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A Personal Intro

There are lots of good reasons why I thought it'd be good to put together a primer of sorts on vent
management, but the main one is that my first vent experience was a near-disaster and 1'd like to share what
I’ve learned since then so that others can avoid what I had to go though. [ also think there’s some room for
diversity in how we, as an industry, present material to each other and move forward with our understanding of
complicated things. So my second hope is that this interactive text style of writing can be of help to some folks
and maybe inspire others to do the same and build on the whole idca.

But to start with the awful beginning story: I was brand new to an ambulance service in rural New
Mexico, having moved from Pittsburgh about two years after | first got my medic. I was still green, but felt like
[ had gotten a lot of experience back in the city and was (over-perhaps?) confident. Anyways, I started at this
service in mid-November and this call I did was the day after Thanksgiving, so I had basically just arrived in
NM and gotten settled in to the second EMS service [ had ever been given medical control at. Things were
different for sure. Five- and ten-minute transport times had been replaced by ones much longer in our 5,000
square mile coverage area, the ambulances were giant machines that could be rigged to carry three patients each
and would never have made it in the city alleys, and protocols/ capabilities were a lot more lenicnt and included
vents, surgical crics, hiking in to patients broken in the woods - that sort of thing that this city boy just hadn’t
done before.

Oh, and also two-patient interfacility transfers. Our flagship hospital was in Albuquerque, onc hundred
and eighty miles or two and a half hours away by bus, so it was hugely advantageous to load two patients in on
a single truck to avoid and extra six-ish hours of that second truck being gone from the service area. So when [
was asked if [ was OK with a vent patient and a psych patient going up to Albuquerque at the same time I didn’t
say no and we started getting things together. Part of that prep process was another guy showing this guy how
to use the LTV1200, as [ hadn’t gotten to that part in my orientation and didn’t yet have the confidence to say
*no” to things I wasn't comfortable with or ready for.

My five-minute vent lesson was subpar, to say the least, and then I was off to the big city with the vent
guy on the stretcher and the psych guy on the bench seat, two EMTs up front just in case I needed anything.

My first action when the vent started beeping was to press that handy “silence™ button — per the lesson | had
received on the machine's operation. When that didn’t work I figure it might be because the patient wasn't
listening to the vent settings we had dialed in before leaving, so I paralyzed him with Vec — also per the lesson 1
had received. And that worked for a little while. Then I started getting more alarms and a low sat, so I did what
all good medics do and disconnected the vent, grabbed my BVM and had the EMTs up front pull over so that
one of them could hop in the back and give me a hand.

Sats still stayed low, the alarms were yelling at me, the EMT was like “WTF, bro, get it together,” and |
didn’t know what to do, so I turned the vent off, pulled the tube out and started over from the very beginning
with BLS airways and the BVM. So that happened and we had the airway secured, sats came up and then 1
handed the bag off to the EMT and set my sights on restarting this vent machine the way I had been taught just
a little while ago. It was during this process that I realized my connections from the machine to the circuit had
come undone. | must have stepped on them or something during the shuffle... Nowadays I would have simply
looked at which alarm I was getting and worked through a systematic process for addressing that alarm. The
whole fiasco would have been avoided. But back then I didn't know a single thing about vents, to include that
the text on the screen was relevant to getting the alarm to stop. Other than what I learned in my short pre-trip
lesson.

And that's just part of the story. One other part, don’t forget, is that guy on the bench seat watching the
whole damn thing and me hoping he stays cool enough that 1 don’t have to try and manage two patients
simultaneously. And another part is that even though I finally dj

at alarm gigatieq sorted, I still had
trouble managing my vent settings. I couldn’t maximize m 2 opkeep @ ange, my patient
would get super agitated cvery time the Vec wore off, etc..t._SoJréturned back-to-smfall town New Mexico late
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on the day after Thanksgiving, year 2012, and decided then and there that | was never, ever, going to be in that
situation again.
MY a-the-web) looked

My initial study list (after-a-few-days of askmgots of-questions.and

something like this:

e The Ventilator Book — William Owens (there was a kindle version at the time and [ could take the kindle
with me on my long transports to Albuquerque — this was in the day before I had a smartphone, so [
couldn’t just pull up videos on my phone like I can nowadays')

e The LTV1200 Product Manual and DVDs (super exciting stuff... but I have since read the manuals for
lots of the equipment I have worked with and it does provide some useful information) »

e EMCrit Dominating the Vent Series (I had to watch these at the coffee shop down the street, as I didn"t
have internet where I lived — I was instead trying to grow food and tobacco in my yard back then, that
and not get caught up in the “technology craze™)

I later came across many other great resources and [ will mention those as we get to them. And also, I
got on the technology train. Which I think is a huge facilitator of learning when used in the right way and |
hope that this little experiment can demonstrate that. If you have the print version of this badboy you can just
scan the QR codes for any of the references to access them (if available for free) or to see where you can
purchase them (if they want your monies); if you have an electronic version. just click the links. And if you
have a version where the links don’t work because it isn't legit, that’s cool too: go here to get it all free and
official.
So now let’s jump into the weeds and see where we end up. Keep in mind that this is to be an ongoing
project and my first foray into this type of thing — so if you have feedback, just send it my way and offer either
to lend a hand or a valid suggestion. I'd love to get more folks involved in this and make it both better and
more accessible for all involved :)

w
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Some Very Basic Physiology

As a disclaimer: the stuff outlined here is super basic and intended to give a foundation for the
fundamental concepts of vent management. One recommendation for looking into the details beyond this

(much of which comes up later when we talk about specific conditions) is a good, solid, heavy Anatomy and
Physiology textbook'.

The Normal Breathing Process

Let’s start with a picture of what major components we are working with in normal inhalation and
exhalation. At its most basic we have the lungs and the large airways:

We also have the chest cavity and the diaphragm:

P

' Or this free one thanks to Openstax.org - also note that all the images in here that don't look like they were made by a four-year-old
on Microsoft Paint are taken from this source (unless otherwise noted)
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It’s OK to consider the lungs to be “attached” to the chest cavity and diaphragm so that w!icn the N
diaphragm contracts or flattens, the lungs expand — this sucks air into the plural space via a negative pressure:

Exhalation
Passive Process
Relaxation of All the Things

Here’s another version that shows a bit more detail: L
YL

? T:‘:hu{aumpuou mf:::v holds true for our need in the transport setting, but we've delved a bit further in to this idea in the Appendix
1o it out more clearly. There is also an anticle referenced in the ALUARDS subscction under Specific Vent Strategies
shows a specific case of this breakdown ™ ==
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o Inside this same cavity lie the heart and great vessels (and most importantly to our discussion, the
inferior vena cava):

<
~ ]

o~
- —
\

+ +

So now we have a system that normally functions by contraction of the diaphragm (with or without help
from the intercostal muscles) to create a negative pressure, “sucking™ of air into the lungs. Because this air
movement occurs via a negative pressure, blood return via the inferior vena cava is facilitated by normal
ventilation® - this will be important when we move on to talk about positive pressure ventilation in justa
minute.

From there we need to zoom in and take a look inside the lung tissue. The image below shows blood
vessels encircling little sacs, known as alveoli, which are the homestay of the all-famous pulmonary gas
exchange where oxygen goes into the blood and carbon dioxide goes out:

) Klabunde, 2008 — Second half of that page explains this concept in much more detail
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A simplified version of a single alveoli with a corresponding blood supply -weuld lock-like-this (sce
below)- This s forr that-we-wittreturn-te-ater-on-as-it can help us understand the
(patho)physiology of different situations:

PN

— L ——

Next, let's add some numbers to that graphic of a single alveoli and its blood supply. Note that in real
life blood is continually moving past the alveoli and gases are constantly moving to reach equilibrium, so that as
carbon dioxide is offloaded and oxygen is onloaded, there is a new supply of blood and a reset of the gradicnts
across that membrane. It’s important to know that in the normally functioning system, the body does not
“outrun” this system — diffusion of gases and movement of blood is enough to keep up with a body running or

operating at full capacity”.
/ Rt

I.‘\TM-'IGOmmH;/" oy /,
N WY L,
\Y PO, = 100mmHg
\ I‘ N PCO. = 40mmHg
r\o&\‘(sl&s § 'XJ‘\\ -
-

( - ~——___ s
e T o 7

PCO; = 4SmmHg ¢

Because there is an open system between the ambient air and the alveoli,
the overall pressure at the alveoli is also 760mmHg, however the partial
pressures of the components are different along the way

It's also worth mentioning that the pressure gradient or difference from alveoli to capillary is drastically

different when comparing oxygen to carbon dioxide: oxygen has a pressure difference of about 60mmHg, carbon

L dioxide has one of just SmmHg. While this may seem, at first glance, to put the body at risk of some sort of
» imbalance -reeati-that carbon dioxide moves more effectively through liquids, and thus the membrane between
capillary and alveoli, (roughly twenty times so) and the net result is that oxygen and carbon dioxide exchange at

5:;:,_‘, about the same rate.

[v)
4 Speller, 2018 - She also outlines how both oxygen and carbon dioxide diffuse in the pulmonary system in the context of gas laws; 2
note, however, that certain states can overtax this system to result in a situation — see discussion of A-a Gradient in the Appendix
9
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How is Positive Pressure Ventilation Different? ,'

S Spontancous,
athaselime. Nexy we need to consider what happens when we bypass the whole negative pressure mechanism

airways and lungs superimposed on the chest wall and diaphragm. When we ventilate by positive pressure we
ha_ve to physically displace the diaphragm and chest wall while simultaneously pushing air into the system —
this requires a lot more pressure that we needed for that negative pressure, spontaneous mechanism:

Rykerr Medical’s Vent Management Guide

The biggest impact of that increased intrathoracic pressure is the effect it may have on cardiac output.
Increased intrathoracic pressure can decrease blood return to the heart via pressure on the vena cava, resulting in
decreased preload and, therefore, less output®. Let’s represent it this way: )

Normal Breathing Positive Pressure Ventilation

-lmmHg (-1 4cmH,0 +15-25mmHg

Blood Return AOK Blood R ‘ompromised &
i )

Inhalation
Active Process
Via “Pushing” of Aur

Exhalation
Passive Process.
Relaxationof All the Things

by the Machine

We will get to airway pressures and limits for them later on, but a normal plateau pressure (which
reflects alveolar pressure in positive pressure ventilation) is in the range of 15-25¢mH.0; compare this to the
pressures represented in the following illustration®:

mtrapulmonary pressure = alveolar pressure
range is -1 to + ImmHg (or-1 4 1o +1 4cmH,0)

3 i Intrapuimonary
:g'q ; prossure J
1 2
i r—
Bi_,z ' Trans- "’ \r -
i = M
i | ]
EEJ =l | s/
i pressure / U
=8 oo o edsnil \nn;ﬂs-an -6mmHg (or-2.4 1o -8.2cmH,0) r*\’ /
w7

* Two things: we'll talk about the mmHg and cmH O conundrum at the end of this section (in Mecasuring Pru_mm); alveolar )
pressure is the most relevant to our discussion for now, the concept of transpulmonary pressure (and therefore intrapleural pressure) is

deferred to the Appendix
10
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Other negative sequalae of positive pressure ventilation (which may still occur even if we have all the
settings dialed in right!) would be patient discomfort”, muscle fatigue/ weakening® and physiologic changes to
other body systems®. And then if we have things dialed in wrong on the machine or don’t ventilate
appropriately based on patient presentation, we can also cause things " like direct injury to the lungs/ alveoli and
hypoventilation (leading to shock). This is but a short list of the major things we'll worry about in this manual,
just recognize that there is a lot of potential for bad and that’s why we need to know how to manage the
machine to the best of our collective ability and mitigate as many of these things as we can along the way.

*Strong, 2013 - This video (which is just one of a great series on mechanical ventilation) has a section that explains a little more detail
on how PPV (and panticularly PEEP) can affect CO; while it isn't always true that PPV d Cco imes the ite can
oceur), the PPV 2 decreased preload = CO sequence of events is most relevant 1o us in the transport setting

7 Rustam & friends, 2018 — This article is a lit review of lots of different papers on comfort in mechanically ventilated patients; while
much of this stuff might be hard to relate to a patient we intubate in the field on a scene call, lots of it can translate to the interfacility
transfer side of things
¥ Tobin & fnends, 2010 — Outlines the idea that we can this quence by g vent 25 to require that the patient
make some intrinsic effort to breath; while their ending advice is to utilize an airway pressure waveform to monitor patient effort
(something we don't routinely have in the transport setting), it still provides valuable insight on the whole concept

¥ Yartsev, 2019 — In fact, navigate to “Respiratory System” header at the top of this page and then down to the section on “Physiology
of Positive Pressure Ventilation™ for more detail on all of this stufl

0 i n...

|+ i’o/‘r! 2
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‘fu’ 4"4 7

”,



-

Return to Contents

We already saw how a pressure waveform might look over time with spontancous, negative pressure
breaths, so let’s see how it looks with a machine delivered breath. Note that there are different types of machine
delivered breaths in this diagram (plus some terms to discuss), and we haven't yet gotten there; that's totally
OK, we just want to point out some general trends here. Big takcaway: the left set of patterns (the normal)
looks nice and smooth, without any harsh changes or drastic swings in amplitude; all of the others have those
things we don’t want. Another thing worth mentioning is that the graphic representations of the mades (i.e.
cach column of the threc towards the right) are each slightly different and sometimes one mode will be more
comfortable for a certain patient in spite of trying to do all the other things you know how to dg

In an effort not to discourage anyone from ever putting a patient on a vent,
there are some advantages of positive préssure ventilation/ mechanical ventilation. Most obvious of these is
that it allows us to breathe for a patient in a relatively simple way when that patient is unable to do so on his or
her own. More specifically, mechanical ventilation allows us to control and direct recovery with specific
pathologies (such as acidosis, asthma, and ARDS; all of which we will discuss later on). Positive pressure can
help move oxygen into the bloodstream more effectively, managing ventilation (and therefore acid-base
balance) can help that oxygen get delivered more effectively, manipulating time spent at different parts of the
respiratory cycle can increase the amount of time that the body can participate in pulmonary respiration, etc.
There arc lots of good uses of the ventilator and we will get to all of them in due time, so don't worry if that got
to be too much for a moment and know that in spite of its drawbacks, mechanical ventilation and positive
pressure ventilation do have their place in the cosmos.

!! This this assessment of what the body “wants" in terms of smooth waveforms and avoidance of harsh changes in amplitude is
scientifically unfounded (as far as we know) and, rather, is a subjective concept, It seems to make intuitive sense, but there may not
be a good way to verify the idea. And if anyone has evidence o the contrary, iffwould be greatly appreciated. i
ovidence-to.the that would also be of henefit foe fu H iyl But for now we will roll with it.
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Ventilation, Oxygenation and Respiration y
o fg @
" H‘ﬁ* " i3
Just to differentiate thg conéepts that collectively represent breathing let’s chat about these thfee terms'=.

Ventilation refers to the grosg/of air as the body breathes in and out. Oxygenation refers to the mevement of
oxygen from the air outside of the body, through the respiratory and circulatory systems, and to the capillaries
where it can be picked up by tissues for use. And lastly is respiration, which has two specific flavors.
Pulmonary respiration refers to the exchange of carbon dioxide and oxygen in the alveoli of the lungs; cellular
respiration refers to a comparable gas exchange at the tissues. If it helps, here are a few images to represent all

sk

/’Ldg

Oxygenation
-—/\_—
—\/_
ambient air 1o lungs alveoli (in the lungs) 1o blood blood to cells of the body
Pulmonary Respiration Cellular

Respiration
+
L
+
> H@ %

2 Betts & friends, 2013 — Explains in more detail the processes of ventilation (Section 22.3) and respiration (Section 22.4)
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There is some overlap between oxygenation and pulmonary respiration in this context, but it helps to
separate these ideas out. When managing the vent, we are most focused on the processes of ventilation and
oxygenation'. While respiration (in both forms) is very important, our ability to manipulate these processes
isn’t as straightforward as it is with ventilation and oxygenation; also the pant of respiration, the pulmonary part,
that we can impact is covered in a roundabout way by our actions to address oxygenation.

Dead Space'

Dead space can be an intimidating concept when it comes to vent management and we are going to try
to both simplify it and identify specific situations in which it matters in the context of patient management. To
start with, there are four types of dead space that we will discuss: anatomic, alveolar, physiologic and

cchanical. We don't always see every one of these flavors discussed in references, but we will discuss them
all here to make sure that our understanding of dead space is complete. Dead space, as a term, can be used to
describe any one of these subtypes, but it helps to recognize which type of dead space is of concem in a given
situation.

To start things off, anatomic dead space is the air involved in the respiratory cycle that does not
participate in gas exchange. As represented by the blue lines, it starts at the naso- and oro-pharynxes and
extends down to the terminal bronchioles:

Another way to describe anatomic dead space, in light of this graphic, would be just about all the air
involved in a respiratory cycle other than what ends up in the alveoli. Now this graphic isn't to scale, so it sort
of seems as if dead space is the majority of the air involved in a respiratory cycle, but that isn’t the case. There
are tens of thousands of terminal bronchioles in a lung and hundreds of millions of alveoli'*, so the majority of
air ends up in the alveoli. It's also worth noting that this process is dynamic and that anatomic dead space refers
to the air outside of the alveoli and respiratory bronchioles when those alveoli are fully inflated at peak of

" Whitten, 2015 - Goes into the difference between ventilation and oxygenation in the context of patient management

AN can find on mechanical dead space 1s the vet article - keep looking and maybe use this as a ref at the Appendix”

litp: www vasg.org'dead_space htm

! Betts & friends, 2013 — And just to clarify some useless trivia: the terminal bronchioles (marked by the thick blue line in the far
nght side of this photo) are difTerent then the respiratory bronchioles, which are the stems distal 1o that blue line that feed in to cach
cluster of alveoli

14
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inspiration. As for quantifying this value: normal anatomic dead space is about 2ml/kg or Iml/Ib (IBW) or
approximately 150ml for the average adult male patient. We may also see anatomic dead space estimated at /3
(0.33) or 30% of tidal volume, but this only holds true if we have an appropriate tidal volume for that particular
patient'®.

Anatomic dead space is most relevant in our discussion of ventilated patients when we need to alter the
amount of air that participates in alveolar gas exchange. We will talk about this more later, but we basically
have two options when it comes to increasing the amount of air to the alveoli: increasing the frequency at which
we deliver breaths or increasing the amount of air per breath delivered. If we add one breath to the equation, we
must consider anatomic dead space and therefore the amount of air to the alveoli is less than the actual volume
of that entire breath. On the other hand, if we simply add volume to breaths already being delivered, we
actually get that additional volume at the alveoli because anatomic dead space has already been considered for
each breath. We will return to this idea again later (with a few illustrations), but it sort of makes sense to
mention it now.

The next type of dead space is alveolar dead space. Alveolar dead space refers to the air in the alveoli
that doesn’t participate in gas exchange. This can be due to a few different things: decreased capillary blood
flow, fluid in the alveoli, damage to the alveolar surface, etc. Regardless of cause, any time that alveolar air is
limited in its ability to participate in gas exchange, we get alveolar dead space. In the normal human body,
alveolar dead space is basically zero and we assume it to be negligible. In the sick or injured human body,
however, we assume some alveolar dead space. While there is a way to calculate this value (sce Appendix),
knowing that number doesn’t help in the transport setting. Instead, we assume alveolar dead space in all of our
paticnts and proactively take steps to accommodate that with our settings.

Interventions to address an assumed alveolar dead space would be ensuring adequate oxygenation,
recruiting alveoli, utilizing appropriate ventilator settings by patient size, and proper patient positioning. All of
these things will be discussed in sections to come, so no need to remember them here. Just know that the
takeaway in regard to alveolar dead space is that we always assume it exists to some degree and we do what we
can to mitigate it. Worst case scenario is that the lungs were healthy and that there was no alveolar dead space
to begin with and that's totally fine — none of the interventions we do here would cause damage to the healthy
lung. On the other hand, if we forget to make this assumption in a patient that does have some degree of
alveolar dead space, we can increase mortality, delay recovery and decrease the patient’s ability to compensate
for other threats that might come up during the clinical course (i.e. an infection along the way).

Next on the list is physiologic dead space. Physiologic dead space is the sum of anatopric dead space
and alveolar dead space and represents all of the dead space before we introduce our devices into the
system. In the healthy person, we often assume no alveolar dead space and therefore phySiologic dead space is
equal to anatomic dead space. Because of this relationship, the terms sometimes get used interchangeably.
While there is a difference, the utility of knowing this fact doesn’t much help our treatment of sick people, so
from here on out we will refer to anatomic dead space and alveolar dead space and ignore the idea of
physiologic dead space in a effort to be more specific with our discussion.

'® Rather than going overboard on citations, here’s a quick summary of two references for this section and the paragraphs that follow-
Quinn & Rizzo, 2018 - These guys give us the 2ml/kg and 1/3TV formula; they also define alveolar dead space and outline some
clinical applications

Intagliata & friends, 2019 - And these guys cile the 150ml and 30% methods: they also review physiologic dead space

Also note: there is some overlap on these two articles (including an author), but they provide a bricf overview of all this content in a
sl‘ihghlly diff¢rent fashion; neither refers to “mechanical dead space” as I have done, but they both mention the impact of this space via
other terms

Brewer, 2008 - Now that we’ve given all these methods for esti g ic dead space, know that they may not be very accurate;
all that said, the actual value doesn't much matter here, it's the application of this information that is relevant - so don't get 100 caught
up in the nitty gritty!
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Last type of dead space is what we will call mechanical dead space. Mechanical dead space is the dead
space that we qdd on to the system with our equipment: vent circuits, EtCO> detector, HME'”, etc. To be a bit
more specific, it refers to all the things from where anatomic dead space starts (oropharynx/ nasopharynx) to
where exhaled air leaves the wye of the vent circuit:

Imaginary barricr between
anatomic dead space and
mechanical dead space

Air comes n
" via this tube
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This is particularly relevant with little patients fperticularly infants), as smaller volumes of air can have a much
greater impact®.

Hypoxic Pulmonary Vasoconstriction?'

In systemic circulation, hypoxia causes vasodilation. If a part of the body isn’t getting the oxygen it
needs, the body opens up the blood supply to counteract the deficit and get blood (and thus oxygen) where it
needs to go. The opposite occurs in the lungs: hypoxia in the pulmonary vascular bed results in
vasoconstriction (thus the term, “hypoxic pulmonary vasoconstriction™). This mechanism helps the lungs to
avoid wasting blood supply to part of the lung that isn’t getting enough oxygen — it’s a mechanism to conserve
resources and maximize oxygenation. Just as in the systemic capillaries, the pulmonary capillaries are in a state
of flux and respond by opening and closing to the needs of the system and the availability of resources (oxygen,
in this case, being the driving force).

