rales

AAlso called crackles
A3T A1l AEOxAUO ObPI bo 1 PAI
A Early inspiratory, late inspiratory or expiratory

A Classic causes
Pulmonary edema (bases)
Pneumonia
Interstitial fibrosis

STUDY SMARTER




Wheezes

AAir flows through narrowed bronchi
AUsually expiratory or inspiratory/expiratory
A Classic cause is asthma

A Other causes:
Heart failure (cardiac asthma)
Chronic bronchitis
Obstruction (tumor; localized wheeze)
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Rhonchi

ASecretions in large airways
A Coarsebreath sounds
A Classic cause is COPD
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Bronchial Breath Sounds

AHigh pitched lung sounds

A Like flow through tube

A Longer expiratory phase than normal
A Seen in pneumonia with consolidation

STUDY SMARTER




Stridor

AWheeze that is almost entirely inspiratory
AUsually loudest over neck
AlIndicates partial obstruction of larynx or trachea

/A'Some classic causes
Laryngotracheitis (croup)
Epiglottitis (Hib in children)
Retropharyngeal abscess
Diphtheria
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Pectoriloquy

A Sounds over chest through stethoscope

A Bronchophony
Voice sounds are louder and clearer
AWhispered pectoriloquy
7EEODA GMA wd ww
Should be muffled
Abnormal if clear

AEgophonyd, Ee€ee® O1 O1 Aa@ayl E E A
AAll indicated fluid in lungs: Effusion, consolidation

SSSSSSSSSSSS
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Fremitus

APlace hands on patients back

AOAOEAT O GIABIGA®T ET AOU
AVibrations travel through airways to back
AVaries with density of lung tissue

AOnly common condition with increased fremitus is
lobar pneumonia

A Decreased in most other processes
Pleural effusion
Pneumothorax
Atelectasis

SSSSSSSSSSSS




Nail Clubbing

A Associated with many
pulmonary diseases

ABronchiectasis

A Cystic Fibrosis
ALung tumors
APulmonary fibrosis

A Also cyanotic congenital
heart disease <165°

Image courtesy of Jamelleilman, MD

Image courtesy ofJfdwolff
Boards&Beyond. .



Pulmonary Function
Tests

Jason Ryan, MD, MPH
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Dyspnea

AMany, many causes
A Deconditioning

A Cardiac causes
AAnemia
APulmonary causes

STUDY SMARTER




Pulmonary Dyspnea

A Obstruction
#A1 60 CAO AEO 10O
Air trapped
Poor oxygenation

A Restriction
#A1 860 CAO AEO ET O
Poor oxygenation

STUDY SMARTER
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Pulmonary Function Testing

A Determining flows, volumes in lung

A Helps determine cause of dyspnea
Sometimes unclear from history, exam,-ray, etc.

AHelps determine disease severity/progression
Many diseases monitored by PFTs
COPD, Pulmonary Fibrosis

SSSSSSSSSSS




Spirometry

AMethod for assessing pulmonary function
A Pulmonary function tests (PFTs)

A Patient blows into machine
AVolume of air measured over time

Boards&Beyond_ Image courtesy ofJmarchn
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Spirometry

Normal
FVC =5L
FEV1 =4L
FEV1/FVC =0.8

Time (s)

STUDY SMARTER



Volume (L)

Spirometry

Normal

— Restrictive

Obstructive
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Time (s)




Spirometry

Normal

FEV1 - . Restrictive

Obstructive

FEV1|../._. ’

Volume (L)

FEVLf--

Time ()
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Spirometry

FV/C fmmmmmmmmmmm e e Normal

VG A ----— Restrictive
FVC |-----f--mmmmmmmmm e oo Obstructive

Volume (L)

Time (s)
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Summary

AFEV1 and FVC fall in both obstructive and restrictive
diseases

AFEV1 falls MORE than FVC in obstructive

| FEVI _ FEV/FVC

Obstructive
Restrictive G 6 >80%

STUDY SMART] ER




Volumes

A Spirometry can measure
6000 —

VC (FVC) Hﬁxgrrg:maﬁs:imen —es--pm--g--at-a
IRV 5000 |—
ERV 4000 |- RV fic
A Cannot measure
3000
RV
FRC 2000

A Residual volume rarely 1000
measured clinically

ARequires special
techniques

0

|Rm BoardS&Beyngmdm- Image courtesy of Mich&omorniczakMedical lllustrations .



