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Abstract

Ultrasound volume sensor for intravascular volume status
Clinical and technological feasibility

by Nynke Wijbenga

Accurate assessment of intravascular volume status remains one of the most challeng-
ing task for clinicians. Promising techniques for monitoring intravascular volume
status consist of ultrasound assessment of the indexed inferior vena cava, inferior
vena cava collapsibility index, and vena jugularis interna (1JV). Ultrasound assess-
ment of the 1JV is a promising, non-invasive technique for monitoring the volume
status and can be repeated as often as necessary. This technique could be used to
monitor a patient’s volume status in the intensive care unit, during haemodialysis
or major surgery. However, the results of ultrasound assessment are highly user
dependent. An ultrasound sensor, such as the SENS-U Bladder Sensor (SENS-U),
could offer support in the non-invasive assessment of intravascular volume status.
The aim of this study was to explore the clinical and technological feasibility of the
ultrasound volume sensor to determine the intravascular volume status by measuring
the DV.

Three proof of principle studies were performed. First a phantom study was con-
ducted to explore the axial resolution of the SENS-U. Second, JV diameter measure-
ments were conducted on 8 healthy volunteers to further investigate the technological
and clinical feasibility. Lastly, a proof of concept study was conducted during surgery
to reinforce the choice of using the 1)V diameter. The phantom study and the 1)V
measurements on healthy volunteers showed that the axial resolution needs to be
improved for this application by increasing the ultrasound frequency of the SENS-U.
Furthermore, the SENS-U needs to be adhered to prevent shifting during the mea-
surements and the size of the device needs to be decreased for correct placement in
the neck area. The proof of concept study provided more insights for further research
and design requirements for a SENS-U to measure 1)V diameters.

Based on the studies, recommendations were made for the development of an ultra-
sound volume sensor for the assessment of intravascular volume status, including
recommendations for the design of a new device, improvement of axial and temporal
resolution, and the required amount of piezoelectric crystals for the transducer. Fur-
ther research could obtain more insight in the change of 1)V diameter during uid
shifts.






Preface

Geachte lezer,

Voor u ligt mijn master thesis, het resultaat van mijn werk in het Wilhelmina Kinderzieken-
huis. Na een korte stage in de zomer van 2018 op de afdeling kinderurologie was het
voor mij vrij snel duidelijk dat ik ook graag op deze afdeling af zou willen studeren.
Voor mij was het belangrijk om een uitdagende opdracht te krijgen, maar ook om een
prettige werksfeer en een goede band met de begeleiders te hebben. Dit heb ik tijdens
mijn afstuderen dan ook mooi mogen ervaren.

Dit project is begonnen als een gedachtenexperiment. Het idee was ontstaan om te
kijken of de SENS-U Bladder Sensor voor nog meer dingen dan blaasvolume metingen
gebruikt kon worden, zonder eigenlijk zeker te zijn of er iets uit het onderzoek zou
komen. Hoewel ik stage heb gelopen op de afdeling kinderurologie, zijn we met dit
onderzoek buiten de grenzen van de kinderurologie getreden. Dit past dan ook mooi
binnen de strategie van het UMC Utrecht: Connecting U. Connecting U gaat namelijk
over verbinding. Verbinding met pati®nten, met huisartsen, met onderzoekers, met
elkaar. Hoewel de SENS-U Bladder Sensor ontwikkeld is in samenwerking met de
kinderurologie, betekend dit natuurlijk niet dat deze niet geschikt zou kunnen zijn
voor eventueel andere toepassingen en specialismen. Hiermee worden specialismen
aan elkaar verbonden door kennis en nieuwe technologie®n met elkaar te delen.

Het afgelopen jaar heb ik zelf ook veel van Connecting U geleerd. In een project sta je
namelijk nooit alleen. Verbindingen met elkaar zorgen ervoor dat je elkaar tot een
hoger niveau kan helpen, zowel op professioneel als persoonlijk vliak. Daarnaast heb
ik ook geleerd om gebruik te maken van de verbindingen die andere mensen hebben
met elkaar en heb ik ervaren welke inzichten en richtingen deze kunnen geven.

