Respiratory
Physiology
- In the Time of -

COVID-19
What You Wish You Remembered
From Medical School:
A 30 Minute Emergency Primer on
Respiratory Physiology.

The Goal and the Disclaimer:
Whether you are a seasoned clinician or a student, there has never been a better time to
understand respiratory physiology. Why? Because this knowledge saves lives. I’m a
practicing anesthesiologist and I apply these concepts to living, breathing, patients in
the operating room. I am also a physiologist. I am not a critical care physician, but, like
you, I may be called on during the Covid-19 pandemic to care for these patients while
under the supervision of critical care physicians.

This presentation will give you a 30 minute primer on respiratory
physiology. It is not intended to provide specific diagnostic or
treatment advice, guidelines, or standards. For that, look to
evolving national and local management guidelines.
What this presentation will do, however, is equip you to understand lung function and
dysfunction so that you can understand what the goals of your ventilatory and
oxygenation support are, and how to tell if you’re achieving them.
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OK – What’s the Clinical Problem?
A. Infection with the Covid-19 virus can result in injury to the heart, kidneys or liver. It can also
cause systemic inflammatory reactions and coagulation problems. But its target of choice is the
LUNGS.
B. According to our critical care colleagues, critically ill patients with Covid-19 tend to present with
hypoxemic respiratory failure, but, at least initially, with normal lung compliance1. The early
picture of normal compliance allows ventilation to partially compensate for hypoxemic
respiratory failure. Unfortunately, as the disease progresses, that can change. If the underlying
cause of hypoxia worsens at the same time that the lungs become stiff and ventilation is
impaired, rapid deterioration can occur.
C. This peculiar combination separates the two main functions of the lung: Ventilation and
Oxygenation. They are not the same. Ventilation is how the body rids itself of CO2.
Oxygenation, on the other hand, is how the body transports O2 from the atmosphere, through
the lung, into the blood, and ultimately, into the mitochondria.
D. Your patients can have problems with either ventilation or oxygenation, or both. They are
separable. In managing these patients, it’s critical that you understand the difference between
ventilation and oxygenation, as well as a few other key concepts from respiratory physiology.
That’s what this teaching module is all about.
1 Sommer

P et al. Initial Clinical Impressions of the Critical Care of COVID-19 Patients in Seattle, New York. Anesth & Analg. (published ahead of print, March 26, 2020).

To illustrate the difference between Ventilation
and Oxygenation consider these two scenarios:
CASE # 1 Ventilation without Oxygenation:
Due to a ventilator malfunction, a patient is being ventilated with 100% Nitrogen. In this
case, every variable associated with alveolar ventilation (VA) is normal: VT, f, VD/VT are
all normal (we’ll define each of these variables in the next few slides), but there is no
oxygenation because FIO2 = 0.

CASE # 2 Oxygenation without Ventilation:
A patient in the PACU has opioid-induced hypoventilation, becomes apneic, but is
wearing nasal cannula O2. VA = 0, but O2 saturation remains at 100% for several minutes.
Why? Because his lungs were exposed to a higher than room air FIO2 prior to his apnea
and because he is still receiving “apneic oxygenation” from O2 diffusion. This is, in fact,
the basis for High Flow Nasal Cannula oxygenation used in certain cases of COVID-19
pneumonia where oxygenation is poor but the lungs are still compliant (the so-called “Ltype” variety of COVID-19 pneumonia patients).
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The lungs regulate pH by
adjusting PCO2. Details for
how to diagnose the acidbase status are contained
within the “Painless Guide to
ABG Interpretation” at the
end of this presentation. For
now, all you need to know is
that acid-base status is
completely defined by only
two variables: pH and PCO2.

The best way to look at what you’re doing with a ventilator is to
start by asking ask what the natural organ – the one you are
replacing - does. So, what do the lungs do? Their job is to regulate 4
things: the 3 elements of the Arterial Blood Gas (ABG) as well as one
other critically important variable: the arterial oxygen saturation.
The good news is that the first 3 are easily measured with an ABG,
and the 4th is easily measured with a pulse oximeter. The other good
news is that there is a defined and predictable relationship between
PO2 and O2 saturation, and I’ll give you a way to memorize that.

Think of PCO2 as ventilation.
That’s right – its that simple.
The mathematical
relationship between PCO2
and alveolar ventilation
(which we’ll define in a
minute) is so tight and so
predictable that we can
treat them as the same
thing. Nature is rarely so
accommodating.

Think of PO2 as the ultimate
goal. The partial pressure of
oxygen in the arterial blood,
which is the result of how
well the lung transfers or
hands off O2 from the
atmosphere to the blood, is
what matters most to the
rest of the body.