Spirometry with Volumes

()
|

Volume (L)

Time (s)
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Spirometry with Volumes

\/ Obstructive

)

~ Normal

)

-

5 Restrictive

O

>

1
Time (s)
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Flow Volume Loop

. 10, PEF, MEF

3 ~

% 8 EEF25%
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Flow Volume Loop
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Flow Volume Loops

.~ Paak Expiratory Flow (PEF)

¥
&

normal

.
-

Exhale

VOLUME
| |
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normal

\T-‘_ Inhale

-~

/ '\\..

Capacity (FVC)

Image courtesy ofyaserAmmar,




Work of Breathing

AWork proportional to resistance
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Work of Breathing

A Airflow resistance: Slower you breathe, less resistance

Work of Breathing

Alir M

I
15

Boards&Beyond. Breaths per minute
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Work of Breathing

A Elastic resistance: Faster you breathe, less resistance

Work of Breathing

ElastiC

I
15

Boards&Beyond. Breaths per minute
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Work of Breathing

ASlower you breathe, less airflow resistance
A Faster you breathe, less elastic resistance

Work of Breathing
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Boards&Beyond. Breaths per minute

Work of Breathing

Alncreases in obstructive and restrictive disease
A Different patterns

%Obsirquve
estrictivel
NN

I
15

Work of Breathing

STUDY SMARTER



Obstructive Lung
Disease

Jason Ryan, MD, MPH
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Obstructive Lung Diseases

AKey points: Air trapping, slow flow out, less air out
AReduced FEV1 (slow flow out)

AReduced FVC (less air out)

AReduced FEV1/FVC (hallmark)
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Residual & Total Lung Volume

ABoth go up in obstructive disease
From air trapping

A Both fall in restrictive disease
Less air fills the lungs due to restriction
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Obstructive Lung Diseases

A Chronic bronchitis
AEmphysema

A Asthma

A Bronchiectasis
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Chronic Bronchitis

A Chronic cough

A Productive of sputum

A At least 3 months over two years
ANo other cause of cough present
A Strongly associated with smoking
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Chronic Bronchitis

AHypertrophy of mucous secreting glands

AReid Index

Thickness of glands/total wall
>50% in chronic bronchitis

A, OT CO AAT bPI OC xEOE
Alncreased risk of infection
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Chronic Bronchitis

APoor ventilation of lungs
Alncreased CO2

A Decreased 02

AHypoxic vasoconstriction
APulmonary hypertension

ARight heart failure (cor pulmonale)
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Chronic Bronchitis

ACough

AWheezing

A Crackles

A Dyspnea

A Cyanosis (shunting)

STUDY SMARTER




Shunting

<99%\
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02 < 99%




Emphysema

ASmokers
Too many proteases created
Overwhelm anti-proteases
Upper lung damage
AL p  ArypSiredeficiency
A Ineffective anti-proteases
A Lower lobe damage

Anti-Proteas

STUDY SMARTER
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Emphysema

A Destruction of alveoli
Smoke activates macrophages
Recruitment of neutrophils
Releaseof proteases

A Loss of elastic recoil

A Small airways collapse on exhalation

N

AMEO OOOADPPAAG EI
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Emphysema

ADyspnea
A Cough (less sputum than chronic bronchitis)
A Hyperventilation
AWeight loss

A Corpulmonale
A Barrel Chest

SSSSSSSSSSSS




ACINUS

A Acinus= bronchiole + alveol
A Smokers =centriacinar damage
AL p  Aryp€iredeficiency =panacinar

SSSSSSSSSSSS




Image courtesy of Jamelleilman, MD
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Chest Volumes and Pressures

Chest Wall
Lungs

FRC

ystem

-40 -20 0 20 40
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Blue Bloaterz Pink Puffer

A Chronic Bronchitisz Blue Bloater
Cyanosis fromshunting (blue)
Air trapping (bloated)
AEmphysemagz Pink Puffer
Loss of alveoli
Loss of surface area for O2 absorptiortdgéad space)
Hyperventilation to compensate (puffer)
Initially this maintains O2 level (pink)
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COPD