Tijdens het afstuderen heb ik ontzettend veel kunnen leren en heb ik mijn grenzen
verlegd. Hierbij wil ik dan ook Pieter en Paul bedanken voor de mogelijkheden
en uitdagingen die zij mij het afgelopen jaar gegeven hebben. Pieter, bedankt voor
alle diepe gesprekken die eigenlijk over een tal van verschillende onderwerpen zijn
gegaan. Van urologie, tot de grot van Plato, van alles is de revue gepasseerd en heeft
mij doen beseffen dat je soms best ietsjes mag afdwalen: want in zijtunnels zijn vaak
een prachtige ontdekking te vinden . Paul, bedankt dat ik altijd bij je terecht kon
waar dat nodig was en voor de rem als mijn hoofd weer eens op hol sloeg met alles
wat ik voor mijzelf had bedacht wat ik nog moest doen. Door jullie openheid heb ik
veel kunnen groeien het afgelopen jaar en weet ik ook dat ik in onverwachte situaties
mijn weg kan vinden. Naast Pieter en Paul wil ik ook graag Bennie en Rian bedanken.
Bennie, bedankt voor de gesprekken die we gehad hebben die bij mij telkens weer
voor net wat andere inzichten zorgden. Rian, bedankt voor de inzichten die je me
gegeven hebt tijdens de intervisie momenten en voor de prettige gesprekken die we
gehad hebben. Door jouw begeleiding merk ik dat ik bewuster ben van mijzelf en
dat ik daardoor sterker geworden ben.

Ook wil ik graag mijn intervisiegroepje bedanken: Evelien, Jurre en Mirte. De
afgelopen 2 jaar heb ik veel aan onze intervisie gesprekken gehad en merkte ik dat ik
mede door jullie hulp het steeds makkelijker vond om mijzelf open te stellen tijdens
de gesprekken. Jullie goede vragen en opmerkingen hebben mij echt geholpen in
mijn persoonlijke ontwikkeling.
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Chapter 1

General Introduction

Accurate assessment of the intravascular volume status remains one of the most
challenging tasks for clinicians.}? The intravascular volume status depicts the blood
volume in a patient’s circulatory system. There are four de nitions essential in the
assessment of a patient’s intravascular volume status:

1. Euvolemia: a state where the vascular volume is adequate for cardiac lling and
maintenance of an adequate cardiac output (CO) to generate the appropriate
oxygen supply for tissue needs,

2. Fluid responsiveness: a state where an expansion in vascular volume increases
stroke volume (SV) and CO,

3. Fluid overload: a state where excessive uid build-up in the vascular system
is caused by excessive parenteral infusion or de ciencies in cardiovascular or
renal uid volume regulation,

4. Hypovolaemia: a state where effective circulatory volume is decreased and
there is insuf cient oxygen delivery to tissues, possibly resulting in organ
dysfunction.

Although there is a clear de nition, no gold standard for the diagnosis and treatment
of hypovolemia is present.® A study by Rivers et al. shows that extensive uid ad-
ministration during the rst 6 hours of resuscitation of patients with severe sepsis
and septic shock is associated with improved outcome.* Contrarily, uid overload
has damaging consequences. Fluid overload, and a considerably positive net uid
balance, prolongs mechanical ventilation and increases the mortality of critically
ill patients. This occurs more speci cally in patients with sepsis, acute respiratory
distress syndrome, intra-abdominal hypertension, and acute kidney injury.>® Conse-
quently, the potential bene tfrom uid administration must be balanced by the risk
of provoking lung and tissue oedema.®

In patients subjected to dialysis treatment, volume regulation is also one of the most
critical yet challenging aspects. Intradialytic hypotension is a highly frequent com-
plication of haemodialysis and is de ned as "a decrease in systolic blood pressure
by 20 mmHg associated with symptoms including abdominal discomfort, yawn-
ing, sighing, nausea, vomiting, muscle cramps, restlessness, dizziness or fainting,
and anxiety".”® An excess volume among dialysis patients manifests regularly as
interdialytic hypertension and is associated with increased morbidity and mortality.>®
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At the moment, several methods and tests are available to evaluate the patient’s
intravascular volume status. These methods include both invasive and non-invasive
methods. With the conventional clinical tools, the evaluation of a patient’s volume
status is challenging. Nevertheless, monitoring of the volume status may help to
identify a volume de cit or excess and act as a guide for uid therapy. Hence, it is
important to evaluate the volume status and uid responsiveness in patients in the
intensive care unit (ICU) or undergoing haemodialysis.

Promising techniques for monitoring intravascular volume status consist of ultra-
sound assessment of the indexed inferior vena cava diameter (IVCDi), collapsibility
index (IVCCI), and ultrasound assessment of the vena jugularis interna (1JV). These
are rapid and non-invasive tools to evaluate the intravascular volume status and can
therefore be repeated as often as necessary.011:12

The results of ultrasound assessment are however highly user dependent. An ul-
trasound sensor, such as the SENS-U Bladder Sensor, could offer support in the
non-invasive assessment of intravascular volume status.