Two terms related to this concept are shunt and V/Q mismatch. Shunt refers to when blood supply from
the right side of the heart (unoxygenated) makes it over to the left side of the heart still without oxygen —
something happened where it passed through a pulmonary vascular bed and didn't get any oxygen loaded onto ;- (sl

Distal bit Exhalation valve
LB babe 00 Ve cireuit it. This can happen when the alveoli are filled with fluid (as in pulmonary edema, pneumonia or ARDS) ef Pyl
£ dc: 1o a region-of-ithe-dung-tasima-pul y-cmbotismy: If there were no hypoxic " -
Poi & vasoconstrictive response, the body would put even more blood flow into these regions and the patient’s pi
Mechanical dead space b condition would worsen. Treatment here is to fix the cause of the shunt, i.e. move the fluid, gunk, whatever els¢

[wt-\lb 4

Mechanical dead space is a problem because it increases the amount of “used up air” with which new air A

must be mixed before it gets to the alveoli. In the normal human being, fresh air is pulled into the airways
starting right at that imaginary blue line in the above picture; in the ventilated patient, fresh air begins at that
wye. We’ve quantified this effect in the Appendix, but suffice it to say that we should try to minimize
mechanical dead space when possible (i.e. think about whether or not an in-line suction device or HME is
needed rather than placing it blindly for all patients) and that the effect is more pronounced with smaller
patients and higher respiratory rates (i.e. pediatrics). Another point worth considering is that we can mitigate 7, l, .
this “used up air” conundrum by pushing fresh air (i.e. oxygenated air) into the system throughout the { My
exhalation portion of the respiratory cycle'® (i.e. with PEEP or bias flow').

There is one other related concept to consider in this discussion of dead space that doesn’t quite fit any
of the types above. We like to think of all of these volumes as fixed quantities of air, but the truth is that the
containers that hold these quantities of air are flexible or have stretch and therefore we sometimes see
differences in an expected versus actual value. One example of this is that the amount of air we put into the
system (tidal volume) doesn’t always match up exactly with air out of the system (exhaled tidal volume). So
where does that air go? Some of it stays in the alveoli (see upcoming discussion on recruitment), some of it
Icaks around our ETT cuff, some of it dissipates into the tissues, etc. While this isn't exactly dead space per s,
it helps to recognize that it is a thing that can cloud our understanding of air volumes.

Another place where this comes into play is with the vent circuits themselves. These plastic tubes are
not rigid and do have a certain amount of stretch to them. If you look on the package of the tubing, there is a
value that says how much volume of stretch a given circuit has per unit of pressure. We will return to this idea
again in later sections (once we discuss a few of the concepts mentioned here) but know that in volume control
ventilation we may inadvertently overestimate the amount of air delivered if we ignore the stretch of the circuit.

1" Heat & Moisture Exchanger, discussed more in the Appendix
18 De Robertis & friends, 2010 — These guys outline some strategies to avoid this “rebreathing™ of CO: in ventilated patients

" Find a good discussion of bias flow

o)
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is in that alveolar space out of there, so that air can get back in contact with the capillaries.

V/Q mismatch (or ventilation-perfusion mismatch) describes a state in which blood supply and air
supply to the alveoli-capillary interface are out of balance, i.e. one or the other valuable resource is passing
through the system without being utilized. This represents an inefficient use of resources and contributes to the
previously mentioned idea of alveolar dead space. It can occur by either of two mechanisms: blood supply
outweighs air supply or vice versa.

Lo
N7 *
S

*a\dOA

\ W —C— —
ol 5 Going back to this hypoxic vasoconstrictive response, the V/Q mismatch represented on the left would
0‘7 lead to vasoconstriction — the body wants to redirect that blood flow to where it will be met with adequate air

* Enc Bauer podcast | think it was, find that

2! For further reading on the subject:

Dunham-Snary & friends, 2017 — Describes how this response can be inhibited my certain interventions; outlines the role of HPV in
different pathologies

Lumb G‘;f Slinger, 2015 — Outlines the timelines discussed; also discusses a number of relevant pharmacological agents that contnbute
to the effect

Tarry & Powell, 2016 - Discussed physiological factors that influence this r
vasopressin (among others, but these are noted to be relevant to the transport setting)

also d role of hol and




Return to Contents

delivery to facilitate efficient oxygenation. Moving right, this V/Q mismatch is a step in the right direction and
what we aim for with treatment: as we increase alveolar surface area (see next section) and add air in to parts of
the system which have clamped down, we can reverse that vasoconstriction and improve the amount of lung
participating in alveolar gas exchange. While a mismatch still exists at this point, the body will eventually
respond to air supply and the vessel wjll dilate to meet that supply.

One last thing to note aboutdf hypoxic vasoconstriction response is the timeframe on which it occurs in
either direction. The vasoconstrictigh side of things happens on the order of seconds to minutes, while the
reverse process of vasodilation happens on the order of minutes to hours. There is a lot of variability in these
time frames based on all kinds of variables, but the important thing to note is that the downside happens fast and
then it takes much longer to fix it afterwards. This is comparable to the idea of alveolar recruitment (discussed
later) in that it is better to avoid the problem in the first place than to try and fix it after it has already occurred.

Last thing: there are ways to do mathy things and calculate the extent to which a shunt/ mismatch exists,
but the actions to address the results of those calculations are things that we should arguably be doing anyways
for our patients, so we will defer all of that nerding to the Appendix.

Alveolar Surface Area

Without getting to far gone into the laws of physics, let's consider blowing up a balloon. At first itis a
bit difficult to get it started, but once we get over that initial hump, it gets easier and we have a party. The
reason for that is that as things stretch, they resist further stretching less - at least up to a certain point. We can
consider the alveoli to be little balloons that fill with air in a similar fashion. That said, there is another
characteristic that contributes to this idea: there is fluid around the surface of each alveoli that tends to resist
expansion. Think of it as molecules on the alveolar surface that are holding hands with one another to resist
movement away from one another; as we increase the volume of that alveoli, we increase the distance between
those hand-holders and make expansion easier. Look at it this way and consider the strength of the hand
holding to be proportional the thickness of the arrows:

Rykerr Medical’s Vent Management Guide

alveoli that is difficult to open up at first, but then readily expands. Now there is a llmlt
it isn’t a never-ending process — we will discuss that later on when we get in to measunng
y pressures, so let’s hold off for now. Another super important thing to notice tha_l changes
from the left image to the right is that the available surface area on the inflated, right-sided aIveoliAhas increased
dramatically. This means that there is more alveolar surface area available for gas exchange. While we havs:
been simplifying the interaction between alveoli and blood supply with a simple graphic representation, don’t
forget that the alveoli is actually covered by lots of vessels:

«me

And the last important thing to take note of is that as that alveoli expanded and the surface area
increased, the thickness of that alveolar membrane also stretched and got thinner. This makes it easier for
gasses to diffuse across the membrane, particularly oxygen (which doesn’t diffuse across liquids as readily as
carbon dioxide):

Pesia — = r———pp ey
o iR

£t

¢
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Now we know that filling the alveoli up from an uninflated’ underinflated state is a bit difficult, but that
the advantages are increased alveolar surface area and thinning of the space that impedes gas exchange, so it's
worth the difficulty to make this happen. For now, suffice it to say that we need to make this happen and that
we do that by increasing pressure in the system; we also know that there is a limit to how far these alveoli will
stretch, but we'll get to both the mechanism for making this all happen and how to avoid causing damage in
later sections.
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Lung Size

IBWauses (kg) = 2.3(height in inches) — 60) + 50
IBWydas (kg) = 2.3(height in inches) — 60) + 45.5

For the metric enthusiasts/'ygf also have it as so:
A1
IBWuses (kg) = 23(height in cm) — 152.4) + 50
IBWehicks (kg) = 2f3(height in cm) - 152.4) + 45.5

Or )%an use charts like this:
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Or yy\’&)%an use apps like this:

As an aside, some people remember this formula for IBW as “inches over five feet” as shown below.
Only problem with this is that it gets tricky if you have someone under five feet. But either way works:

IBWudes (kg) = 2.3(every inch over 5') + 50
IBW hicks (kg) = 2.3(every inch over 5°) + 45.5

When dealing with pediatric palienm;ﬁ;):o-m reference ought to be the Broselow Tape. If that isn’t
available, yfﬁ do have some formulas you car’refer to:2

Wi Infant Weight (kg) = 0.5(age in months) + 4
Little Kiddo (1 - 4 years) Weight (kg) = 2(age in years + 5)
e Big Kiddo (5 - 14 years) Weight (kg) = 4(age in years)
Or % can use apps like this:

WAl
And note that the Brosclow overlaps with the equation/ chart above, so if ygh have a really small grownup
or a big kiddo, ygu should still be able to get an IBW just fine. So no excuses!

e

N
* Graves & friends, 2014 — There are lots of formulas out there, but we went with recommendations from these guys based oniplper
they did comparing different methods
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Measuring Pressures

During mechanical ventilation we measure pressures in centimeters of water (cmH:0). You may
occasionally hear this pronounced as “sonnimeters of water” and know that a “sonnimeter” and a centimeter, in
this context, are the same thing. So we have cmHO with mechanical ventilation, but we generally talk about
ambient air pressures in other terms, such as mmHg, kPa, PSI, etc. We skimmed right on past this concept in a
previous section when we said that ImmHg is about 1.4cmH10 (this was when we talking about the fact that a
normal negative pressure, spontancous breath only talks -1 mmHg of “suck™ while a typical positive pressure
breath via machine takes 15-25cmH:0 to move an equivalent amount of air), but let’s now put it all down in a
quick chart just to clear the water (or air)>:

ATM | PSI | kPa | mmHg | cmH,0 9du, v
ATM 71 7147 [1013] 7760 7 3033
PSI 70.068 1 |"6.89 [ 7517 [Y703 Ly
kPa ~0.0098 (0145 1 V75 |7 102 e
mmHg (Torr) [V0.0013 [6019 [\6133 | 1| /136 /
emH,0  [4.00097 [\H.014 [40.098 | 0.736 1 /

Also note that we assume that ambient pressure as it relates to airway/ vent stuff is zero; so while truc
atmospheric pressure at sea level is 760mmHg, we call it 0cmH20 to make things easier.?

* We built this chart by Googling conversions for these values; not exactly sure how to cite that, but thanks Google!
* Yartsev, 2018¢ - Scroll down to the section called “Airway Pressures” for some fun (and likely useless) trivia on why we measure/
label pressures the way we do 2
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Modes of Ventilation

Control

Plain old control ventilation or controlled mandatory ventilation (CMV) isn't utilized much these days
and doesn't exist as an option on many transport vents®*, but it helps as a starting point to understand the other
modes. In this mode we dictate how often we want to give breaths and how much of a breath to give on each of
those instances and we ignore whatever the patient does in response to that. Seems OK for patients with no
inherent respiratory effort, but it can pose problems with those who do have some respiratory effort that doesn’t
quite mesh up with what the machine wants to do. Let’s assume a hypothetical timeline running left to right
over #n arbitrary amount of time with black hashes to represent machine delivered breaths:

{B‘b \/’

= Time 2

Now let's discuss what happens when the patient tries to breathe during this underlaying delivery
scheme, both just before (red) and just after (blue) machine delivered breaths:

= Time 2

In the red situation the machine would give the subsequent breath right in the middle of the patient’s
breath and in the blue situation the patient would be trying to take a breath in the middle of a machine-given
breath. Neither situation is of benefit to the patient, as these patient-initiated breaths don’t get actualized — the
machine basically ignores the effort of the patient. This leads to discomfort, muscle fatigue and potential for
increased airway pressures. The idea moving forward is that we need a strategy that works alongside the patient
and helps meet their expressed needs. Synching the machine with the patient improves comfort, conserves
resources, facilitates recovery and gives us more control over the management of the patient.

$
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* Thal said, we can gencrally adjust settings in either AC or SIMV to ventilate the paticnt as if they were in CMV — it’s just not a
default option because we assume we want to support patient effort to breathe
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Assist Control (AC)

AC ventilation is a mode that supports a patient’s spontaneous respiratory effort by delivering a preset
amount of air (either by volume or pressure, but we'll cover that soon) regardless of the underlaying rate. So in
th1§ case (with the red and blue patient triggered breaths), the machine would sense inspiratory effort by the
patient (a small negative pressure or “pull”) and then respond by giving a breath as programmed. The result
would be ten full breaths delivered in the timeline, rather than the underlaying eight breaths noted as black lines.
The obvious advantage here is that the patient’s expressed need for more breaths per unit time would be met.

On the flipside, however, we have the proximity of breaths to consider. Ifa patient initiates the red
breath just before a machine-programmed one, we run the risk that the first breath may not have time to cycle
through before the next is delivered; we might get a breath on top of another, or “breath stacking.” This can
increase pressure in the system and cause a complication known as AutoPEEP in which the pressure in the
system doesn’t get back to baseline before we add on another breath. Again, we will discuss this further on
down the line, but note that this is the primary drawback to the assist control mode.

In the case of the blue patient triggered effort, the machine breath occurs just prior and, if airway
pressures haven't had time to settle back to baseline, the breath may get missed or ignored. Now this depends
on how the machine is set up to sense a patient trigger™® and we can generalize it by saying that the further along
the breath is or the closer the pressure has retumed to baseline makes it more likely that the breath will “catch”
and result in that full delivery. To represent these ideas graphically, let’s start with a sketch of what airway
pressures look like over time as a machine-delivered breath is delivered. We are going to ignore PEEP (since
we haven't discussed that yet) and assume that baseline is “zero™ or atmospheric pressure and that changes
above and below the horizontal line are relative to that set point. We also don’t have to worry about the specific
components of the waveform at this point, all those things will be discussed later on:

time =

- pressure +

* A complete discussion of triggers and how all that works is deferred to the Appendix
24

Rykerr Medical’s Vent Management Guide

Now the next step is to see what a patient triggered breath looks like. Notg the dip»in pressure at the
start of the waveform as the patient breathes in and creates a negative pressure, this effort is sensed by the
machine and then a full positive pressure breath is then given:

pressure +

\/ time 2

Let’s go back to that initial sketch with red and blue lines representing the patient’s attempt to breath
and see what it would look like in the red line situation where the patient takes a breath and then the machine
delivers a breath before that patient triggered one has a chance to return to baseline. Note that the end result is a
higher pressure (greater overall amplitude) which can potentially cause damage:

= Time 2

pressure +

\/ time 2
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In addition, if we have multiple stacked breaths we might get in a situation where the downslope of the To summarize, AC mode machine-delivers breaths at a set rate and will supplement that with full
curve (which represents exhalation) never gets back to baseline and the pressure gets incrementally higher with

breaths whenever a patient effort meets the trigger threshold. Upsides to this are that the increased needs of the
each stacked breath: patient are readily met, downsides are the risk for increased pressures and a move away from baseline
(AutoPEEP, which we will return to later). As a general rule: anytime you have someone in AC mode )&u nee
to be vigilant and monitor both airway pressures and AutoPEEP.

Synchronized Intermittent Mandatory Ventilation (SIMV)

SIMV is another mode of ventilation that also seeks to mitigate the shortcomings of CMV. While SIMV
has historically been cited as a mode for weaning patients from the vent*’, it does have utility and is commonly
used in the transport setting. SIMV assists patient effort by a similar trigger mechanism as is seen in AC mode;
‘ \/ time > the difference is that rather than giving a full breath it provides a “pressure support breath™ to augment patient

effort. We haven’t yet made it to the point of fully discussing the difference between pressure-delivered and
volume-delivered breaths, but know that a pressure-delivered breath gives a variable amount of air (at a set
In the blue line situation, where a machine delivered breath precedes a patient trigger, there are two pressure) and the resultant volume of air is dependent on how much the lung tissue expands in response to that
possible outcomes: one in which the trigger results in a breath (shown first and with similar consequences of the St pressure.
above example) and one in which the trigger does not result in a breath and the efficacy of the machine
triggered breath is simply altered somewhat:

- pressure +

One really important thing to consider here is that the volume that results from a given pressure can vary
from breath to breath and is the function of many different things. Let's assume three consecutive patient
triggered, pressure support breaths. The arca of the space under the waveform represents volume delivered, so
in each breath we see a different amount of air resulting fromythe same pressure support parameter dialed in on

the machine:
‘P ' ) * 4
\0 cl" Q"' @ow Q‘J"‘( d o
- Time 2> h &o‘( = 3 3 ol ,
1 (5 ¢
b i\' 9 %
. \‘ ‘7 ?-l/\/ ~—fime \/
F ( /e S
g ¢ This concept isn't, in and of itself, a bad thing, it is jus{ something that we need to be aware of. If we
7] dial in a pressure support of 15cmH;0 and get a few breaths ofl400ml (measured by exhaled tidal volume, again
] 74 a concept we will get to later on), we can't assume that this will hold true with time and, therefore, we need to
2 | time =2 keep an eye on it as we move forward. It is also worth noting that the pressure over time waveforms for these
)

breaths are different than the other ones we have been using. The others were volume control breaths and these
are pressure support breaths. It isn't worth getting caught up in|the details at this point, just know that there was
areason for drawing them differently and that a more detailed dxplanation can be found in the Appendix.

patient effort
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One other aspect of SIMV that sets it apart from AC is that it has a mechanism built in to prevent breath
stacking or one breath being given on top of another. If we recall from our discussion of AC, one gf the pitfalls
was that you can stack breaths on top of one another and end up with both increased pressures and AutoPEEP.
SIMV avoids this by two mechanisms: delaying machine delivered breaths after facilitating pati i
breaths and not supporting patient triggered breaths in close proximity to machine delivered

dilemn1_a with CMV was that we wanted to mitigate the negative consequences of breaths tim&din close
proximity to one another:

i
= Time > .
’ }
SIMV mode would respond to this as shown below. Note how the breath initially “planned” to get delivered _J

just after the red line (which indicates a patient triggered breath) got pushed back in time to allow that red
breath to cycle all the way through:

= Time

The downside to this, however, is that if the patient is triggering lots of breaths (because of inadequate
sedation, increased need, or false triggering due to vibrations or a bumpy road), we could end up with
something like this:

“Well,” we might arguc, “that doesn’t seem too bad, the patient is breathing when he wants and we are
simply supporting him with that.” True story, but what if each of those breaths looks like these left sided

breaths instead of those right sided ones?

- Time 2>

| |

l \/ time 2

- pressure +
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If we get all left-sided breaths (with less area under the waveform, representing lower tidal volume), we
may actually be ventilating the patient with less air per unit time (decreased minute volume). And that can be a
bad thing, as we need to ensure adequate minute volume with all of our ventilated patients (another one of these
concepts that we’ll get to later...). Recognize that the size of these breaths is a function of both patient effort
and what we dial in as pressure support. T

" Ideally SIMV would include a mix of machine-delivered and patient-triggered breaths and the resultant
minute volume would be close to our therapeutic goal, but that doesn't always happen and we need to watch out
for it. Last thing to mention about SIMV' while we program the machine-delivered breaths to give us a certain
volume (whether in volume control or pressure control mode), it is standard practice that patient triggered
breaths are not as big as machine-delivered breaths. So what we typically see are tidal volumes at goal for
machine initiated breaths and lower tidal volumes for patient trigger; ths. While that is the status quo,
such a strategy may not make sense in the transport setting and it orth considering a strategy in which
we titrate pressure support up so that pressure support breaths ar ble to machine-initiated breaths®.

To summarize, SIMV delivers patient-triggered breaths via pressure support and not a guaranteed
volume; in addition, there is a delay mechanism built in that attempts to prevent breath stacking. Upsides to this
are the avoidance of overinflation and AutoPEEP, downsides are that minute volume can suffer if there are too
many triggered breaths being delivered. As a general rule: any time we have someone in SIMV mode we need

to be vigilant and monitor exhaled tidal volumes (to compare machine-initiated and patient-triggered breaths)
and minute volume.

And Beyond...

Now that we know about both AC and SIMV modes, the decision becomes which mode to use for a
given patient. While many folks have their preference and we could argue one over the other all day long until
we are both blue in the face, the bottom line is that either mode could work for just about any patient type.
Here’s the general strategy we'll recommend (and we will revisit this idea again at the very end when we talk
about building out a protocol/ guideline and putting it all together): if we have a patient already on the vent and
all is well, just stick with whichever mode they are working with; if we are starting from scratch or reworking

the settings altogether, try what our machine defaults to and then change modes if we need to down the line.
That’s about as simple as you can make it.

 And if anyonc has further insight on that, let's chat!
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Control of Ventilation

We already discussed the first big choice in vent management: which mode (AC vs SIMV in the
transport setting) to utilize for our patient. The next decision is to choose whether we want to control volume or %
pressure. If we choose to control volume, airway pressures will function as the dependent variable (i.e. we 7 v
won’t be able to directly control them); if we choose to control pressure, tidal volume will function as the ' Jd \
dependent variable. There is no right or wrong answer o this conundrum, but the general trend is that folks will )
use volume control in most cases and pressure control with pediatrics® or when they are especially concerned
about airway pressures. Not saying this is the best decision, just saying that's how it's been done.

The reason for this is twofold. First (and arguably most relevant), the machines tend to default to
volume control mode unless you do something to intentionally get out of it (such as choose “infant” on the
patient type category). Second, volume control is a bit easier for some folks to wrap their heads around —it's a
little more intuitive to think about set volumes and resultant pressures than it is the other way around. But as we
said above, there is no right or wrong; we can just as effectively and safely ventilate a baby in volume control as
we can an adult in pressure control (even though this is contrary to what we normally do), as long as we know
the underlaying concepts and keep an eye on gll the important things along the way!*

/

In volume control ventilation we choose how much tidalvolume we want to push down the circuit with
cach breath delivered. New this tidal volume that we put in goes into the lungs, does its thing at the alveolar
level, and then gets exhaled out of the circuit. When we say “tidal volume™ we are referring to the air going
into the system from the machine; those other two concepts (alveolar tidal volume and exhaled tidal volume) /~

)
Volume >

vary from that value due to a number of different factors. Let's see how this looks in a graphic and then we'll \,gd o

hash out a few details of all these terms:

tidal volume

o - . Breathing
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alveolar tidal volume
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* Kneyber & friends, 2017 — Note that even the people who make the rules on pediatric ventilation don't endorse one method of
control over another.
¥ Yarsev, 2018bc— This article discy€ses the pros and cons of VC and PC ventilation; while it may make more sense 10 read over it
after the following discussion, we yAcluded it here for lack ofA better place 1o mention it
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/ have to assume that volume in (tidal volume) is equal to volume out (exhaled tidal volume).
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tm, in this context, for exhaled tidal volume and we need another term

e. 50 it helps us to ignore the literal definition and break those two
concepts up as we have show, ¢ And to review what we discussed previously about dead space, the

\ alveolar tidal volume is normally exhaled tidal volume minus anatomic dead space (which is 1/3 or .33 or 30%

of TV; 2ml/kg or ImV/Ib; or 150ml-ish), so about two thirds of what we push into the system.

Now what about those other kinds of dead space; mechanical and alveolar’!? As for mechanical dead
space: this value doesn’t actually alter volumes, rather it alters partial pressures of gasses within the volumes of
air in question. Which means we dont have to worry about it for now. For this discussion, let’s keep it simple:
we already know that we want to limit mechanical dead space as much as possible, but in the context of tidal
volumes and the physical amount of air moved during each breath we can ignore it. Alveolar dead space, on the
other hand, can only partially be ignored. We can ignore calculating a value for alveolar dead space, but we
need to take actions to address it just in case (and as we discussed before and will discuss later).

