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Abstract 
 
Background and Objective In stereotactic brain tumor biopsies, the combination of real-time 
fluorescence spectroscopy with the detection of microvascular perfusion using laser Doppler 
flowmetry provides an improved localization of the brain tumor while decreasing the risk of intra-
cranial hemorrhage. The surgeon using the measurement probe is required to view signal values 
on a screen or usually, when her or his visual focus is directed at the patient, the verbal feedback 
of a biomedical engineer who is monitoring the measurement signals is needed. In this process 
possible important information can be overlooked and time is lost. The aim of the thesis was the 
development a visual and auditory user interface (UI) for use in stereotactic brain tumor biopsies.  

Materials and Methods The system translates the fluorescence intensity of protoporphyrin IX 
(PpIX) into sound and visual indicators that are easy and fast to recognize and transmits warning 
signals in case of signal error or the detection of microvascular perfusion. The increasing and de-
creasing fluorescence values at tumor margins were reproduced to improve the precision of de-
tecting varying fluorescence intensities when entering tumor tissue with color gradient models. 
The algorithm produced five signal values when specific fluorescence intensities were measured 
and compared at different wavelengths. 
For the development of the UI, a user-centered design was implemented. The user-, operating 
room- and safety requirements were gathered by communicating with the biomedical engineers 
and neurosurgeons who had experience in working with fluorescence guided brain tumor biop-
sies. The requirements were considered when designing the UI’s features in LabVIEW and the 
auditory feedback was generated using OSC (Open Sound Control). The user interface intended 
to deliver measurement data to the user that triggered a high response accuracy by being easy 
to understand while inducing high user acceptance. The user interaction and function response 
accuracy of the visual and auditory interface were evaluated in statistical tests where operating 
room situations were mimicked. The user acceptance of the UI was evaluated. 

Results Signals for no, low (increasing and decreasing) and high fluorescence indicators, as well 
as two warning indicators for a blocked signal and vessel occurrence were represented visually 
and auditorially by the user interface. An intensity/time graph and intensity/wavelength graph, 
along with the option of recording measurement files and opening saved files allowed the inspec-
tion of detailed measurement values. The user study exhibited auditory response accuracy of 
95 ± 3% in the intuition test and 91±16% in a memory test. The testing of the response accuracy 
of the individual signal values displayed accurate responses in 84% to 100% of times a signal 
was played back. The user acceptance rating of the auditory and visual interface showed no neg-
ative results. 

Conclusion A UI was developed to visually and auditorially represent measurement values to a 
neurosurgeon performing a stereotactic brain tumor biopsy procedure and biomedical engineers 
monitoring the measurement signals. The visual display was successful in representing data in a 
way that was easy to understand. The auditory interface showed high response accuracies for 
the individual tones representing measurement values. The majority of the test subjects per-
ceived the signals to be intuitive, easy to understand and easy to remember. The auditory and 
visual UI showed high user acceptance ratings, indicating that the user interface was useful and 
satisfactory in its application. 
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  Zusammenfassung 
 
Der Einsatz von Echtzeit-Fluoreszenzspektroskopie in Kombination mit der Detektion von mik-
rovaskulärer Perfusion mittels Laser-Doppler-Durchflussmessung in einer Messsonde ermög-
licht eine verbesserte Lokalisierung des Gehirntumors bei gleichzeitiger Verringerung des Risi-
kos einer intrakraniellen Blutung. Der Neurochirurg, der die Messsonde während einer stere-
otaktischen Biopsie verwendet, muss üblicherweise Messwerte auf einem Bildschirm betrach-
ten. Wenn sein visueller Fokus auf den Patienten gerichtet ist, benötigt er eine verbale Rück-
meldung eines biomedizinischen Ingenieurs, der die Messwerte überwacht. Dabei können 
eventuell wichtige Informationen übersehen werden und Zeit beansprucht werden. Ziel dieser 
Thesis war die Entwicklung einer visuellen und auditiven Benutzeroberfläche (UI) für den Ein-
satz in stereotaktischen Biopsien zur Entnahme von Gehirntumorgewebe.  
 
Das System übersetzt die Fluoreszenzintensität von Protoporphyrin IX (PpIX) in akustische und 
visuelle Indikatoren und sendet Warnsignale im Falle eines Signalfehlers oder der Erkennung 
einer mikrovaskulären Perfusion. Die an Tumorgewebe gemessenen ansteigenden und abneh-
menden Fluoreszenzwerte sollten fortlaufend vom System kommuniziert werden. Der Algorith-
mus erzeugte, bei spektroskopischer Messung von Intensitäten an spezifischen Wellenlängen, 
fünf Signalindikatoren. Die Benutzeroberfläche sollte durch seine leichte Verständlichkeit dem 
Benutzer Messdaten liefern, die eine hohe Reaktionsgenauigkeit und gleichzeitig eine hohe Be-
nutzerakzeptanz hervorrufen. 
Für die Entwicklung der Benutzeroberfläche wurde ein benutzerzentriertes Design angewendet. 
Die Benutzer-, Operationssaal- und Sicherheitsanforderungen wurden durch Kommunikation 
mit Biomediziningenieuren und Neurochirurgen ermittelt, die bereits Erfahrung mit fluoreszenz-
gesteuerten Gehirntumor-Biopsien hatten. Die Anforderungen wurden bei der Gestaltung der 
Funktionen der Benutzeroberfläche in LabVIEW berücksichtigt und das akustische Feedback 
wurde mit OSC (Open Sound Control) generiert. Die Benutzerinteraktion und die Genauigkeit 
der Funktionsantwort der visuellen und auditiven Schnittstelle wurden in statistischen Tests be-
wertet, bei denen Bedingungen im Operationssaal nachgeahmt wurden. Die Benutzerakzeptanz 
der Benutzeroberfläche wurde bewertet. 
 
Signale für nicht vorhandene, niedrige (auf- und absteigende) und hohe Fluoreszenz sowie 
zwei Warnindikatoren für ein blockiertes Signal und das Auftreten von Gefäßen, wurden visuell 
und auditorisch durch die Benutzeroberfläche dargestellt. Ein Intensitäts- / Zeitdiagramm und 
ein Intensitäts- / Wellenlängendiagramm sowie die Option, Messdateien aufzuzeichnen und ge-
speicherte Dateien zu öffnen, ermöglichten den Zugriff auf detaillierte Messwerte. Die Anwen-
derstudie zeigte eine akustische Antwortgenauigkeit von 95 ± 3% im Intuitionstest und 
91 ± 16% im Gedächtnistest. Die Überprüfung der einzelnen angezeigten Signalwerte zeigte in 
84% bis 100% aller zurückgegebenen Signale eine fehlerfreie Antwort. Die Benutzerakzeptanz 
der auditorischen und visuellen Schnittstelle führten keine negativen Bewertungen auf. 
 