1.1 Aim of the study

The aim of this study was to explore the clinical and technological feasibility of the
ultrasound volume sensor to measure intravascular volume status.

To identify the (functional) demands and feasibility for this application, the following
research questions were asked:

1. What are the current methods for the assessment of intravascular volume status?
2. Can the SENS-U technology be used to assess the intravascular volume status?

(a) What is the optimal location to place the SENS-U?

(b) How accurate does the SENS-U distinguish between (small) structures?
(c) Can the SENS-U measure a change in vein diameter?

(d) Are there adjustments to be made to the SENS-U?



Chapter 2

Clinical Background

As mentioned in Chapter 1, several methods and tests are available for the assessment
of a patient’s intravascular volume status. These methods and tests include both inva-
sive and non-invasive procedures and involve physical examination, and monitoring
of central pressures and cardiac output. Invasive methods are described as operative
procedures in which skin or mucous membranes and connective tissue are incised
or an instrument is introduced through a natural body ori ce. A summary of the
methods for the assessment of intravascular volume status is given in Table 2.1.2°

2.1 Physical examination

The initial assessment of patients includes a patient’s history and physical examina-
tion. Signs of dehydration are sought during physical examination.!® An overview of
the commonly used clinical and laboratory parameters are given in Table 2.2.

Vital signs are useful indicators supporting clinical judgement, yet dependent on the
type and amount of uid loss. Parameters of physical examination may be useful,
though often several confounding factors are found in critically ill patients. The same

Table 2.1: Summary of tools used for the assessment of intravascular
volume status

Method Invasive/non-invasive Static/dynamic Fluid responsiveness?
Historical ndings Non-invasive Static No

Physical exam Non-invasive Static and dynamic  Yes

Chest radiograph Non-invasive Static No

Central venous Invasive Static No

pressure

Pulmonary capillary
wedge pressure
Echocardiogram Non-invasive Static No
Stroke volume or

Invasive Static No

L Invasive Dynamic Yes
pulse pressure variation
Oesophageal doppler Invasive Dynamic Yes
Vena cava diameter Non-invasive Dynamic Yes

Passive leg raising Non-invasive Dynamic Yes
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Table 2.2: Commonly used clinical and laboratory parameters.

Vital signs Blood pressure
Pulse
Orthostatic changes in blood pressure and pulse

Physical examination Mentation
Capillary re 1l
Skin turgor/dryness
Skin perfusion
Temperature of the extremities
Urine output
Dry weight

Laboratory parameters Fractional excretion of sodium, urea
Blood lactate
Mixed venous oxygen saturation

applies to laboratory parameters, even though they provide useful information, they
do not serve as independent markers of volume status.?13

Additionally, daily chest X-rays are used as a diagnostic tool in the ICU. However,
typical radiologic signs indicating volume overload are highly insensitive and vari-
able. Both physical examination and chest X-rays present inadequate value for the
assessment of a patient’s volume status.?13

2.2 Central venous pressure

The central venous pressure (CVP) can be used to determine the adequacy of circulat-
ing blood volume and cardiac preload. As long as no vena cava obstruction exists,
the CVP is equal to the right atrial pressure. In healthy adults the CVP is about 0 8
cm H,O (or 8 12 mmHgQ), varying with spontaneous respiration. During expiration,
the CVP is slightly higher due to the increase in intrathoracic pressure, 41516

Cardiac output and CVP are regulated by the interaction of the cardiac function curve
and the venous return curve, which are shown in Figure 2.1a. The return curve shifts
to different pressures due to changes in blood volume. A decrease in blood volume
shifts the return curve to the left, whereas an increase in blood volume shifts the
curve to the right. The cardiac function curve depends on afterload, heart rate, and
the heart’s contractile state.*”® It is presumed that uid resuscitating patients with a
low CVP will increase the stroke volume and cardiac output. However, this depends
on the shape of the Frank-Starling curve shown in Figure 2.1b. The Frank-Starling
curve varies from one patient to another, and within a patient from time to time.
Therefore, a static value of CVP could correlate to uid unresponsiveness as well as

uid responsiveness.® The CVP is particularly unreliable in patients with valvular
heart disease, pulmonary vascular disease, tense ascites, isolated left ventricular
failure, and right ventricular disease.?

The CVP can be evaluated with both invasive as non-invasive methods. A central
venous catheter is used for invasive CVP measurements. For non-invasive CVP
measurements the jugular vein pressure wave can be used.
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Figure 2.1: (a) The cardiac function and venous return curves show the
relationship between blood volume and right atrial pressure. (b) The slope
of the Frank-Starling curve depends on ventricular systolic function.