Q: Good. Now, How do I Get a Grip on the Basics of
Ventilation and Oxygenation?
A: With the all-in-one slides at the end. And with the 19
brief points below.
1. That slide puts together four equations, one graph, and one animated visual tool
that brings it all home. Together, those few tools will allow you to understand what
is happening to your patients’ lung function in the course of ventilation and disease.
2. Let’s take ventilation first. The point of ventilation is to rid the body of CO2 so that
arterial CO2 (PaCO2) remains normal (about 40 mmHg). There’s not an app for that,
but there is an equation: PaCO2 = K (VCO2/VA). K is simply a constant. VCO2 is wholebody CO2 production (V is volume of CO2 produced per minute – a flow, or
volume/time). VA is alveolar ventilation.
3. Alveolar ventilation (VA), in turn, is also described by an equation: VA = fVT(1-VD/VT).
This is handy because you’ll be manipulating several of these variables when you
ventilate your patients. f is frequency of breathing, or respiratory rate. You get to
choose that with your ventilator. VT is also important. That’s tidal volume, or the
amount of air entering the lungs with each breath. The product of the two (fVT) is
“minute ventilation”, or the amount of air moved into and out of the lungs during
one minute. So, why isn’t alveolar ventilation (VA) simply minute ventilation (fVT)?

4. The reason is that we need to take into account dead space. What’s that? Simply put,
it’s every part of the airway, from the gas containing space of the nose and mouth,
down through the trachea, main stem bronchi, smaller bronchi and bronchioles that
sees gas moving to-and-fro inside its space, but that isn’t involved in gas exchange
across a membrane. Finally, when you get all the way down to the smallest
bronchioles and alveoli that actually do exchange O2 and CO2 across their
membranes, dead space ends and real gas exchange starts.
5. What about an intubated patient? Does
the breathing circuit that attaches the
patient to the ventilator contribute to
dead space? No – only that part of the
breathing circuit on the patient side of
where the inspiratory and expiratory
limbs of the circuit join each other at the
“Y” shaped intersection does the
breathing circuit contribute to dead
space. None of the corrugated tubing on
the ventilator side of the tubing
contributes to dead space (see right).

6. Fortunately, in an intubated patient, the endotracheal tube itself bypasses much of
the nasopharyngeal and oropharyngeal gas spaces, so the total dead space is
reduced compared to a naturally breathing patient. Why does that matter? Because
dead space is wasted space. It contributes to minute ventilation (in other words, it
moves in and out of the lungs with each breath) but it doesn’t contribute to alveolar
ventilation, and therefore, it doesn’t contribute to taking up O2 or ridding CO2.
7. Know that the equation for alveolar ventilation takes dead space into account.
8. How do we know how much dead space we have? The third equation takes care of
that: VD/VT = (PaCO2 – PETCO2)/PaCO2. This Bohr Equation for Dead Space tells us
what the dead space to tidal volume ratio is. By convention, lower case “a” means
arterial and upper case “A” means alveolar. ”P” is partial pressure (in mmHg). “ET” is
end-tidal. Your ventilated patient will likely have a capnograph, or end-tidal CO2
monitor. If so, it measures PETCO2 directly. What about measuring arterial CO2 (that
is, PaCO2)? You’ll need to draw an arterial blood gas (ABG) and send it to the lab for
that one. If you have those two values, you know what your dead space to tidal
volume ratio is, and you can then plug that into the equation for alveolar ventilation,
and, in turn, once you know the alveolar ventilation, you can plug that into the
equation for arterial CO2 (that is, PaCO2), which is what the body cares about.
9. That’s it for ventilation: these three equations that are linked by common variables
tell you all you need to know about how the lungs handle CO2.