And what about that flexibility or stretch we mentioned in our discussion of dead space? We said then
that the vent circuit has some give to it that can confound our approximation of the amount of air delivered. We
factor that out by assessing volume by looking at exhaled tidal volume. To say it another way, when we want to
know how much air we are giving to our patient, we look at the air leaving the lungs (that actual, textbook
definition of tidal volume) and not at the air we push in from the machine, as there can be a notable difference
between the two. And in the event that exhaled tidal volume is not available on a particular machine, we just

To summarize all of this: volume control ventilation allows us to control the amount of s
the vent circuit. While we mostly care about exhaled tidal volume and alveolar tidal volume ing in a tidal
volume on the machine is the closest we can get to controlling those values. Tidal volume i€ # prefursor to both

’x‘)ﬂthe system using
exhaled tidal volume to eliminate the effect of mechanical dead space (w ; i s). In
addition, we need to remember that alveolar tidal volume is about two thirds of exdtiled tidal volume (factoring
out anatomic dead space) and that there may be some of that alveolar volume that doesn't get to play gas
exchange (alveolar dead space). While this may have seemed like a bit of tangent, this is important!

Next bit: when we dial in a tidal volume and move that air through the circuit to the lungs and alveoli,
the result is an increase in pressure that is dependent on the amount of air going in and how that air moves. For
now, we will defer a discussion of how we describe this air movement (i.c. its speed or flow and all that), just
know that pushing a preset volume in means that pressure changes happen as a result of that air movement and
that certain pressure changes (i.e. too much air too fast) can cause damage to the alveoli. Remember that
balloon example and how we said that the casier-stretch superpower was self-limiting? At a certain point we
can overinflate alveoli and we for sure want to avoid that.

So the way to do this with volume control ventilation is to monitor your airway pressures and adjust the
v input to avoid causing damage. We will get to the specifics as to how we do that ev: lly, for now
it @ 0 leave it as so: in volume control ventilation we control the amount of air going i e circuit at the
expense of control over resultant pressures; that said, we always need to monitor airwa%:s during
volume control ventilation in order to avoid causing damage to the alveoli. In addition, volume control
ventilation lends itself to an overestimation of alveolar tidal volume if we forget to factor in dead space.

we put into

* And as a reminder: both of these concepts are discussed in much more detail in the Appendix
3
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In the other corner of the arena we have pressure control fentilation. In this mode, a breath happens as
so: we have a dialed-in pressure, the machine spins up to maintain that pressure, the air all the way from
machine to alveoli equalize to this pressure for a set time, then the breath cycles off and we go back to baseline.
Because our input here is pressure, volume becomes our dependent variable (exhaled tidal volume™, to be
exact; or textbook-defined tidal volume for the OCDers out there). Let's draw it out and see if we can make it a

little clearer:
Hreathing Breath
][] [ [
machine spins up, machine holds
nO pressure/ at machine drops off 0O pressure/ at
vamt starts pushing air preset pressure for pressure and goes baschne, ready for
until goal predetermined back to baseline round two'
pressure is. amount of time
reached
2 3
aurways, lungs, pressure increasing \ arways, lungs,
& alveoli -all at wrways, hungs 3 lungs :nfl:: " :::mnh".wm g alveoli - all
lized 10 pressure -
= equalized to
g bascline pressure_ E e baseline pressure
; ;S
= i — = =
's —_— £ wrwalveols, rymg 3 —— ; = 3 —_—
= T woversome that 3 alveoli inflated, i alveoli go back to
E initial inflation g alsoatpressure 5 bascline
o hump from machine -
- Time >

In the fourth column, we see that recoil of the lungs (a passive exhalation) occurs when the pressure that
had been keeping those lungs inflated drops off. This volume of air that gets pushed out of the circuit as the
lungs “fall” back to normal is our exhaled tidal volume, which we then have to actively observe to make sure it
meets the goal we have in mind for what volume this patient ought to be getting with each pressure breath we
deliver. If this exhaled tidal volume is not what we want it to be, then we adjust the pressure in the system to
get closer to our goal (more pressure means more volume, less pressure means less volume).

One thing worth pointing out here is that in pressure control ventilation we don’t have to bother with
considering that flexibility or stretch that we discussed when we talked about dead space (i.e. the compliance of
the vent circuit), as the only way we have to measure volume is via exhaled tidal volume or what the patient
breathes out (which is downstream of all that flexing/ stretching nonsense). We do still need to consider
anatomic and alveolar dead space, just as we did with volume control, but the stretch factor we introduce in our
circuit is eliminated. This is a big advantage of pressure control ventilation with small patients: forgetting to
factor in 10ml (arbitrary number) in an adult is no big deal, forgetting to do so in a neonate with tidal volumes
of 25ml is huge. We'll discuss more later, but just know that this is one advantage of pressure control.

Another advantage of pressure control is that we avoid the risk of over-inflation or high pressures at the
alveolar level. The highest pressure those alveoli will see is whatever value we preprogram into the machine®.

32 And if a machine is capable of p; control ventilation it will almost surely have a mechanism for measuring exhaled tidal
volume; in the previous section we noted that some machines don't give us this value, but those machines tend to do volume control

ventilation only
9 For the most part this is true, but there are some exceptions that we'll chat about later in the scction called PIP and Pplat in

Pressure Control?
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So as long as we follow some basic guidelines as to what a safe pressure is, there’s not much risk of harm or
barotrauma. The downside is that we don't have as good of control (compared to volume control) over the
amount or volume of air that we are putting into the system; instead we have to continually monitor exhaled

tidal volumes and adjust to our goals.
To summarize: in pressure control ventilation we control the pressure put in to the system at the expense

of control over resultant volumes; that said, we always need to monitor those volumes when we have a patient
in pressure control mode in order to avoid hyper or hypoventilation. In addition, pressure control ventilation
makes it a little more difficult to control ventilation (as opposed to oxygenation, more or less referring to
keeping the EtCO; within range — again, one of those things we will get to later on), due to the breath to breath
variability in volumes.
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Pressure Regulated Volume Control

Pressure regulated volume control (PRVC) is one attempt to get at the best of both worlds when it comes
to this volume vs. pressure conundrum. In this mode we dial in a goal for tidal volume and put a cap on
pressure, then the machine tries to give breaths to the goal volume without exceeding the max pressure. The
machine makes adjustments to how it delivers each breath by looking at previous breaths and then adjusts flow
to add or take away volume working towards the preset TV goal. In the event that it can’t reach the goal
volume without exceeding the upper pressure limit, volume is sacrificed - think of the “pressure regulated” part

as a hard stop.

Let’s visualize this over a few breaths to see what it would look like:

Goal TV: 400ml
Pressure Cap: 30cmH,0

Breath 1 « Breath3

Initial breath A little less flow

25emH,0 Breath 2 28cmH.0 Breath 4

300ml More flow 450 Same flow
30cmH,0 28cmH-0
450ml 375ml

Breath 5

Alittle more flow
29¢mH;0

400ml

Breath 6
Same flow
29c¢mH,0
400ml

docindo do do d

If it helps, we can also think of this in an algorithm-style fashion where we decide where cach breath
ends up in relation to our goal and then adjust the subsequent breath in a cyclical manner:

‘

Breath delivered

|

How docs it compare to
goal?

v

Not enough volume;
more flow next time

v

Volume at goal;
no adjustment needed

Too much volume;
less flow next time

34
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Thisflew ofdecision-making one breath at a time doesn’t quite describe the process gccumlcly. t?ut it
In reality the machine looks back at the last few breaths (varies by machine) and builds a
m which it decides how to deliver the next breath. So the system is actually a little more
refined that our crude representation, which is a good thing!

To flush out a few more details on this PRVC concept, let’s look at another examplc of a few
consecutive breaths. In this example something is causing an increase in pressure to the system, th;rgforc_
breaths basically get cut short. The result of this would be a drop in»? It’s important to keep this in mind
with PRVC, as we can inadvertently drop MV pretty significantly in-an cffort to avoid high pressures.

\

Goal TV: 400ml
Pressure Cap: 30cmH,0

i MAMV y A7

vl
Breath 1 Breath 3 td 74' Se
Initial breath Can't give more
25cmH,0 Breath 2 30cmH,0 Breath 4
300ml More flow 325ml Same flow
30cmH,0 30cmH,0 ——
325ml 325ml And on and with the result

that MV goes down

“ “ I ! ! (compared to our goal)

A few more things about PRVC: “pressure cap™ in a make-believe term — the machine most often uses
5c¢cmH20 less than the set high pressure limit for this value. There are also limits on how much variation occurs
from one breath to the next; to say it another way, the machine won't make crazy, drastic changes in response to
one or two funky breaths. Another thing: the machine has a system to get this whole process started by giving
“test breaths” via different methods when it first gets set up — no need to worry about that here, that’s
homework for us depending on the sys d machine we use in the field. Along that same idea, the machine
doesn’t actually know how much air (i.e it gives with each breath until after the fact when it sees the
exhaled tidal volume, that's why it can ovefShoot the goal. Last thing: PRVC is good when we are worried
about barotrauma or giving too much presshre, b}y it is important to make sure we keep an eye on MV}G

match it to our calculated goal. e
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Vent Parameters, Round One

Next step on our journey is to explain fully the ins and outs of some of the terms we use to describe different
aspects of ventilation. Some of these have been mentioned already (and a few discussed in detail), but most of
the complete explanations have been left out up until this point in an effort to better organize thoughts in a
linear, stepwise fashion. If it helps to go back to previous sections after this discussion, go forit. Also, keep in
mind that this is not an exhaustive list of all the terms, these are just the basics (with which you may have
already been familiar with prior to getting into the manual), and more will come later.

Tidal Volume

Tidal volume per the textbooks is the amount or volume of air exhaled in a given breath. As previously
discussed, it sometimes helps to break this concept up in to two distinct terms: tidal volume and exhaled tidal
volume. Tidal volume, in this way of thinking, would be the volume of air we put into the system, while
exhaled tidal volume would be the volume of air that comes out of the system. uTidal volume may be notated as
TV or VT, exhaled tidal volume is notated at VTe. In this manual, we have thed'to abbreviate things with
initial letters of words if the term would be spelled out just to make things easier - this is just so you know what
things mean if you see it abbreviated elsewhere.

Tidal volume varies by the size of the patient and the normal range is 6-8ml/kg IBW. Recall the
discussion we already had about ideal body weight (IBW) and the idea that lung size is best correlated to height.
Also recognize that 6-8ml/kg [BW is just a framework from which we start when determining our initial
settings and that tidal volume can range from 4-10ml/kg IBW or more, depending on the specific situation that
we are up against. Enough on that for now though, we will talk further on that when we get into ventilator
strategies.

We also previously mentioned the concept of alveolar tidal volume, but let’s hold off on that one for

r now, as we will discuss it in a later section in more detail. For now we will focus on tidal volume as two
distinet ideas (tidal volume and exhaled tidal volume) with a normal range of 6-8ml/kg IBW.

&
rl ’/ E I e
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Rate

Rate is equivalent to the idea of respiratory rate and describes how many breaths are delivered or taken
in one minute of time. It is also known as frequency and may be abbreviated by “f.” You also may see rate
abbreviated as “RR" to stand for respiratory rate. Normal parameters vary by age, but the typical adult rate is
12-20 and pediatric rates are as outlined on your Broselow Tape or by this chart from the PALS Manual:*

(218 '"‘o/ "
i.a‘y P’ . .
Qvl& g hdien

(R ATE Py p

72-104

86-108 12:& 49-62

89-112 48-72 58-69

. 97-118 57.76 66-72
o 102-120 61-80 7n-79
Adolescent (12-15 y) 110-131 648 784

M Cite the PALS Book - As a quick disclaimer: these normal respiratory rates as outlined in PALS are not intended to be used for
determining vent settings, rather they are outlined as such to identify normal and ab I findings in an With that said,
most transport clinicians are familiar with this reference and have ready access 1o it, so it makes sense to build our concept of vent

management from a known source rather than introduce new values and numbers with which we may not be familiar.
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For the OCDers out there, there are some data points missing from this PALS chart. On strategy would
be to guess based on available data (i.e. no listed rate for a 9-year-old, but you could assume a value that falls in
between the School-aged Child range and that for Adolescents). Other option is to use this chart we’ve put
together based on the existing data in the PALS Chart**:

/

Age Description Age (yrs) RR L\ ’ J
Infant .083 (1 month)—1 | 30-53 )‘"J
Toddler 1-2 22-37 |\ f4ers

Preschooler Y] 22-28 #
School-aged Child 6-7 18-25
Big Kiddos 8-9 17-25
Preadolescent 10-12 14-23
Adolescent 12-15 12-20
Adult 16 and up 12-20

(4]
Last thing here( hefe are times that we set rate above or below what might be considered normal for the
patient’s age, but we'll get to those specifics when we discuss vent strategy for different situations later on.

Minute Volume

Minute volume, also known as minute ventilation, is the amount of air moved in one full minute. It is
the product of tidal volume and rate:

MV =RRx TV

Minute volume/ minute qu@lcd as “MV” or “VE” and 1s the primary mechanism
by which we control ventilation*. We will discuss soon how to manipulate both tidal volume and rate to
address ventilation in just a bit, so don’t worry about that for the moment. A normal minute volume for the

adult patient is often cited at 4 - 8 liters per minute, but we prefer to use a weight-based calculation so that it
applies to all patient sizes:*’

/’ v ald }h() ] 17

Ae-With rate’0F frequenicy, there are times that we use a different MV goal with specific patient types,

but we will get to that later on. ka;li: just as with tigal volume, there can be different types of minute
desc!

MV = 100ml/kg (IBW) /min

volume. “Minute volume” or “minuty ventilatipn™ typically describes what we dial in to the machine, then we
tag “exhaled” on to either term to the feedback the machine gives us about what the patient breathes
out, and lastly there is alveolar minute ventijatjon which takes out anatomic dead space from the equation.
While alveolar minute volume is an importal cept to consider, we base goals and calculations on MV or
exhaled MV and not on alveolar ventilatiop ntioned before, the reason for this is because alveolar dead
space can be difficult to measure in the field-arid

¥ See Appendix for a discussion of how this chart was created
¥ To be discussed at length in our section on Ventilation (and EtC

" Cate this

\I‘rl\‘&ﬁ‘ u

ought to assume its presence and treat for it anyways\i 0.

\0
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Fraction of Inspired Oxygen

Fraction of inspired oxygen, or FiO, describes the amount of oxygen in the mix of gasses that we push
into the patient’s vent circuit when we give a breath. 100% oxygen would be an FiOz of 1.0, 21% oxygen or
ambient air would be an FiO: of 0.21. Adjusting FiO: is often the casiest way we can address an oxygenation
issue but, we'll discuss fixing things in just a little while. One thing worth mentioning at this point, however, is
the idea that too much oxygen can be a bad thing®*. While it may be tempting to dial the FiOz up to 100% on all
paticnts, this isn’t always warranted and can cause harm to our patients if they don't need it. At the same time,
however, don’t be skimpy: titrate FiO: to maintain an SpO>* in the mid-to-high-90s. If there is good reason to
suspect that SpO: isn't an appropriate measurement (such as with hemorrhage, CO exposure, etc.) or there is
another greater worry (baby in the belly of mommy, traumatic brain injury, etc.), we can just give 100%. And if
we are ever in doubt, we just give oxygen: most of the bad things take a longer time to cause damage and the
risk of giving a little bit extra in transport outweighs the risk.

Positive End-Expiratory Pressure

Positive end-expiratory pressure (PEEP) describes the positive pressure that remains in the alveoli at the
end of expiration. And let’s recognize that we basically explained a term using the words it’s made up of, so
we'll try it another way via a few steps. During mechanical ventilation we push air into the alveoli on
inspiration, then that air moves out of the alveoli on expiration. We tend to conceptualize this (and have done
50 in all the sketches so far) as a net zero movement of air where the alveoli go from deflated to inflated and

then back to deflated, as so:
! ! mhaaShlltL ! ! etc.... ! !
- Time 2

240

* Where dldM.mu'lu £o
* And we will get into the details of SpO2 in our section on Oxygenation (and SpO;)
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Now the truth is that we can put pressure into the alveoli and then leave some of that pressure there to

hang out throughout exhalation. So rather than the alveolar air sac deflating all the way back to its original size,
1t deflates only part way:

first inhale exhale next inhale elc...
- — > >
PEEP
“stents”
this alveoli
open

= Time =2

Recall our previous discussion of alveolar surface area (i.e. the more inflated an alveoli is, the more it
can participate in gas exchange) and add to that the idea that blood flow though the pulmonary capillary bed is |
continuous, it doesn’t stop when inhalation stops; pulmonary respiration or gas exchange across the alveolar .7 “ /| b
membrane occurs throughout the respiratory cycle, both on inhale and exhale, and PEEP maximizes alveolar LAk [
surface area during exhalation to make the exhalation-side of pulmonary respiration much more efficient.

Another idea particularly relevant to this discussion of PEEP is that the “stenting” or opening-up of
alveoli doesn’t always happen in one breath as it’s been depicted in the above drawing. Sometimes it takes a
very long time to get from a that left-most, deflated stage to a “recruited” or opened-up stage i
bensfit-te-patientouteeme. The reason for this is that initial “hump™ that we must overcome when startin,
inflation process. Remember that picture with the hand-holding surface tension molecules?

Hva !‘r(':l/dn, .

~ |
I'JI 'LL”Q,‘ -
/

/é ,d{ l/Y o~ [IA—A -

To summarize so far: PEEP is a residual pressurg/that we leavg“in the alveoli during exhalation to both
maximize pulmonary respiration during exhalation an¢/maintain regfuitment of alveoli*’. So now that we have
that clarified, let’s look a waveform representingssdveotar pressuref‘as we deliver a breath. We've seen this
image previously, but now we are going to add some numbers to it. The first breath is with no PEEP or zero
PEEP or “ZEEP", the second one (right) is with SemH20 worth of PEEP added in:

TN /L

| time -3 PEEP (ScmH.0

time = ’
/ above baseline)
this baseline represents:

OcmH.O (per the machine) ‘
760mmHg (per the planct) / N‘"‘I e Jrusd ﬂm’

One important thing to note is that the-area undef the right-sided waveform in this example breath is
much larger than the area on the teft. Recall from our discussion of SIMV wheh we said that the area under the
curve represents tidal volume — while-that-was more or Tess truc in that SIMV example with no PEEP, the arca
under the curve actually represents the volume of air that participates in alveolar gas exchange. PEEP not only
increases the amount of air that participates in gas exchange during inspiration, it also aplifies that gas exchange
into the expiratory phase of the respiratory cycle.

We are getting closer to the end of our PEEP chat, but a few more tidbits before we move on. You may
be wondering about this idea of *“physiologic PEEP" and the idea oft-cited concept that all of us, at baseline,
live with 3-5ish emH:0 worth of PEEP in our alveoli. “But how does this work,” you may wonder, “when
PEEP is a positive pressure and we normally breathe by a negative pressure mechanism and with very small
pressure changes!?” The skinny of it is that it doesn’t work,‘physiologic PEEP" is not truly a thing. That said,
there is some credence to the idea that intubating a patient and/ or strapping a vent circuit to their face increases
resistance to the flow of air.*' But this is a whole ‘nuther animal and we’ll leave it alone for now.*

Rykerr Medical’s Vent Management Guide

pressure +

Also review down sides of PEEP"
_=7p4¢
' AAFAT -
- £

nis

1
* Kallet & Branson. 2017 r off

| | [
<,
*! Sagana, 2019 — re-read and get an explanation here (g ¢ ‘l 14 cels
“ Resistance is very briefly discussion in the Appendi

*' Coruh & Luks, 2014 - go on. . also the Strong Medicine Video, find that
~ YEE
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Inspiratory Time (and I:E Ratio)

The next (and final, for now!) term to consider is inspiratory time, often referred to as “I-time.” I-time is
the amount of time over which we deliver a breath. A normal I-time varies by age as so:*

Age Description Age (yrs) I-time (s)
Infant .083 (1 month) -1 | 0.3-0.6 4,
Toddler 1-2 04-09 ?:Jﬂ\' e ¥
Preschooler 3-5 05-09 /
School-aged Child 6-7 0.6- 1.1 (o 1
Big Kiddos 8-9 06-1.2
Preadolescent 10-12 07-14
Adolescent 12-15 08-17
Adult 16 and up 08-1.7

We've already mentioned that during positive pressure ventilation the more time we spend pushing air
into system, the more oxygen gets moved into the bloodstream. This means that more time spent on the
inspiration side of the breath cycle (vs. exhalation) equals better oxygenation. With that in mind, the most
intuitive way 10 increase time spent at inspiration would be to lengthen the I-time. If we do that, however, we
have to accommodate by decreasing time spent at expiration or by decreasing rate. Consider seventeen breaths
over one minute of time:

60s +17 breaths =375294 1176 Secomis per breath
= 3.5 seconds per each in/out cycle

If “in” or inspiration = 1.0 seconds(then “out” or exhalation = 3.5 scconds — 1.0 seconds
_* 'Fhereferc Jout” or exhalation = 2.5 seconds

If we lengthen inspiratory time to 1.5 seconds:
Exhalation time = 3.5 seconds — 1.5 seconds
= 2.0 seconds

We often represent this ratio between I-time and expiration time as an “I:E&ﬁo" to represent the
amount of time spent at inspiration in comparison to the amount of time spent at exhalation. A normal I:E ratio
is anywhere from 1:2 - 1:3. Let’s build an I:E ratio for the above examples:

In the first example, we have 1.0s : 2.5s, so our LLE Ratio 1s 1:2.5
In the second example, we lengthened out inspiratory time to 1.5s;

So we now have 1.5s : 2.0s Z

We (almost) always write out I:E Ratios with “1" as the first number/so we need to simplify the ratio:
15 2.0
501 —=:

Simply divide both sides by the first number e

And solve for our new I:E Ratio of 1:1.33

“ Gee Appendix for how we got all these numbers

é’ff,fr“'{"'
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So to bring it back home: we had a rate of 17 and an I-time of 1.0 with a resultant [:E ratio of 1:2.5. We
wanted to increase time spent at inspiration, so we changed our I-time to 1.5 and ended up with an L:E of 1:1.33.
For now we don’t have to worry about the significance of these numbers, we just need to understand the math,
how we get to these numbers, and the terminology associated with them. Let’s try another example, but this
time we will adjust rate instead of I-time:

Per above: rate of 17, I-time 1.0s = L.E of 1:2.5
Now let’s increase our rate to 20 and recalculate the I:E Ratio
60s + 20 breaths = 3 seconds per breath

If “in" or inspiration = 1.0 seconds, then “out” or exhalation = 3.0 seconds — 1.0 seconds
Therefore “out” or exhalation = 2.0 seconds

In this example, we now have 1.0s : 2.0s, so our I:E Ratio is 1:2.0

Now let’s shorten our I-time to 0.8s and see what happens:
If “in™ or inspiration = 0.8 seconds, then “out” or exhalation = 3.0 seconds - 0.8 seconds
Therefore “out™ or exhalation = 2.2 seconds

Now we have 0.8s : 2.2s, N
But we nced to make this an I:E Ratio= with 1" as the first number:*
28.22.1275
08’08 7
And let’s summarize this all one more time and make a few generalizations: we can shorten our I:E ratio

by either increasing I-time or increasing rate; we can lengthen our IE ratio by decreasing I-time or decreasing
rate. A shorter [:E ratio means less time (in relation to the whole in/out cycle) spent on exhalation, a longer or
lengthened I:E ratio means more time for exhalation. We will return 1o this concept later when we get to
ventilator strategies, but know that some patients can benefit from a shorter I:E ratio and other can benefit from
a longer 1:E ratio, so it is important to know which changes affect the 1:E ratio in which direction.
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Three Big Things

_There are three super duper important things that need to be monitored and addressed for all ventilated
patients, hands down and no matter what. The order we discuss them here is totally arbitrary, they all hold

equal weight and are interrelated. The discussions that follow are in general terms and not specific to certain
pathologies or patient types, that sort of stuff will come soon.