2.2.1 Catheterisation

To measure the CVP, a central venous catheter (CVC) can be used. There are three
anatomical sites commonly used for the insertion of CVCs. These sites are the
subclavian, jugular, or femoral vein.1%%0

The use of CVCs are associated with complications that are both dangerous for the
patient and expensive to treat. These complications occur in more than 15% of patients
receiving a CVC. The complications can be subdivided in mechanical (5 19% of the
patients), infectious (5 26% of the patients) and thrombotic (2 26% of the patients)
complications.?°

Percutaneous cannulation of the IJV shows a lower incidence of serious complica-

tions, including hemothorax and pneumothorax. However, accidental puncture of

the common carotid artery is the most common complication during 13V punctures.?!

Complications of iatrogenic trauma to the carotid artery include shock from hemoth-

orax, airway obstruction by cervical hemotoma, pseudoaneurysm, arteriovenous
stula, and stroke from arterial thrombosis or cerebral emboli.??

2.2.2 Jugular vein pressure wave

In 1930, Sir John Lewis suggested measuring the patient’s venous pressure during
physical examination, using the jugular vein pressure wave.?®

In normal physiological conditions the internal jugular veins have an open connection
with the right atrium. Figure 2.2 shows the veins to be continuous with the superior
vena cava. Therefore, the jugular veins act as a manometer, re ecting the right
atrial pressure. Hence, the vertical height above the right atrium to which they
are distended and above which they are in a collapsed state, also known als the
jugular venous pressure (JVP) in centimetres, should re ect the right atrial pressure
and therefore the CVP.24% To determine the JVP, the highest point of pulsation of
the 1JV must be identi ed. This point is then related to the angle of Louis. The
vertical distance to the top of the jugular venous wave can be determined as the JVP
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V. jugularis interna
V. jugularis externa
M. sternocleido-

_mastoideus

N

V. brachiocephalica
dextra et sinistra

V. cava superior

Aorta pars ascendens

Right atrium

Figure 2.2: The jugular veins are in open connection with the superior
vena cava and the right atrium.

in centimetres. The angle of Louis lies 5 cm above the middle of the right atrium.
Therefore, the CVP is determined as: CVP = JVP + 5¢cm.26:27

To determine the CVP, it is preferred to use the right-sided jugular vein. As shown in
Figure 2.2, this vein is in direct line with the superior vena cava (SVC) and the right
atrium. Furthermore, the right sided 1)V contains no valves.

Visualisation of jugular venous pulsations can, however, be challenging. The JVP may
be estimated incorrectly when the jugular vein is tortuous or constricted. In patients
with variations in neck morphology (for example shortness and thickness), prior neck
surgery, prior catheter placement, and mechanical ventilation the JVP assessment
might be dif cult.126

2.3 Pulmonary capillary wedge pressure

Equal to the CVP, the pulmonary capillary wedge pressure (PCWP), or pulmonary
artery occlusion pressure (PAOP), is assumed to re ect central blood volume and
therefore a reliable guide to volume therapy. Ideally, the PCWP is proportional to left
ventricular end-diastolic volume/preload. It would seem to be an ideal parameter for
monitoring volume status.2 However, the PCWP is an indirect volume indicater, like
the CVP. Therefore, the PCWP is in uenced by lung compliance and intrathoracic
pressures.? The PCWP experiences many of the same limitations as the CVP.2

To measure the PCWP, a pulmonary artery catheter (PAC) is inserted in the vena
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subclavia and proceeds through the SVC into the pulmonary artery. During measure-
ment of the PCWP a balloon is in ated.?® PAC insertion could lead to pneumothorax,
hemorrhage, transient arrhythmias, and damage to large thoracic vessels. Other
complications of PAC insertion are equivalent to those of CVC insertion. A speci ¢
complication for PAC is pulmonary artery rupture with balloon in ation.

2.4 Stroke volume- and pulse pressure variation

Stroke volume variation (SVV) and pulse pressure variation (PPV) are dynamic mea-
sures to assess the intravascular volume status and were the rst methods developed
for dynamic assessment of preload responsiveness.>3!

The underlying principles of PPV and SVV are based on simple physiology. Cyclic
changes in loading condition of the right and left ventricles are induced by positive-
pressure ventilation. Insuf ation decreases the preload and increases the afterload
of the right ventricle. This leads to a decrease in right ventricular SV. Transmitted
to the left side, a decrease in left ventricular preload is induced, which may induce
a decrease in left ventricular SV. Cyclic changes in right and left ventricular SV are
greater when the ventricles work on the steep rather than the at portion of the
Frank-Starling curve (Figure 2.1b).>28

Limitations of the PPV and the SVV are that they cannot be used during spontaneous
breathing, for patients with cardiac arrhytmias, and in patients with low tidal volumes
or lung compliance. These conditions are quite common in the ICU.°

2.5 Ultrasound assessment

Several two-dimensional and Doppler ow measurements can be obtained from
transesophagal or trans-thoracic echocardiography (TEE or TTE). These ultrasound
measurements could provide cardiac chamber volume assessment, such as left ven-
tricular dimensions with TEE during mechanical ventilation. These measurements
are however hard to interpret and vary from patient to patient. Therefore, static,
single echocardiographic measurements are of limited value in the assessment of
intravascular volume status.?

Dynamic measurements using ultrasound assessment include respiratory variation
in vena cava and 1)V diameter. Both the SVC and the inferior vena cava (IVC) can
be used for the assessment of intravascular volume status. Respiratory variations
of the SVC show a higher diagnostic accuracy than the respiratory variations of the
IVC. However, imaging of the SVC requires performing TEE and is thus a minimally
invasive method to assess the intravascular volume status. Imaging of the IVC can be
accomplished by performing TTE and is thus a non-invasive method.>%
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2.5.1 \enacava inferior

Ultrasound assessment of the IVCDi and IVCCI is one of the most promising tech-
niques for monitoring intravascular volume. Initially, ultrasound evaluation of the
IVC diameter and collapse was investigated by nephrologists for use with dialysis.
Afterwards, cardiologists considered it as a surrogate parameter for the right atrial
pressure. More recently it has been adopted by intensivists and emergency physicians
as a non-invasive and rapid tool to evaluate the intravascular volume status, which
can be repeated as often as necessary.°

The IVC is a major capacitance vessel of the body, providing a ready supply of blood
for the venous return. Its main role is to serve as a reservoir. The vessel itself is
rather voluminous with pliable and collapsible vessel walls in a non-volume overload
state. The shape and size of the IVC vary with changes in CVP and intravascular
volume 1033

Under normal physiological conditions, the venous return increases and IVC diam-
eter decreases during inspiration, due to negative intrathoracic and positive intra-
abdominal pressure. A decreasing intravascular volume will result in a decreased
IVC diameter and an increase in respiratory variation. An increased intravascular vol-
ume will result in an increased 1VC diameter and a decrease in respiratory variation.
As shown in Figure 2.3, the respiratory variations can be observed with ultrasound.
Using these variations, the IVCCI can be calculated:10:3334.35

(lVCmax IVCmin)

IVCCI =

100 (2.1)

In Figure 2.3, for example, the IVCCI can be calculated as IVCC1 = 22228 100%
72%.

Absolute size and collapse index can both be used as quantitative measures of the
IVC. No absolute cut-off values for a normal IVCCI exists. However, typically, the
IVCCI in healthy subjects is between 25% and 75%. When the collapsibility index (CI)
is more closer to 0% or 100%, it is more likely that the patient is volume overloaded

(b) Ultrasound image during inspiration and
(a) Schematic overview of the IVC diameter expiration

Figure 2.3: Respiratory variations in I\VC diameter. (a) shows a schematic
overview of the change in IVC diameter. (b) shows an ultrasound image of
a collapsed IVC during inspiration and the IVC diameter during
expiration.0
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Figure 2.4: The IVC can be imaged using the subxiphoid (SX) or the
intercostal (IC) window. Both windows are shown above.36

or volume depleted. If the maximum IVC diameter is less than 9 mm, the patient
is volume depleted. If the maximum IVC diameter is less than 5 mm, the patient is
profoundly hypovolaemic,10:31.36

The IVC can be imaged in the subxiphoid window or in the intercostal window,
near the junction of the IVC and right atrium.%3136 |n Figure 2.4 an overview is
shown for the placement of the ultrasound transducer. The intercostal window can
be used especially in patients with upper abdominal wounds, interfering bowel gas,
or abdominal tenderness.*®

2.5.2 \Venajugularis interna

Ultrasonography of the 1JV can also be used to predict the intravascular volume
status. As shown in Figure 2.2, the right 1JV is positioned in a continuous line with
the SVC an right atrium and has therefore direct communication with the right atrium
via the SVC.24%7

Several methods are available for ultrasound assessment for predicting the intravas-
cular volume status, for instance the use of ultrasound to localise the internal jugular
vein collapse to aid in the traditional visual assessment of jugular venous pulsations
for assessment of CVP (Section 2.2.2). Other methods include measurements of the
1V diameter, 1)V cross-section area, and 1JV collapsibility index.11:1238,39,4041