Folglich wurde eine Benutzeroberfläche entwickelt, um Messdaten Neurochirurgen, die eine 
stereotaktische Gehirntumor-Biopsie durchführen, und Biomedizintechniker, die die Messsig-
nale überwachen, visuell und auditorisch darzustellen. Die visuelle Anzeige konnte die Signale 
auf eine leicht verständliche Weise darstellen. Die auditive Signalrückgabe zeigte hohe Antwort-
genauigkeiten sowie die einzelnen Töne, die Messwerte darstellen. Fast alle Testpersonen 
empfanden die Signale intuitiv, leicht zu verstehen und leicht zu merken. Die auditive und visu-
elle Benutzeroberfläche wies eine hohe Benutzerakzeptanz auf, was darauf hinwies, dass die 
Benutzeroberfläche in ihrer Anwendung als nützlich und zufriedenstellend angesehen werden 
konnte. 
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1 Introduction 

Stereotactic brain tumor biopsies are performed by a neurosurgeon who extracts brain tumor 
tissue for the diagnosis of a brain lesion. Before the surgery, the trajectory and optimal target 
coordinates of tissue extraction are defined with 3D-imaging. A stereotactic neuronavigation 
system guides the location, depth and angle of the biopsy cannula during the procedure to ex-
tract multiple tissue samples at the predefined target location. The specimens are histologically 
inspected by a pathologist who makes a diagnosis which determines the further treatment of the 
patient. In up to 26% of all cases, the tissue samples obtained are non-diagnostic [1], which re-
sult in a repeated biopsy to retrieve tissue of diagnostic significance. The inaccuracy of tissue 
removal occurs predominantly as a result of the target point shifting with brain tissue after imag-
ing and preoperative planning took place. Retrieving real-time optical fluorescence measure-
ments during the stereotactic tumor biopsy procedure can increase the accuracy of the biopsy 
point. Spectroscopic measurement of 5-aminolevulinic acid (5-ALA)-induced PpIX fluorescence 
allows the discrimination of brain tumor tissue from normal tissue. PpIX is a fluorescent agent 
that accumulates in malignant brain tumor cells. During the procedure, the fluorescence is ex-
cited and measured with a handheld fiber optical probe in order to retrieve diagnostic tumor tis-
sue. The probe was developed at Linköping University and has been tested for guidance in 
brain tumor location [2]. Intracranial hemorrhage is a major complication during the biopsy pro-
cedure and occurs due to vessel rupture while inserting the probe. The detection of microvascu-
lar perfusion with laser Doppler flowmetry can reduce the risk of hemorrhage by detecting po-
tential vessels along the trajectory. Laser Doppler flowmetry was combined with fluorescence 
spectroscopy at the Department for Biomedical Engineering to target tumor tissue and detect 
vessels during stereotactic brain tumor biopsies [3]. The real-time measurement data is to be 
communicated to the neurosurgeon during the procedure through a user interface (UI). 
A UI is the mean of communication between a user and a device. Due to medical staff being 
subjected to a high amount of information, data is to be delivered accurately to users in a man-
ner that is simple, intuitive or easy to learn. To improve measurement data communication dur-
ing brain surgery, the neurosurgeon can benefit from an auditory feedback of measurement sig-
nals when his visual focus is directed at the patient. A user interface transferring this information 
intends to increase the efficiency of communication since the surgeon receives the essential in-
formation directly from the auditory and visual display. The information does not need to be ver-
bally relayed by an assistant, therefore, possible misunderstandings are avoided, and 
information is provided more efficiently. The concept of broadcasting fluorescence signals audi-
torially was previously tested in a user study for fluorescence guided open brain surgery [4]. 
Four discrete tones were developed to represent the signal values for no, low and high meas-
ured tumor fluorescence, along with an “Error” indicator for an obstructed fluorescence signal, 
e.g. due to blood interference. The signals were reproduced by measuring fluorescence values 
in optical liquid phantoms mimicking brain tissue with no tumor, low tumor cell density and high 
tumor cell density. The auditory display showed a high accuracy in broadcasting the measure-
ment signals to test participants in a study and proved the signals were intuitive, easy to learn 
and easy to remember. Plazak et al. [5] developed a system that sonified distance measure-
ments in image-guided neurosurgery with auditory feedback signaling when an inserted needle 
approached the region of interest in the brain. They determined a greater accuracy in locating 
predetermined points while navigating when audio-visual information was present as opposed 
to measuring with solely auditory or visual feedback. 
The aim of this thesis was to equip an existing hardware control system for fluorescence meas-
urements [6] with a visual and auditory UI that communicates fluorescence measurement sig-
nals continuously to the neurosurgeon who is performing the stereotactic brain tumor biopsy 
procedure while warning the user in case of blood vessel or blocked signal detection. It provides 
detailed visual information and controls for the biomedical engineer who regulates the measure-
ment and analyses the measurement values. The multi-modal approach of conveying infor-
mation to the users intends to increase response accuracy and safety in the procedure. 
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2 Theoretical Background 

2.1 Brain tumor diagnosis 

The diagnosis and treatment of tumors in the central nervous system are predominantly per-
formed by surgical intervention. Before any attempt of intracranial intervention, due to the deli-
cate and complex nature of the brain, possible complications must be considered. The risk of 
permanent damage of neurological tissue needs to be minimized, therefore procedures are 
planned in detail before an intervention. When symptoms and medical imaging indicate a brain 
lesion, a brain biopsy is performed which determines the further treatment of the patient. Histo-
pathologic diagnosis is performed by obtaining a tissue sample during craniotomy for attempted 
resection or stereotactically with a biopsy cannula. Stereotactic biopsy samples of the brain are 
proven to be more precise and are taken e.g. when affected tissue is in areas difficult to access, 
when the tumor size is small and or when application of anesthesia is to be avoided [7].  

2.1.1 Stereotactic brain tumor biopsies 

During the stereotactic procedure, the biopsy cannula with an optional measurement device and 
the patient’s head are located in a precise three dimensional polar or Cartesian coordinate sys-
tem. The movement of the instrument can be monitored and accurately determined. A stereo-
tactic frame allows movement of the device along three axes and is fixed on the patient’s head. 
Optical or electromagnetic tracking systems enable “frameless” stereotactic procedures. Refer-
ence markers on the surface of the instrument and patient are recognized and any alteration of 
location is monitored by the system. Stereotactic systems are CT- and MRI compatible. With 
three-dimensional medical imaging, pathological structures can be digitally displayed and target 
points and trajectories are determined. Desirable trajectories are as short as possible and avoid 
eloquent brain areas and critical vascular structures [8].  
 
Procedure and complications 

Before surgery, a frame is placed on the patient’s head and secured with pins. A CT and/or MRI 
scan of the head is then taken, and the procedure is planned. The patient receives anesthesia 
and the hair around the planned incision point is shaved and the skin cleaned. A skin incision 
and a trepanation of the skull are executed. The opening in the skull is also named burr hole. It 
is a few millimeters in diameter and exposes the dura. The dura is opened by the surgeon, and 
the biopsy needle inserted according to the planned angle and depth with help of the stereotac-
tic navigation device. Subsequently, multiple biopsy samples can be taken.  
Following the procedure, the incision is sutured and bandaged. The histopathological analysis 
of a brain tumor biopsy usually takes an hour and the surgical staff and patient need to wait in 
the operating room until it is evaluated if a repeat biopsy needs to take place. The patient will be 
monitored for a few hours post-surgery. Within a day, patients can resume their usual activities. 
On some occasions, the patient must return for a repeat biopsy when the surgeon was unable 
to obtain diagnostic tissue.  
Risks resulting from a stereotactic brain biopsy include intracranial hemorrhage and infection. In 
a study of 7514 patients who had a stereotactic needle biopsy procedure, intracranial 
hemorrhage was the most common complication and occurred in 5.8% of procedures and af-
fected patients were significantly more likely to die in the hospital [9]. Laser Doppler flowmetry, 
a tool for tracking microvascular perfusion, has been successfully used to optimize the implanta-
tion of deep brain stimulation leads and minimized the risk of intracranial hemorrhage [10].  
With the use of a cannula, a sampling error must be considered. Usually, a low accuracy results 
from obtaining heterogeneous, peripheral or necrotic tissue due to registration error or brain 
shift [11] (Figure 1). Brain shift is the movement and deformation of the brain and therefore the 
initial target point might get shifted after imaging. The brain shift is usually caused by cerebro-
spinal fluid loss after skull bone and dura opening [12]. The diagnostic yield, as in the likelihood 
the biopsy enables a diagnosis, can be maximized by e.g. sampling different areas of the tumor 
and by using a fluorescence-based technology for locating malignant tumor cells. Fluorescence 
spectroscopy enables an improved localization of the brain tumor, therefore, obtaining tissue for 
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diagnosis with a stronger probability. The operation time is shortened, and the risk of complica-
tions lessened due to the fact that fewer biopsies are required to receive diagnostic tissue. 
 