Oxygenation (and Sp0O;)

It may have come up once or twice before, but oxygen is pretty important stuff. Oxygen gets to tissues
via a few steps, some of those we can affect directly with the ventilator. There are also more complicated ways
to manipulate oxygenation, but let’s focus on the simple stuff for now, starting with a review of how oxygen
gets from the ambient air to the tissues. The following is a version of a graphic we used earlier that shows

partial pressures at a few steps along the way. These pressures are for the spontaneously breathing patient, just

LYl

Ambient air

PO: = 160mmHg =
Al the alveol \\
|/ PO: = 100mmHy \ % ,{ L(
g Pulmonary Capillarics:
SN PO: = 40mmHg —
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/
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We also mentioned that gasses will diffuse from areas of high concentrati /(mpnesealed.by.highcr
partial pressures-in-this-graphic) to area of lower concentration. So in this bas/cl ne example, we can conclude
that oxygen will move from the ambient air, to the alveoli and then in to the gulmonary capillaries. The first
way that we can speed this process up is by changing the partial pressure gf oxygen at the start of the system.
Instead of 21% of the gas mix or 160mmHg of oxygen, we can titrate tj#At all the way up to 100% (FiO2 1.0) or
760mmHg. This will increase the rate at which oxygen diffuses to thé alveoli, resulting in a higher partial
pressure of oxygen downstream and, subsequently, faster diffusiop’into the blood stream:
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The next way we can increase oxygenation is via PEEP. Now PEEP doesn’t quite work by the same

mechanism, as the addition of PEEP doesn’t much change the partial pressure situation as we saw with an
increase in FiO2:

S¢mH:0 of PEEP Added —_ ' 4
(and ambicnt air or Fi0s 0.21) = )
PO: = 164mmHg At the afveoli 7 L B> ’
PO: # 10lmmHy
_v Pulmonary Capillanes:
N PO, = 40mmHg

Instead, PEEP facilitates oxygenation by increasing alveolar surface area and extending gas exchange
into the exhalation side of the breath. We discussed that first concept back in the section on Alveolar Surface
Area and the second one just a moment ago in the section on Positive End-Expiratory Pressure, so no nced to
redo all of that here. One more mechanism by which PEEP helps oxygenation is that it cleans up the alveolar
membrane, in a sense, by pushing out or displacing fluid and gunk that accumulates there. Think of it this way: \.
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PEEP is really good at increasing oxygenation, but at the potential cost of decreasing blood return to the
heart. It does its oxygenation thing by increasing alveolar partial pressure of oxygen, increasing alveolar
surface area, and by helping “push” fluid out of the alveoli. Recall from a previous discussion that any increase
in intrathoracic pressure can impede blood flow back to the heart (and see image reproduced below). Because
of this, normal PEEPs are less than 10cmH:0. That said, we sometimes use PEEPs up to 20cmH:0 in specific
cases and we will talk about those later:

Normal Breathing Positive Pressure Ventilation
-1lmmHg (-1 4cmH,0 +15-25mmHg
Blood Return AOK Blood Return Compromised &

(potentially. not always...)

Just a quick recap before pressing on: assuming ventilation and comfort are adequate (see next sections),
initial steps to fix oxygenation are increasing FiO; and then adding PEEP. While it is totally OK to use a
stepwise approach that titrates both FiO; and PEEP in line with one another*", recognize that FiO; is your most
direct fix for improving partial pressure of oxygen at the alveoli and has very few consequences in the acute
setting. PEEP is especially helpful in increasing alveolar surface area and driving fluid out of the lungs, but
may decrease CO by way of a drop in preload to the heart. And lastly, both of these techniques (FiO; and
PEEP) improve oxygenation throughout the respiratory cycle.

The next logical step in this discussion is to consider what happens during inhalation. Changes to both
FiO- and PEEP affect oxygenation throughout the respiratory cycle, that is both on inhalation and exhalation,
but most of our oxygenation happens during inspiration. Here's a comparison of what pressures and alveolar
shape would look like with an FiO; of .21 (ambient air) and no PEEP, both at baseline/ on exhalation (left) and
on inspiration (right). We'll use an arbitrary added pressure of 20cmH:0 or 15ish mmHg:

Inhalation
175SmmHg

Baseline/ Exhalation

160mmHg
100mmHg 103mmHg

e

*“ We'll touch a bit more on this subject in the section on Acute Lung Injury/ ARDS later on
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Note both the greater pressure difference between alveoli and capillary as well as changes to the alveolar
surface (more of it and thinner) during inspiration. This leads us to conclude that more time spent at inspiration
further maximizes oxygenation, therefore strategy number three to maximize oxygenation is to increase the I-
time to make use of this piece of knowledge. If we extend I-time long enough, it will eventually become longer
than exhalation and we end up with an “inverted [:E ratio” that might be written as 2:1. We previously stated
before that we “always™ express an I:E ratio with a 1™ as the first number, but we lied — the exception to that
rule is when we have an inverted I:E ratio. Let’s amend that previous rule to say that one of numbers in the
ratio needs to be “1" and that it is always the first (inspiratory) number except in cases where we have an
inverted I:E ratio.

The primary drawback of a really long I-time (and therefore of an inverted L:E ratio) is that it is extra
uncomfortable for our patients and we will need to get super aggressive to maintain patient synchrony with the
machine. Comfort is one of the three super duper important concepts in this section, so enough said about that
until we get there. An inverted I:E may also may make it tough for the patient to exhale fully, predisposing us
to that AutoPEEP issue. Summary up to this point is that there are three ways to improve oxygenation by
spinning dials on the vent: increase FiOz, add PEEP and lengthen the I-time.

“Now why,” we might ask, “do we not just fill the lungs up with 100% oxygen and keep them inflated —
we'd have a forever-long maximum diffusion of oxygenation into the blood stream, right?” There are two
reasons for this. One is that we don’t want to drop preload or blood return to the heart indefinitely (as discussed
above). Two is that it isn't all about oxygen — we also have to consider its partner in crime, carbon dioxide.
Carbon dioxide doesn’t diffuse so well in gas (as compared to oxygen) because it is a bigger, heavier molecule.
The movement of carbon dioxide, therefore, is partially dependent on movement of the body of air in which it
hangs out. And that leads us into our next section on ventilation, but a few more things to cover before we get
there.

Recall back to our previous discussions of both the hypoxic vasoconstrictive response and alveolar dead
space. There are times where we are getting oxygen into the system just right, but components inside the
system are out of whack and that oxygen is not being put to good use. One thing we, as clinicians, sometimes
do to exacerbate this “things out of whack™ concept is lay our patients flat. Unless you have good reason to do
50, all vented patients should have their head of bed elevated somewhat. And backboards (if you are still using
those archaic torture devices!) are no excuse, just prop the whole head end up with something to get a
comparable effect. The reason why we elevate the head of bed to improve oxygenation is multifaceted, but it
has a fair amount to do with gravity and is beyond the scope of this discussion®,
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One more thing to consider is how we measure oxygenation. Our standard tool in the field is pulse
oximetry or SpOz. SpO; uses infrared to “see” to what extent our hemoglobin is saturated with oxygen (or
oxygen-like things, but we won't worry about the tricky parts here). The process here goes like so: oxygen gets
to the alveoli, it crosses into the blood stream via diffusion gradients of gas, then once in the bloodstream it gets
picked up by hemoglobin (Hgb) for a ride down the blood vessel. This is the onloading process and the focus of
our discussion-for-now,-we willalk-abeut-how-that oxygenm gets off oruroaded-fronr the-Hgbater-om—But

_let’s draw those onloading bits out for now: 10 vy )én L

Oxygenation

& TF

ahcalifia-thertortgs) (o blood I\#\ blood 1o cells of the body
l\lv\.v(‘t-ﬁv;.A \
. insert the Hbg onloading step here!

0 mn' ambicnt arr to lungs
>

&

freshly amved O 0.

~ -
+ - Hgh
Hgb just passing through -~ N

So we have a Hgb with four seats free for the blood vessel train, one of which is occupied by an O
molecule and the resultant hypothetical SpO: here is 25% (1 of 4 seats filled). Fill all four seats up and we are
*100% saturated™ as so:

)
(
0 ~ -~ 0 \‘Vl\v (\\ﬁ‘

Do note that Hgb, for the most part, doesn’t cruisc freely through the vessels, it comes attached to red
blood cells (lots and lots of Hgb per each RBC), but the four seats per Hgb is a fair description. Also consider
that we measure this saturation peripherally (hence the “p” in SpO2 versus an SaO; for “arterial” or an SvO; for
“venous™). This mcans that if blood isn’t getting to the periphery where we have our little probe attached,
numbers may not be accurate (and one way around this is to always confirm a good qualitative waveform before
believing a quantitative value the machine gives you).

48

Rykerr Medical’s Vent Management Guide

One last summary before moving on from oxygenation. Oxygenation is one of these three super duper
important things. We measure it via SpO2, which tells us how filled up with oxygen the Hbg (attached to
RBCs) in the blood are as they move past wherever we have attached the SpO: probe. To get a better number
(or improve oxygenation) by moving numbers on the vent interface, we have three options (and we typically do
them in this order): increase FiO», add PEEP, lengthen the I-time. All that said, let’s not forget the basics:
position your patient appropriately and make sure ventilation (i.e. adequate MV) and comfort are addressed
simultaneously (sce below).

sy

Ventilation (and EtCO:)

Next super duper important thing is ventilation. Ventilation refers to the movement of air in and out of
the system as we deliver breaths and allow exhalation. As discussed before, this is vitally important for the
movement out of carbon dioxide. Too much carbon dioxide hanging out in the lungs with no escape is bad
news, so we can’t just focus on getting oxygen in. So how do we know if we are moving enough air for a given
patient? There are two strategies here and we will discuss them both in tumn: calculated minute volume and
end-tidal carbon dioxide (EtCO:). r

[f we math it out, our minute volume goal for the typical patient should be:

MV = 100ml/kg (IBW) /min

This number varies a bit for patients with an increased need (i.e. acidosis), but it’s a good place to start
as written and i appropriate as-e minimum for most patients. Having a goal minute ventilation in mind and
then assessing actual minute ventilation (typically ealculated by the vent and-readriyavartabte) is great way to
ensure that the patient’s minimum needs are met. Aopimie

Concurrently, we can also use EtCO; to monitor ventilation. When the body uses up oxygen at the
tissue level it kicks back CO: into the blood stream, that carbon dioxide then makes its way up to the lungs
where it passes into the alveoli and then is exhaled out. It looks about opposite to our previous sketch showing
how oxygen moves through the system:

Movement of
Carbon Dioxide
—_—
_ﬂ‘/-\:__
| / \
|
4 C D —~—
; N
([9.7 7 aroteells :M arofbiood Mtalveols wtmm w0

So the value we get on our quantitative EtCO2 reading is a function of all of these factors. It gets a bit
complicated and has been deferred to the Appendix, but the standard approach to managing ventilation with
EtCO:z is to use a base range and then adjust minute volume (which is a function of both RR and TV) to get the
quantitative value within that acceptable range. Normal range for EtCO: is 35-45SmmHg; values above range
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require an increase in MV 1o “blow ofl™ more carbon dioxide, values below range need you to read the next
paragraph carefully

A low EtCO: can be caused by a few different things, one of which 1s hyperventilation or too much
venulunon. This can be detnmental to a patient, as an alkalotic state (duc to this respiratory alkalosis) can
throw off the patent's homeostasis and lead to some bad stuff. In this case, it'd make sense to decrease MV (by
lowening either RR or TV) to get the EtCO: (and therefore ventilation) back 1o normal. All that said, & low
E1CO; could also be due to a breakdown somewhere else in the system (1.c. at any of those yellow lines in the

\ (4 -sbovedrawing). For example, if perfusion is no good we may see a low EiCO: even though the issuc is not

necessanly a ventilation problem. In this case we could kill the patent by “chasing” their E1CO; or dropping

MV 10 an unsustamable level
We can navigaic this whole situation by managing venulation by looking at both minute volume and
v vhen we will be

EtCO: instead of just EICO: by itself, thet: There are n‘mfn

a bit off with MV and others when our gnzéﬁor EtCO; varies, but this system of dual parameters 1o
evaluate ventilation is a safety check 1o reniTid us of all the factors that go in to ventilation. So to summanze:
we measure ventilahion using both a calculated MV goal and EtCO;. MV goal is 100ml/kg/min: normal EtCO,
1s 3545mmHg

Comfort

The third super duper important parameter that we need to consider with vent management is patient
comfort If your patient 1s not comfortable, he or she wall be “fighting the vent” or “out of synch” and the
therapeutic effects that we want 1o achieve will be more difficult 1o attain. Also. it’s kind of rude 10 shove a big
plastic tube down someone s throat, take over their respiratory function in a way that goes opposite to normal
physiology and then load them up inside a small flying box with people crowded all around and lots of noise,
vibration, weird hights, etc. So let's be nice people and keep our patient’s feelings in mind.

We won't spend too much time on this subject of pharmacology, as the main focus here 1s on
manipulating the vent itself, but recognize that analgesia and sedation are two different things and that we need
to treat them both. Also recognize that paralysis should be a last resort for nearly all ventilated patients, as it
prevents us from actually assessing and evaluating our patients. And on that same note: while do want our
panients 10 be comfortable, this doesn’t mean that we “snow"™ them all or take away any inherent respiratory
cffort in order 10 achieve this goal. There is benefit to venulated patients making some intrinsic respiratory
effort and we like to maintain that whenever possible*”.
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When we manage comfort it is important to have a strategy for quantifying gortiTont spthat we can gauge

the efficacy of our interventions. Many agencies recommend scales or tools to use and here are just-a-Lew
>a
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Relevant story to put this in context: when some of us were first taught GCS, we might remember 1t
being put more or less like so, “GCS is one of those things that nurses like to hear on radio reports and that
supervisors like to see on charts, so even though we generally don’t calculate a GCS in the field, it is important
to sort out before you get 10 the hospital and before you submit your chart.” Sedation scales are not those types
of things, they actually help in real time are not simply another box 1o check to avoid a nit-picky peer review
from a colleague. With that said, it’s also OK 1o recognize that putting someone on the vent involves a lot of
steps and other important things and so it is alright (opinion alen’) to have an initial. preplanned strategy for
first round of sedation and analgesia, and then pull out a sedation scale reference card once we are sailing
smoothly and work through it checklist-style with our partner.

Let’s imagine a hypothetical scenario to get in to the details on this: we pick up a vented guy from a
hospital, he's obviously uncomfortable and out of synch with the vent, we address ventilation and oxygenation
(per abeve discussions) and then give our preplanned analgesia/ sedation combo and are on our way. Now we

are cruising along, referring back to our chosen sedation scale reference card to find that our patient i1s
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becoming more uncomfortdble - what do we do? Most obvious is pharmacologic intervention, that's often what
we reach to first and is a totally acceptable move. But there are other things we can do on the machine that may
not have the negative consequences/ adverse effects that the drugs do.
One parameter that we've discussed previously is I-time — occasional ly a minor adjustment here can
make a patient feel more comfortable. Not sure there's any evidence on this beyond the anecdotal, but as long
as we a:ren't making large adjustments that impact other values, we should be good to experiment here.
Switching modes may also help in this situation. We'll talk about this more later, but breaths are delivered
differently in different modes ™ : ) and sometimes one may feel better to the
patient for whatever reason. And lastly we can consider adjusting our triggers to make it easier for the patient
to trigges a breath when he or she wants. Again, more on that to come.
JoF So last summary here and we'll include all three of these super duper important parameters that we need
to address on all of our patients, hands down and no matter what. Comfort should be assessed using an actual
scoring tool and can be fixed with both drugs and vent manipulations. Oxygenation is measured by SpO: and
gets fixed by increasing FiOz, adding PEEP and lengthening the I-time. Ventilation is evaluated by a ——=s r"\rf#
comparison lo expected MV and then EtCO:, we make adjustments to RR and TV to manage ventilation; f: “
increase TV and then RR to increase MV, decrease RR and then TV to decrease MV. Asn
‘ )
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Yent Parameters, Round Two

This next section discusses a few more vent parameters that we measure after the initial setup or taking over
of a vented patient. They are considered scparately than the other values previously discussed, because they are
dependent on other things — we can't typically dial them into the machine, but rather we measure them to assess
how things are coming along with the values we were able to control. To help clarify these ideas, which are all
interrelated, let's refer back to an image we previously discussed. It shows pressure we put into the system over
time as a breath is delivered in volume control ventilation:

time 2

- pressure +

We previously used this graphic to demonstrate a few concepts in general, but it is now worth
mentioning that this waveform and the two subsequent concepts (peak inspiratory pressure and plateau
pressure) apply to volume control ventilation. Let's first get things dialed in for volume control ventilation and
then we'll talk about how these concepts carry over in }ﬂ)ressune control ventilation.

Peak Inspiratory Pressure®

PIP

/

- pressure +

|Lime-)

Peak Inspiratory Pressure (PIP) is the highest point on this waveform. It represents the maximum
pressure present in the airways as we deliver a breath into the system. PIP is a function of both how we deliver
a breath via the machine and how easily that breath can get from the machine down to the alveoli. A normal
PIP is <35mmHz0. A PIP that is too high generally won’t cause significant damage to the patient, but it likely

* Nickson, 2019b - Short article that provides another good review of both PIP (this subsection) and Pplat (next subsection)
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indicates something gone wrong in the system. This is particularly relevant when we have a normal PIP that
then become elevated — in these cases it is important to seek out the cause and fix the underlying issue.

But let’s get back, real quick, to what goes in to giving us this value of PIP. On the machine end, it is
the result of flow. Flow is a term we haven't touched on, but it essentially describes how fast we push air to
achieve a breath. In many transport ventilators, flow is calculated internally by the machine and we don't
manipulate it directly. In these cases, the closest we have to adjusting this parameter is via I-time or what we
call “rise profile.” That said, let’s hold off on discussing how to decrease PIP by adjusting vent scttings, as it is
more often the result of other airway stuff that we can address more directly.

This airway stuff would be the passageway from the vent circuit to the alveoli. If it inhibits adequate
movement of air (such as with a small or kinked ETT), we will sce a higher PIP. Another factor here is patient

comfort and the idea of laminar flow. Without getting too far into the weeds on this, recognize that air can flo® ved¢

freely and efficiently through a uniform pipe or tube, but if we cause movement or disruptions to that tube
airflow will be less uniform and more chaotic and will result in higher pressures. Morale here: make sure your
vented patient is comfortable.

Other causes of an elevated PIP would be secretions in the airway and/ or ETT, tension pneumothorax,
migration of the ETT to one of the mainstem bronchi, bronchospasm and decreased compliance (i.e. the lungs
don’t expand like we want them 10). Any time we see a high PIP we ought to try and identify a cause. Once
that cause is identified, then we can decide whether or not an action is needed. For example, a high PIP due to
secretions should get suction and a high PIP due to a pneumo should lead to decompression; on the other hand,
a high PIP due to a small ETT may be acceptable. The PIP in this case represents pressure at the ETT and not
the patient’s anatomy (i.e. alveoli), so we may decide 1o leave it alone (especially is there is good reason for that
small ETT, such as airway swelling).

To measure PIP we simply need to look at the vent display. Most machines will either give you the
value of PIP or show a little barometer of sorts that fluctuates with each breath — PIP is always the highest value
that comes up during a breath. Another way to keep an eye on PIP is by sctting an alarm so that machine yells
at you when a certain pressure is reached. This is similar to the idea of setting your SpO; alarm during an RSI
so that the monitor alarms when your patient desats and you know to stop the attempt and reoxygenate the
patient. That said, there is one critical difference with a high pressure alarm on the vent: yes it will tell you that
the pressure has gotten too high, but it will likely (depending on model) also cycle off the breath it is giving in
response to that high pressure alarm. This can potentially kill your patient and we will get in to that a bit more
later on

So in summary, PIP represents the maximum pressure present in the airways as a breath is delivered by
the machine.** A normal value is <35mmH:0 and we measure it by looking at the feedback on the vent
interface. Potential causes include too much air, too much flow, small ETT, kinked ETT, patient discomfort,
secretions, pneumothorax, mainstem ETT placement, bronchospasm and decreased compliance. While there
are subtle ways to address PIP on the vent, interventions should focus instead on airway issues.

* Before moving on, it's also worth mentioning that yoy may sometimes sec PIP noted as Ppeak or “peak pressure” - same game,

different name
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Plateau Pressure

pressure +

time =

Plateau pressure (Pplat) is the pressure in the system once the lungs fill with air and essentially holds its
breath until the breath cycles off. It represents the pressure at the alveoli during gas exchange or pulmonary
respiration. A normal Pplat is less than 30cm H-0. Values higher than that can lead to direct damage to the
alveoli which can subsequently cause issues with the whole respiratory process. There is no “too low™ for Pplat
but recognize that lungs that aren’t being filled all the way (i.e. a low Pplat) may not be maximizing the surface
area of alveoli and therefore oxygenation may not be at its best. And el discuss this concept here in just a
moment. wr ol

The primary cause of a high Pplat is too much tidal volume. That said, it can also be due to decreased
compliance, pneumo, mainstem intubation and inhibition of chest wall expansion (such as in burns). If we get a
high Pplat, it is worth considering these other causes (and addressing them appropriately!) before dialing down
TV, as we don’t want to give up lung unnecessarily. We do, however, want to avoid a sustained high Pplat over
many breaths, as that will likcly lcad to damage at the alveolar level. el \

Measuring a Pplat is little less direct that measuring a PIP and involves what we jerfn 2 “mancuver.”
There are two maneuvers that we will discuss and this is the first of them. While we could theoretically watch
the barometer on the machine and wait for that point during inspiration where pressure stays constant for a short
spell, that amount of time is quite short and this is logistically difficult to accomplish. The workaround is to
prolong inspiration via a maneuver called an “inspiratory hold" and allow the machine to measure that pressure

accurately. It would look something like this:
/ Pplat

pressure +

time =

Basically we just perform the inspiratory hold mancuver (in whatever way is appropriate for our
particular machine) and the Pplat either pops up on the screen for us or we have enough time to read the value
from the barometer. Easy enough, but when and how often do we do this thing? There isn’t a universally
accepted frequency for measuring this (or any of the other pressures discussed in this section), but it seems to
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make sense that we just add them on to our reassessment of vital signs (so every 5-15 minutes, depending on the
program/ patient acuity). While that may be overkill, it's better to measure too much than to miss things due to
not checking often enough. At a minimum, Pplat should be measured after any increase in TV to make sure that
we don’t cause alveolar damage (and this includes after first putting the patient on the vent),

In summary, Pplat is the pressure seen by the alveoli when we deliver a breath in volume control
ventilation. A normal value is <30cmH:0 and we measure it by performing an inspiratory hold maneuver.
While there is no bottom limit to Pplat, it is important to recognize that we want to fill the lung and alveoli up
with cach breath delivered, so be wary of a super low Pplat and consider inadequate TV (and subsequently

MV). High Pplat can be caused by too much TV, pneumo, decreased compliance, restriction to chest wall
expansion and mainstem intubation.

AutoPEEP [\ G L

r//

AutoPEEP is the idea of PEEP being cumulatively added into the system inadvertently. Remember how
we said before that we assume atmospheric pressure to be OcmH-0 as the starting point for our vent discussions
and that PEEP is the addition of pressure on top of that (i.e. “adding 5cm of PEEP" to reset that baseline to
5emH:0)? Well, AutoPEEP is when that baseline starts to creep up from whatever we have set as PEEP to
higher values because the patient isn't able to exhale all the way back to baseline before the next breath comes
around. This idea is commonly referred to as “breath stacking” and might be represented like this:

AutoPEEP |

PEEP J

Baseline elevated with addition A\, oPEEP: difference between
of more pressure above PEEP  where we end up and preset PEEP

- pressure -+

ume > pEEp (SemH20
above baseline)

Normal AutoPEEP is zero, i.c. we shouldn’t have any AutoPEEP in the system at all. Presence of
AutoPEEP in volume control can lead to an increase in other airway pressures, most importantly of which is
Pplat; AutoPEEP in pressure control can result in decreased VTe and MV. To measure AutoPEEP or to check
its presence, we have to perform another maneuver called an “expiratory hold.” Just as with the inspiratory
hold for plateau pressure, doing an expiratory hold allows us to accurately see what the real time pressure is
when we expect the breath to have returned to baseline. Normally the machine will calculate an AutoPEEP for
us by subtracting PEEP from whatever pressure it measured during the hold.

If we do have AutoPEEP this means that something is getting in the way of the patient exhaling all the
way back to baseline before a subsequent breath is delivered. This could be due to patient discomfort or need
for more MV, but it can also be due to obstructive processes that get in the way of effective exhalation (i.e.
asthma and COPD) or even inadvertent triggering of breaths. The fix on the vent interface would be to shorten
our I-time or decrease RR to increase my I:E ratio and allow more exhalation; otherwise we could copsider
more sedation/ pain control and make sure we aren’t accidentally triggering. :
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One other thing we can do to eliminate AutoPEEP and reestablish our bascline at actual PEEP is
disconnect the patient from the vent circuit to allow a full and complete exhalation. This is one of those rare
cases in which it is OK to disconnect the vent circuit from the patient during transport for therapeutic reasons.
Simply allow the patient to exhale and then reattach the circuit (and most likely cancelling out a bunch of
alarms in the meantime!). Just to make sure we understand how this works, let’s draw it out as a waveform
over time and label things along the way:

\Oucunncc! the circunt

PEEP back at
l initial setting
4
i+ ' t N
AutoPEEP builds up 10 “zero" \ﬂﬂlﬂh circut

To bring it all home, AutoPEEP is a movement or the pressure baseline above whatever we have dialed
in for PEEP. Issucs with this are increased pressures (volume control) or decreased volumes (pressure control).
Causes include inability to exhale fully, agitation and inadvertent triggering. Fixes include extending amount of
time spent in exhalation (shorter [-time, lower RR), treating discomfort and avoiding accidental triggers. In
addition, we can reset AutoPEEP back to zero (end-then-actual BEEP) by disconnecting the vent circuit.

PIP & Pplat in Pressure Control?

Up to this point we've discussed PIP and Pplat only in the context of volume control ventilation, but
things are a bit different in pressure control. Let’s start with what a pressure control breath looks like mapped
out as pressure over time:

Pressure in to the
system stays constant
throughout the breath

- pressure +

|Iimc-)

First thing to mention here is that PIP will only be above that flat line at the top of the square wave form
(marked by the red arrow in the graphic) if something causes a disturbance in what the machine is doing - a
hiccup, patient movement, speedbump, etc. The machine won’t intentionally put more pressure than what we
have dialed, but a PIP higher than set pressure control can occur. So while we may still set a high pressure
alarm and monitor PIPs in PC ventilation, our concern is more for being aware of disturbances to the system
rather than being aware of changes to air flow (i.e. obstruction), as was the case in VC ventilation. >

*In PC ventilation, we become aware of those obstruction 1ssues by monitoring tlow and VTe
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Next thing: it generally happens thgt the alveolar pressure eventually does equal that pressure
represented by the top of the square waveform (towards the end of expiration), therefore we assume it to be true
that PC = Pplat. And because of this asghmption that mostly holds true, some machines don't let us do
inspiratory holds in pressure control vertilation, as the data gleaned from the test just wouldn't provide any
addinonal information. And also because the primary reason we want the Pplat (in volume control) is to rule
out high alveolar pressures (to ensure the safety and wellbeing of the alveoli); in pressure control if Pplat
doesn’t match pressure control it's because true Pplat is less that the pressure control (which is a bummer, but
not a safety concern for the alveoli).

Now the mechanism of it all is that it takes time for the alveolar pressure to rise up to match the pressure
going into the system*!. Even though we start with a high pressure at the machine end of the system, it may
take some time for that pressure to equalize down to the alveoli. If our I-time isn't long enough to allow that to
happen, the alveolar pressure (or plateau pressure) may not ever get up to the level we have dialed in for
pressure control. We work around that in volume control by performing an inspiratory hold and waiting for as
long as we need to in order to see that pressure even out. We don't always do that in pressure control because,
as we said just a moment ago, the plateau pressure won't be above our pressure control value and so there isn’t
so much of a safety concern.

But if we wanted to know a little more about what's going on in the alveoli and we can’t do an I-hold on
our machine in pressure control, we can get a partial picture of things by looking at flow. No need for us to get
in to the specifics of flow at this point, but recognize that flow is a measure of how fast we are pushing air in to
the system in order to give a breath and that pressure control breaths start with a higher flow and then dial down
to zero flow throughout the breath. While it may be hard to see with quantitative values on your machine
(unless you can view waveforms, which are discussed in the Appendix), if flow doesn't get down to zero before
the breath cycles off, then we can consider that the pressure in the alveoli may not have made it up to the level
we put in on the front end:
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All that said, this isn't a great method unless you have waveforms to look at. And even thenit's a
binary thing — it says whether or not alveolar pressure got up to the value of pressure control, but it doesn't tell
us what the alveolar pressure actually was. There are other ways to measure or approximate Pplat, although
they are unlikely to be available to us in the transport setting. **

So what utility is there in knowing alvcolar pressure (Pplat) in pressure control anyways? We said
already that the usefulness of this information in volume control is to guarantee safety of the alveoli, but that
isn't an issue in pressure control. Potential uses of knowing a Pplat in pressure control would be making sure
our I-time is appropriate (i.e. that the inspiratory time is long enough to allow pressure going in to match
pressure at the alveoli) and calculating things like compliance and driving pressure (both discussed later™’).
These are all cool things to work with, but it takes us in to realm of weeds and may not be the best use of one’s
cognitive capacity when managing a sick patient in the transport setting. We will discuss this stuff, but know
that Pplat is primarily a tool for ensuring alveolar safety in VC ventilation.

F4
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! Hamilton Medical, 2018 — Has a nice visual of how p hroughout the y system %2 Mojoli & friends, 2015 — Another article referenced in the above content: this short paper assesses the efficacy of these alternative

over time as a breath is delivered: also gives a brief outline of different methods to measure Pplll that we discuss in the fnllowmg
paragraph ”

methods of measuring Pplat (and also delta pressure)
%% In the section Other Random Things There May Be Questions About
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A General Vent Strategy

L 3,

- !n lh!s section we are going to summarize some gene rameters that we work with in each type of
ventilation (i.e. each combination of mode and control). The is to demonstrate wh d

goals are sharcd.among all methods and what par@in€Ters ate specific to certain types of ventilation. We will
alvfo hash ogl a le\‘v of lhe differences in determines general settings for adulf versus pediatric population. We
will start with a discussion of things that apply to most vented patients, regardless of mode or control:

TV = 6 - 8mlkg (IBW)
MV = 100ml/kg (IBW) /min

If we choose a TV of 6ml/kg and our goal is 100ml/kg/min, then our rate ought to be 17:

MV=RRxTV
100ml/kg/min = RR x 6mlkg
100miAg/min + 6mbke = RR

~17=RR

Likewise, if we go with 8ml/kg our initial rate (to match that MV goal) comes to 13/ min. Although it’s
not uncommon to see recommendations for an initial rate of 10 or 12 with adults, for the sake of using reason
and math and not pulling things out of thin air, calculating a RR based on a MV is a solid strategy. There are
often good reasons to use a lower RR, but we'll get to those later.

To expand on this idea, if we have a range of TV to choose from, sometimes it just makes life easier to
pick a nice, even number. For example, in an 80kg patient we end up with a TV goal range of 480-640ml and
it’s a totally legit move to choose 500 or 600 or any value in that range. Just recognize that if we pick a higher
value for TV, we may want a lower value for RR just to keep our MV approximately the same. This does not
have to be exact, as we will adjust these settings as we go and work towards our goals moving forward. So we
may choose a TV of 500 and a RR of 16. Ora TV of 600 and a RR of 14. Either is cool for now and we'll dial
in our settings once we see how the patient responds to it all.
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As for kiddos, the preferred strategy is to choose a rate in line with a refercpce card and disregard the
above suggestion of 13-17/min. While this will result in an overestimation of M e can titrate values to
address that later on. For example, let’s assume a 4-year-old kid of 16kg. Based on this chart ( again, from
PALS) we want a RR in the 20-28/min range:

/
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You can also use this chart bascd on the PALS data®:
Age Description Age (yrs) RR | I-time (s)
3 Infant .083 (1 month)-1 | 30-53 | 0.3-0.6
34 Toddler 12 22-37] 0409
y 11 Preschooler 3-5 22-28 | 0.5-0.9
/ School-aged Child 6-7 18-25 | 0.6-1.1
1 Big Kiddos 8-9 17-25| 0612
W
0 Preadolescent 10-12 1423 | 0.7-1.4
7%} Adolescent 12-15 1220 0817
b L Adult 16 and up 12-20| 0.8-1.7
J
* And see Appendix for an ion of the hing that got us to this chart
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And let’s take these values and do a few calculations as so: So we have TV, MV} and RR all sorted, both for big people and small people, next we need to consider

the other parameters that anstant between modes and control methods, then we will talk specifically about
TV =6 - 8mlkg IBW those things. Let’s pu chart just 1o make it easier to visualize. And this chart is basically a
TV =6 —8ml x 16kg summary of the scction Vent Parameters, Round One- if you nced to review the specifics of any of them, just
TV =96 - 128ml refer back to that bit:
MViou = 100mlkg IBW) /min -~ 198 } / Parameter Value Pro Tips/Extiatalo
MV goa = 1600ml/min - TV 6-8ml/kg Pick an easy number to work with that falls in range
MV.’w = 1.6L/min
\ MV 100mVkg/min Just take IBW in kg and move the decimal over
MVal =RRx TV (75kg IBW = 7.5L MV goal)
MV = (20 £ 28)/min x (96-128)m]
MV cascuiaicd =A1920 - 3584)ml/min RR Adult: 13-17/min
MV carealaied = 2 — 3.5L/min Kiddos: use a chart
FiO2 1.0, then titrate down You can titrate down in big jumps also, no need to go in small
The result here is a MV goal that differs pretty significantly from a calculated MV, but what to do with increments unless you have good reason to do so®
this information? We will eventually want a MV (preferably measured as “exhaled™) that matches our s :
quantitative goal of 100ml’kg/min and also gives us an EtCO; in the normal 35-45 range, but let’s start with 6- FREE SoasHi0 Feo et veots-lhis-all e whatover the mischine defailics
8ml’kg anyways and work towards that goal in the first little while after starting ventilation. This I-time Adult: 0.8-1.7 Normal for the adult is 1.0
overestimation is particularly important and maybe even lifesaving if you decide to ventilate a kiddo in { Kiddos: use a chart
volume control mode. There is always some mechanical dead space that we introduce into the system (hat

cqis ; : o o i 55
sneaks its way in to our calculated MV number and this overestimation will mitigate that. Next step is to look at what extra parameters need dialed in on the machine depending on which mode

7 and which method of control we choose for our patient. As we said before, we can ventilate any patient in any
vo- made and via any method of control, so long as we know what to monitor for depending on what we choose.
Let's draw it all out in a quick chart:

)
\\!:f'
f’\oth\ I (dr{)‘lh'r ~s0el [ -tz 0

Additional Parameters®’

00 & = D(uf”ro ‘,'l'l ( AC Volume None
( léc. tP i ? ( SIMV Volume Pressure Support — start at 10-15mmH:0 and titrate as needed
5. 0 4,19,1 . 707} [AC Pressure Pressure Control — start at 15-20cmH;0 and titrate to TV goal
[ F‘}“‘“ SIMV Pressure | Pressure Control — start at 15-20cmH:0 and titrate to TV goal

Pressure Support — start at 10-15mmH:O and titrate as needed

ACPRVC “Pressure Cap™? — set to 25-30cmH20
(often by setting high pressure limit to 5cmH>0 above what we want this to be)

SIMV PRVC “Pressure Cap™ — set to 25-30cmH20
(often by setting high pressure limit to SemH>0 above what we want this to be)
Pressure Support — start at 10-15mmH->0 and titrate as needed

% Reference FMCnit's drop to 40° asap
7 Find sth 1o suppon these starung #s for PC and PS!
* To sce this all spelled and drawn out in detail, refer to Appendix 3% Recall that this is a made up term and is typically represented by Sem less that what we set as the high pressure limit
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Al the expense of being overly redundant, let's combine the last two charts into adecistorrrerdiserts
to descrihe how we determine vent settings, in general and for the “normal” patient:

Lgven
Step One: Step Two:
MSet These Guys Make a Choice and Dial in Extra Stuff*® PR
TV 6-8mlkg AC Volume None \ w
P " ] (%5 5
MV 100ml/kg/min SIMV Volume | Pressure Support— 10-15mmH.0 P Or od
i
RR Adults: 13-17/min AC Pressure Pressure Control —15-20cmH>0
Kiddos: use a chart
FiO, 1.0, then titrate down | SIMYV Pressure | Pressure Control —15-20cmH:0
Pressure Support — 10-15mmH-0
PEEP 5¢mH.0 ~ ACPRVC “Pressure Cap” - set to 25-30cmH;0
(normally: set high pressure limit to ScmH>0
above what we want this to be)
I-time Adult: 0.8-1.7 SIMV PRVC “Pressure Cap” - sct to 25-30cmH;0
Kiddos: use a chart (normally: set high pressure limit to 5emH-0
above what we want this to be)
Pressure Support - 10-15mmH0

In the ideal world, that's how we get vent settings for a specific patient. In the actual world we have a
few things to consider (and we’ll frame them as questions): What pathophysiological changes affect the way
this patient should be ventilated? What do we do with a patient already being ventilated if settings don't match
what we come up with? How does this individual's body respond to all my theoretical stuff? The next few
sections will answer these questions in turn. We will first look at specific situations that warrant alterations to
this settings framework, then we will talk about setting up them vent in any scenario, and then we will discuss
how to evaluate an individual’s response to what we are doing with the machine and how we might adjust
things to make him or her as happy as possible.

" PS PC vanation with kiddos? o
“ In pressure control we don’t actually set this guy, but we do need to have this value in mind and calculated out so that we can use it
as a goal
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Now we have a chart that basically summarizes the initial calculations and choices we need to make for
the average paticnt and depending on which type of breaths we want to deliver. Next step is to look at
exceptions to the norm. To say it another way: sometimes a patient needs theirbreaths delivered in a specific
way (different to what we might call “normal™) due to a specific pathology. We sometimes take those normal
parameters and alter them to meet specific needs and issues. It’s totally OK to break the rules we've established
so far, as long as we know when and how to do it and can justify a good reason. Let’s look at a few situations/
etiologies in tumn to see how it all looks.

7/ : ? : \

N g v (P chf 7er2)

Bronchospasm V . 1] [ b
1 lovq 4 A € Yafe #3f. Plenste
In patients with asthma, COPD and/ or allergic reaction, we tend to run in to a problem of breath

stacking or AutoPEEP because the patient is unable to exhale fully in a normal amount of time. The
pathophysiology is multifaceted and varies a bit depending on unlaying cause, but they can be summarized as
some combination of the following:

Constriction of the airways. Constriction of the airways
due 10 inflammation due to mucous

0@

Decreased recoil of the alveoli due

10 chronic damage ‘ {""(
R \
inhale exhale e, .. hmkcniuh:lc ” - =l v 'y
rosrldar
\ = Time & j '\ X 7‘7
[ (
normal not normal
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Our fix to this is to adjust vent parameters to allow for more time at exhalation. We do this by extending
or lengthening the L:E ratio. As we said before, a normal I:E ratio is 1:2-3 and we can adjust that by diali
either the I-time or RR. In this patient populjtiop-a good starting point is an I:E ratio of 1:5-6.
to get here is to decrease RR (and also I-time, lesser extent) until we see an I:E ratio in that rang
want. The machine normally does this calculation for us, but just an example we'll show it all here:

'+
With I-time 1.05 gad RR 17: V"‘:“(\,L
60 + 17 breaths %'3.53sfbreath -‘)-.ﬂ \‘“ vt
ssc1os0merl 25 ) P
. L:E ratio = 1:2.53 v

IEmn0"l362

kS A\* a o ‘0

With I-time 0.8s and RR 13: 3 R“_{

60 + 13 breaths = 4.62s/breath &y
4.62s —0.8s (I-time) = 3,64s { P \"‘

~LE ratio=£-£ 3.8

08 08
I:E ratio = 1:4.55

So even if we drop both RR and I-time to the lower ends of our “normal” parameters, we end up with an \
I:E shy of what we need for these bronchoconstricted patients. Let’s keep up with some of these calculations

and put them in to a small chart: ' 0""+
Vi \'\-’
7 I-time 1.0s 7" 1-time 0.8s I,-(n’n 55 dfﬂa \
RR I.E | RR I'E . )(W 15 U‘«
17 1259 17 L 3HEAAY
13 1:3.6 13 13848 15 /Dﬁ,
10 15 10 10 152648 17| A5y
8 1:659] 8 16784 8 17

While an I«tuyc of 0.55 may be un¢omfortable for some p,aucms we've included it here just as a point of
reference. We typicdlly leave I-time alon¢ at “normal” . but it’s worth keeping in mind and-giving it a
shot to see how the z nt does. Shorter [-time may.lead to lIlCl'Cd d PIPs with yolume co?’o] ventilation, but

50 long as our Pplat is within range we art AOK-With that. Doing F:c same )EPC would Jéad to decreased VTe.
Sl

W gl 'f\

¢! Redo these cales. | lhm/mr arc wrong
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Now assume we choose an I-time of 0.8s and a RR of 8 (for a calculated L:E of@ what does that do
to our other parameters? Biggest thing that will be affected is MV. We'll do some calculations to demonstrate
this impact on a 65kg IBW patient with a TV of 8ml/kg:

MV gou = 100ml/kg/min
MVigoa = 100ml/kg/min x 65kg
MV gou = 6500ml/min
MVgaal = 6.5L/min

TV = 8mlkg x 65kg
TV =520ml

MVM =TV xRR
MV aaiculaes = 520ml x 8/min
MVaiculsied = 4160ml/min
MVaicuised * 4.2L/min

In fact, we'd have to go all the way up to a TV of 12ml/kg to get close to our MV goal:

TV = 12mlkg x 65kg
TV = 780ml

MVaicuaed = TV x RR
MVaicutaied = 780ml x 8/min
MVeaiculaed = 6240ml/min
MVaiised = 6.2L/min

And at this point we run the risk of barotrauma or over-inflation injury (assuming a volume control
mode). That said, start at a TV of 10ml/kg and then titrate up if the patient’s lungs allow for it (i.e. Pplat still
below 30cmH:0). 1f we can’t reach our MV goal exactly, that’s OK in the short term — we just want to try and
get as close to it as possible while still allowing for full exhalation and avoiding the AutoPEEP issue. We will
simultaneously be doing pharmacological interventions (Albuterol, Ipratropium, MagSulfate, Ketamine, Epi —
whatever your agency endorses) and hopefully the reason for this alternative strategy can get reversed to some
degree and then we can go up on RR and work our way back to normal parameters.

In pressure control, we still drop the rate (and maybe I-time) to lengthen I:E, but we also want as much
volume per breath to try and get as close to our MV goal as possible. Instead of a PC at 15-20cmH:0, consider
going straight to the top and starling'aQS’j@:O (the upper limit for a safe Pplat) to see what out VTe
values look like. If we happen to ovc\ﬁ'ﬁhool our TV goal of 12ml/kg, we can always titrate back down. In
addition, recognize that 30cmH:0 asthe upper limit is a generalization that may not be OK for all patients, but
we will expand on that more in pages to come.

Second to last thing to m¢ntion: it may be tempting to drop PEEP to zero in these cases to better allow
the patient exhale. The thoughf process goes like so: if they are breathing out while we are pushing air in, this
has the potential to be problejhatic. That said, there is some evidence that applied PEEP can help fix
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Au!oPl.EEP; but we do want to keep applied PEEP lower than AutoPEEP®. Just know that we'd prefer to
maintain PEEP at our minimum of 5cmH-0 to maximize oxygenation and help recruit more alveoli, but

sometimes we let that go in order to avoid AutoPEEP. There may be a happy middle ground with a PEEP
somewhere between zero and§
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but there isn’t much content on that and we'll lcave it as a “maybe” in the
overall scheme of things. L

Actual last thing to mention: if we have lengthened our L:E ratio to accommodate exhalation and we end
up at a point where AutoPEEP is consistently zero, we can then titrate our I:E back to normal to make things
more comfortable for the patient. This allows us to work back towards our MV goal that we started with, as it is
likely that our MV will be below that goal with a much lower RR. If things change and bronchospasm recurs
(and then we notice AutoPEEP all over again), we can go back to the longer LE ratio. The idea here is that we
are constantly reassessing what is going on with the patient and making these small adjustments to best ventilate
the patient in a given moment. Just because a lengthened I:E was warranted at the start doesn't mean they need
that forever.