For measurements of the 1JV diameter, several cut-off values were found. In a study
of Donahue et al., the 1JV diameter was related to the CVP. They found that the 1JV
diameter could distinguish whether a patient had a high or low CVP. Cut-off values
were found for both: a maximum IV diameter of 5.7 8.3 mm relates to a CVP < 10
mmHg, a maximum 1)V diameter of 11.2  13.8 mm relates to a CVP > 10 mmHg.'t A
study of Avcil et al. determined the cut-off values for a high CVP 10 mmHg and 6
mmHg for a low CVP. For the maximum 1)V diameter they found a cut-off value of
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10.1 mm for a low CVP. For a high CVP they determined a cut-off value of 10.4
mm for the maximum 1JV diameter.*°

The 1)V collapsibility index (Cl) was investigated by, among others, Killu et al. and
Jassim et al. The CI can be calculated using maximum and minimum anterior-
posterior (AP) diameters or cross-sectional area (CSA):1241

Wap  CI = VAP max  TVaP min 00, (2.2)
I\]VAP max

[0Vesa Cl = 1IVesa max 1JVesa min 100% (2.3)
I\]VCSA max

All studies found a good correlation of the ultrasound measurements of the 1)V
with invasive measured CVP. Ultrasound measurements of the IJV can therefore
be a feasible, readily accessible, and reproducible method for the assessment of
intravascular volume status. Limited technical expertise is required to examine and
measure the IJV. As a result, this method to assess the intravascular volume status
could be used by any physician with limited ultrasound experience.
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Technical Background

As mentioned earlier, ultrasound assessment of the IVC and/or 1)V are promising
techniques for the assessment of intravascular volume status.

3.1 Ultrasound

The active component of ultrasound transducers consists of piezoelectric elements.
When an electrical current passes through a piezoelectric crystal within the transducer,
ultrasound waves are generated.*>*3 The ultrasound waves pass through the body
and interacts with different tissues. If a pulse migrates through a patient, it encounters
the boundaries between different tissues. Here a part of the pulse’s energy will be
re ected. The remaining energy will pass on. The re ected waves are detected by the
transducers and the time between the generated (pulse) and returned (echo) wave is
measured.

Using the pulse-echo principle, the distance of an object from the transducer can be
measured. This principle is also used in nautical sonar equipment to measure water
depth. An example of the pulse-echo principle is shown in Figure 3.1.

Transmlssnon Receptlon

Speed of sound ¢
Depth d

Reflection

Figure 3.1: Example of the pulse-echo principle. The water depth is
calculated by measuring the time from pulse transmission to reception of
the pulse.*2
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The distance to the ground can be calculated by using the speed of sound and
measuring the time between pulse transmission to reception. This is calculated
using the following equation: d = %‘ with ¢ the speed of sound and t the time.
Subsequently, a one-dimensional (A-mode) or a two-dimension (B-mode) image can
be created. #2444

3.1.1 Resolution

The ability of an ultrasound machine to distinguish between structures at a particular
depth, also known as spatial resolution, is mainly determined by the transducer.
Spatial resolution can be divided into axial and lateral resolution.

Lateral resolution reveals the ability to distinguish between two targets perpendicular
to the transducer. Lateral resolution is primarily regulated by the beam width of
the ultrasound, meaning that lateral resolution will be high if the ultrasound beam
width is narrow. Axial resolution the ability to distinguish between two targets
parallel to the transducer. Axial resolution is high when the spatial pulse length is
short. The spatial pulse length is determined by the wavelength of the pulse. As the
wavelength is inversely proportional to the frequency, the axial resolution depends
on the frequency of the ultrasound transducer.*>*® An overview of lateral and axial
resolution is given in Figure 3.2.

The ability to distinguish between rapidly moving structures is called temporal
resolution. Temporal resolution is de ned by the pulse repetition period. When this
period is short, a high temporal resolution can be achieved. A short pulse repetition
period can be obtained by a high pulse repetition frequeny and a shallow penetration
depth of the ultrasound waves.*®

Transducer
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Figure 3.2: A schematic overview of lateral and axial resolution.
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3.2 SENS-U Bladder Sensor