10. What about oxygenation? You only need one equation and one graph for that. The
equation is called the “alveolar air equation”: PAO2 = (PB-PH2O)FIO2 - PACO2/R. The
whole point of the equation is to estimate what the alveolar partial pressure of O2
should be. PB is barometric pressure. Assume 760 mmHg at sea level. PH2O is water
vapor pressure at body temperature. Assume 47 mmHg. FIO2 fraction of inspired
oxygen. Assume 0.21 (that is, 21%) for room air. In your ventilated patient, however,
you get to adjust the FIO2 higher – even up to 100% (FIO2 = 1.0) if absolutely
necessary. PACO2 is alveolar CO2. Assume that it’s the same as end-tidal CO2 (that is,
PETCO2). “R” is the respiratory exchange ratio. It has to do with the whole-body ratio
of CO2 production to O2 consumption during metabolism. Assume that R = 0.8.
11. If you do the math, a patient with good lungs ventilating normally (PACO2 = PETCO2 =
40 mmHg) at sea level (PB = 760 mmHg) breathing room air (FIO2 = .21) will have an
alveolar oxygen (PAO2 = 100 mmHg).
12. What’s the point of estimating PAO2? It allows you to compare how much oxygen is in
the blood (PaO2 - measured with an arterial blood gas) to how much oxygen is in the
alveoli of the lung (PAO2). This is the so-called “A-a” gradient. For good lungs, it is
zero. For lungs with intrinsic disease (like Covid-19 lungs), the gradient will increase
in proportion to lung disease and lung oxygenation problems.
13. Another way to measure lung efficiency for oxygenation in your ventilated patients
is by calculating the simple ratio of arterial oxygen (PaO2) to FIO2: the “PaO2/FIO2”
ratio. The higher the better. A ratio lower than approximately 200 is worrisome.

14. There’s another reason for knowing what the A-a gradient is. It helps you to sort out
why your patient is hypoxemic, as well as to track any deterioration in the lung’s
oxygenation ability. This can be important with Covid-19. The accompanying table
reveals the six different things that can cause hypoxemia: 3 that result in an A-a
gradient and imply lung disease (diffusion impairment across the alveolar-capillary
membrane; ventilation/perfusion mismatch – details in my website, but beyond the
scope of this primer - and shunting of blood past the lung’s alveoli) . And also 3 that do
not result in a widened A-a gradient and have nothing to do with the lungs:
hypoventilation; low environmental oxygen (low FIO2); and lower barometric pressure
(e.g., altitude).
15. Notice that the 3 causes of hypoxemia
that have nothing to do with the lungs
(no widened A-a gradient) are also
things that are taken into account by
the alveolar air equation. That is why
they don’t result in a gradient. Can
hypoventilation (elevated PACO2) cause
hypoxemia (lowered PaO2)? Sure. But
only somewhat indirectly, and usually
as a late player. PACO2 is a variable in
the alveolar air equation, but only one
of many.

16. Finally, we have one more valuable quantitative tool for the clinical assessment of
oxygenation: the oxyhemoglobin dissociation curve (OHDC). You can memorize the
five relevant points of this curve and reproduce it in your head. They are diagramed
on the graph below. Two are “gimme’s”: 0:0 and 100:100. At 90% saturation (on a
simple pulse oximeter) the PaO2 from an ABG is approximately 60 mmHg. Mixed
venous oxygen (PVO2) is 40-45 mmHg. A patient with an oxygen saturation of only 50%
(bad news) has a PaO2 of only 27 mmHg. Memorizing this curve allows you to know
what the patient’s PaO2 is without drawing or sending an ABG. All you need is a pulse
oximeter, and virtually all of your patients will have a pulse oximeter.
17. Note that this standard curve assumes
that the OHDC has not been “shifted”.
What can shift it? The same things that
the blood encounters in exercising
muscle, where a right-shifted curve
(less affinity of hemoglobin for oxygen)
is advantageous: high CO2, low pH, and
high temperature.
18. For a simplified approach to ABG
interpretation, see the flashcard “Dr.
Munis’s Guide to Painless ABG
Interpretation” at the end of this PPT or
on the website at jamesmunis.com
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19. Finally, we can put all of this together in one summary slide (the one that follows).
The diagram of the respiratory system on the slide is physiologic, not anatomic. Your
patient’s lungs work, like all mammalian lungs, in a to-and-fro ventilation strategy
that moves air into and out of the lungs by the same path. The diagram is intended
to eliminate that awkward-to-show time element. Instead, it represents the two
main businesses of the lung: ventilation (CO2 removal), and oxygenation, as
reciprocal and simultaneous pathways in a “figure 8” exchange that are operating at
the same time. If you learn more from dynamic, or moving illustrations, bring that
last slide up in full slide-show mode.

Don’t Forget the Summary Slides

More detailed treatments of respiratory physiology (and many other types of
physiology) are viewable and downloadable for free at: www.jamesmunis.com
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You Can Control

Notice that these four variables are
included in the alveolar air equation (VD
indirectly by its influence on VA) for
alveolar O2, as well as in the equations for
ventilation and CO2. This means that you
can control, predict, and understand your
patient’s O2, CO2, pH, and O2 saturation).
… And four things that you can measure
with an ABG and pulse oximeter to see if
your ventilator management is working:
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There are four things borrowed from
normal physiology that you can control on
your ventilator:
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Guide to Painless ABG Interpretation:

