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Abstract

Rationale: Literature has suggested the use of end-tidal Poos (PETco2) to exclude pulmonary
embolism (PE). The analysis of the entire curve of the Pop2 in expired air (volumetric capnogra-
phy), which might indicate increased dead space, might result in a more specific exclusion tool for
PE in addition to Wells-score and D-dimer. With its capability to indicate pulmonary vascular
abnormalities, the ratio of the transfer factor of the lungs for nitric oxide and the transfer factor of
the lungs for carbon monoxide (17, no/T1,co) might also be a useful tool to rule out pulmonary
embolism (PE).

Methods: CO/NO diffusion and volumetric capnography measurements were performed on sub-
sequent patients seen on the emergency department for which due to suspected PE a computed
tomography pulmonary angiogram (CTPA) was ordered.

Results: A total of 31 patients were included, PE was found on CTPA in 13 patients. Median
Tr, no/Tr,co ratio was 4.09 (IQR 3.83 - 4.40) in the no PE group versus 4.00 (IQR 3.78 - 4.32)
in the PE group (p=0.959). Median alveolar volume was 77.1% of predicted (IQR 65.5 - 87.8) in
the no PE group versus 71.0% of predicted (IQR 65.0 - 81.4) in the PE group (p=0.353). Median
T1, co was 75.8% of predicted (IQR 62.9 - 89.6) in the no PE group versus 68.8% of predicted (IQR
58.5 - 75.7) in the PE group (p=0.120). Median 77, yo was 69.3% of predicted (IQR 57.0 - 76.1) in
the no PE group versus 60.5% of predicted (IQR 46.6 - 68.9) in the PE group (p=0.078). Median
PETco9 was 4.37 kPa (IQR 4.00-4.83) in the no PE group versus 4.07 kPa (IQR 3.37-4.38) in the
PE group (p=0.075). Median airway dead space was 2.68 mL/kg (IQR 2.32 - 3.07) in the no PE
group versus 2.98 mL/kg (2.60 - 3.33) in the PE group (p=0.149). Median of a novel parameter
consisting of several volumetric capnogram characteristics, % (with VCO32 being the
amount of COy exhaled per breath, slopelll the slope of the alveolar phase of the volumetric
capnogram and RR the respiratory rate), was 1.85 (IQR 1.21-3.00) in the no PE group versus 1.18
(0.61-1.38) in the PE group (p=0.006). Area under the curve (AUC) of the receiver operating
characteristic (ROC) curve of PETco2 was 0.69 (95%CI 0.50-0.88 p=0.075). AUC of the ROC
curve of the new parameter YCO2XSPelI] yag (.79 (95%CT 0.64 - 0.95 p=0.006). Using a threshold
for the new parameter of 1.90 kPa.s/L or higher to exclude PE results in a negative predictive
value of 100% with a positive predictive value of 54%.

Conclusion: The presented data indicate that the Ty, yo /T co ratio and PETco2 alone cannot

Vooa Xslopel Il
RR

be used to exclude PE. The developed parameter shows more promising results.
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Table of abbreviations

Abbreviation Meaning

AUC Area under the curve

AVDSf Alveolar dead space fraction

BMI Body mass index

Cl Confidence interval

CO Carbon monoxide

COs9 Carbon dioxide

CTPA Computed tomography pulmonary angiogram
Dm Diffusion capacity of the alveolar-capillary membrane
Kco Transfer coefficient of the lungs for carbon monoxide
Kno Transfer coefficient of the lungs for nitric oxide
GUI Graphical user interface

NO Nitric oxide

NPV Negative predictive value

Pacos Arterial partial pressure of carbon dioxide

PE Pulmonary embolism

PESI Pulmonary embolism severity index

PEToo9 End-tidal partial pressure of carbon dioxide
PPV Positive predictive value

ROC Receiver operating characteristic

RR Respiratory rate

Tr.co Transfer factor of the lungs for carbon monoxide
Tr.NO Transfer factor of the lungs for nitric oxide

Va Alveolar volume

Ve, Pulmonary capillary blood volume

Vb Dead space

VCO, Amount of carbon dioxide exhaled per breath
VDaw Airway dead space

V/P scan Ventilation /perfusion scan

\%s Tidal volume

0 Reaction rate of the binding of a gas with hemoglobin

Table 1: Table of abbreviations






Chapter 1

Introduction

Pulmonary embolism (PE) is a potentially lethal pathology which is hard to diagnose without
expensive imaging techniques. Several tools to screen patients for PE, such as D-Dimer [1]| and the
Wells-score |2] exist. These tests can safely rule out PE but cannot be used to confirm it [3]. The
golden standard for confirming PE is a computed tomography pulmonary angiogram (CTPA) [4].
When one of the screening modalities indicates the possible presence of PE, a CTPA needs to be
made to confirm the diagnosis. Due to the low specificity of the screening modalities many CTPAs
(up to 75%) rule out PE [4]. Moreover, in order to make a CTPA the patient needs to be infused
with a contrast medium. Patients with poor kidney function have to be prehydrated before the
contrast can be applied safely making admission to the ward in most cases inevitable. Therefore,
the search to a fast, cheap and easily applied screening method for PE continues.

In 1959, the end-tidal partial carbon dioxide pressure (PETco2) has been suggested as possible
screening tool for PE several times [5]. The rationale behind this parameter is that PE increases
functional dead space and therefore decreases the fraction C'Os in exhaled air. Due to technical
limitations, the use of capnography in PE was abandoned. However, improvement of the mea-
surement techniques renewed the use of this promising parameter. Several studies on PET¢p2 in
suspected PE patients have been performed since. Most of the studies reported a significant lower
PETco9 in patients with PE compared to patients without PE. However, there are many other
pathologies which may result in a lowered PETcp2. This led to the development of volumetric
capnography which allows analysis of the entire curve of the expired C'Oy. Using this, parameters
such as (functional) dead space can be calculated. In a meta-analysis of 14 studies Manara et al.
concluded that (volumetric) capnography might be used to exclude PE in patients with a pretest
probability less than 10% [6]. However, almost all studies reviewed by Manara et al. only inves-
tigated the end tidal alveolar dead space fraction (AVDSf), i.e. a quantification of the difference
in PETco2 and arterial Poos (Paco2). We believe that using more characteristics of the total
volumetric capnogram (such as the slope of the alveolar phase) might add substantial value to the
screening capabilities of volumetric capnography.

Though several characteristics of the volumetric capnogram might safely rule out PE, it might
not enable the confirmation of PE. Therefore an additional diagnostic modality is needed. We
hypothesized that a CO/NO-diffusion test might allow for a differentiation in hemodynamic or
pulmonary origin of the aberrant volumetric capnogram. In the CO/NO-diffusion test the transfer
factors for carbon monoxide (77, co) and nitric monoxide (T, no) are determined. Following the
Roughton-Fourster equation, the transfer factor for a specific gas is dependent on how easily it
can diffuse over the alveolar-capillary membrane and how easily it can bind to hemoglobin. NO
binds much faster to hemoglobin compared with CO. 17, no is therefore mainly dependent on
the membrane component whereas 17, co is dependent on both the membrane and hemodynamic
component. Theoretically, if the ratio of T1, yo and T, co is calculated, some information on the



hemodynamic component (which should be aberrant in PE) should be obtained. This principle was
investigated by van der Lee and Hughes who did find aberrant 17, yo/T1,co ratios in pathologies
with a hemodynamic component such as pulmonary hypertension [7,8]. Harris et al. showed an
increased T, vo/T1,co ratio after pulmonary artery obstruction in sheep. [9] To our knowledge,
the Ty, no/Tr,co ratio during PE has not been investigated in humans.
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Chapter 2

Background

2.1 Anatomy

The lungs consist of five lobes; three in the right lung (upper, middle and lower) and two in the left
lung (upper and lower). Each lobe in turn consists of several segments. Each segment consists of
several subsegmental parts, and so on until the terminal segments are reached, consisting of alveoli.
Gas exhange takes place in these alveoli, all other parts of the respiratory system are conducting
airways. In order to enable gas exhange in the alveoli they need to be ventilated and perfused. An
overview of the pulmonary vasculature is provided in figure 2.1. Deoxygenated blood travels from
the periphery through the vena cava to the right atrium of the heart, to the right ventricle and
is then pumped into the pulmonary artery. The pulmonary artery divides into the right and left
pulmonary artery which again divide into lobar, segmental and subsegmental arteries until they
arrive at the alveoli where they transcend into capillaries where the gas exchange takes place. The
oxygenated blood in the pulmonary capillaries flows into the subsegmental veins which merge into
the segmental, lobar and ultimately main pulmonary vein. From the pulmonary vein, the blood
flows into the left atrium, then the left ventricle where the heart pumps into the aorta on its way
to the organs to deliver the oxygen and absorb carbon dioxide. [10]

Hilum of lung
(through which the
structures comprising
the root of lung are
passing)

Pulmonary

Right pulmonary
artery

Left pulmonary
artery

Lobar and
segmental
arteries

Lobar and
segmental
veins

Left
pulmonary
veins

Inferior Right
vena cava ventricle

Figure 2.1: Overview of the pulmonary circulation. Copied from Moore et al. [10].
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2.2 Pulmonary Embolism

2.2.1 Pathophysiology

A pulmonary embolus is defined as a particle which (partially) obstructs the arteries of the lungs.
In most cases this particle is a thrombus (blood clot), originating from the deep peripheral veins
located in the legs. The thrombi often form due to prolonged inactivity such as immobilization
after surgery or long travels. Other particles causing pulmonary embolism are fat particles, air
(or other gases) bubbles, tumor cells, etc. The consequences of the obstruction of the pulmonary
arteries can vary from none to mild dyspnea and chest pain to infarction of the lung tissue and
sudden death. After the obstruction of (a part of) the pulmonary artery, a part of the affected
lung is ventilated but not perfused (i.e. dead space ventilation). This causes a limitation in the gas
exchange. As the body still produces the same amount of COs and needs the same amount of Oo,
ventilation of the healthy parts of the lungs needs to increase. The amount of increase in ventilation
is dependent on the amount of alveoli affected by the emboli. Massive central pulmonary embolism,
i.e. multiple clots obstructing the main branches of the pulmonary artery, are likely to cause severe
symptoms as they cause a large obstruction. A small single embolus obstructing a subsegmental
artery is far less likely to cause substantial problems. This is partly because only a small part of
the lung suffers from the obstruction. But also because the small obstruction does not cause a
significant rise in pressure in the pulmonary arteries (i.e. there is no pulmonary hypertension). A
large central thrombus will cause a significant rise in pressure, as the same amount of blood has
a opening to pass through. This rise in pressure (or resistance) can cause right ventricle failure,
leading to a decrease in cardiac output and eventually death. If an obstruction completely blocks
the blood flow to the lung tissue, infarction of this tissue can occur. However, this does not happen
often as lung tissue also receives blood from the bronchial arteries. If emboli obstruct a part of
the vasculature for a prolonged period of time, chronic pulmonary embolism can occur which often
leads to chronic thromboembolic pulmonary hypertension. Next to the increased resistance the
right ventricle has to overcome, the increased pressure in the pulmonary arteries also leads to
changes in the walls of the affected vessel which impair gas exchange. [11]

2.2.2 Diagnosis

Depending to the extent of the pulmonary embolism, it is fatal in 1-60 % of the cases. In many
cases it does not cause any symptoms and post-mortem autopsies have shown the presence of
emboli in up to 60% of all cases. Even in hemodynamic stable patients, mortality rates up to 15%
have been reported. [12] Therefore, PE needs to be ruled out with high certainty (or confirmed)
when suspected. Due to the aspecificity of the symptoms of PE (dyspnea, chest pain, tachypnea),
PE can be suspected in many cases. An often used first diagnostic step is the determination of
the D-dimer level. A D-dimer level of less than 500 ug/L safely excludes PE [1].

As many other pathologies can cause elevated D-dimer levels, it should only be determined when
the presence of PE is likely. To determine this several clinical suspicion scoring system exist. The
most used scoring systems are the Geneva and Wells scores of which the Wells-score is most used
in the Netherlands. An overview of this scoring system is provided in table2.1. The Wells-score
classifies the presence of PE as unlikely or likely (of which 'PE likely’ obviously warrants further
investigation) [2]. Though current guidelines state that D-dimer should not be evaluated without
increased suspicion of PE [13], it is often determined concurrently with the clinical suspicion
creating a dilemma when the Wells-score rules out PE and the D-dimer level is elevated (which
warrants further investigation).

Many disorders can cause the Wells-score and D-dimer levels to be raised. Therefore PE is excluded
in the majority (up to 75%) of the CTPAs [4]. To decrease this number, a new D-dimer level
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Table 2.1: The Wells-score used to classify the suspicion on pulmonary embolism [2]. DVT denotes
deep vein thrombosis, PE denotes pulmonary embolism.

Variable Points
Clinical signs and symptoms of DVT 3.0
PE most likely diagnosis 3.0
Hear rate higher than 100/min 1.5
Immobilization or surgery in last four weeks | 1.5
Previous DVT or PE 1.5
Hemoptysis 1.0
Malignancy (active or in last six months) 1.0
Clinical probability Total score
PE unlikely <4
PE likely > 4

threshold dependent to age has been proposed [14]. Though this cut-off value strongly increases
the number of cases in which PE can safely be ruled out, PE can still not be ruled out in over 70%
of the patients without PE.

The next step in the exclusion or confirmation of PE is some form of imaging technique. If there
are signs of deep venous thrombosis (DVT) an ultrasound of the legs can be made to confirm its
presence. As the presence of respiratory symptoms combined with DVT is almost synonymous
with the presence of PE, and the treatment of PE and DVT are similar, no further investigations
are needed when DVT is shown on ultrasound [13]. If there are no signs of DVT or DVT is not seen
on ultrasound, either a CTPA or ventilation/perfusion scan (V/P-scan) needs to be made. Due to
its high resolution, CTPA is preferred. In CTPA, a contrast medium is injected into the veins and
a series of X-ray images is made when the contrast medium reaches the pulmonary artery. If PE is
present, contrast defects will be visible on the resulting images (see figure 2.2a). The advantage of
the CTPA is its high spatial resolution, i.e. even small emboli can be visualized. Its disadvantage is
that potentially harmful X-rays and contrast medium are needed. In a V /P scan, first a radioactive
substance is injected into the veins and radioactivity of the body is measured after a small time
allowing quantification of the lung perfusion. Subsequently, a radioactive substance is inhaled and
again the radioactivity of the body is measured allowing quantification of lung ventilation. In
the presence of PE, typically a part of the lung is ventilated but not perfused (see figure 2.2b).
The advantage of the V/P scan is that the amount of perfusion defect can be quantified (i.e. the
part of the lung that does not receive perfusion). However, it has a low resolution and may not
detect subsegmental or non-occluding emboli as these do not always cause significant perfusion
defects. |15]

2.2.3 Management

Flow chart of the 2014 ESC/ERS guidelines on the management of pulmonary embolism is pro-
vided in figure 2.3. In this figure it can be seen that the presence of shock or hypotension in PE
warrants primary reperfusion, i.e. the thrombus/thrombi need to be dissolved quickly requiring
intervention (thrombolysis).

If there is no shock or hypotension, further risk stratification is needed. To do so, the pulmonary
embolism severity index (PESI) has been developed [17]. This index uses several clinical param-
eters to divide the risk on adverse outcome in five classes. An overview of the PESI is given in
table 2.2. If the outcome of PESI is class IlI to V, the right ventricular function needs to be
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Figure 2.2: Examples of a CTPA and V/P scan, both showing the presence of pulmonary embolism.

(a) Example of a computed tomographic pulmonary  (b) Example of a ventilation/perfusion scan (V/P
angiogram (CTPA) showing a massive pulmonary scan) showing the probable presence of pulmonary
embolus in the right pulmonary artery indicated by embolism in the right upper lobe indicated by the
the black arrow. Copied from Kumar and Clark presence of ventilation and lack of perfusion (white
[11]. arrows). Copied from Kumar and Clark [11].

Table 2.2: The pulmonary embolism severity index (PESI) used to classify the risk on adverse
outcome in pulmonary embolism [17].

Variable Points
Age (years) 1/year
Male sex 10
Cancer (history or active) 30
Heart failure (history or active) 10
Chronic lung disease (history or active) | 10
Heart rate > 110/min 20
Systolic blood pressure < 100 mmHg 30
Respiratory rate > 30/min 20
Temperature < 36 °C 20
Altered mental status 60
Oxygen saturation < 90% 20

Risk stratification Total score
Class I - very low risk < 65
Class II - low risk 66-85
Class III - intermediate risk 86-105
Class IV - high risk 106-125
Class V - very high risk >125

assessed using imaging techniques and laboratory testing (e.g. troponin or NT-proBNP). In the
case that both laboratory tests and imaging techniques indicate cardiac dysfunction, the risk is
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Anticoagulation; consider
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treatment, if feasible

Anticoagulation; monitoring;
consider rescue
reperfusion

Anticoagulation;

Primary

reperfusion hospitalisation

Figure 2.3: Flow chart of the 2014 ESC/ERS guidelines on the management of pulmonary em-
bolism. Copied from Konstantinides et al. [16].

stratified as intermediate high risk in which reperfusion by thrombolysis still might be necessary
next to anticoagulation. Otherwise, it is stratified as intermediate low risk and conventional anti-
coagulation therapy is sufficient. In the case of PESI class I-1I, the risk on adverse outcome is low
and anticoagulation therapy is sufficient and the patient may even be sent home. To be able to
select which low-risk patients need to be admitted and which can be sent home with treatment,
the Hestia criteria can be used [18] (see table 2.3). The duration of anticoagulation treatment is
dependent on the cause of the embolism. If a provocative process can be identified (e.g. surgery
or immobilization), treatment is indicated for three months. In the case of idiopathic PE (i.e. no
provocative process can be identified), treatment needs to be continued at least six months. In
the case of recurrent PE within one year after cessation of anticoagulation treatment, treatment
needs to be restarted and continued indefinitely. [16]
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Table 2.3: The Hestia criteria for treatment at home. If the answer to all of the stated questions
is 'No’, the patient can safely be treated at home. Copied from Zondag et al. [19].

Is the patient hemodynamically unstable?

Is thrombolysis or embolectomy necessary?

Active bleeding or high risk of bleeding?

More than 24 h of oxygen supply to maintain oxygen saturation > 90%7?
Is PE diagnosed during anticoagulant treatment?

Severe pain needing intravenous pain medication for more than 24 h?
Medical or social reason for treatment in the hospital for more than 24 h?
Does the patient have a creatinine clearance of < 30 mL/min?

Does the patient have severe liver impairment?

Is the patient pregnant?

Does the patient have a documented history of heparin-induced thrombocytopenia?

2.3 CO/NO Diffusion

2.3.1 Principle

Gas exchange is a continuous process exclusively driven by passive diffusion. The amount of a gas
which will cross the alveolar-capillary membrane per time unit is given by a simplified version of
Ficks law:

Vnet = TL(PA - Pc) (21)
in which Vnet denotes the amount of gas that will cross the alveolar-capillary membrane per
minute, 77, denotes the transfer factor of the lungs in mL (or mmol)/min/kPa, P4 denotes the
partial pressure of the gas in the alveolar space and P. denotes the partial pressure of the gas in the
pulmonary capillaries. The first work on the transfer factor has been performed by Marie Krogh in
the start of the 20" century. In those times, it was believed that oxygen was secreted actively in
the lungs. Krogh discovered that alveolar Pps was always larger than arterial Pps and so the idea
of passive diffusion was introduced. The transfer factor of the lungs for a certain gas describes the
rate of uptake of the gas per time unit and pressure difference (hence its unit mmol/min/kPa).
Krogh realized that the transfer factor is highly influenced by the alveolar volume (Vj4), as a
higher alveolar volume provides a greater surface over which the gas can diffuse. Therefore, she
introduced the transfer coefficient (or Krogh-factor) K with unit mmol/min/kPa/L which corrects
for alveolar volume. The definition of K is provided in equation 2.2. [20,21]

17,

K= ) (2.2)
Ty, (or Dy, )is dependent the diffusion capacity of the membrane (Dm) and the binding of the gas
on red blood cells. As gas passing from the lungs into the capillaries (or vice versa) passes several
cell layers, Dm consists of multiple diffusion capacities. Or more precise, it is the reciprocate
sum of these diffusion capacities. The binding to blood cells can be quantified as the affinity of
the gas with red blood cells (6, i.e. how many gas binds to hemoglobin during one minute per
kPa (or mmHg) pressure difference) multiplied with the amount of blood present in the capillaries
(V.). Combining these factors results in the Roughton Forster equation [22] which is provided in

equation 2.3.
1 1
T~ Dn OV
If one wants to measure T in physiologic conditions using the amount of gas that has diffused
from the lungs into the capillaries or vice versa, a problem arises. As stated in equation 2.1, the

(2.3)
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partial pressures of the gas in both the alveolar space and the capillaries needs to be known. As for
all gases normally exchanged in the lungs, these partial pressures are not known at the same time.
Therefore, carbon monoxide (CO) is used. CO is normally not present (in a substantial amount)
in the air (and human body). Therefore, in a physiologic situation the partial pressure of CO in
both the capillaries (P, co) and the alveoli (P4 co) is zero. If a known volume of CO is inspired,
and the volume of the alveolar space is known, one can measure the fraction of expired CO and
thereby calculate the amount of CO that diffused into the capillaries and subsequently 17, co as
(due to the great affinity of CO to bind to Hb) P, co remains negligible.

For T1, co, Dy, and 0V, are approximately equal [22]. The binding capacity of NO to hemoglobin
however, is much larger than the binding capacity of CO to hemoglobin [23]. Therefore, the second
part of the equation (eivc) can be ignored for NO, providing: 77, no = Dy, no. Assuming that

D, no = aDy, co, the Ty, no/TL co ratio approaches o1 + ?g;%f). Thus, the T, no/TL.co
ratio provides a measure for the D,,/V. ratio without the need of estimating the value of 6 (about

which a lot of debate exists). [8]

2.3.2 Measurement

The measurement of diffusion capacity is mostly performed using the single breath technique. In
this method, the subject inhales a gas mixture, holds his breath for several seconds and subse-
quently exhales completely. A sample of the exhaled air is analyzed to obtain the exhaled fractions
of the tracer gas (in our case helium) and the diffused gases (CO and NO). As no diffusion takes
place in the conducting airways, the first amount of exhaled air (usually approximately 600-700
mL) is discarded. The subsequent exhaled volume (often the same volume as the discarded volume
is used) is used as sample of alveolar air. The air from this sample is analyzed. An overview of
the inspired volume manoeuvre and measurement setup is provided in figure 2.4. [24] The amount
of exhaled CO can be analyzed using fast sensors. Fast sensors also exist for NO but are rarely

Volume L

0 2 4 6 ] 10 12 14 16
Time s

(b) Measurement manoeuvre used in the single

(a) Setup of the single breath CO/NO diffusion breath determination of 77 co and Ty no. The
measurement. The subject is attached to the Jaeger subject first exhales completely. Then the pa-
MasterScreen system via a mouthpiece and per- tient inhales completely in which a gas admix-
forms the measurement manoeuvre as displayed in ture is inhaled, holds his breath for several sec-
(b). After the final exhalation, the gases in the bag onds and subsequently exhales completely. The
are analyzed to be able to calculate T, co, Tr,NO first exhaled air is discarded (depicted as #) a
and Vj4. following fixed volume is used for analysis (de-

picted as §). Adapted from Maclntyre et al. [24].

Figure 2.4: Overview of the single-breath diffusion capacity measurement setup and manoeuvre.

used due to high costs and low reliability in the wide adapted diffusion measurement systems (e.g.
the MasterScreen'™ PFT Pro system). To allow the analysis of the exhaled NO fraction, the
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alveolar sample is directed into a bag of which the air is slowly analyzed (analysis time of over
one minute). After establishing the exhaled fraction of the gas, Ty, is calculated using the formula
depicted in equation 2.4 in which b denotes a conversion factor dependent on the used unities, V4
the measured alveolar volume, ¢ the duration of breath hold, Pp the barometric pressure, Py,o
the vapor pressure of water, F,, the fraction of the measured gas in the alveoli at the start of breath
hold and F, the fraction of the measured gas in the alveoli at the end of breath hold (i.e. the
measured exhaled fraction).

) (2.4)

F, is not equal to the inspired fraction as the lungs still contain some air after complete exhalation.
Therefore F, is calculated using the inspired and expired fractions of tracer gas (which are a
measure for alveolar volume). From equation 2.4 it can be seen that actually not the transfer
factor but the transfer coefficient is measured, after which is multiplied with V4 to obtain T7.
The volume of the alveolar space can be measured by the inspiration of an inert gas (i.e. a gas that
cannot cross the alveolar-capillary membrane). If the fraction of expired gas is measured after a
substantial time (long enough to let the inert gas distribute equal through the alveolar space) the
alveolar volume can be calculated using equation 2.5, in which F., denotes the exhaled fraction of
the inert gas, Fj, denotes the inhaled fraction of the inert gas, V;, denotes the inspired volume,
V4 denotes the alveolar volume and Vp the volume of the conducting airways (in which no gas
exchange takes place, its volume is estimated based on height and weight).

:anX‘/zn

Va
Fex

— Vb (2.5)
In reality, corrections for the temperature and Pooo need to be made but equation 2.5 approximates
the real value of V4. [25]

2.3.3 Applications

The use of 17, co is widely adopted in respiratory medicine. Combined with K¢ it is used to
distinguish between loss of lung volume (in restrictive diseases such as a pneumothorax) and loss
of functional lung tissue (in diseases affecting the alveolar-capillary membrane such as emphysema
and fibrosis). A low 77, co with a high Kco indicates loss of volume, whereas if both 77 co
and Kco are lowered, loss of function is indicated. Decreased 77, co is amongst others seen in
fibrosis, vasculitis, emphysema and pulmonary edema. |25 The use of T, yo has not been adopted
as routine diagnostic measure yet. Its application has mainly been in the research field. The
Tr, no/Tr co ratio has been shown to be increased in heavy smokers [26], chronic thromboembolic
pulmonary hypertension, diffuse parenchymal lung disease [7] and during acute PE in sheep [9]
but is mainly used in research to quantify the capillary blood volume (V.) and membrane diffusing
capacity (D).

2.4  Volumetric Capnography

2.4.1 Principle

Capnography is the measurement of COs. In medicine, it is mostly used to measure the fraction
(or partial pressure) of exhaled air consisting of COy (respectively Fico2 and P co2). Two
measurement principles can be used, sidestream and mainstream. In a sidestream capnograph, a
sample of the exhaled air is analyzed. In a mainstream capnograph, the sensor is located directly
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on the breathing path, i.e. all exhaled air is analyzed. These sensors usually use fast infrared-
spectroscopy measurements. This measurement principle uses the absorbance spectrum of C'Os
(i.e. the wavelengths of infrared light that is absorbed by C'O3) to quantify the amount of COs.
The main advantage of mainstream over sidestream is that mainstream allows for simultaneous
flow measurements as the sensor is located direct on the breathing path. Using this allows for a plot
of the exhaled Poos as a function of the total exhaled volume. This results in a figure as provided
in figure 2.5. Many developments in the (volumetric) capnography have been established by Roger
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Figure 2.5: Example of a volumetric capnogram. Copied from Verschuren et al. [27].

Fletcher. He developed the "single breath test for carbon dioxide", a term which has lost its use
over the years. Though several aspects of capnography were already investigated, Fletcher made
its use more common practice in anesthesia. The capnogram allows for the derivation of several
physiologic properties. First, the end-tidal Poos (PETco2, the Pooo at the end of exhalation)
is believed to be a good measure for the arterial Poos (Pyco2) when no respiratory pathology
is present. Second, the volume of exhaled C'Oy can be calculated relatively simple as the area
under the curve. Another application is the determination of the volume of airway dead space.
As can be seen in figure 2.5, the capnogram consists of three phases. The first (phase I) consists
solely of air from the conducting airways and therefore contains no CO;. The second phase (phase
IT), consists of a mixture of air from conducting airways and alveolar air, therefore a transient
rising level of CO3 is noticed. The last phase (phase III) consists purely of alveolar air, showing
a linear rising level of COs as diffusion of C'Os continues to take place during exhalation. If a
linear approximation of phase III is created (line Y in figure 2.5), the volume of airway dead space
can be determined by drawing a vertical line at the volume where the area between the vertical
line, the capnogram and the x-axis (area p in figure 2.5) is equal to the area between the vertical
line, the capnogram and the linear approximation of phase III (area q in figure 2.5). This method
to determine the conducting airway dead space is called the equal-area method and has been
described first by Fowler et al. [28]. [29]

If the P,co2 is also known, physiologic dead space can also be determined. This method has
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been developed first by Christian Bohr who proposed the Bohr dead space equation as depicted in
equation 2.6 in which Vp depicts the total amount of dead space, Vr the tidal volume, Fi4 co2 the
alveolar fraction of CO;y and Fg co2 the mixed expired fraction of CO; (i.e. the average expired
fraction C'O3) [30].
Vb _ Faco2 — FEco2
Vr Fa,co2

(2.6)

Fy co2 was determined as the measured Fop2 in late exhalation. However, approximately 40
years later it was recognized that a difference in arterial and alveolar Popo can exist making
Bohr’s formula providing misleading low amounts of dead space. Therefore, Enghoff modified
Bohr’s formula by substituting Fa co2 by the arterial Pocos (Paco2) (and Fg.co2 by Pr,co2) as
depicted in equation 2.7 [31].
Vb _ Paco2 — Peco2
Vr Paco2

(2.7)

This equation is called the Bohr-Enghoff equation and is still used to calculate physiologic (the
sum of anatomic and alveolar dead space) dead space. [32]

2.4.2 Applications

As said earlier, capnography is mainly used in anesthesia to monitor respiratory status intra-
operatively or in the intensive care unit. Consequently, research using volumetric capnography
has focused on this fields. In recent years, many research on the volumetric capnogram has been
performed by the group of Tusman et al. They validated the calculation of Bohr dead space using
volumetric capnography [33]. Kallet et al. used capnography to quantify the amount of dead space
during acute respiratory distress syndrome [34|. Béhm et al. investigated the use of the slope of
phase III to detect the amount of lung recruitment during the increase of positive end-expiratory
pressure in mechanically ventilated patients [35].

The use of capnography to detect PE has first been pitched by Robin et al. in 1959 [5]. However, the
existing techniques to measure Poo2 had too many drawbacks mostly concerning the large number
of false positives (no golden standard imaging technique was available at the time, capnography
was proposed as the standard technique to confirm PE), as described by Nutter and Massum
in 1966 [36]. Therefore, the use of capnography to detect PE was abandoned. In the mid 90’s
however, techniques had evolved and interest to exclude PE rather than confirm it renewed [37].
Research mainly investigated the use of the alveolar dead space fraction (AVDSf) to exclude or
confirm PE (e.g. [38-41]). The AVDSf is a modified form of the Bohr-Enghoff formula in which
Pg co2 is replaced by the end-tidal Pco2 (PETco2). In 2013 however, Manara et al. show in
an extensive meta-analysis that the use of AVDST has little added value to the current diagnostic
capabilities in PE [6]. The use of several volumetric capnogram characteristics during PE in
spontaneously breathing patients has only been investigated by the group of Verschuren et al. [27].
They also published reference values for several characteristics in healthy spontaneously breathing
subjects [42] which were unknown until then due to the almost exclusive use of capnography in
ventilated patients.

Next to the use of the AVDSf, the PETco9 alone has also been investigated to exclude PE. These
studies all reported that a PEToo9 above a certain threshold safely excludes the presence of PE.
Rumpf et al. reported a threshold of 28 mmHg (3,7 kPa) [43], Hemnes et al. a threshold of
36 mmHg (4.8 kPa) [44] and Riaz and Jacob a threshold of 4.3 kPa [45]. Needless to say, the
validation of such a threshold is essential. No such studies have been performed yet.
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Chapter 3

Methods

Patients (age at least 18 years) seen at the emergency room of the Medisch Spectrum Twente, seen
by a pulmonologist for which due to suspected PE a CTPA was requested, were included in the
study. Exclusion criteria were:

e Hemodynamic instability; Measurements were performed on the pulmonary function depart-
ment, so the patient had to be able to leave the emergency room safely.

e Pregnancy; Pregnancy can influence arterial COgy levels [46] and therefore might influence
the volumetric capnography measurements . Ethical arguments were also a reason to exclude
pregnant women.

e Oxygen administration; Altered alveolar oxygen levels directly influence the diffusion capac-
ity of the lungs [47]. Therefore, the ERS guidelines of singlebreath 77, co measurement dis-
courage the measurement of 77, co during oxygen administration [24]. Though temporarily
removal of the oxygen administration is medically possible in most cases, this is burdensome
for the patient and was not covered by the consent of the local ethics committee to this
study.

After obtaining informed consent, relevant clinical values (Hemoglobin level (Hb), D-dimer value
and Wells-score) were recorded and the patient was taken to the pulmonary function department
to perform the measurements within four hours of the request of the CTPA (and before the results
were reported to the pulmonologist).

3.1 CO/NO diffusion

The CO/NO diffusion measurements were performed according the 2005 ATS/ERS guidelines
on the single-breath measurement of Ty co [24] using the MasterScreen™ PFT Pro system!
(as described earlier in section 2.3.2). According to the ATS/ERS guidelines, a measurement was
considered repeatable when the results of at least two tests were within 10% of the highest resulting
values for Ty, co and Ty, nyo and the inspired volume of the most recent measurement was not the
greatest. A maximum of five measurements were performed with at least four minutes between
two tests. The reproduced measurements are saved on a local server and printed.

Predicted values of the CO-diffusion parameters, alveolar volume and vital capacity are provided
by LabManager, the software of the MasterScreen™ PFT Pro system. Predicted values for T;, no
are calculated using the reference equations of van der Lee et al. [48]. Absolute values and its value
compared to predicted of 17, co, Kco, VA, inspired volume and 77, nyo are stored for statistical
analysis.

!CareFusion, Amsterdam, the Netherlands
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3.2 Volumetric capnography

The volumetric capnogram was recorded in the waiting time between the first and second CO/NO
diffusion measurement using a Novametrix Co2smoPlus mainstream capnograph?.

3.2.1 Measurement

The patient was asked to breath normally via a mouthpiece connected to the mainstream capno-
graph, with nostrils clipped. Every approximate two minutes, the data was saved and analyzed
using a custom script in Matlab® to assess its usability. Recording of the volumetric capnogram
was stopped when at least two usable recordings were saved.

3.2.2 Analysis

The exported data consisted of the capnograph flow and Popo data which were recorded with a
sampling frequency of 100 Hz. Flow and COs data were filtered with a low-pass filter using a
cutoff frequency of 1 Hz to smooth the signals and remove artefacts. To determine the starting
points of in- and expirations the sign of the flow data (positive (1) or negative (-1)) was calculated.
Where the sign of the flow data changed from -1 to 1, an inspiration started. Where it changed
from 1 to -1, an expiration started.

Assessment of usability With the starting and ending point of each expiration known each
exhalation was examined on artifacts. If an exhalation consisted of less than 10 mL, contained a
maximal Pooo of less than 0.5 kPa, took less than 0.1 seconds or contained a decline in Popo of
more than 10 kPa/s the expiration was excluded from analysis. All of these thresholds are chosen
very conservatively to allow a wide variety of expirations.

Hereafter the combined z-score of tidal volume (Vp), PETco2 and expiratory time (t) were cal-
culated. The definition of the z-score is provided in eq 3.1 where X is the local value of the given
set of values, p is the mean the given set of values and o its standard deviation.

_X-p
N g

A

(3.1)

To obtain the most similar set of exhalations as possible, the exhalation with the largest combined
z-score is excluded from analysis until the 10 most equal exhalations are left for analysis.

A final check was performed using a method reported by Verschuren et al, i.e. the calculation of
the coefficient of variation [27]. The definition of the coefficient of variation C' is given in eq 3.2
where again p is the mean of a given set of values and o its standard deviation.

C = (3.2)

g
i
The coefficient of variation of Vr (Cyr), PETco2 (Cpercoz2) and t (C;) were calculated. In

accordance with Verschuren et al., the expirations were approved for further analysis if Cy 7 and
C} were below 0.2 and Cpgrcos below 0.05.

2Co02smo Plus! 8100, Novametrix Medical Systems Inc, now Philips Respironics Inc., Murrysville, Pennsylvania,
USA
32Matlab R2014a, The MathWorks Inc., Natick, Massachusetts, USA
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Determination of parameters If the expi-
rations are usable for further analysis, the start-
ing points of phase II and III are calculated ac-
cording the method of Tusman et al. [49]. This
method uses the third derivative of the volu-
metric capnogram and is schematically shown
in figure 3.1. In this figure the starting point of
phase II is defined as point B1 (the peak left to
the negative peak of the third derivative). The
starting point of phase III is defined as point
B2 (the peak right to the negative peak of the
third derivative). When the starting points of
phase IT and IIT are known, linear approxima-
tions of the phases are calculated. The slope of
the linear approximation of phase II is set to
the slope of the volumetric capnogram at the
deflection point of the first derivative (point A
in figure 3.1). To prevent that the linear ap-
proximation of phase III is influenced by the
transition of phase II to III and small artefacts
at the end of exhalations, the linear approxi-
mation of phase III was determined from the B, B dsf
middle third portion of phase III using linear : dvE
regression.

After determination of the linear approxima-
tions of phase II and III, Vd,,, is calculated us-
ing the method of Fletcher et al. [51]. The area
between the linear approximation of phase III,

Phasel , Phasell Phase Nl

fiV.x)

PLO;(kPa)

Expired volume (mil)

dv

Figure 3.1: Determination of the starting points
the right of a virtual vertical line and the vol- ¢ phase II and 11 following the method of Tus-
umetric capnogram (area g in ﬁgure 2.5) and o et al. [49]. The starting point of phase II
the area between. the .volumetrlc Capnogranl, g defined as point Bl (the peak left to the neg-
the linear approximation of phase I and the ative peak of the third derivative). The starting
right of the virtual vertical line (area p in figure point of phase I11 is defined as point B2 (the peak

2.5) were calculated for several volumes. .After— right to the negative peak of the third derivative).
wards, Vdg,, was set to the volume at which the Copied from BJM Hermans [50].

absolute difference in areas was minimal.
From all parameters the average values of all
10 exhalations were used for statistical analysis.

3.2.3 New Parameter

In a interim analysis, body weight seemed to be unequal distributed between the no PE and the PE
groups. As weight highly influences several respiratory physiologic processes [52], a combination of
parameters which theoretically should diminish this effect was sought-after. After analysis of the
theoretic influence of body weight and lowered perfusion on the several volumetric capnography
parameters, a combination of respiratory rate, amount of C'O, exhaled per breath, and the slope
of phase III was made. The influence of both increase in weight and lowered pulmonary perfusion
is provided in table 3.1. An increase in body weight is not known to influence RR in a substantial
manner. A lowered perfusion however, in the case of PE, will cause hyperventilation as less C'Oo
can be exhaled per breath when a normal minute volume is maintained. In the case of PE, thoracic
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Table 3.1: Influence of increase in body weight and decrease of pulmonary perfusion on the res-
piratory rate (RR), amount of CO2 exhaled per breath (Vop2) and the slope of phase IIT (slope
I10).

‘ Weight + ‘ Perfusion |

RR (breaths/min) | | /=/1 1
Veos (mL/breath) 4 1
Slope I1I (kPa/L) 1 1

pain is often present making an increase in RR more likely than an increase in tidal volume. As
the amount of COy produced by the body per minute (which should be equal to the amount of
exhaled C'O5 per minute) does not change, the amount of COy exhaled per breath decreases. The
production of C'Os is known to be dependent on body weight, i.e. a high body weight indicates
a high amount of C'Oy exhaled per minute (and thus per breath as RR is not influenced per se).
An increase in weight also limits pulmonary perfusion and therefore the effect of PE and increase
in weight are identical for the slope of phase III of the volumetric capnogram (which is a measure
for pulmonary perfusion [53|) [54].

With the theoretic influence of weight and PE on these parameters a combination theoretically
independent to weight and highly dependent to PE was made (as depicted in equation 3.3).

VCOQ X 8[0;06[[]
RR

New Parameter = (3.3)
An increase in weight should not influence the new parameter as Voo increases and slope 111
decreases. The presence of PE should result in a decrease in the new parameter as both Vo9 and
slope III decrease and RR increases.

3.3 Statistical Analysis

Data were tested for normal distribution by visual inspection of histograms. If normally dis-
tributed, independent-samples t-tests was performed on the continuous variables to test if the
mean of the parameters differ between the PE and no PE groups. If not normally distributed,
distributions of the continuous variables in the no PE and PE groups were compared using the
Mann-Whitney test. For the discrete variables a Fisher-exact test was performed. Correlation be-
tween the new parameter and the parameters of which it exists and body weight were tested using
the Pearson correlation. Receiver operator characteristic curves were made for PETco9 and the
T, no/Tr,co ratio and all other parameters with statistically significant different distributions.
Diagnostic values (sensitivity, specificity, negative predictive value and positive predictive value) of
the several PETco9 thresholds and other significant parameters were calculated. P-values smaller
than 0.05 were considered statistically significant. All statistic analyses were performed using SPSS
Statistics 22%.

“SPSS Inc, Chicago, Illinois, USA
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Chapter 4

Results

Patients were included from the begin of August 2014 till the end of April 2015. During this period,
36 patients were approached for participation in this study. Five of the approached patients refused
participation leading to 31 included patients in which 13 PE was seen on CTPA. The characteristics
of the included patients are provided in table 4.1.

Table 4.1: Patient characteristics. Data are presented as median (interquartile range) unless stated
otherwise. Means and standard deviations of the continuous variables in the no PE and PE groups are
compared using independent-samples t-tests. Distributions of sex and currently smoking in the no PE and
PE groups are compared using chi-square tests. * indicates a statistically significant difference (p < 0.05).
BMI denotes the body mass index.

No PE (N=18) PE (N=13) p-value

Age (y) | 56 43-71) | 50 (41 - 69) | 0.508

Females (N (%)) | 10 (55.6) | 6 (46.2) | 0.605

Height (cm) | 176 (166 -183) | 177 (167 - 183) | 0.602

Weight (kg) | 82 (73-94) | 76 (64 - 96) | 0.280

BMI (kg/m?) | 28.6 (24.2-32.6) | 25.2 (22.1 - 28.0) | 0.072

Smoked last 12 hours (N (%)) 6 (33.3) 2 (15,4) | 0.412
Wells-score | 3.0 (0.0-3.0) | 3.0 (3.0 - 5.0) | 0.011*

D-dimer (ug/L) | 862 (647 - 1759) | 3649 (1408 - 5918) | 0.001*

4.1 CO/NO diffusion

CO/NO diffusion measurements failed in three patients (two no PE, one PE) due to technological
difficulties. The results of the measurements are provided in table 4.2.

4.2 Volumetric capnography

A graphical user interface (GUI) was made in Matlab to simplify the analysis of the capnogram in
Matlab. A screenshot of the GUI is provided in figure 4.1. The green background color indicates
the measurements meet the validity criteria. If the data is found invalid, the background color
becomes red and the parameter values are not displayed, making the use of inappropriate data
impossible.

The results of the volumetric capnography measurements are provided in table 4.3. Analysis of
phase I1I of the capnogram was not possible in one patient due to a very high respiratory rate. The
Pearson correlation between weight and the parameters which are combined in the new parameter
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is provided in table 4.3. As PE also influences the value of these parameters, the Pearson correlation
is separately calculated for the PE and no PE groups. Weight was significantly correlated with
VCOs in both the no PE and the PE group. The slope of phase III was borderline significantly
correlated with weight in the PE group. The receiver operating characteristic curve of PETroo
and the new parameter are provided in figure 4.2. Area under the curve (AUC) of PETco2 was
0.69 (95% confidence interval (CI) 0.50 - 0.88) and was not statistically significant higher than
0.50 (p=0.075). AUC of the new parameter was 0.79 (95% CI 0.64 - 0.95) and was statistically
significant higher than 0.50 (p=0.006). A cut-off value of the new parameter to exclude PE was
chosen as the lowest value with 100% sensitivity (i.e. all PE subjects had a value of the new
parameter below this value). This threshold was 1.9 kPa.s/L which results in a sensitivity of
100%, a specificity of 47%, a positive predictive value (PPV) of 54% and a negative predictive
value (NPV) of 100%. The diagnostic values (sensitivity, specificity, PPV and NPV) of PETc0q
higher than thresholds reported in literature are provided in table 4.5. The exact test results (true
positive, false positive, true negative, false negative) of the only PETc o2 threshold without false
negatives and the new parameter using a cut-off value of 1.9 kPa.s/L to exclude PE are provided
in 2x2 tables in table 4.6.

Table 4.2: Results of the CO/NO diffusion measurements. Data are presented as median (interquartile
range) unless stated otherwise. Distributions of the continuous variables in the no PE and PE groups
are compared using the Mann-Whitney test. * indicates a statistically significant difference (p < 0.05).
VA denotes the alveolar volume, %R the percentage of a value compared to its predicted value, Ty, co
the transfer factor of the lungs for carbon monoxide, Koo the transfer coefficient of the lungs for carbon
monoxide, 77, nyo the transfer factor of the lungs for nitric oxide and Kyo the transfer coefficient of the
lungs for nitric oxide.

No PE (N-16) PE (N-12) p-value
VA (L) | 4.79  (3.96 - 5.19 440  (3.53 -5.57) | 0.516
VA%R | 771 (65.5-87.8 71.0  (65.0 - 81.4) | 0.353
Ty, co (mmol/kPa/min) | 7.16  (5.27-8.90) | 6.62  (5.21-7.45) | 0.330
Trco %R | 75.8  (62.9 - 89.6 68.8  (58.5-75.7) | 0.120
( (

) )
) )
) )
) )

Kco (mmol/kPa/min/L) | 1.47  (1.35-1.62) | 1.46  (1.20 - 1.80) | 0.926

Kco %R [99.9 (85.8-111.7) | 100.5 (87.7-107.3) | 0.610

Ty.no (mmol/kPa/min) | 20.9  (23.0-37.9) | 258  (20.0 - 30.3) | 0.286

) ) | 0.078

) ) | 0.642

) ) | 0.330

) ) | 0.959

Tr.no % R | 69.3 57.0 - 76.1

(

( 60.5  (46.6 - 68.9
Kno (mmol/kPa/min/L) | 6.10  (5.24 - 7.10

(

(

(

(
598  (5.33 - 6.81
839 (
4.00

77.0-91.1
3.78 - 4.32

Kyo % R | 895 (76.4-955
Trno/Trco | 409  (3.83 - 4.40
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Table 4.3: Results of the volumetric capnography measurements. Data are presented as median (interquar-
tile range) unless stated otherwise. Distributions of the continuous variables in the no PE and PE groups
are compared using the Mann-Whitney test. * indicates a statistically significant difference (p < 0.05). RR
denotes the respiratory rate, Vp the tidal volume per kilogram weight, V' D,,, the calculated anatomical
dead space, PETco2 the end-tidal partial C'O; pressure in expired air, Slope III the slope of the linear
approximation of phase III of the volumetric capnogram and V CO the amount of expired C'Oy per breath.

No PE (N=18) PE (N=13) p-value
RR (breaths/min) | 15.1 (12.0- 17.3) | 17.1 (14.4- 17.9) | 0.123
VT (mL/kg) | 7.84 (6.08-9.33) | 7.89 (6.12 - 9.30) | 0.889
PETCO2 (kPa) | 4.37 (4.00 - 4.83) | 407 (3. ) | 0.075
VCO, (ml/breath) | 166 (11.8-19.8) | 122 (10.7 - 16.9) | 0.155
VDaw (mL/kg) | 2.68 (2.32-3.07) | 2.98 (2.60 - 3.33) | 0.149

( ) ( )

( ) ( )

( ) ( )

VDaw/VT | 0.33  (0.31-0.40) | 0.39 (0.32 - 0.47) | 0.269
Slope IIT (kPa/L) | 1.30 (0.9 - 2.50) | 1.70  (0.91 - 2.30) | 0.950
VCO, * slopelll / RR | 1.85 (1.21-3.00) | 1.18 (0.61 - 1.38) | 0.006*

Table 4.4: Pearson correlation of RR, VCOs, slope III and their combination in the new parameter with
weight. Data are presented as the Pearson correlation of the variable with weight (p-value). Correlations
with p-values < 0.05 are considered statistically significant and denoted with *.

| No PE (N=18) | PE (N=13)

RR | -0.042 (0.872) |[-0.427 (0.145)
VCOs | 0514 (0.035)* | 0.572 (0.041)
Slope TIT | -0.082  (0.755) | -0.542 (0.055)
( ) ( )

*

VCOxxSlopelll | 292  (0.256) | 0.065 (0.833

Table 4.5: Diagnostic values of the thresholds for PETcoo as suggested by Rumpf et al., Hemnes et al.
and Riaz and Jacob and the new parameter to exclude PE in our data (no PE N=17, PE N—13). Sens
denotes sensitivity, Spec specificity, PPV positive predictive value and NPV negative predictive value.

Author ‘ Threshold ‘ Sens ‘ Spec ‘ PPV ‘ NPV

Rumpf et al. [43] | >3.7 kPa 38% | 82% | 63% | 64%
Hemnes et al. [44] | >4.8 kPa | 100% | 24% | 50% | 100%
Riaz and Jacob [45] | >4.3 kPa | 62% | 53% | 50% | 64%
New Parameter | >1.90 100% | 47% | 54% | 100%

Table 4.6: Diagnostic values of the PETc o4 threshold as suggested in literature and the new established
parameter.

(a) 2x2 table using the cut-off value of the (b) 2x2 table using a cut-off value of the new
PETco2 > 4,8 kPa to exclude pulmonary em- parameter % > 1.9 kPa.s/L to ex-
bolism as proposed by Hemnes et al [44]. This clude pulmonary embolism. This cut-off value
cut-off value yields a sensitivity of 100%, a speci- yields a sensitivity of 100%, a specificity of 47%,
ficity of 24%, a negative predictive value of 100% a negative predictive value of 100% and a posi-
and a positive predictive value of 50%. tive predictive value of 54%.
PE | no PE PE | no PE
PEToos < 4.8 | 13 | 13 Vaor XSl < 179 713 | 9
PETcoa > 4.8 | 0 4 Vooaxstopelll 1 g | ¢ 8
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Figure 4.1: A screenshot of the graphical user interface in Matlab which was used to analyse the volumetric

capnography data.

Figure 4.2: ROC curves of PETco2 and the new parameter.
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Chapter 5

Discussion

5.1 Patient Characteristics

In table 4.1 it can be seen that age, sex, height and weight (though an interim analysis showed
different distributions) are equally distributed between the PE and no PE groups. The number of
patients who smoked in the last 12 hours is due to the low number of smokers not significantly
different but twice as high in the no PE group compared to the PE group. The body mass index
(BMI) is borderline significant (p=0.072) lower in the PE group compared to the no PE group.
Nevertheless, the difference in BMI is relatively small and indicates a healthy average BMI in the
PE group and mild overweight in the no PE group. As an increased BMI is associated with a
lowered physical status, this might explain the high BMI in the no PE group, which essentially
is a group of subjects without PE but with complaints/symptoms. As expected, both Wells-score
and D-dimer are significantly higher in the PE group compared to the no PE group. It has to
be noted that (due to the inclusion criteria of the study) all but one patient (this patient had a
Wells-score of 10.5 making D-dimer evaluation superfluous) had increased D-dimer (>500 pg/L).
Use of the age-adjusted D-dimer cut-off (if aged > 50, D-dimer is elevated if > age in years x 10)
would have ruled out PE in one patient of the no PE group.

5.2 CO/NO diffusion

Due to the results of Harris et al. and the physiological theory behind the 17, nyo/Tr.co ratio,
it was expected that the ratio is increased in PE compared to no PE patients. Our data show
lowered 17, co and Ty, no, and normal Ty, no /T co ratios in both groups (as can be seen in table
4.2).

The value of T, co in PE has been investigated several times. Wimalaratna et al. for instance
reported a T7, co of less than 75% of predicted in PE patients which failed to normalize to normal
values within three months in most cases [55]. Oppenheimer et al. report decreased T}, co values
in chronic thromboembolic disease [56] but it is hard to compare these values to acute PE. In 2011,
Piirild et al. reported lowered T, co in acute PE similar to the values found by Wimalaratna et al.
(74% of predicted) which were still lowered after seven months [57]. The Ty, co values we found
(69% of predicted) are comparable with the results of both Wimalaratna et al. and Piiril et al.
In the publication of Piirild et al., all values (including Dm and V¢) are also reported for a healthy
control group. They did not find a significant difference in Dm/V ¢ ratio (to which the T, no/T1.co
ratio is dependent) and Ve between the PE group and the healthy controls. Nevertheless, they
did find significant lower values of Dm between the PE group and healthy controls in both the
acute phase and after seven months. Moreover, they report a (weak) correlation between Dm and
the extent of the pulmonary embolism measured by central embolism mass (r=0.31, p=0.047).
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Piirild et al. argue that Dm is influenced more by the reduction in alveolar volume compared to
Ve. As Ty yo is directly related to Dm, this argument agrees with the finding of Hughes et al.
that 17, yo is influenced more by reduction in alveolar volume than 77, co [48]. Concluding, the
present findings do not correspond with the data of Harris et al. found in sheep but are consistent
with earlier measurements of 77, co in pulmonary embolism in humans.

First of all, a probable cause of the lack in increased Ty, no/TL,co ratios might be the relatively

100,04

80,0

VA % predicted

0,0

40,0

T
no PE PE

Figure 5.1: Boxplots of the distribution of the measured alveolar volume relative to its predicted
value.

low severity of the pulmonary emboli included in this study, as hemodynamic unstable and oxygen
dependent patients were excluded. Moreover, recent research showed that only total occluding
emboli result in perfusion defects [58] making changes in gas exchange unlikely in non-occluding
emboli. Finally, hypocapnic bronchoconstriction might shift ventilation towards well perfused
regions [59] which could also diminish the negative effects of PE on the diffusion capacity of the
lungs.

Detailed inspection of the now presented data reveal another possible explanation for the lack in
increased T, no/TL co ratios. The measured alveolar volume is decreased in both groups (77.1 %
of predicted in the no PE group vs 71.0 % of predicted in the PE). An overview of the distribution
of the alveolar volume in both groups is provided in figure 5.1. This decreased alveolar expansion
is likely to be caused by the thoracic pain of which almost all patients suffered. A reduced
alveolar volume greatly influences the measured transfer factors. A reduction of alveolar volume
will decrease the surface area and increase the thickness of the alveolar-capillary membrane (and
therefore decreases Dm and thus 177, yo). Tr,co is approximately equal dependent on Dm and
Ve and is therefore less dependent on a decrease in alveolar volume. Thus, the Ty no/Tr.co
ratio decreases with a decrease in alveolar volume. [48,60] This might explain the slightly lowered
T, no/TrLco ratios found in our data. In the data of van der Lee et al. an alveolar volume of
70-80 % of its value at total lung capacity (TLC) results in a measured 77, yo/TL,co ratio of
approximately 4.00 [48] which corresponds with the now presented data. The previous reports
of Wimalaratna and Piirild et al. on 77 co in PE do not report alveolar volumes compared to
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its predicted value. However, in both publications, the measured alveolar volume compared to
its predicted value is not reported. They do report Kco and its predicted value. Piirila et al.
report normal Kcp values indicating decreased alveolar volume which corresponds with our data.
Surprisingly, Wimalaratna et al. report lowered Koo values when compared to their predicted
value (calculated from mean data). This difference can be caused by changes between 1989 and
now in measurement protocol and the reference equations used to calculate predicted values.

The transfer coefficient K (77, divided by alveolar volume), is often used to discriminate between
loss of volume (decreased Ty, but normal K) and loss of function (both 77 and K decreased).
Given that Koo is normal in both the no PE and the PE group, it seems that it may be concluded
that the decrease in 17, co (and even higher decrease in T, yo) is caused by loss of volume.
However, dividing T}, by alveolar volume does not eliminate the influence of alveolar volume on
the outcome [61,62]. A (voluntary) decreased expansion will result in a linear decrease of 17, and
an exponential increase of K. [63] Van der Lee et al. have made equations to calculate Ty, co and
T1, no at TLC when a measured 17, co, 11, no and VA relative to its value at TLC are known [48].
Using these equations on the now presented data yields a median corrected 17, co of 90.5% of
predicted (IQR 78.9 - 99.9) in the no PE group versus 82.9% of predicted (IQR 77.6 - 87.5) in the
PE group (p=0.086), a median corrected Ty, nyo of 83.8% of predicted (IQR 74.8 - 91.0) in the no
PE group versus 79.1% of predicted (IQR 74.0 - 85.6) in the PE group (p=0.227) and a median
corrected Ty, no/Tr.co ratio of 4.51 (IQR 4.05 - 4.80) in the no PE group versus 4.43 (IQR 4.26
- 4.79) in the PE group (p=1.000). It can be seen that, even with the correction for decreased
alveolar volume, no differences in Ty, no/TL,co ratio was found. Moreover, differences in Ty, no
compared to its predicted values between the PE and no PE groups are smaller with higher p-
value. T7, co compared to predicted however becomes border-line significantly lower in the no PE
group (which is consistent with the earlier mentioned studies on Ty, c¢o in PE). Summarizing, the
corrected data indicate that the borderline significant difference in 77, yo between the PE and no
PE group is caused by the decrease in alveolar volume. Nevertheless, the corrected Ty, no/TL,co
ratio shows no differences between the PE and no PE group. However, these equations are not
externally validated. Moreover, the value of VA at TLC is needed and it is questionable whether
the predicted value of VA can be used as a substitute. Therefore, it is hard to draw any conclusions
from the corrected data.

A remark on the single-breath CO/NO-diffusion measurement procedure needs to be made. A
breath hold time of 10 seconds was used whereas the fast decay of NO might warrant shorter breath
hold times. Dressel et al. found higher 77, yo values when a breath hold time of four seconds was
used compared to a breath hold time of 10 seconds, and no difference in 77, yo between six or
eight seconds breath hold [64]. These findings have not been reproduced since. Therefore, Hughes
and van der Lee recommended the use of 10 seconds breath hold to enable comparison with 77, co
values found in previous research [8]. Nevertheless, due to its fast decay, the amount of NO might
fall below detectable limits. The manual of the MasterScreen™ PFT Pro system reports a lower
limit of detection for NO of 0.0 ppm. However, its software marks fractions lower than 1.0 ppm as
unreliable. Analysis of the now presented data shows a median expired NO fraction of 1.73 (IQR
1.25 - 2.22) ppm which is above the lower detection limit of the NO sensor of the MasterScreen™
PFT Pro system. Nevertheless, this is the median value of NO in the sample volume. Though the
decay of NO is exponential and is therefore not likely to be significantly decreased at the end of
the sample volume compared to the median of the sample volume, values at end sample volume
are more interesting as they are the lowest measured value. An attempt to obtain these the lowest
NO fractions was made by recording the raw signals. Unfortunately, these values could not be
determined as the lowest values in the raw recordings were higher than the used values reported by
the software. Apparently, a correction for an unknown measurement error is used by the software.
Nevertheless, as the median measured NO fraction (which is used for calculations) is above the
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lower detection limit, it seems unlikely that the breath hold time influenced the outcomes of this
study.

5.3 Volumetric capnography

Based on earlier literature, it was expected that PETcpo was low in PE patients compared to
the patients in which PE was excluded. Our data on PETcoo do not show this difference (table
4.3). Though no statistical significant difference in any of the volumetric capnography parameters
between the subjects with proven PE and the subjects without proven PE was found, our novel
parameter %}?em shows promising results. The ROC of this parameter is provided in figure
4.2b. As PE is a potentially lethal pathology, a threshold providing a negative predictive value
(NPV) of 100% is warranted. The lowest threshold providing this was a value of 1.90 kPa.s/L or
higher to exclude PE, resulting in eight true negative subjects (44% of all no-PE subjects). This
seems to indicate that using this parameter might substantially decrease the need for CTPA to
exclude PE.

The value of PETcpo alone to exclude PE seems limited. Both the threshold of Riaz et al. of
PETco9 higher than 4.3 kPa [45] and the suggested cut-off of Rumpf et al. of PETcp9 higher
than 3.7 kPa and low clinical probability [43] to exclude PE, result in five (38%) false-negative
subjects. Our data is more consistent with the threshold of Hemnes et al. who proposed that a
threshold of PETco2 higher than 4.8 kPa might safely rule out pulmonary embolism [44]. Our
data support this claim but it has to be noted that only four no PE patients (24%) had a PET¢ o2
above 4.8 kPa. Using this threshold will therefore not result in any added clinical value (according
to our data). The differences in results might be caused by the time of measurement. In our
study volumetric capnography was always performed in the acute phase (either within 2 hours of
the filing of the CTPA request when prehydration was warranted or otherwise directly after the
CTPA) whereas several other studies performed the measurements within 24 hours of the CTPA.
The symptoms of the non-PE subjects might have normalized during the 24 hours between the
CTPA and the measurement. From our data it can be concluded that almost all patients with
clinical suspicion of PE (supported by either an elevated D-dimer or Wells-score) had a lowered
PETcop2. Given that most of these patients are dyspnoeic (often one of the reasons of their
presence at the emergency department), this finding seems plausible. We question therefore the
usability of PETcoo to discriminate between PE and non-PE patients in the acute phase. However,
the difference might also be caused by the fact that other studies are performed by emergency
department staff, including all patients with suspicion on PE. In our study only patients with
suspicion on PE seen by a pulmonologist were included. One might reason that patients initially
seen by a cardiologist or internist have lower probability of being dyspnoeic (and therefore have a
lower probability for having a lowered PET¢o2) than patients seen by a pulmonologist.

Another cause may be the extent of the emboli. Due to the exclusion criteria used in this study, it
is likely that only low and moderate risk PE was included. Using dual energy CTPA, Tkeda et al.
have shown that in non-occluding emboli, pulmonary blood flow is preserved [58]. Even if total-
occluding emboli are present, ventilation may shift to better perfused regions due to hypocapnic
bronchoconstriction [59]. Both mechanisms will reduce the effect of the emboli on respiratory
physiology and may therefore result in only little abnormalities of the volumetric capnogram.
Despite these possible compensatory mechanisms and low extent of the emboli, our novel parameter
% showed promising results. This parameter was designed to remove the possible
biasing influence of weight on the outcome of the volumetric capnography. As can be seen in
table 4.4, weight only significantly correlates with VCO3 in both the no PE and PE group. This
correlation is positive, which corresponds with the theory that the amount of C'Oy exhaled per
breath increases with body weight. The slope of the linear approximation of phase III has a
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significant negative correlation with weight in the PE group. The negative correlation was expected
but also for the no PE group. That this correlation is not found in the no PE group might be
caused by the higher percentage of smokers in the no PE group (though not statiscally significant).
As expected, respiratory rate does not correlate significantly with body weight in both the PE and
no PE group. The new parameter also does not correlate with weight, which was the aim of its
design. It seems therefore safe to conclude that weight has no (or at the most little) influence on the
difference in the significant lower values of the new parameter in the PE group. Some threshold for
the new parameter had to be determined to be able to safely exclude PE when the new parameter
lies above this value. This value was found to be 1.90 kPa.s/L, providing a sensitivity of 100% and
specifity of 47% (see tables 4.5 and 4.6). This means that no patients with a new parameter above
1.90 kPa.s/L had PE and 47% of all patients with PE had a new parameter above 1.90 kPa.s/L.
If no CTPA would have been made when the new parameter was above the established threshold,
CTPA would have shown PE in 59% of the subjects which is more than double of the maximal
25% positives which are seen nowadays. Summarizing, the use of the new parameter could have
prevented 47% of the CTPA in the no PE group which is a significant reduction.

One can argue that CTPA might also reveal other pathology explaining the symptoms. Van Es
et al. have shown that such findings are found in almost one-half of all CTPAs requested due to
suspected PE. However, these findings had therapeutic consequences in less than 1% of the patients.
[65] Recent research focusing on the decrease in CTPA has suggested an age-adjusted D-Dimer
cutoff [14] which has not yet been adopted in our hospital. Nevertheless, using it would not have
resulted in a decrease in CTPA as all D-Dimer were higher than the age-adjusted cutoff. Therefore
it seems safe to suggest that even with the age-adjusted D-Dimer cutoff, our parameter might have
added value. Nevertheless, further investigation including the validation of the threshold in larger
patient numbers is needed to confirm its applicability in the clinic.
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Chapter 6

Conclusion

This study tried to answer the question whether CO/NO diffusion and volumetric capnography
can safely exclude pulmonary embolism (PE) in patients at the emergency department to lower
the number of expensive and potential harmful CTPA scans. For CO/NO diffusion the answer
is no, it cannot be used to exclude PE. No difference in Ty, yo /717 co ratio was found. The lack
in difference is likely to be caused by a decreased inspired volume due to the thoracic pain of
which patients with suspicion on PE often suffer. The most often used parameter of volumetric
capnography, PETcos, has little added value according to our data. A new derived parameter,
%, shows more promising results. Using a cut-off value of higher than 1.90 kPa.s/L to
exclude PE results in a sensitivity of 100 % and a specificity of 47%. This indicates that in almost
half of all subjects without PE, the new parameter could have safely excluded PE. However, as the
threshold is retrospectively determined and the number of included subjects is small, prospective
validation in a large sample size is needed to confirm its true usability.
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Chapter 7

Future Research and Recommendations

The presented data allow to draw some conclusions but many aspects remain uncertain. Therefore,
more research has to be performed.

A goal of this research project was to develop a method which enables the analysis of the exhaled
NO fraction over a complete exhalation (instead of just a sample volume). This should enable
to calculate T7, yo as a function of the exhaled volume. Due to technical difficulties, it was
not possible to create the setup in during this internship. Nevertheless, equipment to enable this
measurement exists and can be incorporated relatively easy in the current CO/NO-diffusion setup.
As in PE not the entire pulmonary vasculature is obstructed by the emboli, it is expected that the
Ty, no differs between the affected and unaffected lung regions. One could hypothesize that this
can be seen in a plot of T, yo (or perhaps the Ty, no/T,co ratio) as a function of the exhaled
volume, although mixing of healthy and affected lung regions will still occur (but on a smaller
scale). If a setup to allow the calculation of 77, yo as a function of the exhaled volume is created,
the influence of breath hold time on this curve should be investigated. As already described in
chapter 5, the debate on which breath hold time should be used in the CO/NO diffusion manoeuvre
is still ongoing. Again, the curve of Ty, nyo as a function of the exhaled volume could add more
information to this discussion.

A strong recommendation which can be implemented immediately is to incorporate a correction
for the dependence of both T co and Kco on reduced alveolar volumes (this can be done by
using the formulas developed by Stam et al. [61] or van der Lee et al. [48]). In current practice,
Kco is used as a form of 17, ¢o independent on alveolar volume. However, as described in chapter
5, T, co linear declines with a decrease of alveolar volume whereas Kco increases exponentially.
A decreased T, co with a low normal Kco which is now interpreted as a loss of diffusing capacity
due to loss of volume is in reality also a sign of loss of function. If the decrease in Ty, co was
really completely due to loss of volume, Koo should be significantly increased (the increase in
Kco should even be higher than the decrease in 17, co).

In the case of the volumetric capnography, obviously the most important recommendation is that
the developed new parameter has to be validated. A realistic first step could be the use of earlier
volumetric capnography data in PE patients to perform retrospective validation. If this validation
still shows promising results, a prospective study should be performed to confirm it. Though our
results indicate that PETcps cannot be used to exclude PE in normally breathing patients, it
seems attracting to study PETcos after some breath manoeuvres. For instance, one would expect
that PETco9 after breath holding is lower in patients with PE compared to the patients without
PE. Unfortunately, research has shown that the time one can hold their breath is not completely
dependent to Pacos [66]. Therefore, PETco2 at end of breath hold is still variable in healthy
subjects probably making it hard to draw conclusions from a low PETgps at the end of breath
hold. A fixed breath hold time (i.e. 10 seconds) might provide more reproducible results.
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The last recommendations concern general recommendations on PE diagnosis and management.
First of all, age-adjusted D-dimer cutoffs should be implemented to lower the number of negative
CTPA. Though research has shown the safety of such age-adjusted threshold, debate still exists
if the threshold can be used in all D-dimer analysis methods. For the local policy, this could
be relatively easy solved by analyzing all the D-dimer values of the past year where CTPA was
also made. If similar results to the earlier mentioned research are obtained, the threshold should
implemented as soon as possible. Finally, as stated in chapter 5, the severity of the emboli included
in this study was relatively low (i.e. only patients with moderate or low risk on adverse outcome
were included). The now existing risk stratification is based on global parameters such as clinical
scores (e.g. the PESI score) and signs of failure of the right ventricle. In some cases, for instance in
isolated subsegmental emboli it is not clear whether treatment is necessary. Nevertheless, with its
potentially lethal outcome, very few medical doctors dare not to treat these cases. Another example
is the decision when to use direct thrombolysis in intermediate high risk patients. FEvidence on
the benefits of thrombolysis is substantial (i.e. lowered mortality) but the evidence on increased
bleeding risks and thus adverse outcome is also substantial. Currently, thrombolysis is advised
only in hemodynamic unstable patients. However, the definition of hemodynamic stability is
vague. A risk stratification incorporating more functional information could theoretically clarify
both problems. A possible route to obtain this information is quantification of the decrease in flow
(or affected area or increase in pressure in the pulmonary artery) caused the pulmonary emboli.
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Appendix - Simulation model of the
respiratory gas exchange

To create a better understanding in the (patho-)physiologic processes involved in the respiratory
gas exchange (and subsequently the influence of PE on these processes), a simulation model was
made using Mathworks Simulink. The model is based on several differential equations which will
be elaborated in this chapter.

Gas exchange is a continuous process exclusively driven by passive diffusion. The amount of a gas
which will cross the alveolar-capillary membrane per time unit is given by a simplified version of
Ficks law: '

Vnet - DL(PA - Pc) (71)
in which Vj,.; denotes the amount of gas that will cross the alveolar capillary membrane per minute,
Dy, denotes the diffusion capacity for the lungs in mL (or mmol)/min/kPa, P4 denotes the partial
pressure of the gas in the alveolar space and P. denotes the partial pressure of the gas in the
pulmonary capillaries. Using this equation, a model of the amount of gas present in the alveolar
space (V1) and capillaries (V) can be made.

A . AV
— = _Vne = - :
dt ’ dt

As the diffusion is dependent to the partial pressures of a gas in the alveolar space (and P, =
‘/t‘jjal Phiotar), the volume of the alveolar space is needed. Due to constant in- and expiration alveolar
space is (assumed to) vary continuously dependent on the inspired or expired volume. As stated
in equation 7.1, the amount of C'Oy diffusing from the capillaries in the alveoli is dependent on
Py ,co2 and P, co2. This partial pressure is caused by the amount of C'O» dissolved in the blood.
However, the total amount of COy present in the blood is substantially larger than the amount of
dissolved CO4 as C'O4 also binds to hemoglobin. In figure 7.1, the relation between Popg and the
C O3 content (the sum of the CO2 bound to hemoglobin and the dissolved CO2) per 100 mL blood
is given. In physiological values for the COy content, this relation is linear (as can be seen in the
graph next to the blue arrow). For arterial blood this relation is given by eq 7.3, with Paco2 in
kPa and Cacoz being the arterial COy content in mL/dL.
Cacoz — 30

Paco: = 54575 (73)

Due to the Haldane-effect, deoxygenated blood is able to carry more COs compared to oxygenated
blood. Therefore, the offset in the relation of the venous CO3 content (CvCO2) and corresponding
Pcosg is somewhat larger. The resulting relation is given in eq 7.4.

_ Cvcoo — 31.3
Pocor = =4 45575 (74)

In figure 7.1, it can be seen that Cvcog2 is 4 mL/dL higher than Cacog. This increase is caused
by the COs produced by metabolism. In rest the amount of COs produced by metabolism equals

(7.2)
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Figure 7.1: The CO9 dissociation curve. Copied from Boron and Boulpaep [67]

about 240 mL/min. Assuming a blood volume of 6 L, this corresponds with the increase of
240/60 = 4 mL/dL.

7.1 Respiratory control

As described earlier, the amount of COs that dif-
fuses from the capillaries into the alveoli is depen- DEPENDENCE ON P,

- 60
dent on the relative amount of CO4 already present e PR

in the alveoli (P4,co2). With each ex- and inspira- o
tion, C'Os rich air is exhaled and replaced by air con- i
taining practically no C'Os, thereby diluting P4 coo. Po, = 47

!
/

To which extent the alveoli are ventilated (and thus

how much CO; is exhaled) is regulated by a com-

plex system of sensors and actuators. Though (in an Total
awake setting) there is a basis ventilation indepen- ami:son
dent of several aspects, the main parameter influ- (W)
encing minute ventilation is the P, co2. Chemosen-

sors located on the surface of the medulla oblongata

. . . 10
sense the pH in the cerebral spinal fluid (CSF). As _
hydrogen-ions cannot pass the blood-brain barrier AfSeoiak
and C'Oy can, the pH of the CSF is highly depen- 0 Po, =110
dent on the P, co2. A high P,co2 causes an in- e o ProE——
crease in minute ventilation (thereby causing a de- Alvsolar Pgq,
(mm Hg)

crease in Pyoo2). A low P,co2 causes a decrease

in minute ventilation (thereby increasing P, co2). Figure 7.2: The ventilatory response to sev-

Though the ventilatory drive is mainly determined .1 Jevels of P,.co2. Copied from Boron and
by P,co2, changes in oxygen levels and pH can also Boulpaep [68]
influence minute ventilation. An overview of the
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clagsic J-shaped ventilatory response to several lev-

els of P, co2 is provided in figure 7.2. [68]

To model the ventilation, the inspired and expired flow is considered as a sine wave. The frequency
of the sine is set to 60 divided by the respiratory rate. The amplitude (i.e. the peakflow) is set
to that value that matches the desired tidal volume. The tidal volume is the integral of the flow
signal of one half period (see equation 7.5) in which Vp denotes the tidal volume, t is the time,
RR the respiratory rate and PF the peakflow. With a known RR and Vp, the needed peakflow
can be calculated as stated below.

RR

VT:/ i PFsin(27T@t)
. 60

PF RR RR PF
VT —WCOS(27TET) - (—WCOS(O))

PF
Vr =2—F5

QWW

RR
PF =7—V;

60 "

The tidal volume and respiratory rate are determined by the desired respiratory minute volume.
The change in respiratory minute volume is determined by the difference in actual P, co2 with
a reference P, co2 which was set to 5.3 kPa. The initial minute ventilation was set to 6 L/min.
Changes in respiratory minute volume were only made between respiratory cycles (i.e. when t%%r
equals a multiple of 27).

Inspired air first flows through the conducting airways which was modeled as 20 compartments in
series together consisting of 150 mL. Then, inspired air was divided over six alveolar compartment,
each consisting of an end expiratory volume of 400 mL. Flow to all compartments was set to 1/6
of the total flow reaching the alveolar space.

7.2 Bicarbonate buffer

Though in a normal physiological state the amount of exhaled C'O2 approximately equals the
amount of C'Oy produced by metabolism (i.e. there is an equilibrium), a disequilibrium does not
necessarily result in an in- or decrease of P, co2. This is caused by the bicarbonate (HCO3)
buffer, depicted in equation 7.6.

C02+H20<:>H2003<:>H+—|—HCO3_ (76)

An increase in COs results in a right shift of the buffer, and will thus increase the amount of H™
(and therefore lowers pH, creating an acidosis) and HCOj . Vice versa, a decrease in CO3 results
in a shift to the left part of the equation, and will thus decrease the amount of H* (increasing
pH, creating an alkalosis) and HCOj . The buffer is in equilibrium when a certain combination
of the concentrations of its components equal the equilibrium constant K as depicted in equation
7.7. [69]

[HCO; ][H]

[HoCOs]

The concentration of HoC'Os is dependent on the solubility of CO3 in water (kqq, 0.225 mmol/L/kPa).
Therefore [HoCO3] = kqqPco2 = 0.225Pc 02 yields. The essence of the buffer is that it tries to seek
an equilibrium where equation 7.7 applies. Therefore, the change of [HCO5 ], [H'] and HoCOs3
over time due to the buffer changes can be described by equation 7.8 where K is the actual value of

K = = 8.05 % 10~ *mmol /L (7.7)
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K, K5 is 8.05%10~* mmol/L and S is a theoretical constant providing a measure for the reaction
speed.
[HCO4]

i O
B | =S(K = Kuep) | -1 (78)
[H2CO4] 1
dt

7.3 Simulation

At each time step, the total amount of C'Os present in each region was calculated. By combining
flow data and the Poo2 in the first compartment of the conducting airways (which can be consid-
ered as the expired Pcos), volumetric capnograms were constructed. Blood flow to each alveolar
compartment was initially set to 1/6 of the total blood flow to the lungs which remained constant
during the entire simulation. A constant shunt fraction of 5% (i.e. blood that does not pass the
alveolar space) was also incorporated in the simulation. Pulmonary embolism was simulated by
decreasing the blood flow to one compartment (and dividing the remainder over the healthy com-
partments). A GUI was made to enable easy use of the model. A simulation of 1200 seconds was
performed where blood flow to three of the six compartments was obstructed at t=600. After a
normalization period (see figure 7.3), 12.1 breaths with a volume of 505 mL were taken to maintain
P, co2 at 5.3 kPa. Exhaled COy was 235 mL/min. Analysis of the volumetric capnogram showed
an PETco2 of 5.26 kPa, a slope of phase III of the volumetric capnogram of 0.53 kPa/L, anatomic
dead space was calculated to be 146.9 mL, VDaw/VT was 29.1%. Bohr’s dead space is 0.0 mL
(VDBohr/VT also 0%). These values are comparable with values reported from healthy subjects
in literature. The calculated anatomic dead space (146.9 mL) is a very good approximation of
the modeled anatomic dead space (150 mL). After the introduction of the diminished blood flow
to three of the alveolar compartments, a new initialization period takes place. After initialization
(see figure 7.4), 15.9 breaths with a volume of 749 mL were taken to maintain P, co2 at 5.3 kPa.
Exhaled COy was 281 mL/min. Analysis of the volumetric capnogram showed an PET¢ o2 of 2.87
kPa, a slope of phase III of the volumetric capnogram of 0.27 kPa/L, anatomic dead space was
calculated to be 145.3 mL, VDaw/VT was 19.4%. Bohr’s dead space was 345.1 mL (VDBohr/VT
46%). Most of the volumetric capnogram parameters are half the value they were in the normal
situation, which can be expected with half of the pulmonary vasculature blocked. However, it
was expected that VCOs remains constant (and not slightly increases). A possibility is that the
normalization period had not ended completely. It can be noted that the calculated VDaw slightly
differs from its value in the healthy situation but is still a good representation of its true value. The
calculated Bohr’s dead space (46%) is a good representation of the true dead space ventilation (50
%). It can be noted that the extra effort needed to normalize P, co2 when half of the pulmonary
vasculature is blocked is nor very high (50% increase in tidal volume, 33% increase in respiratory
rate).

7.4 Limitations

In the simulation no cardiovascular changes are made after obstruction of the pulmonary vascula-
ture. In reality, pulmonary artery pressure will increase significantly eventually diminishing cardiac
output and thus causing death. This was not implemented in the model for two reasons. First,
the model was chosen to keep as simple as possible for computational reasons (calculations were
performed at a personal laptop with limited calculation power). Second, the lack of cardiovascular
response allows for the simulation of an extreme obstruction percentage clarifying the influence of
the obstruction on respiratory gas exchange.
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Another limitation is that all alveolar compartments empty simultaneously and there is instanta-
neous mixing. In reality this does not happen. This can cause V Daw to be increased in PE if the
affected alveoli empty at the first part of exhalation. Finally, hypocapnic bronchoconstriction was
not modeled.
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