 

 Figure 1 Visualization of trajectory surpassing normal brain tissue, tumor margin, and tumor tissue. A brain shift might 
affect the accuracy of tumor tissue retrieval by shifting the tissue and risk of obtaining necrotic, peripheral tissue or rup-

turing a vessel. 
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2.1.2 Principles of fluorescence 

Fluorescence, as well as phosphorescence, are sub-categories of luminescence, which is the 
non-thermal radiation of light of a body. Most medical applications are based on fluorescence 
since organic compounds do not phosphoresce at room temperature [13]. A fluorophore is a 
molecule that can emit fluorescence. The principle of fluorescence emission can be seen in the 
simplified Jablonski diagram in Figure 2. When excited by a wavelength within the excitation 
range of the fluorophore, its electrons can absorb energy and transfer from the ground state S0 

to the excited second electronic singlet state S2 while being paired to a second electron with an 
opposite spin in the ground singlet state. In its excited state, the molecule is unstable and loses 
energy rapidly until it adopts the semi-stable first electronic singlet state S1. The process of 
transferring from state S2 to S1 is called internal conversion. During the transition to S0, excess 
energy is released as the emission of a photon of lower energy with a longer wavelength com-
pared to the initially absorbed light. The emission is also known as fluorescence. The fluoro-
phore can be excited again when in ground state [13, 14].  
 
 

 
 

Figure 2 The modified Jablonski diagram [14] illustrates the electron transfer between electronic states S0 (the ground 
state), S1 (first singlet state) and S2 (second singlet state) with fluorescence emission when transitioning back to S0. 

 
In order to perform fluorescence spectroscopy successfully, the wavelengths at which fluoro-
phores absorb and emit fluorescence must be considered. The fluorescent properties of a mole-
cule change according to its environment. Quenching is a reversible process where fluores-
cence decreases due to the chemical environment, pressure, temperature and the concentra-
tion of the fluorophore. The irreversible loss of fluorescence, called photobleaching, occurs be-
cause of high-intensity illumination and degradation over time.  
Fluorophores for medical applications can be categorized into two classes, intrinsic or extrinsic 
fluorophores. Intrinsic fluorescence occurs naturally and is also known as autofluorescence. Ex-
trinsic fluorophores are synthesized outside of the body or synthesized by the body when exog-
enous precursors are induced. 

2.1.3 Protoporphyrin IX as tumor marker 

Five-aminolevulinic acid (5-ALA) is an exogenous fluorophore that is approved for intraoperative 
fluorescence imaging in many countries in the world. It is a natural precursor of the fluorescent 
agent PpIX. 5-ALA can pass the blood-brain barrier and tumor interface. Malignant brain tumor 
cells possess the ability to accumulate PpIX when exposed to 5-ALA. After blue light excitation 
at around 405 nm, PpIX displays an emission spectrum that is depicted in Figure 3. PpIX has a 
characteristic peak at 635 nm in the red optical region. To the human eye the fluorescence ap-
pears to be pink/magenta, due to tissue reflecting the blue excitation light. The amount of fluo-
rescence intensity correlates with the density of malignant tumor cells. Lower fluorescence in-
tensities usually occur in the infiltrating tumor margin or areas with lower tumor cell densities 
[15]. 5-ALA is administered orally and the side effects are considered to be minimal [16].  
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Figure 3 PpIX occurrence in tissue emitting autofluorescence (AF) [17] 

  
Use in fluorescence spectroscopy guided stereotactic brain tumor biopsies  

Fluorescence spectroscopy is a form of electromagnetic spectroscopy which measures the fluo-
rescence spectrum of a material. A laser is used for exciting the fluorescence. In recent years, 
efforts in improving Fluorescence-aided diagnoses of cancer have been successful and biomed-
ical devices that measure fluorescence are used in numerous diagnostic methods in medicine 
[18]. They are considered to be some of the most applicable devices in the clinic, due to high 
sensitivity and specificity with the opportunity to allow real-time operative monitoring. By meas-
uring fluorescence, biochemical and morphological information of the native tissue can be gath-
ered without the removal of tissue [13]. Additional advantages are the use of non-ionizing radia-
tion, low cost, and portability of the used devices [19].  
Five-ALA induced fluorescence allows the real-time visualization of differentiating tumor from 
normal tissue during surgery and increases the rate of complete tumor resection particularly in 
combination with intraoperative monitoring and mapping [15]. Specifically, it has been shown 
that the effect of MRI registration error on accurate tumor localization has decreased with 
fluorescence guided brain surgery [20] and tumor margin visualization is more sensitive than 
contrast MRI and amino acid positron emission tomography [21]. Therefore, the use of 5-ALA 
has the potential to improve the diagnostic yield of brain tumor biopsies since a lower number of 
biopsies are needed. Consequently, the risk of complications will be reduced, and the overall 
procedure time can be shortened [22]. 
An optical probe for fluorescence excitation and detection has been developed at Linköping Uni-
versity for use in brain tumor biopsy procedures [17]. The patients undergoing a fluorescence 
guided brain tumor biopsy procedure are usually given around 20 mg/kg 5-ALA which is dis-
solved in water before surgery. After the trajectory and target point planning is completed, the 
surgery can take place. The probe is connected to a spectrometer and a laser. The laser excites 
tissue fluorescence with a wavelength of 405 nm and a spectrometer measures a wavelength 
range of 250-850 nm [3]. During the biopsy procedure, the probe is moved in 1mm steps 
through the predefined trajectory towards the target point, while tissue fluorescence is moni-
tored. The progression speed is about 6 s/mm (based on intraoperative measurements). Reach-
ing the location of a target point with the optical probe at a trajectory depth of about 50 mm 
would approximately take 5 to 6 minutes. When the biopsy location is determined, the optical 
probe is removed and replaced with a biopsy needle and multiple biopsy samples are retrieved 
from predefined locations [3]. The samples are histologically analyzed by a pathologist. 
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Autofluorescence for protoporphyrin IX signal quantification 

Autofluorescence (AF) originates from natural occurring fluorescent compounds of the body 
usually when excited by UV light. It is also referred to as intrinsic or endogenous fluorescence. 
Most common fluorophores in tissue are components of the structural matrix of tissues (colla-
gen, elastin) or metabolic pathways [23]. In structural matrices, the fluorescence typically occurs 
due to cross-linking of amino acids which are similar to compounds found in most fluorophores. 
Fluorophores from cellular metabolic pathways, for instance, include nicotinamide adenine 
dinucleotide (NADH), flavins, aromatics and amino acids (e.g. porphyrins like hemoglobin and 
myoglobin) [19]. Although the AF of brain tumors is recorded to be different than in healthy tis-
sue, due to different structural and metabolic features of the tumor [24], the differences may be 
difficult to interpret [25]. Figure 3 depicts the occurrence of PpIX in tissue, displaying the inten-
sity peak at 635 nm of the photosensitizer, along with the tissue’s AF, which is identifiable due 
to its characteristic fluorescence at around 500-550 nm. AF is used for fluorescence signal 
quantification to generate a relative signal that is independent of varying lighting. A possible 
method for this calculating the ratio of the PpIX emission peak at 635 nm and the AF peak at 
around 510 nm. 

2.1.4 Influence of the absorption spectrum of hemoglobin 

Using the absorption signature of hemoglobin (Figure 4(a)) in the AF, the availability of blood at 
lower amounts can be detected. Wavelengths in the region of blue light (400 to 495 nm) are 
highly absorbed by hemoglobin. In Figure 4 (b) the green graph displays the distinctive peaks of 
the oxygenated hemoglobin absorption spectrum blocking the AF. Blue light can be totally ob-
scured by blood layers with about 30-40 µm thickness [26]. As a result, blood interference in the 
biopsy procedure obscures the excitation of PpIX (405 nm) and therefore hinder fluorescence 
visualization [27].  

(a) (b) 

  

Figure 4 (a) Absorption spectrum of oxy-hemoglobin (HbO2) [28] and (b) effect of blood interference on the AF emission 
spectrum [27] 
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2.2 Displaying data in the operating room 

When designing a UI it is important to establish which information is necessary to convey in order 
for the user to perform a specific task. UIs in the operating room range from displaying 3-dimen-
sional images for surgical navigation to simple display of measurement values. The information 
feedback of the device must be delivered in a manner that is understandable for the user. The 
user’s individual perception and cognition of information while performing specific tasks or goals 
affects the effectiveness of communication. Specifically in the operating room, physicians, who 
are required to monitor information, frequently struggle with focusing on their tasks due to being 
distracted by information being displayed in a complex and poorly integrated way [29]. Therefore, 
an interface that is simple and easy to use and understand, for the user that the display is intended 
for, is of benefit in the operating room. Data can be complementarily displayed through modalities, 
majorly using visual, auditory and tactile information channels.  

2.2.1 Visual display 

In healthcare, along with current technology in different fields, the standard for simple and aes-
thetically pleasing interface design constantly evolves. Modern visual UIs are developed to be 
minimalistic and intuitive. The trends for UI design in the consumer space cannot be fully ap-
plied to the medical space as errors, e.g. pressing of a misinterpreted, unlabeled icon can have 
fatal consequences. When dealing with different information, separate windows or tabs prevent 
an overload of visual information [30]. Tabs give an overview of the content and provide a sense 
of location. Controls are to be intuitive, the detection of vital information without effort is required 
and visual complexity should be reduced without loss of function and room for misinterpretation. 
Buttons and controls are labeled and indicate their status when they are activated. Graphs are 
only to be used if they are meaningful and numeric indicators are displayed with units. 
Contrasting colors and colors of high saturation capture the user’s attention, whereas lower sat-
urated colors and indicators containing shades from the same color family are more likely to be 
overlooked. Using color psychology to convey specific information is useful to trigger a fast re-
sponse by utilizing the user’s automatic associations with a specific color [31]. Flat design is a 
modern visualization scheme which opposes gradients and drop shadows, therefore simplifying 
and decluttering the interface window. Skeumorphic designed controls with a distinct 3D-ap-
pearance, despite complexifying the window, make it easier to differentiate from static text. 
Which design style is used, depends on the importance of an element, controls that are less 
critical can bear a flat design and shading improves the visibility of critical information or con-
trols [32]. 

2.2.2 Auditory display 

Sonification is the display of data in form of tones that can be modulated to convey specific in-
formation which is suitable for monitoring measurement data. Sonification can be modulated by 
utilizing pitch (frequency), loudness (amplitude), duration, as well as the timbre of the sound. In 
the operating room, the continuous feedback of an auditory display, converting measurement 
values into sound, allows “eyes-free monitoring” due to the fact that visual and auditory infor-
mation can be processed simultaneously [33].  
Since during surgery multiple monitoring systems and machines are active concurrently, the 
medical staff is subject to a substantial amount of noise which can obstruct the auditory signal. 
Additionally, because of the fact that sound is interpreted differently depending on the individual, 
it is not an optimal way of communicating detailed information, unless accompanied by text and 
images [34]. Therefore, it is necessary that visual indicators are present to display detailed infor-
mation and have proven to deliver more precise results [5]. 
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2.3 User interface design 

The UI of a device is the link between the user and the device. It serves as a means of commu-
nication between both parties and is a vital component of the medical device. The goal when 
designing a UI is to achieve the best possible user experience while minimizing hazards and 
risks. A way to achieve this is to consider the usability of the device according to the current 
norms, which favor a user-centered design. Figure 5 models the user-device interaction with the 
UI being the link of communication. Human factors/usability engineering concerns itself with 
how UI design of medical products affects human-computer interactions. The device users, the 
device environment and the device UI are three main components in the device use system that 
interact to achieve an outcome which is either safe and effective or unsafe and ineffective In or-
der to implement a successful UI design, it is important to consider how the user perceives the 
information provided by the device, the way they interpret the information by cognitive pro-
cessing and how they interact with the device. Additionally, it is necessary to consider the ways 
the device receives the user’s control input and the processes with which the device generates 
an output which is understandable for the user [35]. 
 

  

Figure 5 The UI as a mean of user-device interaction and human factors engineering considerations of device-user interac-
tions resulting in either safe and effective or unsafe and ineffective use (figure adapted from FDA guidance for “Applying 

Human Factors and Usability Engineering to Medical Devices” [35] ) 

 
The user-centered design follows a development cycle of task analysis, design, prototype imple-
mentation, and evaluation. In order to develop a UI, the user needs and potential hazards must 
first be identified. The common needs are specified and translated into system requirements. 
This will determine the system’s tasks and its layout. More specifically, user groups/professions 
are identified and the environment the system is to be situated. The user’s physical, cognitive 
and perceptual ability to interact with the UI along with the user environment are considered. In 
the design stage, the requirements are translated into features of the system and the UI proto-
type is created. A risk assessment and usability evaluation of the UI during the design stage 
contribute to uncovering hazards and analyzing the system’s safety early by identifying user 
tasks, UI components and use issues [36].  
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2.3.1 Usability evaluation 

Usability is defined by the International Organization for Standardization (ISO) 9241-11 as: "The 
extent to which a product can be used by specified users to achieve specified goals with effec-
tiveness, efficiency, and satisfaction in a specified context of use" [37]. A system that is effective 
enables the user to complete a planned task. The evaluation of efficiency is measured by the 
effort and time required to achieve the task. Satisfaction is the user’s subjective opinion on their 
experience with the UI. Additionally, the context of use is to be considered when evaluating the 
criteria. This refers to the combination of user, task, and environment the system is to be used 
in and the means and resources that are available to the user to fulfil a task [37].  
To maximize usability for a user-centered design it is important to primarily identify specific user 
needs and translate them into requirements the design needs to fulfil. Successful designs strive 
to implement user-feedback into the development of the UI [38]. Detailed user requirements can 
be provided by usability evaluations and are useful for improving interface design and functions. 
Integrating tests in the development stage identifies potential risks early in the process which 
increases time and cost efficiency [39]. 

  



   
 

10 
 

3 Materials and Methods 

In order to implement the auditory and visual UI functions, user, environmental and safety re-
quirements have to be met. Hardware controls were defined, and software was developed to 
support the functions of the UI. In order to test the usability of the designed UI, an experimental 
setup was defined and used for the evaluation of user interaction. The user study was executed 
in four tests, in which the signal response accuracy was measured, and the user acceptance 
was measured to determine the test subject’s satisfaction with the UI and their opinion on the 
system’s usefulness. The results were statistically analyzed. This section describes the materi-
als and methods used in the development and evaluation of the UI. 

3.1 Designing the user interface 

When designing the UI, the intended users and the requirements in the operating room, as well 
as safety requirements, were considered. The section describes the factors that were realized in 
the design process of the UI to maximize effectiveness, efficiency and user satisfaction in the 
context of use.  

3.1.1 Intended users 

The main users of the interface during the measurement procedure at Linköping University Hos-
pital are biomedical engineers and operating room staff. The biomedical engineer controls the 
start and stop of the measurement through the UI, and if needed, adjusts measurement set-
tings. She or he observes the fluorescence graphs and indicators in distance of the patient. The 
engineer requires detailed visualization of the measurement data for monitoring the signals. The 
neurosurgeon along with the operating room personnel receives the measurement feedback 
values of the system. Due to the fact that the surgeon is performing brain tumor surgery while 
the measurements are taking place, his/her attention is mostly focused on the patient and not 
the visual interface. The system measurement feedback to the surgeon must be correct, but not 
detailed to reduce cognitive load with the intention to support them in their decision-making pro-
cess. During development of the UI, in order to optimize user experience, specific requirements 
of the operating room staff and biomedical engineers are considered, and features implemented 
which meet the requirements.  

3.1.2 Requirements in the operating room 

An operating room is divided into two areas: the sterile and the non-sterile area. The operating 
table is centered in the sterile area. Surgical staff is exposed to information from various 
sources, e.g. visual displays of the navigation system and auditory monitoring systems (Figure 
6). During a stereotactic biopsy, the computer, that visually and auditorially displays the fluores-
cence values, is located in the non-sterile area, directed at the surgeon who is performing the 
stereotactic brain biopsy in 3 to 5 meters distance. It is required that during the procedure the 
surgeon effortlessly receives continuous information of fluorescence intensity levels and warn-
ing indicators in real-time. In order to minimize the cognitive load, the right amount of infor-
mation is to be delivered in a way that is easy to understand and to remember. Additionally, 
tasks of the UI need to be performed as efficiently and as error-free as possible. A biomedical 
engineer controls the measurement and monitors the measurement values in the non-sterile 
area of the operating room. 
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Figure 6 Overview of the operating room environment of a fluorescence guided brain tumor biopsy procedure 

 
During the fluorescence guided biopsy procedure, no fluorescence occurrence, and increasing 
and decreasing fluorescence values are to be displayed by the UI. A continuous feedback of 
measurement values and the communication of increasing and decreasing fluorescence values 
are necessary. Warning signals are also needed; an error warning is to be displayed in case the 
signal is blocked. Additionally, in case of detection of a blood vessel, a warning signal is to be 
indicated. Although the visual interface is required to be constantly visible to the neurosurgeon 
and biomedical engineer during fluorescence measurements in stereotactic brain tumor biopsy, 
it must be possible to use the visual and auditory interface independently. Important indicators 
that must be visually available to the surgeon are the warning indicators and the fluorescence 
indicators. Important letters and numbers should be seen up to a 5-meter distance. The biomed-
ical engineer requires a fluorescence intensity/spectrum graph and fluorescence intensity/time 
chart for monitoring detailed measurement intensities and is able to view values and icons from 
a closer distance. Units and descriptions are required for numbered indicators to avoid misinter-
pretation. Additionally, the visual complexity of non-vital indicators or controls is to be avoided. 
Settings and less important indicators are displayed in a categorized, non-cluttered manner. 
Color indicators that represent specific meanings, e.g. magenta for fluorescence and red for 
blood vessel need to be consistent and explained since color-associations are subjective and 
can be misinterpreted. Vivid, saturated colors are limited to representing important information 
in order to avoid the overwhelming visual complexity of the interface and tiring of the eyes. 
Sound indicators are required to be intuitive, easy to learn and to remember. The auditory sig-
nals are to be identified alongside other tones in the operating room. The conversation between 
staff during surgery must be possible and in case the patient is awake during the procedure for 
function response, he or she should not feel disturbed by the sound. Also, in the case of the au-
ditory signal interfering with other signals from other devices, the option of adjusting volume lev-
els or deactivating the sound needs to be implemented in the UI. 
During the stereotactic biopsy procedure, the surgeon progresses into the brain tissue with the 
fluorescence probe one millimeter at a time. Every step, he or she reviews the value to make 
the decision to proceed further into the brain. The feedback of the information must be delivered 
as fast as possible for the surgeon to receive the signal in real-time. 
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3.1.3 Safety requirements  

It is required that the system efficiently provides reliable, accurate signals with minimal errors. 
The auditory signals should not interfere with other sounds that are to be noticed in the operat-
ing room. The sound level of the auditory feedback should preferably not exceed a level of 55 
dB to ensure safe working conditions [40]. In order to prevent exposure of the eye to the UV ra-
diation, the laser that is used to excite fluorescence is required to be activated and deactivated 
during the measurement and automatically turns off after stopping the measurement or exiting 
the program.  

3.1.4 Software design 

LabVIEW Version 2017 (National Instruments, Inc., Austin, TX) was used to control the hard-
ware and receive measurement signals. LabVIEW is a graphical programming system mainly 
used to design and test measurement- and control systems. The application consists of a Front 
Panel and a Block Diagram. The programming of the source code takes place in the Block Dia-
gram. The Front Panel displays virtual instruments that allow control over the system and indi-
cate specific values or results and therefore functions as a visual interface. Buttons on the Front 
Panel can control specific hardware or software functions. Data is shown in the Front Panel us-
ing indicators, graphs or charts and can be recorded with LabVIEW by writing to measurement 
files.  
The file formats that were used by the program developed in this thesis to store data are LVM 
(LabVIEW Measurement) and TDMS (technical data management streaming). LVM is a file for-
mat that stores data in an ASCII text format arranged by rows and columns. It is suitable for 
storing small datasets. The LVM file can be read in text editors, Microsoft Excel or MATLAB. 
TDMS is a file format that stores measurement data into files that are supported by all National 
Instruments development platforms. TDMS files can also be read and modified using Excel. 
They can be used to store large amounts of data.  
The sound design was developed by David Black at the Fraunhofer Institute for Medical Image 
Computing MEVIS in Bremen, Germany. The sound design program was created in PureData 
[41] using Open Sound Control (OSC) [42], a network protocol for sound processing that is 
compatible with LabVIEW. For more information on the development of the sound design pro-
gram and its integration, please see [4]. Measurement values registered by the LabVIEW pro-
gram were processed, displayed on the visual interface and simultaneously transferred to the 
embedded OSC library which triggered a specified response of the sound synthesizer. The 
sound output was dependent on the value that was transmitted to OSC by LabVIEW.  
  
Signal analysis 

The signal input of the spectrometer in LabVIEW was a 2-dimensional array of the spectrome-
ter’s bandwidth of registered wavelengths and the measured light intensity at each wavelength. 
The array indicating the wavelength value and the corresponding light intensity was displayed 
as an intensity/wavelength graph (visualized in Figure 7 (a)) which displays new wavelength in-
tensities with every measurement. The change of a specific wavelength’s intensity could be dis-
played by extracting the intensities of the wavelengths and combining them with the current time 
in an intensity/time chart (Figure 7 (b)).  
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Figure 7 Principle of extracting 2-dimensional array data and displaying (a) the intensity/wavelength graph and (b) the In-
tensity/time chart 

 
In the actual clinical measurements, the intensity at 635 nm (I635nm) represents the expected 
PpIX fluorescence emission and the intensity at 510 nm (I510nm) represents AF in the tissue. A 
ratio of the intensity of these two wavelengths is used to quantify the collected signals. In the 
present experimental work, the relative intensity is the ratio of the measured intensity at 635 nm 
to the intensity at 600 nm instead, due to the different optical range of the spectrometer 
(580 nm - 1100 nm). The 820 nm wavelength intensity (I820nm) was used to model the occur-
rence of a vessel.  
Figure 8 models the algorithm that was used to generate an output of signals of the auditory 
and visual interface. The threshold values were selected to obtain the values in the same range 
of clinical measurements. If the AF intensity was lower than a defined threshold (200), the pro-
gram generated a high value out of the ratio range that indicated an error. In the experiments, 
when I820nm exceeded I600nm, another high value was generated, which represented the meas-
urement of a vessel occurrence during the procedure. In the clinical application, a laser Doppler 
flowmetry measurement would indicate microvascular perfusion and send the measurement sig-
nal to the UI.  
If no error or vessel were identified, the ratio of I635nm and I600nm was calculated and the value 
was sent to the sound synthesizer which provided auditory feedback. The tones correlated to 
the size of the ratio value, e.g. a larger ratio would signify a higher fluorescence intensity.  
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Figure 8 Flow chart of signal analysis and communication of the UI 

 
Auditory and visual display 

In order to monitor the progress of the measured fluorescence intensity of specific wavelengths 
and the light intensity of the fluorescence spectrum, they were depicted in charts which are inte-
grated into the visual UI. A scale displayed the ratio of I635nm/I600nm. The text indicators “Error”, 
“Zero”, “Low”, “High” and “Vessel” were displayed with a set color for each indicator after the 
corresponding ratio value was generated. A red color was chosen for the “Vessel” indicator and 
for the “Error” signal, black was used. The indicator for no fluorescence (“Zero”) was conveyed 
by a white color. With increasing fluorescence intensity, the color increasingly turned from white 
to magenta. 
The auditory and visual display had a feedback delay equal to the integration time. The tone 
was played back instantly after the ratio signal was sent to the sound synthesizer. The tones 
were developed to be the same length as the integration time in order to receive an uninter-
rupted auditory signal. For the increasing or decreasing character of low fluorescence values 
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(1 ≤ R< 13), a variation of tones was played back, which represented the continuous transition 

of fluorescence values. For the “Zero” and “Low” signals, three simultaneously playing oscilla-
tors were used at 277, 370 and 466 Hz. Beginning at “Zero” intensity with the signal ratio being 
under 1, the oscillators underwent an amplitude modulation of 1 Hz. With an increasing ratio 
value, frequency modulation took place. Starting at ratio 1, the frequency linearly increased from 
2 Hz to 15 Hz, until the ratio value approached 13. As the ratio went down, so did the frequency, 
indicating a decrease of fluorescence which was still below the “High” threshold. Beginning at 
the ratio value 13, signaling the maximum “High” intensity value, the three oscillators jumped 
from the initial frequencies (277, 370, and 466 Hz) to a higher octave (554, 740, and 940 Hz).  

3.2 Experimental setup 

The experimental setup for the experiments (Figure 9) consisted of the fluorescence measure-
ment equipment, color gradient model, and the UI. Additionally, laser protection goggles were 
provided and user interaction with the interface could be recorded by a webcam. In order to 
measure fluorescence intensity, a laser (405nm, Zm18, Z-LASER, Germany) and spectrometer 
(580nm to 1100nm, Sensline Avaspec-2048XL, Avantes BV, Netherlands) were used. The 
spectrometer used to perform the experiments measures a wavelength spectrum that differs 
from the one that is used in fluorescence guided stereotactic biopsy procedures [4]. A fiber optic 
probe with 7 optic fibers was connected to the laser and spectrometer. It transmitted the laser 
light through 6 fiber optic cables to the end of the probe. The spectrometer was connected to 
the fiber centered between the 6 laser light transferring fibers and received the emitted light of 
the object in front of the probe. The visual UI was displayed on a computer monitor on the Front 
Panel of LabVIEW and the auditory signals were transferred by loudspeakers. The table with 
the probe and color gradient model could be placed up to a 5-meter distance from the monitor 
displaying the visual interface. 

 

Figure 9 Experimental setup for the evaluation of user interaction 
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3.2.1 Hardware control for measurements 

A previously developed and evaluated LabVIEW hardware control system [6], was used as the 
basis on which the UI was developed. Its functions included the setting of integration time, num-
ber of averages, dark correction settings, and an option to enter the number of scans to per-
form. The initial interface is depicted in the appendix (A.2). In this project, it was modified to acti-
vate and deactivate the laser automatically when the measurement was running along with the 
option to deactivate the laser during the measurement. The analogue voltage output of the 
spectrometer’s pins was modified with LabVIEW to control the voltage supply and light intensity 
of the laser. The maximum voltage output to the laser was 5 volt and the TTL (Transistor-Tran-
sistor-Logic) modulation voltage could be used to modify the light intensity by a rapid sequence 
of ON (5 V) and OFF (0 V) inputs. A “Laser ON/OFF” button was used to activate and deacti-
vate the laser during the measurement. Activating the “Laser OFF”- switch or stopping the 
measurement, transferred 0V to both voltage supply and TTL modulation and consequently 
stopped the emission of laser light. The hardware settings seen in Table 1 were used to perform 
the measurements in the experiments. The settings used were similar to the ones that have 
been used in the operating room [3]. 
 
 

Integration time 400 ms 

Number of averages 1 

Dark correction On, 100% 

Number of scans Infinite (-1) 

Laser TTL modulation 5 V 

Laser Voltage supply 5 V 

Table 1 Measurement parameters and settings 

 

3.2.2 Color Gradient Models 

The fluorescence intensity and warning signals were replicated in color gradient models which 
represented the gradient of fluorescence variation corresponding to tumor cell density when en-
tering tumor tissue with the probe. The models were cardboard boxes which had a fixed color 
gradient paper on the bottom (Figure 10(a)). The color gradient sequence was created in 
MATLAB. A matrix with predefined RGB color triplets with different red shades and a vector 
which defined the color spacing for every color triplet were generated. After interpolating the 
colors throughout their locations, the linear spaced gradient map could be generated and 
viewed with the imagesc and colormap function (code in Appendix A.1). The generated color 
sequence was printed on paper and could be registered by the spectrometer and produced a 
specific output value that was mostly reproducible in changing lighting in order to receive con-
sistent signal values in different tests. A narrow opening in the lid of the box acted as a guide for 
the probe tip and intended to block out most of the surrounding light that might have interfered 
with the signal. Additionally, it protected the eyes of the test subjects from laser reflection that 
could have potentially damaged the retina when laser protection goggles were not worn.  
Several locations along the color gradient of the optical models were marked with numbers of 
increasing order. When measuring along the numbered locations with the fluorescence measur-
ing set up, the system returned a reliable measurement value that was similar in repeated 
measurements of the same location.  
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The gradient character of the model allowed a continuous signal transition between the meas-
urement locations. In the experiments, four color gradient models were used with alternating 
color sequences (Figure 10(b)) for each test. The output values assessed by the system’s algo-
rithm were Zero, increasing (Low+) or decreasing Low (Low-), High, Error, and Vessel. Each of 
the 5 output values (Zero, Low, High, Error, and Vessel) occurred at least at one location in the 
color gradient model.  
 
 
              (a) 

 

 

 

 

 

 

 

 

 
             (b) 
 

 
 

 

 

 

 

 

 

Figure 10 (a) Color gradient model for replicating fluorescence intensity and warning signals (top: opened box presenting 
the color gradient used in test 2, bottom: closed box with marked locations along the opening) and (b) color sequence with 
predetermined measurement locations of four color gradient model that were used in the experiments 

3.3 Evaluation of user interaction 

A study was conducted to evaluate the participant’s interaction with the visual and auditory in-
terface to measure the UI’s usability. In the experiments, the response accuracy of the partici-
pants and interaction with the visual interface was recorded and evaluated. The ability to distin-
guish fluorescence readings and warning signals was tested in order to mimic OR situations. In 
the first test, the participant’s intuition response was evaluated. After a training period, the audi-
tory (test 2) and audio-visual response (test 3) accuracy of the user was recorded. In test 4 a 
memory test was executed where the participants who took part in the three prior tests were re-
quired to recollect fluorescence values or warning indicators after hearing the auditory feed-
back. For the experiments, the setup described in chapter 3.2 was utilized and for each test 
color gradient model were used to generate the measurement signal. Both the auditory feed-
back and background noise level were set to 50 ± 5 dB. 
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Before the study took place, the test participants were informed about the aim of the study, data 
recording and anonymous archiving. The test subjects were required to interpret fluorescence 
readings similarly to the neurosurgeon performing a fluorescence guided stereotactic brain 
tumor biopsy. Their attention would be focused on the optical model, similar to the surgeon 
viewing the insertion point of the handheld probe while performing the biopsy. Although the par-
ticipants were able to measure the signals at their own pace, they needed to state their interpre-
tation of the values as soon as they were displayed. The participants received the auditory and 
visual information from a distance of 3 meters. After the experiments, user satisfaction, the 
difficulty of use, and the user’s perceived opinion to the usefulness of the UI were queried. Addi-
tionally, the user’s age, possible hearing or vision impairments that could affect the UI percep-
tion and musical proficiency were noted.  
 
Procedure of intuition and response accuracy experiments 

In test 1 the intuitiveness of the perceived auditory signal was tested. An optical model was 
used and the values of 5 discrete signals were measured. The test participants’ ability to distin-
guish and interpret the sounds corresponding to the measurement values (no fluorescence, low 
fluorescence, high fluorescence, vessel and error warning) was evaluated. Subsequently, a 
training session took place, in which the test participants learned the 5 correct corresponding 
indicators of the auditory signals.  
In the second test, 14 locations along the gradient sequence of an optical model were meas-
ured. At every location, the test subject, after listening to the auditory signal, replied with their 
interpretation of the auditory feedback. In addition to the 5 discrete values tested in test 1, the 
subject’s response accuracy to the alternating increasing and decreasing low signals was 
measured.  
In test 3, the test participants were able to use the visual and auditory interface simultaneously 
while performing the same test that was described in test 2. An optical model with a different 
color sequence was used.  The test subject was instructed to only view the screen if they were 
uncertain of the answer. The visual interface was placed at a 3 meters distance. During the test, 
the subjects were exposed to a previously recorded operating room background noise of around 
50 dB. The accuracy of their response was noted and if they had looked at the visual interface 
before making a decision. It was inquired to state if in their opinion the generated background 
noises impeded with the latency and accuracy of their reply. 
In the memory evaluation (test 4), the subjects’ ability to remember the auditory signals after 7-
10 days was evaluated. An optical model with a new color sequence with 5 marked locations 
was used and the subjects listened to the sounds only once. Test subjects’ response accuracy 
was noted.  
 
Procedure of user acceptance evaluation  

The user acceptance of the combined auditory and visual UI after participating in the tests 1 – 3 
was measured using a standard 5-point Likert scale [43] (Figure 11). User acceptance was 
measured in two dimensions, a usefulness scale, and a satisfaction scale. The UI’s practicability 
is evaluated on the usefulness scale and the pleasantness of the interface is reflected in the 
satisfying score. Nine Likert items were evaluated and consisted out of bipolar adjective pairs. 
The terms assisting, effective, good and useful ranked the UI’s practicability and desirable, 
likeable, not annoying and pleasant represented the user’s satisfaction with the system. Addi-
tionally, the test subject’s satisfaction and opinion on the use difficulty of both visual and audi-
tory interface was evaluated on 5-point Likert scales. The users also rated the feedback speed 
of the UI and chose if they considered it to be slow, neither slow nor fast, or fast.  
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Figure 11 Van der Laan user acceptance scale with nine Likert items [43] 

 

3.3.1 Statistics 

The main research question was to what extent the visual and auditory UI design meets user 
needs. In order to evaluate the UI’s usability, mainly statistical evaluations of the user interac-
tion were made by comparison of the accuracies in the tests and evaluating a standard user ac-
ceptance ranking (acceptance assessment, Van der Laan  [43]). 
 
Intuition and response accuracy evaluation 

The accuracy of the test subjects’ interpretation of the signals given by the auditory and the vis-
ual interface was measured. In order to evaluate accuracy percentage of each test subject’s 
perception of each auditory signal, the number of correct participant’s responses when playing 
the sound was divided by the total of the played back type of sound. This was done for tests 1-4 
and a total accuracy for each sound in all tests was calculated. This was also done for the 
number of times a mistake occurred when a specific sound was played in order to evaluate if 
the participants had problems with distinguishing certain auditory signals.  
In order to measure the uncertainty of the test subjects’ replies in a series of 14 signal value 
transitions, the number of subjects viewing the screen in test 3 was evaluated. The amount of 
participants making an error throughout the test was also evaluated. In order to measure the 
supportiveness of the visual interface, the test subjects were divided into two groups, a group 
which did not view the visual UI (n = 5) and a group in which all test participants viewed the vis-
ual UI frequently (n = 5, screen viewing ranged from 36% to 100% out of all measurements) and 
the total accuracy of test 3 for the two groups was evaluated and compared in a box plot.  
The influence of musical proficiency on a participant’s accuracy was evaluated by comparing 
the total accuracy of amateur and intermediate musicians (n = 8) and non-musicians (n = 7) 
throughout all tests using a one-tailed t-test. The null hypothesis was that musicians do not 
show more accurate responses than non-musicians. The noise influence on the accuracy of the 
test subjects’ reply was measured by comparing the average accuracies of the test participants 
who stated they were disturbed by the background noise (n = 2) and the ones who were not in-
fluenced (n = 13) in test 3. The average percentage of times the two groups viewed the screen 
was compared as well.  
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Evaluation of user acceptance 

The positive system descriptors of the acceptance scale (Figure 11) were extracted and the per-
centage of test individuals (n = 15) who strongly agree, agree, who are neutral, who disagreeing 
or strongly disagree were evaluated. Additionally, the ranking of the acceptance scale was 
scored according to Van der Laan [43] from +2 to -2, with items 3, 6, and 8 mirrored and scored 
from -2 to +2. Items 1, 3, 5, 7 and 9 were averaged and represented the system usefulness, 
while items 2, 4, 6, and 8 were averaged to create a score for the satisfying scale. The test sub-
jects’ ratings along with the mean were displayed in a scatter plot. The use difficulty and user 
satisfaction of both visual and auditory UI were ranked from -2 to 2 and the percentage of use 
difficulty and satisfaction was displayed. The users’ perception of the feedback speed was also 
evaluated to be displayed as a percentage. 