AChronic Obstructive Pulmonary Disease

A Includes chronic bronchitis, emphysema, asthma
AMany similar symptoms (cough, dyspnea, wheezing)
AMany similar treatments
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1 p HrypSikDeficiency

Alnherited (autosomal co-dominant)

A Decreased or dysfunctional AAT

AAAT balances naturally occurring proteases

A Elastasefound in neutrophils & alveolar macrophages
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1 p HrypSikDeficiency

ALung

A Panacinaremphysema

A Imbalance between neutrophilelastase(destroys elastin) and
elastaseinhibitor AAT (protects elastin)

A Lower lung damage

ALiver cirrhosis
Av AT T O A1l g p AOEI AO OP EI 1EO
A Only occurs in phenotypes with pathologic polymerization of
AAT in endoplasmic reticulum of hepatocytes

A Some patients have severe AAT deficiency but no intra
hepatocyticaccumulation
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| p Hryp&rDeficiency

AClassic case

Typical COPD symptoms: cough, sputum, wheeze
Younger patient (40s)

Imaging: emphysematous changes most prominent at bases
Obstructive PFTs

A Question often asks aboupanacinarinvolvement

AThese patients should NEVER smoke
Stimulates neutrophil elastaseproduction
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Asthma

A Reversible bronchoconstriction

AUsually due to allergic stimulus
Type | hypersensitivity reaction

A Airways are HYPERresponsive
ACommon in children

A Associated with other allergic (atopic) conditions
Rhinitis, eczema
May have family history of allergic reactions

SSSSSSSSSSSS




Asthma Triggers

AURI

AAllergens (animal dander, dust mites, mold, pollens)
A Stress

AExercise
ACold
A Aspirin
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AERD

Aspirin Exacerbated Respiratory Disease

A Asthma, chronicrhinosinusitis, nasal polyposis
Chronic asthma/rhinosinusitis symptoms
Acute exacerbations after ingestion aspirin or NSAIDs

A Dysregulation of arachidonic acid metabolism
A Overproduction leukotrienes

ATreatment: Leukotriene receptor antagonists
Montelukast, Zafirlukast
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Asthma Symptoms

A Episodic symptoms
A Dyspnea, wheezing, cough
A Hypoxia during episodes

A Decreased I/E ratio
AReduced peak flow
AMucous plugging (airway obstruction/shunt)
A Death: Statusasthmaticus
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Asthma Diagnosis

AUsually classic history/physical exam

AMethacholine challenge
Muscarinic agonist
Causes bronchoconstriction
Administer increasing amounts of nebulized drug
Spirometry after each dose
Look for dose at which FEV1 falls significantly
If dose is lowA positive test

SSSSSSSSSSS




Asthma Pathology

ARecurrent episodes
A'Smooth muscle hypertrophy
AlInflammation
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Asthma Pathology

AClassic sputum findings
A# OOOAE Iisphdlsl 6 O
A CharcotLeyden crystals

Image courtesy ofPatho

Image courtesy of Imh649
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PulsusParadoxus

A Most frequent non-cardiac causes are asthma/COPD
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Bronchiectasis

AResult of chronic, recurrent airway inflammation
A Airways become permanently dilated

A Obstruction
Large airways dilated
Small/medium airways thickened bronchial walls
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Bronchiectasis

C: -400.0, B: 1500.0
i

Image courtesy of Laurdregonese JanStolk

Image courtesy of Yale Rosen
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Bronchiectasis Symptoms

ARecurrent infections

A Cough, excessive sputum (foul smelling)
AHemoptysis

A Corpulmonale

A Amyloidosis

STUDY SMARTER




Bronchiectasis Etiologies

AObstruction (tumor)

A Smoking

A Cystic fibrosis

A+ A OOA Cskridrdnaed O

A Allergic bronchopulmonary aspergillosis
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Primary Ciliary Dyskinesia
Immotile -cilia syndrome

ACilia unable to beat, beat normally, or absent
Alnherited (autosomal recessive)

A Gene mutations dynein structure/formation
A Dynein = motor protein creates movement

STUDY SMARTER




+ AOOA Gy¥ntrdnte 6 O
Chronic sinusitis

Bronchiectasis (chronic cough, recurrent infections)
Male infertility

Situsinversus

k] Boards&Beyond
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+ A OOA Gynbrédne 6 O

AClassic case:
Child
Recurrent sinus/ear infections
Chronic cough
Bronchiectasis on chest CT
Obstruction on PFTs
Situsinversus

A Question often asks about dynein protein
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ABPA

Allergic bronchopulmonary asperqgillosis

AHypersensitivity (allergic) reaction to aspergillus

ALungs become colonized wittAspergillus fumigatus
Low virulence fungus
Only infects immunocompromised or debilitated lungs

AOccurs predominantly in asthma and CF patients

AABPA patients:
Increases Th2 CD4+ cells
Synthesis interleukins
Eosinophilia
IgE antibody production
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ABPA

Allergic bronchopulmonary asperqgillosis

A Classic case
Asthma or CF patient
Recurrent episodes cough, fever, malaise
Brownish mucus plugs, hemoptysis
Peripheral blood eosinophilia
High IgE level
Bronchiectasis on imaging
PFTs with obstruction

A Diagnosis: Skin testing aspergillosis
ATreatment: Steroids
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Summary

Lung Diseases

SN

Restrictive Obstructive
. / / \ B Bronchiectasis
Chronic
Bronchitis Asthma
Emphysema
/ \ Obstruction
_ _ _ Smoking
Smoking J 1-antitrypsin Cystic
Fibrosis
+ AOOACAT A0CG6 O
ABPA

Boards&Beyond.
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Restrictive Lung
Disease

Jason Ryan, MD, MPH
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Restrictive Lung Diseases

A+ AU DPI EI OO0d A#lessaraut CAO AEO
AReduced FVC (less air in/out)

AReduced FEV1 (less air in/out)

ANormal (>80%) FEV1/FVC (hallmark)

STUDY SMARTER




causes

A#1: Poor breathing mechanics
A#2: Interstitial lung diseases
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Poor Breathing Mechanics

ANot a primary pulmonary issue
AUnder-ventilation of lungs
A Alveoli working: A-a gradient normal

ANeuromuscular
ALS, Polio, myasthenia gravis

A Structural

Scoliosis
Morbid obesity
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Interstitial Lung Disease

Bilateral, diffuse pattern
Small, irregular opacities (eticulonodular)

~

O(I'TAUAT T Ao 101 ¢C APPAAOAI

Image courtesy ofDrriad _
m Boards&BeXng. Image courtesy of Jamelleilman, MD



DLCO

Diffusing capacity in lung of carbon monoxide

ADLCO separates cases restrictive disease

A Restriction with normal DLCO
Extra-pulmonary cause: obesity

A Restriction with low DLCO
Interstitial lung disease
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DLCO

ADLCO = diffusing capacity of carbon monoxide
AMeasures ability of lungs to transfer gas to RBCs
A Patient inhales small amount (not dangerous) CO
ACO uptake is diffusion limited

1 i1 O1T O OAEAT OP ®m AEZEAOOEII
AMachine measures CO exhaled
ANormal = 757 140% predicted
A Severe disease <40% predicted
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Low DLCO Conditions

Alnterstitial lung disease
AEmphysema

AAbnormal vasculature
Pulmonary hypertension
Pulmonary embolism

APrior lung resection

AAnemia
Corrects when adjusted foHb level
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Interstitial Diseases

AOS EAAOOA PAOAT AEUI Al
ALarge group of disorders

A Similar clinical, radiographic, physiologic, or
pathologic manifestations

STUDY SMARTER
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Interstitial Diseases

Aldiopathic pulmonary fibrosis

A Systemic diseases with interstitial lung features
Scleroderma
Rheumatoid arthritis

7ACAT A0S O

Sarcoidosis
A Pneumoconiosis
ADrug toxicity (amiodarone, methotrexate)
AHypersensitivity pneumonitis
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Idiopathic pulmonary fibrosis

AMost common type: Idiopathic interstitial pneumonia
A Slow onset dyspnea
ATypically affects adults over the age of 40
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PneumoconiosIs

Occupational lung diseases
A#1T A1 T ET AOG O
A Silicosis

A Asbestosis
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Alnhalation of coal dust particles

ACXR or Chest CT:

Small, rounded, nodular opacities
Preference for the upper lobes
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