To summarize our bronchospasm strategy: utilize a lower rate (and consider a lower I-time also)to a
goal LLE of 1:25. Consequently, we need to titrate TV (or PC*) up as far as the patient’s lungs will allow.
Know that we will likely be short on our MV goal and that's OK — as our pharmacological interventions start to
work we can hopefully migrate back towards “normal” parameters to meet the MV goal. Maybe considering
dropping PEEP if no oxygenation issues are noted. Also, be surc to check for AutoPEEP periodically and
consider disconnecting the vent circuit to reset it back to zero if need be.

\™S

{(_ !

** Sagana & Hyzy, 2019 - These guys offer more than you ever wanted to know about PEEP; more relevant to our discussion, they
note that applied PEEP can facilitate exhalation and help to fix an AutoPEEP problem

*' Medina & friends (2016) - As a side note on PC ventilation for bronchospasm with kiddos: these guys cite a set of four cases in
which PC ventilation failed to adequately ventilate pediatric patients with airway obstruction; while this may be an isolated set of
cases and could potentially be mitigated by a strategy focused on ensuring adequate exhalation (via a long I:E, as described above), it

is worth considering VC ventilation for pediatrics with bronchospasm in spite of the fact that we often advocate PC ventilation for
pediatrics
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Hypotension

[n patients with hypotension (or the potential for hypotension) the primary concern is that mechanical
ventilation can decrease preload to the heart and further contribute to the problem. We discussed this already in
reference to both negative pressure vs. positive pressure ventilation and PEEP, so first strategy here (since we
are committed to PPV) is to restrict PEEP to whatever minimum value we need to maintain adequate
oxygenation. Beyond that, however, we can limit the time spent in inspiration during the overall respiratory
cycle. Think of it this way: preload drops when we increase intrathoracic pressure, so if we decrease the
amount of time spent pushing air into the system (i.e. increasing intrathoracic pressure), we can limit this affect.

To quantify the idea, consider two patients: one at a RR of 17 and one at a RR of 10. If we assume an I-

time of 1.0s (norm for the adult patient), let’s calculate how much time the patient experiences a state of
decreased preload (i.e. inspiration)®:

% TaDP = (RR x I-time) + 60 seconds
%TaDP = (17 x 1.0s) + 60s
%TaDP = 17s + 60s
%TaDP = 28%

%TaDP = (10 x 1.0s) + 60s
%TaDP = 10s + 60s
%TaDP = 17%

We can further drop this percentage by decreasing I-time:

%TaDP = (10 x 0.8s) + 60s
%TaDP = 8s + 60s
%TaDP = 13%

By dropping our rate to 10 (from 17) and dropping I-time to 0.8s (in the adult patient), we can cut the
amount of time spent at decreased preload by over half. While we could keep dropping RR, we stop at 10
because we need to maintain adequete MV in these patients. Let’s look at what happens to MV if we drop RR

to 10 and then come up with a strategy to address it. As before, we'll assume a patient with an IBW of 65kg
and a TV of 8ml/kg:

MVgoa = 100mlkg/min
MVgea = 100/ml/kg/min x 65kg
MV goal = 6500ml
MVgoal = 6.5L/min

TV =8mlkg x 65kg
TV =520ml

* This is another one of those made up terms which we identify as %TaDP or “percentage of time at decreased preload”
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MVatculaed = TV x RR
MV aicutsted = 520ml x 10/min
MV aiculared = 5200ml/min
MVaiculaied = 5.2L/min

Now 5.2L/min isn’t super far off from 6.5L/min, but we need to remember that a hypotensive patient is
likely at risk of shock and, therefore, we need to make sure we are matching blood flow to the lungs by
delivering at least what our calculated MV goal is. This idea is in stark contrast to the bronchospasm strategy in
which we decided it was OK to let MV fall below goal; in hypotension we need to maintain (or even exceed,
especially with acidosis or trauma - discussion on that to follow) our MV goal. So let’s titrate TV up to
10mUl/kg and see where we end up:

TV = 10ml’kg x 65kg
TV =650ml

MVaicused = TV x RR
MVaiculsied = 650ml x 10/min
MV aiculated = 6500ml/min
MVaiaed = 6.5L/min

If we drop RR to 10 (and I-time to low of normal by age) to minimize the percentage of time spent at
decreased preload (i.e. inspiration) and increase TV to 10mlkg, then we maintain our MV goal of
100ml/kg/min. Now that we've logically arrived at a strategy of decreased RR and increased TV, let’s rewrite
the order of the steps as so: increase TV first, then decrease RR to match MV goal. The reason for this is that
we don’t want to arbitrarily drop RR and then wind up in a situation where we can’t titrate TV up to goal — that
would result in a decreased MV (which we said is an important thing in patient with risk for shock). So let's go
up on TV as much as we can to a goal of 10ml/kg (or as close as possible with safe Pplats) and then drop RR
afterwards. Even if we aren’t able to drop %TaDP by half as in the example shown, we can at least-weork

in that
direction while ensuring adequate ventilation®. s Ll
To summarize: in the hypotensive patient we want to decrease the amount of time decreased
preload while maintaining MV at our weight-based goal. To do this, we drop I-time to lowsefhormal, increase
TV towards 10ml/kg IBW (in PC this may mean starting at 20-25cmH-0), and then decrease RR to maintain
our MV goal. We also want to be cautious of high PEEP while recognizing that oxygenation (facilitated by
PEEP) is important in these patients with potential low perfusions statgs~Said one more time in the short and
sweet manner of things: when ventilating the hypotensive patient, d.r, increase TV, drop RR (to match
MYV goal)4nd leave PEEP alone.

** Another advantage of titrating TV first and then RR is that it allows the strategy to be applicable to both adult and pediatric patients
without having to come up with more age-based recommendations; while this may or may not be a good reason in and of itself; it is
worth keeping processes simple and applicable across the board. ..
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Acidosis

’
With acidosis one of our primary vent goals is to facilitate }he’ respiratory compensation against }ht/

underlaying acidosis. The classic example here is a DKA patient breathing at 30/min. Flight crew comes
along, RSIs the patient and then sets the vent up at a “normal” rate of 12. The patient had been compensating
with an increased RR (and thus MV), but that compensation got taken away suddenly. As a result, the patient
crashes and dies. So let’s not do that. And just to quantify the extent to which our doing so changes the game
for this hypothetical patient, !cl'sqmn'ﬁylhc MV difference between a rate of 12 and 30 with an assumed TV
of 500ml: Lol 5

MVeacued = TV x RR
MVakulaed = 500ml x 30/min
MV iciuted = 150000ml/min

MV‘,‘....M = |5L/min

MVeaculed = TV x RR
MVaicutated = S00ml x 12/min
MV cacluaned = 6000ml/min
MV eacluahed = 6L/min

In an acidotic state our MV goal increases a lot. While a bit tricky to pinpoint exactly what that goal
ought to be, let’s aim for a goal double that of the normal patient: 200mV/kg/mifi%X'To achieve that goal, we may
need to increase both RR and TV. We said before that to increase MV (i.e. in an effort to get our EtCO» within
a normal range) we typically start by changing TV first and then RR. The reason for this way that we get more
bang for our buck, as adding a breath also adds in dead space to the equation. In the acidosis situation,
however, the patient is likely already breathing fast, so let’s just use a high of normal TV (i.e. 8mlkg) and see
what kind of RR we'd need to get to this increased MV goal of 200mU/kg:

MVoal = 200ml/kg/min
MVgoa = 200mlkg/min x 65kg
MV gou = 13000mL/min
MVgoal = 13L/min

TV = 8mlkg x 65kg
TV =520ml

MVigou = TV x RR

13L = 520ml x RR

13L/520ml = RR
25=RR

This means that a TV at 8mUkg and a RR of 25 will get us the theoretical MV of 200ml/kg/min. But
what is the consequence of a MV that high? In the normal patient, this would drive our EtCO» down
significantly and create a state of respiratory alkalosis, but we said already that this compensatory respiratory
rate is what we want — now we just need to figure out how to measure or quantify to what extent we are helping

¢ B e 4\", h‘" 7!



Retum to Contents

the patient. There are a few strategies here and we'll talk about them stepwisc in order of least exact to more
exact.

First thing we can do is to match our set RR on the vent to the rate at which the patient was breathing
before we took that respiratory effort away. This assumes that the patient was compensating adequately. And
while this doesn't give us a quantitative goal to work towards, it is better than nothing. We can match the
pat.iem‘s effort on our machine, complete a transport and then have the receiving facility check ABGs when we
arrive to see how things have improved (or gotten worse, for that matter). Or if we can do gasscs en route, we ./
can always start this strategy and then evaluate progress along the way. /

Another strategy is to measure the patient’s EtCO: (perhaps via a nasal canula device or by cutting the Z"
ETT connector off a regular in-line attachment and sticking in the patient’s mouth) prior to taking the airway.

We can then match the patient’s RR (as above) or set RR to 25 (as calculated) and then adjust to this EtCO; that
the patient was at prior to us messing with things. Again, this strategy is similar to the above strategy in that it
requires that the patient was compensating adequately on his or her own before we intervened.

A third approach is to utilize Winter's Formula to establish an EtCO: goal. The formula looks like so:

Pco2=(1.5x HCO3) +8+2

The formula is designed to measure the respiratory component with a known metabolig acidosis (i.c.
measured PCO2 is compared to a calculated PCO2 to determine if a mixed disorder is present);-but we can
modify its use to the transport setting to guide our titration of EtCO2 (via MV):

EtCO2 should = (1.5 x HCO3; )+ 8 + 2
Assuming compensation was adequate when HCO3 ~ was measured
(and HCOs ~ from either BMP or ABG)

And in fact we can do all of these strategies together: try to match the patient’s RR and EtCO; as
measured before we intervene, then compare MV to our calculated goal of 200mL/kg/min and compare EtCO:»
(both the patient’s pre-intervention one and our subsequently-measured one) to EtCO?2 goal from Winter's
Formula. The only next best thing here would be to remeasure gasses en route to see how the patient is
responding to treatment, but most of us don’t have that capability in the field and we’ll withhold a discussion of
it here.

We went on a bit of a tangent here, but let’s get back to our vent strategy for the acidotic patient: use a ?

TV goal high of normal (8ml/kg) and increase RR (either to match patient’s intrinsic rate or just double normal .

for patient’s age), then aim for a goal MV of 200ml/kg/min and an EtCO; of patient’s baseline prior to
intervention or as determined by Winter’s Formula. Because we are shooting for high MVs in the acidotic
patient, AC mode may be the best for these patients if they are triggering breaths spontaneously. If we do go
SIMV and the patient has spontaneous effort to breathe, we may consider increasing PS so that patient-triggered
breaths match machine-delivered ones (and this would avoid a drop in MV if we were following the normal

SIMYV strategy of PS breaths below TV goal).
Lk bk b
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Acute Lung lnjuryﬂ

Another well-knowh and established strategy in vent management is the “injured” or “sick™ lung
strategy. These patients Wave lungs that are particularly susceptible to further injury and barotrauma and, as a
result, we use less volume per breath in an effort to avoid over-inflation. We then have to increase rate to
maintain MV or be OK with a higher EtC02. Another component of this strategy is higher than normal PEEPs
to improve oxygenation, recruit nlvmﬁd physically displace stuff that has accumulated in the alveoli. We'll
start by reviewing the concept of “acute lung injury” and discussing the pathophysiology of ARDS, then we'll
get into specifics about vent strategy.

Acute lung injury (ALI) refers to a number of pathologies that inhibit normal pulmonary gas exchange.
Specific causes include sepsis, pneumonia, bleeding from a traumatic injury, inhalation of toxins or smoke and
aspiration. ALI is a concept that lives on a spectrum with acute respiratory distress syndromes (ARDS) being
the end result if left alone to progress to the bitter end. While ALI, as a term, may also be described as mild or
moderate ARDS, the underlaying pathology is the same. The main component of the pathophysiology is that
the alveolar and capillary walls becomes permeable to stuff that normal is normally sequestered in the blood:

The results:
Fluid also shifts (due Lo mncreased osmotic
pressure inside the alveoh), resulung in
/
Increased permeability of ” - Presence of these large molecules results /
capillary and alveolar V4 A in an nflammatory response that further
walls leads to movem ¥ \| damages the alveoli
of large mulz :’
the alveolar spad ! Decreased oxygenanon = hypoxic =
| Vi = pul \
b Y
hypertension ~
— — —
Normal » }
blood flow g mm———— related to HPV

There are quantitative criteria for ALI and/ or ARDS (depending on how we choosc:m define it), b
that isn’t necessary to our field treatment. We can identify a patient who needs this vent spategy from a report
per sending facility, suspicion based on clinical progression of the illness or the simple }éﬂ that we can’t get to
a point of adequate oxygenation by other methods. The strategy includes low volumesy PEEP, maintaining
recruitment and permissive hypercapnia. Let’s discuss each of these in tum and give some specific guidance.

Starting TV for these patients should be 4ml’kg IBW. This recommendation is from the ARDSNet
studies which compared TVs of 4ml/kg against 12ml/kg and determined that lower TVs resulted in significantly
better outcomes for these patients. While it may seem that 4mlkg and 12ml/kg represent two extremes and it
could be tempting to rationalize that 6ml/kg (to stay within norms) probably isn't all that bad, we do know that

_Amlkg is OK and we don’t know much about 6mUkg for these patients, so let’s just stick with the data and

ventilate at 4ml/kg until the science people tell us otherwise.

* Sajjad & friends, 2018 — A very heady article that looks deep into the pathophysiology of ARDS to mvestigate why a Pplat was
measured to be higher that a PIP during the treatment of a ventilated ARDS patient; provides good insight on transpulmonary
p which is hing we skimmed past way back at the beginning of this manual when we assumed that the lung (alveoli)
and chest wall always move in synch with one another — more on this in the Appendix, but a good read at this point along the way'
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In addition to low TV, we go up on PEEP to improve oxygenation. Recatll-this-chart-from-an-earlier
discussion about titrating FiQ> and-PEEP in-a-stepWise fushion to achieve our oxygenﬁliun goals.-We included
in our discussiop-of FiOzand-deferred a chat about jt then; but it actually-is-specific fo this ALVARDS vent
strategy: /D
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OXYGENATION GOAL: Pa0; 55-80 mmHg or Sp0, 88-95%
Use a minimum PEEP of 5 cm H,0. Consider use of incremental Fi0,/PEEP
combinations such as shown below (not required) to achieve goal.

Lower PEEP/higher Fi02

"Fi0, |03 |04 |04 |05 |05 |06 |07 |07 |

(PEEP |5 |5 |8 |8 |10 |10 |10 |12 | D ' \)w
»”

'Fio, |07 [08 [09 [09 [09 [10 ] & ’7‘

PEEP |14 |14 |14 |16 |18 | 1824 | Zyﬁg'bﬂ»g’i

Higher PEEP/lower Fi02 ”

Fio, [03 [03 [03 [03 [03 [04 [04 [05 Y

PEEP |5 [8 (10 (12 |14 |14 |16 |16 |

[Fio, [o0s5 0508 [08 [09 [10 [10 |

|PEEP |18 |20 [22 T22 [22 [24 |

Another really important component of our ALI/ARDS strategy is alveolar recruitment. This is a
concept that we haven’t talked about much, but we’ll get into it here. Recruitment is the idea that we can
actively re-inflate collapsed or underinflated alveoli as we depicted in our previous discussion of PEEP:

! ! first 6t‘

- Time &
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In all lungs we lose recruitment more or less immediately. Which means that if we have a partially
inflated alveoli stented open with PEEP and then disconnect the vent circuit, that alveoli goes back to whefe it
was before we started. In a normal lung we can re-recruit that alveoli on the order of scconds to minutes; so it
isn't a huge deal for us to be worried about losing recruitment — we just get them back on the vent, add a bit of
PEEP and we are back yl}ere we want to be with no real negative outcome. With the ALI/ARDS patient,
however, it &édm‘s to recruit alveoli. This means that if we lose recruitment, we lose all of that progress
towards befter oxygenation and our patient can deteriorate very quickly.

With that in mind, it is important to keep the system that extends from the vent to the patient’s alveoli
intact at all times. When we do have to break the system, such as when we transfer the patient from our
machine to the hospital’s machine or vice versa, we can maintain recruitment by clamping off the ETT. The
main point is to prevent pressure at the alveoli from dropping below PEEP, so it theoretically doesn't matter at
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which point in the respiratory cycle we clamp the tube and perform the swap. That said, just to be safe let’s
always do this clamping of the ETT during inspiration — that way if we leak some air out in the process, we
have a cushion of safety. And here what the technique looks like:

Get a photo and label it in ppt

Last thing to mention with this ALI/ARDS strategy is MV. We mentioned already that dropping our TV
to 4mlkg will reduce MV and increase EtCO:, but let's quantify that difference in MV:

MV gou = 6.5L

TV = 4mlkg x 65kg
TV =250ml

MVeaiculmed = TV x RR
MV aiculsied = 250ml x 17/min
MV calculmed = 4250ml
MVaiculmed = 4.3L

And to maintain our MV goal, let’s see what kind of RR we would need:

MViou =TV x RR

6.5L = 250ml x RR

6.5L/250ml = RR
26=RR

v b#'\sv"l

e
f I,‘-J 5" S0 to maintain our MV goal with a TV of 4ml/kg we need a RR of 26. Which is OK if we can

_comfortably get the patient there. If not, that’s also OK. In fact, there is some evidence that hypercapnia (i.e. a
high E+CO:; related to a lower MV) is of benefit to these ALUARDS patients. The data isn’t super clear at this
point, but rest easy knowing that if we can’t attain our MV goal there may be a silver lining in this case. With
pediatrics, that rate of 26 otight to be more or less adequate (unless we have a very young paticnt), so we should
aim to meet-(or exceed if in volume control) our MV goal. (And again, more on this pediatric stuff in the

Appendix)
1To put it all together: ALARDS represents a spectrum of disease that primarily impacts the integrity of

the alveolar walls and results in increased permeability, movement of large molecules and fluids into the
alveolar s ang further damage from an inflammatory response. Vent strategy is focused on low TVs at
4ml/kg to ayoigkbarotrauma, high PEEP to both recruit alveoli and displace fluid, maintenance of recruitment at

all time§ in order to avoid rapid deterioration, and either an increase in RR to maintain MV or a strategy of
permissive hypercapnia (often times somewhere in the middle of those last two).
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Other Potential Strategies

The above list of vent strategies addresses four markedly different situations that we often come across
in the transport setting, but there are other potential injuries or pathophysiologies that might also warrant
specific adjustments to the normal list of settings that we previously came up with. While we could
theoretically compile a list of all the possible things and work out an algorithm to address each one in turn, that
gets a little cumbersome and would result in a hefty protocol of sorts that might be difficult to work through
when time is of the essence. As we said before, the idea is to work towards an understanding of how the body
responds and how the vent does its thing so that we can make changes on the fly and expect the results that will
come of any adjustment away from normal. But just to mention a few examples without going into the same
level of detail as we did above, consider the following situations.

In the patient with a head injury/ traumatic brain injury (TBI), we may choose to aim for an EtCO;
below what we'd typically use for a standard patient. While we don’t necessarily “hyperventilate” these
patients anymore, we could adjust MV to a goal EtCO; of 30-35mmHg by going up on either TV (preferred) or
RR. We also want to maximize oxygenation and, therefore, may be OK with an SpO: of 100% for a little while
(whereas we would normally titrate FiO2 down in response). We may also make small adjustments to our
seftings in an effort to maximize patient comfort, whereas we might not pay as close attention with other
patients and simply use drugs to make them happy.

In the pregnant patient we might similarly utilize an FiO: of 100% to ensure maximize oxygen delivery
to the fetus. Since many services don't have the capability of fetal monitoring during transport, this is a way to
ensure that we don’t have a hypoxic injury or put any undue stress on the baby. We also need to consider an
increased MV goal for the patient, as we have baby to consider as well. Another consideration is patient
positioning - in the vented pregnant patient we not only have decreased preload due to PPV, we could see that
drop in CO compounded by pressure of the fetus on the inferior vena cava.

Significant chest trauma is another one. We'd like to treat these patients via the acute lung injury
strategy, but we also are concerned with hypotension and may want to use the hypotensive strategy. Those two
are at odds with one another (low TV and high RR for ALI/ARDS, high TV and low RR for hypotension). In
this case we have to get creative. Maybe we forgo the hypotensive strategy and choose the ALI/ARDS one, but
get aggressive early on with vasopressors and fluids/ blood products in anticipation that a hypotensive state may
be precipitated by our strategy. Or maybe we go with a strategy more in line with the hypotensive strategy, but
start out with higher PEEP and leave FiO: at 100%. There is no right or wrong here and it depends a lot on how
the patient presents in that particular situation. =

On a tangent to this chest trauma idea: if a patient develops a tension pneumothorax en route; best thing
we can do is to take the patient off the vent. Not take them off the vent and bag them, but take them off the vent
and don’t breath at all for them until we fix that problem. PPV can tension a pneumothorax very quickly and
we want to avoid making things worse. So disconnect the vent, decompress, and then get the patient back on
the vent. Because of this, we may consider keeping all patients with the potential for pneumothorax on an FiOz
of 100% - that allows us more time to perform the procedure in the event that a pneumothorax develops before
the patient desaturates.
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A patient with CHF may warrant more PEEP and increased pressure (either via PC. orTVstoa
maximum acceptable Pplat). This would facilitate the movement of fluid out of the alveoli:

+ +
L H
Before ¢ ,9.
1]
]
5
+ Treatment |
Fblood > S
. -~ After Time
3 blood 3
3 blood >

In this case we could increase PEEP, then increase PC (or TV to the max before Pplat reaches its limit),
then titrate RR down to maintain our MV goal. And if the patient is hypertensive along with this pulmonary
edema, aggressively maximizing oxygenation to alleviate any pulmonary vasoconstriction (which leads to
pulmonary hypertension) may be the best approach.®’

It quickly becomes evident that there are a number of situations that don’t quite fit the cookie cutter
mold by which we try to simplify vent strategies. And that’s totally OK. The templates are there as a
framework from which we then consider the specifics of each patient, one at a time. The important thing is to
know what impact any vent change will have on the patient depending on how he or she presents in a given
situation. There are lots of cases in which there isn’t a straightforward answer®, but as long we don't make
things worse by dialing the buttons the wrong way, we are still facilitating transfer to a higher level of care
where these things can be sorted out. al

M/) ‘{wi .‘11 5-‘1 -

7 | had a note: “also PPV’ PEEP to increase CO ( maybe w/ Ml 100%)" on the last edit; not sure what that was about. but look n to it @
o Lodha & friends, 2006 - As an excellent example of this, this paper describes a case study on the vent management of a pediatric
patient with tracheal stenosis; their approach was similar to the bronchospasm strategy, but required normal I-times to ensure adequate
ventilation
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Make a (Calculated and Informed) Plan

This next section covers how we go about setting the patient up on the ventilator. In particular, it looks at
how the process differs whether it's us initiating ventilation versus if we are taking over a paticnt in which
ventilation has already been initiated. This may not seem like a big deal, but the taking over of a vented patient
is a bit tricky. Even though we have these predetermined strategies for various different patient types, the truth
is that there is a lot of variation in how patients respond to the vent: sometimes an asthmatic patient is happy
with an LE of 1:2, other times a hypotensive patient has a high RR and low TVs for good reason, etc. Because
of this, we need a strategy to determine when changes are needed and when we can leave things alone as we
find them.