Recently, the SENS-U Bladder Sensor (SENS-U) (Novioscan B.V., Nijmegen, The
Netherlands) became available. An example is shown in Figure 3.3. The SENS-U is a
new, wearable ultrasonic bladder sensor (95 x 55 x 16 mm) designed to aid in the train-
ing of children with day-time urine incontinence by estimating the anterior posterior
(AP) bladder dimension. A study by van Leuteren et al. in 2018, clinically evaluated
the SENS-U in 30 children during (video) urodynamic testing. During this study, a
positive correlation (median rs = 0.94) between infused volume in the bladder and
estimated bladder dimensions were found.*’ In 2019 a pilot study was conducted
by van Leuteren et al. to evaluate the performance of the SENS-U during daily life
activities. This pilot demonstrated an equally accurate performance during daily life
activities as during (video) urodynamic testing.*®

The SENS-U is based on a combination of four piezoelectric crystals, placed within a

eld of view of 30 . The crystals are placed at an angle of respectively5, 5, 15,
and 25 . The SENS-U relays an ultrasound wave with a frequency of 3.5 MHz, with
a pulse repetition frequency ranging from 0.033 Hz (2/minute) to 1 Hz (1/5s), and has
a receive sample frequency of 1.14 MHz.

With the SENS-U, an A-Mode ultrasound image is created. The vertical peaks of the
A-Mode image correspond to the depth of structures the ultrasonic wave encounters
in different tissues. The SENS-U automatically processes the re ections of the bladder
walls within these vertical peaks. As a result, the AP bladder dimension can be
calculated.

The technology of the SENS-U could offer support in the non-invasive assessment of
the volume status. As mentioned in Chapter 2.5, ultrasound assessment of the IVC
and the IV are promising techniques for monitoring intravascular volume status.
However, with the current methods for ultrasound assessment the results are highly
user dependent and it is not possible to continuously measure the changes in IVC
and/or IV diameter. The technology of the SENS-U could aid in the non-invasive
assessment of intravascular volume status.

Figure 3.3: An example of the SENS-U Bladder Sensor
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In comparison, Singh et al. investigated in 2017 the use of a force-coupled single
crystal ultrasound transducer for non-invasive assessment of the jugular venous
pressure. In Figure 3.4, the used transducer and the obtained A-mode images are
shown. In this research, they concluded that a single crystal ultrasound transducer
was suf cient to create acoustic pro les corresponding to sonographic images of the
internal jugular vein in basal and collapsed states.*® This study used a technology
comparable with the SENS-U, which reinforces the idea to use SENS-U technology
for the assessment of intravascular volume status.

(a) Force-coupled single crystal ultrasound
transducer as used by Singh et al.
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(b) B-mode ultrasound images of the I}V in basal
and collapsed states, and the corresponding single
crystal A-mode images. The black arrowheads
show the 1)V, the red arrowheads the carotid artery
(CA)

Figure 3.4: The used ultrasound transducer and the obtained A-mode
images from the study by Singh et al.*°



15

Chapter 4

Proof of principle

As mentioned in Chapter 2, several methods and tools are available to assess the
intravascular volume status of a patient. These include both invasive as non-invasive
methods. Ultrasound assessment of the IVC or the IJV are methods that could be
used to assess the volume status. Both are non-invasive, rapidly performed and can
be repeated as often as necessary. SENS-U technology could be applied to support
both methods.

To measure the diameter of the IVC, a probe must be positioned in the subxiphoid or
intercostal window. To use the subxiphoid window, pressure needs to be applied to
the probe to obtain the right angle and reduce ultrasound artifacts caused by air in the
stomach. The intercostal window does not require pressure, but for this window an
experienced sonographer is required.'® For IVC imaging, a3 5 MHz phased-array or
curvelinear probe is preferred. The IVC depth can be super cial (8.5 cm), moderate
(8.5 12.5cm) or profound ( 12.5 cm).®

The IV lies super cially (1.5 cm) in the neck. The 1)V can be measured 2 cm above
the clavicle, without applying any pressure to the probe. Linear, high frequency (7.5
10 MHz) probes are preferred to visualise the 1JV.%! Little sonographic experience is
needed to locate the 1JV.

An overview of both methods is shown in Table 4.1. Using the SENS-U technology
for the assessment of the IVC, dif culties in distinguishing between tissues (e.g. the
liver, hepatic veins and arteries) are expected, especially using the intercostal window.
Furthermore, due to the needed pressure on the probe, the SENS-U cannot be used
for continuous measurements with the subxiphoid window.

It is expected that the frequency of the SENS-U is currently not adequate enough
to properly assess the 1JV. Nonetheless, since the )V lies super cially and little
sonographic experience is required, SENS-U technology could be suitable to aid in
the assessment of 1)V diameter for intravascular volume status.
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Table 4.1: Inferior vena cava vs. internal jugular vein ultrasound to assess
the intravascular volume status.