Getting All the Numbers Ready

First thing we do for any patient who needs or is already ventilated is listen. We listen to a report from
whoever was hanging out with the patient before we got there. This is very important for all patients, as it can
tell us how the patients has responded to or will respond to strategies we might have in mind. We then decide
on a strategy based on how we think that patient ought to be ventilated (i.c. hypotensive strategy, bronchospasm
strategy, or some hybrid situation). Next we get an accurate patient height (either from a reliable healthcare
provider or by measuring it ourselves) and perform three calculations: IBW, TV, MV.

Another component here is the patient exam. We’ll discuss a few of the specifics when we talk about a
patient already on the vent, but we for sure want to get an exam done before we start manipulating things or
playing with our vent. The idea here is that our mental construct of a strategy based on the report we received
should match what we see in the exam. If noy we need to clarify that amongst ourselves before moving
forward. No need to elaborate on that here Ave all know the importance of a good assessment. So once we
have a report, have done an assessm are decided on a strategy, we move forward.

From Scratch /

When we are the ones initiating the vent, it’s a-hn-nZn straightforward: we just take the settings we've
come up with based on presentation/ pathophysiology and plug them in to whatever mode and method of
control we decide to use. We’ve already talked about the different strategies and why we may choose to use
one mode/control over another (and that a lot of this has to do with provider preference), so we won’t spend any
more time on that here. Once the patient is on the ventilator, we just need to confirm that everything is going as
planned, beginning with the Three Big Things: oxygenation, ventilation, and comfort. Once we get those things
sorted, we can then move on to some of the finer subjects (which will be discussed in the next section, Keeping
Things Going).

It is worth reiterating at this point that the settings we conceptualize prior to initiating ventilation (and as
discussed in the previous section) are starting points from which we then make adjustments. It may very well
turn out that we end up with settings, based on patient need, that vary significantly from what we initially had in
mind and that’s totally OK. But the starting point ought to be based on both on calculated goals and scttings
founded in physiology. And if you have no idea which strategy or the patient fits too many categories all at
once, just start with those basic settings we discussed in A General Vent Strategy and go from there.
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Patient Already on the Vent

Now with someone already on the vent, it gets a little more complicated. We'll draw it out in a short,
simple algorithm first and then we will expand on it and discuss the specifics:

Y N
Match their settings

\ No

The first step in this little algorithm, “Do we like what we see?" refers to a few different things: First of
all are the Three Big Things: oxygenation, ventilation, and comfort —those for sure need to be addressed.
Sccond is strategy: arc the chosen settings at odds the with SBM had in mind? In the case of a
hypovolemic patient with a high RR, for example, we may say, “yes, this strategy may be detrimental to the
patient.” In the case of an asthmatic patient with an I:E of 1:3 we may decide, “this isn't what | would’ve set up
from scratch, but let’s see if it is working for the patient or not before deciding to change things." The idea here
is to see what puts your patient at risk and what doesn’t: a high %TaDP and hypotension does put a patient at
risk, an I:E of 1:3 in an asthmatic with no AutoPEEP doesn't.

So we addressed the Three Big Things, we made sure the existing strategy isn't counterproductive based
on what is going on with the patient, then we look at vitals and labs®”. Again, no need to get in to specifics here
¢thet-witt-cometaTfrcase reviews), but if all is well in each of those general three subject areas, then there is
no reason for us to go messing with settings and we should match what they are using. The only exception here
is if your machine can’t do the settings they have. For example, the patient is on PRVC and you don’t have that
choice — then match as best you can in either volume or pressure control and go from there.

“But wait,” we may hear from the audience, “what about checking a Pplat and AutoPEEP and all of
that!?" If your patient is alive and well and passes an assessment in all three categories we just discussed (the
Three Big Things, vent strategy, vitals and labs), then those things can wait until we get them on to our vent.
Some reasons for this: the delay here is only a few minutes at most, the measurements will likely vary by
machine (i.e. how individual breaths are delivered), and we've already determined that the patient is stable via a
number of different assessment parameters.

% Since we don't talk at all about labs, refer them somewhere (also do the same for pharmacology ) - maybe Bauer and Sweanngen
books? Take a look -
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~ Let’s redraw that simple algorithm we started with and add in Just a little bit of detail to include all of
these ideas and then we'll move on to the next question and talk about it in detail:

Do we like what we see?
* Three Big Things: oxygenation, ventilation, comfort
* Vent Strategy: ensure its not detnmental

* Vital Signs and Lab Values

\ -— ] No

Match their setungs
Yes No
Stant over from scratch

Next question to discuss further is, “Can we fix it?" The idea here is that we'd like to fix whatever
issues we have (as determined by our assessment in the first box of the algorithm) by way of one or two
interventions and keeping the majority of settings as they are. For examples: if the patient is uncomfortable and
we can provide analgesia on top of the sedation they are already getting, that may be all that is needed; if we
can fix a high EtCOz by increasing TV (or RR) a bit, no need to change mode or control; if we can address a
potential for hypotension by decreasing RR and then increasing TV, all is good; etc. If, however, we are getting
into a situation where it will take lots of changes to set things right, it may make most sense to start from scratch
with a whole new set of parameters. And in that case we may as well change a bunch of things and go with our
preferred strategy. Pl

One thing worth mentioning here is that it is sometimes cool for us to make these changes as the patient

?uﬁhm )

lies and on the sending facility’s (or crew Other times we just make the changes as we transition to
our machine. We for sure want to avoid alienating the transferring staff by messing with their machine if that
relationship doesn't exist, so just be cognizant that are rwo sub-options in the “Awesome, do that” course of
action: do it right now and on their machine or do it as we transition on to our machine. And last thing and
probably already obvious, there is some middle ground here: we may make some changes/ do some things right
away and then defer other things until transfer, all part of the same strategy. Example: give sedation now,
adjust TV or RR during the transition.

And one more time, let’s see how the algorithm would look with these additional details added in:

[ Do we tike what we see? |
* Three Big Things' oxygenation, ventilanon, comfort

| * Vent Strategy ensure s not detrimental

| = Viual Signs and Lab Values

Yes No
(1-2 changew actions) (many changes actions necded)
—r

= Consider downg it nght
away on their machine

* Ilnot, implement changes
a3 we move 1o our vent
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If at any time during this whole process things get too complicated, we can always skip ahead to the
“Start over from scratch™ end of things, but just recognize that the more changes we make, the less able we are
to evaluate the efficacy of a single intervention. Just like a science experiment, it helps to isolate variables and
know that the observed result can be attributed to a specific change we made. And even though we mentioned
it already, interpersonal dynamics also come in to play here: make changes based on necessity, not on personal
preference — that will help you maintain positive relationships with referring staff and crews.

b W (ed O g b
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Keeping Things Going

This next section goes over what we do once we hav.
(oxygenation,
from the setti
both avoid injury and optimize ventilation, so we slowl
ensure that things stay safe for our patients.

Watching Pressures

We talked about these three things already in the section titled Vent Parameters, Round Two, but here

e the patient on our machine and the Three Big Things
ventilation, comfort) have all been addressed. We talked alrcady about how we sometimes vary

Ngs we start out at and this section explains how that happens. The general idea is that we want to
j ly make adjustments to work towards those goals and

& W

they are again: peak inspiratory pressure (PIP), plateau pressure (Pplat), and AutoPEEP. And for visualization,
in case we forgot, here’s what they look like on a pressure waveform in volume control ventilation:

PIP
l/ / Pplat
| |
E- ume = = | time 9
N AutoPEEP |
o
g PEEP I
'T" timg ¥ PEEP (5cmH20 Baseline clevated with addition  AyoPEEP: difference between
above baseline) of more pressure above PEEP

where we end up and preset PEEP

High for PIP is 35mmH.0, although we may go beyond that in certain situations (such as a small small
ETT). Pplat max is normally 30mmHg and we do try to stick by that one whenever possible. AutoPEEP
normal is zero and we always take actions to address AutoPEEP when we see evidence of it. All of these
parameters should be checked (when possible, depending on control and patient’s res iratory effort) within the
first few minutes after placing someone on our machine and then again periodically é‘rjough transport. As we
said before, if it may help to simply add these pressures on to a mental list of vital signs to reassess as we go.

v
(‘}!d I Wy
P ')y }‘tlr '7[-‘ :)f"
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As far as guiding treatment based on these parameters, let's summarize the basics in a quick chart:

Normal Corrective Actions
PIP <35mmH,0 *  Suction, check for kinks or obstructions in circuit/ ETT, reposition
patient’s head
* Decrease TV, decrease flow/ rise profile
(“ ® Consider bronchodilators
Pplat <30mmH.0 ® Decrease TV i d. + 3 7*:77
1 7~ J

AutoPEEP | zero ¢ Increase L.E ratio - |

® Consider disconnecting vent circuit to allow for exhalation

asynchrony, abdominal distention,

like this™"; J PP -
Sart JeaK
¥ b A yarkiror
VS
A [ ]
= Y [ Pplat stays the same: Increase in Pplat: Decrease in Pplat:
* Airway obstruction * Decreased Compliance * Hypervenulation
Aspiration * Abdominal Distention -/ .

Secreuons

kM

c T ltcl_
~$¢1I’"‘"§ ’

W

e~

" Briggs & Freese, 2018 - This article from JEMS outlines a wei
beveled end was up against the patient’s trachea; the fix here
the solution took quite some time 1o sort out

™ Put some work in 1o this maybe also mention DOPE? Cite Wingficld's video

.
* Bronchospasm ¥

Obstruction #

* Asynchronous Breathing
* Atelectasis
* AutoPEEP

. =7 P*LJEI"' _pauu 'I
—I“DS - (het T
Poln Gorbrie . A

’fJ"-M £X

here oo, this concept 15 trom him

The solutions represented in this chart for both PIP and Pplat refer, in general, to actions to be takery if
abnormal values are noticed in conjunction with initiation of ventilation or new changes to settings. Ther¢ are
other times when abnormal PIPs and Pplats develop during the course of ventilation due to pathophysiologic
changes. For example, if PIP goes up and Pplat stays the same, this is likely due to some flavor of airway
obstruction (aspiration, secretions, biting of the ETT, bronchospasm, etc.). If PIP goes up and Pplat also goes
up, this generally indicates decreased compliance. We haven't talked much about compliance, but the idea here
is that the lungs expand less per unit of air (volume or pressure) that we put in. Causes of decreased compliance
(evidenced by increased PIP and Pplat) would be pneumothorax, pulmonary edema, mainstem migration,
and even AutoPEEP. Consider an algorithmic approach to troubleshooting

g4 Pif
P

- 2
0%

- o) mf-1 nel <rpdere

ird case of high airway pressures due to an ETT positioned so that the
was simply to rotate the tube 90 degrees to relieve the obstruction, but
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In pressure control ventilation when we may not have access to PIP or Pplat to identify these trends,

nonL 7
lhcre are other parameters we can look at. Most obvious is VTe — as compliance decreases, VTe will drop4end- -
m). In the case of airway obstruction, often times we won't notice initially because the machine
essentially accommodates for this increased airway resistance by using less flow initially:
Normal Obstruction
+ . Y
; L~ e et
e |nm¢-) & |time 2 X \ J\"‘A Ij
. . (F v/ \_’ )
o ‘ }
Result is less VTe \' ' )lfl?",
(represented by arca ) '
under the curve) ¢ 2/ “
. o
[ ‘ W
: [ e .

Since we don’t typically monitor waveforms with transport ventilators, an airway obstruction may not
get noticed in PC ventilation until it is severe enough to impact VTe. We can also (again, this is in PC) look at |
flow as calculated and delivered automatically by the vent. Higher flows mean less resistance, so even if we v
don’t know ranges or normal values we can still use this concept to trend changes. /

7/ | )
Alarms™ ¥ )

Next on our list of things to discuss are alarms. We won't talk about all the alarms that our machines
might have, but we will talk about a few of the important ones. We can break alarms down in to two general
categories: ones that we set and ones that are default on the machine. Those default ones may be different
between machines, but deliver similar messages like, “hey man, your circuit got disconnected” and “oh snap,
we ran out of oxygen.” Those ones can be referenced and learned about in the manual for whatever machine we
happen to be using. The other ones, the ones that we set, are the one’s we’ll focus on here.

i t alarm we set on the machine is the high pressure alarm (which goes off when our high
Vi - pressure limit is reached). The reason this alarm is so important is because if it gets triggered, the inspiration
7 cycles off (in most vents). That means that if we have a situation where we repeatedly trigger a high pressure
Mi'?’ alarm, we may end up with a MV that bottoms out and a patient that quickly deteriorates. Imagine we place a
P <J patient on the vent who has either an untreated airway obstruction or poor compliance — if we try to ventilate
ﬁ this patient in volume control and at normal settings, every breath that goes might trigger the high pressure
f alarm and get terminated early with a net result of almost no MV. The reason this safeguard exists, in spite of
5, ﬁ" J’#V’ this risk, is because we could for sure cause a lot of damage if we accidentally give too much pressure.
Moral of the story here: if we are in volume control ventilation and have a concern for increased airway
pressures, we should consider going up on the high pressure limit before putting the patient on the machine in
order to avoid bottoming out our MV. On the flip side, in pressure control we need to vigilantly monitor MVe

—

2 Do a solid review of this section, language 1sn°t super precise

84

Rykerr Medical’s Vent Management Guide

(and also VTe, but to a lesser extent) to avojd'the same issue. Which leads us the next most important alarm we
£aft set: low minute volume. We set this }imit at a reasonable value below our MV goal so that if things get
weird and MV starts to drop, we get nofified right away before our patient suffers. In this way we utilize the
high pressurc and low MV alarms tpensure that we maintain an adequate ventilation for our patients.

As far as setting the high pfessure and low MV alarms, that is a bit dependent on our margin of safety
of changes in the system. As a general rule of thumb, the high pressure limit
should be about 10cmH>0 apove your PIP. If, however, your PIPs are already high of normal, consider setting
the high pressure alarm 5cmH;0 over that value. In the event of one of those situations which may lead to
repeated triggering of the high pressure alarm and sudden drop in MV, go up more on PIP (even beyond
35¢cmH20 if need be) to maintain MV. Note that this would be a short term fix and we should start to consider

other strategies right away: trial pressure control mode, consider pharmacological and procedural interventions,
etc.

As for the low MV alarm: set that within 10-20% of the MV goal that we calculated when we first
started into this process of getting the paticnt on the vent. If we have a patient breathing in excess of that goal
and we want to know if that changes, we just set the low MV goal 10-20% below what they are currently at. In
any case, the low MV alarm is just a catch to alert us when we've missed a change - typically we will be on top
of these trends and notice things before the alarm even gets sounded, but sometimes we get distracted by other
interventions and this backup system can keep us notified.

Other alarms that we can set to help us better keep track of what’s going on with the vent and our patient
are low peak pressure, low frequency, and low PEEP. Low peak pressure alerts us when the expected peak
pressure is lower than we would expect; this could indicate a cuff leak or a loose connection (an actual
disconnection would probably trigger a disconnect alarm, one of those non-adjustable alarms consistent across
machines, as the pressure would drop much more significantly). Low frequency can let you know if the
patient’s RR starts to decrease — this is good if the patient is consistently breathing above a set RR and we want
to be aware if that intrinsic effort changes. Lastly, low PEEP lets us know if the end expiratory pressure drops
below our set PEEP. This could indicate a slow leak or cuff deflation.

That’s just a quick, short overview of alarms; recognize that the most important ones are high pressure
and low MV, but that there are a number that can help us be aware of changes in the system as we work through
a transport. Because there is so much variation between machines, the best way to get familiar with the alarms
you will be working with is to read the manual that comes with the machine. Super fun reading, but it’s good
information and can help you finc tune the feedback from the vent so that you can better monitor what's going
with the patient.
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And we’ll end with a graphic to show how some of these alarms would be represented on that pressure
over time waveform in volume control ventilation:™

..................... High Pressure
} 5-10cmH20 above PIP

5-10cmH20 below PIP
"""""""""""" Low Peak Pressure

"L 2-3cmH20 below PEEP
---------------------- Low PEEP

time >

- pressure +

Titrating Up on VTe™

As a general rule, we always try to get VTe as high as possible (without causing damage) unless we
have a good reason not to. The reason is that by recruiting as much lung as possible, we improve the patient’s
capacity to compensate for challenges and we can also titrate RR down while maintaining MV (which decreases
that %TaDP concept). In addition, this will allow the patient to more easily maintain ventilation after
extubation and can improve recovery times. So even though it may not seem like a necessary strategy in the
acute settings, if all is well and we can make changes towards this end of higher VTe, we ought to do so for the
sake of the patient.

As we work towards higher VTe, either by increasing TV in volume control or by increasing PC in ﬁ
pressure, we need to ensure that we don’t cause barotrauma. The simplest way would be to limit Pplat (es-REy—
to 30cmH20 - the value which we identified earlier as the upper limit to safe ventilation. That strategy,
however, ignores the fact that there is a significant amount of variation among individuals. Instead we can
titrate up towards (and maybe even beyond) that limit and see how the patient’s lungs do in response. If they
seem to accommodate that change in pressure without problem, all is well; if they don’t, we can dial back.

Before we get into the details on how to make that determination as to whether or not an increase in
pressure is safe or not, it is worth mentioning that this strategy doesn’t apply to patients with ALIVARDS (i.e.
this is one of those “good reasons not to”). As noted before, there is some evidence now that we want to limit
the pressure difference between PEEP and Pplat (termed “driving pressure”) in these patients. While we still
want to maximize use of the lung in those patients, the approach is different and involves higher PEEP and
smaller TVs 1o accomplish the same thing. There may eventually be comparable recommendations for patients
other than those with ALI/ARDS, but for now the data is scarce and only focuses on this particular patient

group.
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Back to how we go about making sure our increased pressure doesn't get taken too far: in VC we
increase TV until we notice a spike in Pplat or a decrease in compliance; in PC we increase PC until we sce a
decrease in compliance or no increase in VTe after the adjustment. Once we hit either of these limits, we then
titrate back the last increase (of TV or PC) to where things were just before the previous adjustment. To map it
all out with lines in the chart representing reassessment during transport:

Volume Control Example
Step# | TV | Pplat | Compliance Action
(ml) | (cmH;0) | (mVemH:0)
1 500 15 50 Increase TV
2 525 16 48 Increase TV
3 550 16 50 Increase TV
4 575 21 36 Decrease TV
5 550 16 50 No change, monitor
6 550 14 61 Increase TV

Note that even though Pplat doesn't get up to our previously established limit of 30cmH20, we
recognize that an increase beyond a TV 550 (line 4) gave us a spike in Pplat and drop in compliance, therefore
we may titrate back a smidge and wait for the lungs to fill more before moving back up (line 6).

Pressure Control Example
Step # PC VTe | Compliance Action
(emH;0) | (ml) | (mVemH:0)
1 10 500 50 Increase PC
2 11 550 50 Increase PC
3 12 550 46 Increase PC
4 13 550 42 Decrease PC
5 12 550 46 No change. monitor
6 12 600 50 Increase PC

It is worth mentioning here that VTe and compliance will likely vary from breath to breath and therefore
it isn't quite as easy to recognize these trends in real time, but the general idea hold true.
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Other Random Things There May Be Questions About

Filters™

Filters are used in mechanical ventilation to prevent infectious gunk from transferring from one spot to
another. In the transport setting we generally use in-line filters that simply fit in to the vent circuit. While there
are a few possible options as to where we place the filter, it is most commonly put at the connection between the
machine and the vent circuit (i.e. the inhalation side of the system):

Breathing
Machine

The filter placed here essentially keeps bad stuff from the machine from getting to the patient. Which is
fine, just recognize that it doesn’t keep bad stuff from the patient from getting to us and our coworkers:

Now we could work around that by placing the filter at the patient’s face/ ETT or even on the exhalation
side of things, but the face option will increase mechanical dead space (discussed in Appendix) and the
exhalation side option may not be available with our transport vent. That said, placing a filter near the ETT
may be warranted in certain cases (tuberculosis, flu, etc.), just know that in addition to the dead space issue it
can also impede the movement of air (or flow) and that the fix for this is to increase air movement into the
system (in VC this will probably happen automatically, in PC we may have to increase the pressure put into the
system) and watch for adequate exhalation. But if you have a patient with some type of bad stuff that you don’t
want to breath in and neither of these strategies/ placements is appropriate or possible, be sure to mask up!

S Wilkes, 201 1a & 201 1b - He gives the most in-depth discussion of both filters and humidifiers (next section)
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Humidifiers’®

Humidification of air is important in mechanical ventilation, because dry air can cause damage to the
lining of the respiratory tract. No need to get into the details here, just know that absent any contraindications
we ought to try and add some degree of humidification to the air we push into the patient's lungs. We typically
do this in transport by placing a humidification device called an HME (humidification and moisture exchanger)
between the ETT and wye of the vent circuit. Placing the device further up on the inhalation side of the circuit
would not work, as the device functions by trapping moisture (and thus heat) from exhaled air and allowing it to
be blown back into the patient’s airways:

Moisture (and heat) from exhalation “trapped” by
the device and then re-breathed on the next breath

2. inhale and rebreathing
Breathing
Machine

[t is worth mentioning that the HME is often the biggest contributor to our mechanical dead space (as
outlined in the Appendix), but it ought to be used unless we have good reason not to. First (of two) good
reason not to would be small TVs, such as kiddos or ALVARDS patients. In these situations, we want to
minimize mechanical dead space as much as possible. Now there are smaller HMEs designed for littles and
here’s the basic idea on that: HME:s are rated to provide humidification for a certain amount of TV, higher value
corresponds with more space needed within the internals of the device and, therefore, more dead space. To
make this clear, let’s look at info from one particular product line:”

., Gibeck® Humid vent® HME — —~
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0 We see here that more capacity for humidification
correlates with more dead space
[4

78 Yartsev, 2018b — Excellent discussion of the passive style devices used in the transport setting

7 Teleflex, 2019 — Just to be clear: no relationship/ conflict of interest here — it's just really nice how they lay out all the product info
like this for us to talk about ©
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Sccond good reason not to use an HME would be the concurrent use of nebulized medications.” We
want those drugs going into the patient, not getting absorbed by the HME. While we could theoretically place
the in-line nebulizer between the ETT and the HME, that could also result in decreased medication
administration unless we also added in a spacer. But then we'd have a huge amount of dead space and we
already established that we want to cut down on that whenever possible. Also, the need for an HME is less with
a nebulized medication because we are actively pushing moisture into the airways along with whatever
medication is being given. One last time: no HMEs with nebulized medications. Don’t try to rig it up to make
it happen, as this will cause more problems. It is, however, OK to remove the HME for administration of a
nebulized drug and then reattach it as soon as that is done.