Inferior vena cava (IVC)

Internal jugular vein (1JV)

Ultrasound frequency 3 5

(MHz)

Probe position

Vein depth
(cm)

Volume status
assessment

Limitations

Subxiphoid or
Intercostal window

8.5 (super cial)
8.5 12.5 (moderate)
12.55 (profound)

Vena cava diameter
Collapsibility index

Dif cult to distinguish between
tissues with the SENS-U

7

On the right side of the neck,
2 cm above the level of the clavicle

15

Cross section area

IV collapsibility index
13V collapse pressure
AP diameter IV

Hard/impossible to measure
in patients with neck morphology

Therefore, proof of principle studies were performed to explore the feasibility of the
ultrasound volume sensor to measure intravascular volume status using the IJV. The

rst step of the proof of principle consisted of a phantom study with the SENS-U
Bladder Sensor. Subsequently, IJV diameter measurements with the SENS-U Bladder
Sensor were conducted on healthy volunteers. Lastly, a case study during surgery

was performed.
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4.1 Phantom study

To investigate the technological feasibility of the use of SENS-U technology to measure
intravascular volume status, a phantom study was conducted. During this study,
the axial resolution of the SENS-U Bladder Sensor was explored. Additionally, the
smallest distinguishable AP diameter was examined.

4.1.1 Methods

A phantom was designed and developed to analyse the accuracy of the current
ultrasound volume sensor to measure small diameters. This phantom consisted of
tissue-like ultrasound phantom material and three tubes, declining in diameter. A
mold for the phantom was created using a polyvinylchloride (PVC) pipe of 250 mm,
with a diameter of 100 mm. Within the PVC, the three tubes were lined up and
secured. The inner/outer diameters of the tubes were, respectively, 12/16 mm, 9/11
mm, and 4/6 mm. A 3D model of the mold is shown in Figure 4.1 and the nished
phantom is shown in Figure 4.2.

Subsequently, tissue-like ultrasound phantom material was created using the method
of Bude et al.: 140 g gelatin was dissolved in 1.7 L boiling water. Wallpaper glue with
cellulose was added to the gelatin suspension to mimic the acoustic properties of
tissue.>

Thereafter, the mixture was poured into the mold and chilled until rm. After the
phantom was removed from the mold, the three tubes were closed with a plug on
one side. Thereafter, the tubes were lled with water using a 10 cc syringe and closed
off completely. Subsequently, measurements were conducted on the phantom.

First the propagation speed in the phantom was calculated. As ultrasound machines
assume a propagation speed of 1540 m/s, the propagation speed through the phantom
can be determined using a depth measurement with the ultrasound machine and a
manual depth measurement with a ruler. This is shown in Figure 4.3. Subsequently,

the propagation speed can be calculated using: Vsoung = %’t‘.

Figure 4.1: A 3D model of
the mold used to create the Figure 4.2: The nished
phantom. phantom.
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(a) Ultrasound image of the phantom (end) (b) Schematic drawing of the phantom

Figure 4.3: The propagation speed through the phantom was calculated
using the ultrasound machine. The 9/11 tube was found with the
ultrasound machine at a depth of 4.04 cm. Manually measured depth was
approximately 4 cm.

For the measurements, the SENS-U was placed on top of the phantom as shown
in Figure 4.2. The AP diameter of the tubes were measured with the SENS-U in a
longitudinal plane. The measured data from the SENS-U was saved in .csv les.
The .csv les were analysed using Matlab R2018a (Matlab, The Mathworks Inc.,
Massachusetts, USA). For all tubes, the AP-diameter was calculated using a peak-
detection algorithm, shown in Appendix ??. Additionally, the AP-diameters were
corrected for the angle of the piezo-electric crystals.

4.1.2 Results
Propagation speed

With the ultrasound machine, Dt (in seconds) was determined to be 1540 m/s =
00904 m pr = 2004 =262 10 5s. Using this Dt, the propagation speed through the

phantom was determined to be: Vsoung = 5e5q57s5 = 1525 m/s.

Phantom

The AP diameter of the tubes was calculated using a peak detection algorithm. The
results of the peak detection are shown in Figure 4.4. The calculated AP diameters
can be found in Table 4.2.

Table 4.2: Measured AP diameters of the tubes for every angle with the

SENS-U.
Tube diameter AP-diameter per angle
inner/outer [mm] [mm]
+5 -5 15 -25
4/6 - - 329 -
9711 80 60 246 73
12/16 133 113 271 -
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(a) Phantom 4mm

(b) Phantom 9mm

(c) Phantom 12mm

Figure 4.4: Peak detection of the tubes in the phantom for all angles of the
SENS-U. The black lines depict the measured AP diameter of the tubes.