One other situation in which we ought to exercise concern with an HME would be increased secretions,
as the HME can get clogged up to the point where it impedes air flow. This isn't a situation in which we never
use an HME, rather it's one of those cases where we need to be aware of potential problems. Increases in PIP in
VC or decreases in VTe in PC would likely be our first indication of an airflow problem of this sort. If this
happens and we are worried about an HME getting clogged up, we can cither remove the device or replace it
with a fresh one.

Very last thing about HMESs before moving on: while the HME does provide some filtration of exhaled
air and certain devices may even be classified as both filters and HMEs, the filtration here generally isn’t quite
at the same level of efficacy as an actual filter.

In-line Nebulization

Just to demonstrate a few things about why we do nebs the way we do, let's look at a setup of how the
system looks when we nebulize a medication through the vent circuit. Recognize that there may be some

variation between models, this is just the setup with which we are most familiar with and serves to demonstrate
the important things:
nobulizex cup goes oa the Oxygen supply to ncb cup can either be from

~ | the machine or another sources
inbalation side of circuit ~ (and the pmther sonarcs option \ probably et o set up)

spacer fills with medication
duning exhalation, allows for

more efficicat delivery \

@

1f we put the neb cup here then lots of the medication
will get lost 1o the exhalation side of the system;

1f we pui the neb cup plus the spacer here, we increase
mechanical dead spacer by the volume of the spacer

—

"\ HME gets taken out so that it doesn’t
trap all the medication’ prevent delivery

* And see the very next section for a di ion of In-line N
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That should be clear enough, but just to expand on a few things: we may need adapters and extra vent
tubing to make this work, so we should plan ahead and have that stuff available in pre-built kits. The spacer is
important, don't throw it away every time you open a circuit... Some machines recommend specific changes to
settings to facilitate this process, read up on that and/ or have a chat with the manufacturer’s rep.

Compliance (and Resistance)”

As we mentioned before, compliance is a measure of how much the lungs fill per unit of pressure put
into the system. In math terms is looks like this:

AV_ TV or VTe
AP~ (Pplat — PEEP)

While a normal compliance (healthy and breathing spontaneously) is somewhere in the neighborhood of
100ml/emH-0, we often see values much smaller than that in our ventilated patients. The best way to utilize
compliance during transport is to keep track of trends: increasing compliance is good, decreasing compliance is
bad. If we do something that results in poorer compliance, maybe second guess whatever that change was; if
we do something that results in better compliance, high fives are warranted. Acute causes of decreased
compliance would be a worsening pneumothorax, inhibition of chest wall expansion, chest wall rigidity caused
by certain medications, and increasing VT or PC beyond the capacity of the lungs at that given time.*

A related term that we haven't mentioned yet in this manual is resistance. Resistance and compliance
are often discussed together under the umbrella term of *‘respiratory™ or “pulmonary mechanics™ — that's why
we talk about it here. Now the algebraic expression of resistance isn’t quite as straight forward as for
compliance and we often simplify it by making assumptions, so we’re just going to skip on ahead and note it

like mis\:j{,,xub I ‘I"F’-‘ o

Resistance = PIP - Pplat

Resistance, therefore, is the limitation to air movement that must be overcome in order for us to arrive at
astate in which pressure in (from the machine) equals pressure at the alveoli (plateau pressure). Assuming
Pplat remains constant, resistance is basically a function of PIP. This means that we can approximate changes
to PIP to signify changes to resistance. So things like kinks in tubing, biting on the tube, excessive secretions,
etc. that we previously mentioned were potential causes of increased PIPs also cause an increase in resistance.
The one tricky part here is that in PC ventilation we don't have a PIP, so we either need to

1-X U.}?’ Mt s o ogen
Vi

™ Trainor & friends, 2019 - This video reviewed both of these concepts in a very succinct and straightforward
¥ Look in 1o this a bit more and refine the hist
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Driving Pressure®

Driving pressure is a term to describe how much we inflate and deflate the alveoli with each inhale and
cxhale on the ventilator. The idea is that too much opening and closing (inflation and deflation, up and down -
however we want to term it) can put stress on &@Rveoln walls and cause damage. This damage, in turn,
leads to decreased diffusion of gasses across the alveolar me}qune. Driving pressure is the difference between
Pplat and PEEP and is sometimes referred to as delta pressuréY’

Pdriving = Pplat - PEEP

With our ALI/ ARDS patients, we try to limit driving pressure mﬂo/cn;ﬁza‘ Which is generally pretty
reasonable, given that we use high PEEPSs and low TVs in these patients anyways. All these concepts
combined describe another strategy that may sound familiar - open lung ventilation.® The idea here is that we
keep the lungs as open as possible (i.e. alveoli inflated) throughout as much of the respiratory cycle as possible.
Again, this concept of limiting driving pressure and an open lung strategy are specific to the AL/ ARDS
population.

With that said, there may be a case for a comparable strategy in other patient groups, there just hasn’t
been much research on that to date. The one downsidc of this limited driving pressure/ open lung approach is
that it can be tough to blow off CO: as much as we'd want. We said way back when that permissive
hypercapnia is often a thing with ALI/ ARDS, but that may not be the case with other patient groups. For now
we have pretty good cvidence that limiting driving pressure is a god thing in the AL ARDS population and
that such a strategy should probably be avoided in those populations that need better control of ventilation (i.e.
EtCO:). but as for the rest it’s all up in the air for the time being. )
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"Bugedo & friends, 2017 — Succinct overview of the concept of driving pressure and research done to date (as of a few years ago, at
lcast!) ) ) )

* Delta pressure, as a term, can get confusing though, as “delta” is a generic math term that we can use in lots of settings and to
describe many different pressure changes

¥ Review those articles | have bookmarked and cite them
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Recruitment Maneuvers®

A recruitment maneuver is an intentionally prolonged inspiratory hold that we perform in order to inflate
alveoli. We posed a hypothetical situation at some point earlier on in this manual about why we don’t just blow
up the lungs and alveoli with oxygen and let it sit like that for a while; we said then that we still have to
consider the ventilation/ CO side of things, but the idea itself does have some merit. That said, the value of a
recruitment maneuver is more in the ability to open alveoli past that difficult-to-open stage than in the inflow of
oxygen for a sustained amount of time, as the amount of oxygen in that air quickly begins to drop as oxygen
diffuses in to the bloodstream and we don't replenish the supply:®*

inhale hold ac...
dus
1 o PO2 =
&v* A 100mmHg s He e .
J\/\ e
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= Time 2

A recruitment maneuver can be used to gain recruitment in any patient group but has been most studied
with ARDS patients. As far as the specifics about how long to do the maneuver for, how often to do it, if we
should augment the pressure above what inspiratory pressure we are already at, etc. — answers to all those
questions vary significantly and we will simply point everyone in the direction of some good sources of
information and let fate take it from there. Just know that in the hypoxic patient, performing a recruitment

maneuver or a series of them may help overcome alveolar inflation pressure which results in better diffusion of
oxygen.
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~— ™ Sceif | can get some conerete suggestons here, seems silly to even mention it and then not given guidance

% If we were going for a conlinuous-supply-of-fresh-oxygen strategy, we'd basically have a HFNC situation on our hands - but that's
a whole different idea and we'll leave it alone for another day
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Prone Ventilation

Triggers are the thresholds by which the machine knows when a patient is trying to breath on his or her
own. Most commonly these are dialed in a pressure changes that must be overcome. Ur 5‘7"“
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A Proposed Protocol/ Flowchart

We said alrcady that the goal of this leaming experience is to know enough about vents that we can
break out of the “cookie cutter” approach to management and understand why make changes and how that

impact our patients. That said, it may help to have a framework to work with while we move towards that goal.
We ve tried to create an algorithm that covers all we've talked about up and that is also generic enough to apply
to different machines. It's here to help folks work towards a higher level of competency or to simply take some

of the load off of one’s cognitive demand when things get busy on scene or in transport.
A few othgr things: there is a word version of this two-page algorithm on the website if you want to
make changes to it in order to match a specific machine or set of guidelines/ protocols. And then there's an

annotated version (just z_mer this blank one) to reiterate some of the concepts and to link readers back to sections
of this manual where things were discussed the first time around®. There's also a bit of extra information about
a few straggler ideas that we didn't discuss in previous sections.

Ll it v ise
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* Do thus after everything else is done

v %
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1. Prep Stuff
a. Geta report from sending
b. Do some arithmetic: IBW, TV, MV
c. Assess the patient
d. Consider a strategy
e. Check circuit, attach EtCO: (and HEPA filter), consider need for HME and/or suction

2. Determine Specific Settings to Dial in to Machine
a. Patient Already on Vent
i. Assessthe Three Big Things: oxygenation, ventilation, & comfort
ii. Ifacceptable, mirror setting
iil. Ifunacceptable, either:
1. Adjustto fix it
2. Start from scratch (below)

b. Patient Not Yet on Vent
i. Determine Mode & Control (leave at default settings/ choose appropriate profile
unless there is good reason to do otherwise)
ii. Dial in desired TV (or PCat 15-20cmH20)

ph/ iii. Adjust rate to 17 for adults, within suggested range for pediatrics
T, ’ /‘\L\Lea"e all other settings at whatever the machine defaults to, unless:

Consideration \ Evidence Intervention
(plus'clinical impression/ diagnosis)

e

Bronchospasm Wheezeés on auscultation
“Shark fin” EtCO2 wavefor

Increase I:E (=1:5) by decreasing RR
(and maybe I-time also), then titrate TV
(or PC) up to maintain MV as able;
consider less PEEP

Focrted -N‘*fl

Hypotension Adult: SBP <90 Limit PEEP
Pedi: SBP < 70 + 2 x years Increase TV to 10ml/kg IBW (or max
(or even a potentigl for these values) | Pplat) and decrease RR to maintain MV
Acidosis Low pH Use high end of TV (goal): 8ml/kg IBW

Kussmaul’s Re, iratior;s
EtCO2 >45

Increase RR: pre-intubation rate, to get
prior/goal EtCO;, or double normal
value

*with concurrent Hypotension/4nd Acidosis, defer\to Acidosis initial settings

Acute Lung Injury/ | Bilateral infiltrates on CXR Decrease TV to 4ml/kg IBW and
ARDS Pa0;/Fi0; < 300 increase RR towards MV goal (maybe
] consider permissive hypercapnia)

/ | Higher PEEP
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3. Initiate Ventilation
*consider clamping ETT on transfer to vent if concerned with recruitment

4. Initial Parameters to Consider

Parameter Normal Intervention
Sp0: 93-99% Low: consider position & suction, increase FiOz, then increase
PEEP (1-2cm incrementally); consider pathophysiology/
medications; increase I-time/ invert I.E
High: decrease FiO; (unless contraindicated, i.e. pregnancy,
anemia, severe hemorrhage, etc.)
EtCO; 35-45mmHg Any abnormal value: consider etiology/ patient compensation for
(30-35 with TBI) acid-base imbalance
High: increase TV (max 10ml/kg IBW, monitor Pplat), then
consider increase in RR
Low: consider perfusion status, decrease RR (monitor MV), then
consider decrease in TV
Comfort Ramsay <5 or Analgesia and sedation (Pain, Agitation & Nausea)
ANPS at provider | Consider settings: MV, I-time
discretion Also consider tachypnea/ overbreathing
PIP8? <35mmH:0 Consider secretions and/ or Bronchospasm
Check circuit for kinks, consider patient position
Decrease TV
Pplat <30mmH:0 Consider pneumothorax and/ or pulmonary edema
Decrease TV
AutoPEEP none Increase I:E
Consider disconnecting circuit to allow exhalation
Consider triggers: accidental? if not, increase/ change
MV 100ml/kg/min Low: increase TV and/ or RR
(200 withacidosis) | High: consider patient comfort, monitor EtCO, decrease TV and/
or RR, consider SIMV

5. Ongoing Management of Specific Considerations

Consideration Strategy
Bronchospasm Set up in-line neb treatment (away from wye on inhalation side, remove HME)
Consider Ketamine for analgesia/ sedation
EtCOz may be elevated at baseline
Hypotension Use caution with PEEP
Consider fluids and/ or pressors early
Acidosis Consider and adjust to increased MV goal of 200ml/kg/min

Realize that EtCO. may be out of reference range

Acute Lung Injury/
RDS

Consider recruitment maneuvers
Higher PEEP may be needed
Inverted I:E may help, but will likely lead to discomfort

¥ Match this and Pplat sxn to that alhorithm thing we had a few sxns bach
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Suggestions for Further Reading

Just some suggestions for further study based on what kind of medium someone is looking for. This is

not an exhaustive list, but just some places to start for getting better at the management of vented patients.

Audio

EmCrit Dominating the Vent Series
FlightbridgeED Vent Series

Video, Vent Specific
Strong Medicine Series on Mechanical Ventilation

Thoracic.org videos

Video, Physiology

Ninja Nerd Science, section on Respiratory

Kahn?

Text, Web-Based

Deranged Physiology, section on Respiratory
Life in the Fast Lane — get a list of specifics here

Text, Books to Buy

Look into this (Swearingen and Bauer maybe?)

Others: Airway Jedi?
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Appendix

Alveolar Gas Equation

The alveolar gas equation allows us to calculate the partial pressure of oxygen in the alveoli in a given

set of circumstances. We used this equation to get values listed in some of the graphics throughout this manual:

1 ATM = 760mmHg
PO, = 160mmHg

PCO; = 0.3mmHg At the Alveoli:

PO; = 100mmHg
PCO; = 40mmHg

g Pulmonary Capillaries:
N PO; = 40mmHg

PCO, = 45mmHg

Because there 1s an open system between the ambient air and the alveols,
the overall pressure at the alveoli is also 760mmHg, however the partial
pressures of the components are different along the way

The equation goes like this:*

PAO: = FiOx(Pum - Py20) - (PaCO2/RespQ)

PAO: is partial pressure of alveolar oxygen
FiO2 is fraction of inspired oxygen, 0.21 for ambient air
Puam is atmospheric pressurc
Pio is partial pressure of water vapor at the alveoli, 47TmmHg
PaCOz is as measured by ABG (or approximated from EtCO:), we’ll say 40mmHg
RespQ is respiratory quotient and is assumed to be 0.8%°

Given that Resp Q = 0.8, we sometimes see the equation simplified as so:
PAO: = FiO2(Pam — Ph20) =1.25(PaCO)

And since Pum, P20, and PaCO: are all held constant in our thought experiments:
PAO: = FiO(760 — 47) - 50

But back to our original equation:
PAO; = FiO2(Pum — Pn20) - (PaCO2/RespQ)
PAQ: = 0.21(760 - 47) - (40/0.8)
PAO; = 100mmHg

* Yartsev, 2018a - He's got a good graphic that shows the alveolar gas equation with all parts labeled, maybe makes a bit more sense
to the visual leamners than how it is represented here

* Patel & Bhardwayj, 2018 — These guys describe the details behind this “respiratory quotient” idea; maybe not relevant to our
discussion of vent stuff, but good nerdy details for those who want more

Rykerr Medical’s Vent Management Guide

Other iterations of the alveolar gas equation that we demonstrated in the manual are shown here:

PAOQ: at 100% or FiO: 1.0 (no PEEP):
PAO; = FiO(760 - 47) - 50
PAO: = 663mmHg

PAO; with Scm PEEP™ (room air):
PAO; = FiO(760 (+4) — 47) - 50
PAO: =10lmmHg

PAO; during inhalation (20cmH.O of pressure, no PEEP):
PAO; = FiO3(760 (+15)-47) - 50
PAO; ~103mmHg

We can also use this equation
it's kind 9f cool to see. Imagine w

ave a patient going from

 Just a friendly reminder that ScmH,0 is roughly 4mmHg

manage patients across elevation changes. This gets pretty nerdy. but
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A-a Gradient™

The primary utility in knowing PAO is that we can compare it to PaO; (partial pressure of arterial
oxygen) to see how well they match. The theory is that if the system is working well, the PaO; should equal
what we calculate to be the PAO:. If we have a gap between the two, we can assume some sort of issue, such as
alveolar dead space (V/Q mismatch and shunt), diffusion problems, or increased oxygen extraction. Just know
that sometimes these concepts overlap and more than one may be present at a given time.

We calculate an A-a Gradient (also referred to as “A-a Gap") as so:

A-a Gradient = PAO: - PaOs

We said already that normal healthy folks are assumed to have no alveolar dead space, but that's not
entirely accurate — our bodies aren’t perfect and vascular beds are always in a state of flux, so a small degree of
gap is baseline and this value actually increases somewhat by age via this rough estimate: *?

A-a Gradient should be < (age in years + 4) + 4

Now we would typically utilize this gap to help direct treatment in a hypoxic state — if our patient is
oxygenating well, there’s probably not much value in working all of this out. Hypoxia with a normal A-a Gap
(in the vented patient) would mean that we just dialed in or calculated something wrong: FiOz2 or MV are too
low, so the moral here is to start simple and address the basics before getting the barometer and calculator out!
Moving forward, hypoxia with a true A-a Gap can be caused by different etiologies like we said above. We've
already talked about V/Q mismatch, shunt and diffusion issues (across the alveolar membrane) previously and
mentioned that fixes for these include keeping the head of bed up, oxygenating well to address HPV, ensuring
perfusion, etc. — all the things we do already. **

Another reason why we might see a larger than normal A-a Gradient is increased oxygen extraction,*
This is a fancy way of saying that the body is using up oxygen (at the tissues and organs) faster than we can
onload it into the blood at the pulmonary capillaries. Conditions in which this might occur would be sepsis,
burns, thyroid storm, shivering, etc. — all the things that increase metabolic activity a whole bunch. Fix for
these things (on the vent) would be to increase oxygenation via higher FiO: and then PEEP. There may also
specific interventions for whatever pathology is going on: antipyretics to control fever, warming or paralysis to
prevent shivering, etc.

So to sum up all the things on A-a Gradient: this gap tells us when we have alveolar dead space,
diffusion problems, or increased us of oxygen. While it may be fun to calculate an A-a Gap in transport, the
utility is knowing the actual number doesn't help us much in our setting and it may be best to make assumptions
about the nature of a potential gap based on patient presentation. We should already be verifying that settings
are at calculated goals, that oxygenation and ventilation are adequate, and that steps are taken to mitigate
potential alveolar dead space. If we've done all of those things, still have an issue, and then have extra time on

9 Doesn’t Ninja Nerd Scemnee have a video on this? Or the Strong Medicine one - maybe one of things cites that equation, not sure

where he came from

%2 Nickson, 2019a — Has a very brief outline of A-a Gradient that both provides us with this formula and Icads us down our discussion

of oxygen extraction
1 Sarkar & friends, 2017 — much more detail in to how we identify causes of hypoxia using not only the A-a Gap, but also other )
concepts and calculations; provides a lot of detail that also re-cxplains some of the concepts we discussed way back at the beginning in

the section on Other Important Concepts
% Nickson, 2019¢ — You can see a trend here that we really like LitFL and the way he prtscnls lhmgs ina shnrl. sweel sort of way —

definitely worth looking at his page for answers to any other questions that come up 18
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basics.

Mechanical Dead Space Math
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our hands, then it may T worth looking in to. Barring all of those factors, just keep it simple and manage the

In order to quantify the effect of mechanical dead space, we first need to know how much volume each
of the extra components takes up. Now this varies a lot depending on which specific device we use and can be
found on the product labels that come with those devices, but we'll just generalize it here:

1
i
: EtCO, detector: Sml
1

\ HME: 35ml

Distal bit of ET tube:
2ml for the adapter, plus
the tube itself (2ml)

Other potential things

In-line suction contraption’ angle: Sml
Flexible angle adapters: 10ml

Filter: 50ml or more!

Total Estimate: 50ml
(excluding the filier, smce we ofien put 1t elsewhere)

Now that we have a volume, let’s see how this mechanical dead space impacts both oxygen and carbon
dioxide. The effect on oxygenation is essentially negligible, but we want to demonstrate why that is instead of

just telling you so:

1. We already know that the normal PAO; at baseline is about 100mmHg - this is a function of a TV going
in at an FiO: of 0.21, which reflects the percentage of oxygen in ambient air. Now let’s see what
happens if 50ml (mechanical dead space) of that TV is exhaled air and not ambient air.

The-effecton-earben-dioxide-however, s porentiatty problematic.
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More on EtCO,

Also use this space to describe EICO2 waveform, esp w: bronchospasm
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Vent Waveforms
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More on Age-Based Settings

) In an effort to make recommendations about vent settings for specific age groups, specifically RR and I-
time, here's how the process went:

1. Make assumpti fns:
_ﬁ a. “Normal Respjratory Rates” as outlined by PALS are good enough to work with®**
N ) b. Normal RR ;t{ngc for an adult is 12-20 (cited in many, many sources)
¢. A normal LE at rest/ spontaneous respiration is 1:2%, but we often work with a ratio of 1:3 for
/ vented patients
2. Fills the gaps in the PALS “Normal Respiratory Rates” data set:
a. What gaps?

No data for
preadolescents

No info for the
-9 year range

181 “e e

¢ And while there arc gaps in their data, we can fill that in - 50 no worries!
“ Cite this. mayvbe made an assumption
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b. Plot the existing data using both high and low ends of RR by age, make charts, then add lines of

best fit*’
Chart 1 Chant 2
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¢. Using the better fits (exponential regression, higher r values), solve for the missing data points in
the PALS chart, then add those values in to a new chart (noted in red):

Age Description Age (yrs) RR

Infant .083 (1 month)—1| 30-53
Toddler 1-2 22-37
Preschooler 3-5 22-28
School-aged Child 6-7 18-25
Big Kiddos -9 17=25"
Preadolescent 10-12 14-23
Adolescent 12-15 12-20
Adult 16 and up 12-20

97 Redo these charts so that the sizes match, also chunge to TNR font

 Range here was calculated to be 17-26 (see Excel Spreadsheet), but we went with 25 since range for School-aged Child was 10 a
max of 25 — this was an arbitrary decision, but makes the final product flow a bit better
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3. Doa lot of calculations (for I-times);

60s + RR = time per each respiratory cycle
Ex. For adult (low end RR): 60 + 12 = 5
Ex. For adult (high end RR): 60 + 20 = 3s

I-time = time per each respiratory cycle + number of parts in that cycle
Ex. For adult (low end RR, 1:2): 5s + 3% 1.7
Ex. For adult (high end RR, 1:3): 55 + 4 ~ 0.8

Therefore I-time range for adults is 0.8 — 1.7s

4. Putall the data (both RR and I-time) into a chart:

Age Description Age (yrs) RR | I-time (s)
Infant .083 (1 month)—-1|30-53| 03-06
Toddler 1-2 22-37| 04-09
Preschooler 3-5 22-28)| 0.5-09
School-aged Child 6-7 18—25| 0.6-1.1
Big Kiddos 8-9 17-25] 0.6-1.2
Preadolescent 10-12 14-23]| 0.7-14
Adolescent 12-15 12-20| 0.8-1.7
Adult 16 and up 12-20) 08-1.7

5. Compare the final chart to literature:
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Transpulmonary Pressure

lffg: %J Invngr ¥(,~ PIO 1) s.lf)

109



Return to Contents

A Personal Reflection
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