3.3.2 Test participants 

The volunteer test participants (n = 15) who attended test 1, 2, and 3 had backgrounds in engi-
neering and natural science (n = 14) and in humanistic studies (n = 1), none of which had a self-
reported vision or hearing impairment. The age of the participants ranged from 23 - 51 years, 
with a median of 26 years. The musical proficiency of the subjects was accounted; n = 8 re-
ported to have amateur and intermediate musical experience and n = 7 had no musical experi-
ence. Prior to the tests 1 - 3, none of the test participants had experience using the auditory and 
visual interface that was used in the current experiments and they were informed of the clinical 
application. The memory test (test 4) was conducted 7-10 days after the participants’ (n = 11) 
last exposure to the auditory interface.  
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4 Results 

4.1 User interface 

4.1.1 Features of the user interface 

The UI was developed to visually and auditorially display fluorescence spectroscopy values and 
warnings in order to maximize efficiency and effectiveness of fluorescence measurements in the 
operating room. The UI was to be used in stereotactic brain tumor biopsies, enabling the dis-
crimination between normal and tumor tissue in the brain. In order to maximize the usability of 
the system, a user-centered approach was implemented. All requirements that have been com-
municated (3.1.1 - 3.1.3) have been considered in the design of the user interface. 
Features of the UI included the visual and auditory display of fluorescence values and two warn-
ing indicators to improve the safety of the procedure. The ratio the relative intensity of the fluo-
rescent agent in the tissue was acquired through signal analysis. It was displayed by a scale in-
dicating the signal ratio. The warning indicator “Error” notified medical staff if the signal was able 
to be evaluated for instance if it was obstructed by blood. The “Vessel” warning indicator should 
alert the staff if the probe was close to a vessel. An indicator displayed if the fluorescence ratio 
value was non-existent, low, high, and if an error was present or a vessel was detected. Each 
indicator was represented by a color. Bold colors were used for indicators that were to be seen 
by the surgeon. 

4.1.2 Visual Display 

The visual display was developed to meet existing requirements. The Front Panel was vertically 
split with the detailed measurement values on the left-hand side and the measurement controls 
and large fluorescence intensity indicators and measurement controls located on the right (Figure 
12). While the measurement was running, the audio could be activated or deactivated by an 
ON/OFF switch. Sound levels of different signal ratio values could be tested while a measurement 
was not running. Additionally, the power supply of the laser and TTL modulation could be adjusted 
by accessing the output ports of the spectrometer with a voltage up to 5 V. The laser could also 
be activated and deactivated by an ON/OFF button and was automatically turned off when the 
measurement was not running. A green communication light indicated if the connection to the 
spectrometer was established. The right window, the communication light, the laser, and audio 
buttons remained accessible when tabs of the left window were switched.  
 

   

Figure 12 Tab 1: A front-page overview of the visual UI’s intensity/time section 
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The detailed information was organized in four tabs. In the first tab, a graph displayed the meas-
ured fluorescence values at 629 nm and 600 nm and the change over time. The “Absolute In-
tensity A/D Output” axis autoscaled automatically depending on the measured intensity values 
and the x-axis displayed a window of 40 seconds. The time window could be adjusted by mov-
ing the scrollbar. Underneath the graph was a button to record the intensity changes of the dis-
played wavelengths in a LVM file. When activating the “Record LVM (Intensity/Time)” button be-
fore or while the measurement is running, the user was prompted to select a file location and 
name. When the file name was used by a different file, a number was added to the name that 
changed consecutively. Comments could be added to the file and the file path of the recorded 
measurement was displayed underneath the comment field. 
 

 

Figure 13 Overview of the visual UI’s intensity/wavelength tab 

The second tab (Figure 13) provided a graphical overview of the bandwidth of the measured 
wavelength spectrum and the captured intensities of the wavelengths. “Absolute Intensity A/D 
Output” axis autoscaled automatically depending on the measured intensity values. Two cursors 
tracked the intensities of 600 nm (AF) and 635 nm (PpIX). Below the graph, an option was given 
to record the measurement values to a TDMS file. The TDMS file stores more detailed infor-
mation of the intensity change throughout the wavelength spectrum. The recorded TDMS files 
could be opened in the third tab (Figure 14). The file path of the recorded TDMS file could be 
selected in the top field and opened by activating the “Open Measurement” button. The meas-
urement progress was displayed in two graphs: the Intensity/Time graph and the Inten-
sity/Wavelength graph. Two cursors indicated the intensities of the wavelengths 600 nm and 
635 nm. Opening a measurement file was only possible when no measurement is running. 
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Figure 14 TDMS files could be opened in the third tab and displayed in an Intensity/Time chart and an Intensity/wavelength 
graph.   

In the fourth tab, as can be seen in Figure 15, measurement settings, laser settings, spectrome-
ter specifications, measurement, and maximum fluorescence intensity indicators, as well as the 
audio test function were accessible. The fields for determining setting values are depicted with a 
white background whereas the indicators that are invariant were displayed with a grey back-
ground. The measurement settings included the input of the integration time in milliseconds, the 
number of measurement averages taken for every interface-issued signal value, the number of 
scans that were performed after pressing the “Start Measurement” button, and the dark correc-
tion settings. In order to control the light intensity of the laser, the voltage supply could be ad-
justed, and the TTL modulation could be set by connecting the laser wire to the spectrometer’s 
analogue output. The specifications of the spectrometer were displayed, such as the detector 
type, the number of pixels that are generated which corresponded to the number of wavelength 
intensities which are individually measured, the microprocessor type (FPGA: Field Programma-
ble Gate Array) and the driver interface versions (AS5216DW and AS5216DLL). Measurement 
value indicators were shown, such as the display of time that has passed since the measure-
ment has started, the number of scans that have been taken, the number of scans that have 
been unsuccessful, the average time that has passed for every scan and the duration of the 
previous measurement. The maximum fluorescence intensity of every measurement session 
was displayed as the “Maximum Signal Ratio” indicator with the corresponding time of occur-
rence. The values were reset as soon as the program was exited. The sound output could be 
tested while the measurement was not running, by choosing a signal ratio value from the legend 
and pressing the “Test Sound” button.  
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Figure 15 Settings and indicators tab which included measurement and laser settings, spectrometer specifications, meas-
urement, and maximum fluorescence intensity indicators and a panel for testing the auditory signal. 

Figure 17 shows the different states of the fluorescence scale and the fluorescence value and 
warning indicators. Depending on the measurement values of specific wavelength indicators 
(3.1.4 Signal analysis) a color and text indicator displayed different states. Each of the five sig-
nal values was depicted by an assigned color.  
 

(a) (b) (c) (d)  (e) 

     

Figure 16 Signal ratio indicators showing (a) “Zero” fluorescence (R<1) for no measurable fluorescence, (b) “Low” fluores-

cence (1 ≤ R < 13) and (c) “High” fluorescence, (13 ≤ R) (d) “Error”, if the signal is blocked and (e) “Vessel”, if vasculariza-

tion was detected. 

 

 

  



   
 

25 
 

4.2 Study results 

Intuition and response accuracy 

The mean response accuracy percentages of the test subjects throughout all 4 tests are seen in 
Table 2. The fields of accurate responses are displayed with a green background and the faults 
are displayed with a red background. Fields with no values are instances which did not occur, 
could also be described with 0%. Total occurrences are the number of times the sound is dis-
played in every test multiplied by the number of test participants. In test 1 the subjects had a to-
tal response accuracy of 95 ± 3% for all played auditory signals. In test 2 when playing a se-
quence of 14 sounds, the response accuracy was at 95 ± 10%. In test 3, when the subjects 
were exposed to background noises and were able to use the UI, the mean accuracy was 94 ± 
10%. In test 4, (memory test), the total accuracy was 91 ± 16%. The most misinterpreted 
sounds were “Error” and “Zero”, both with total accuracies of 84% throughout all tests. The sig-
nals the “Error” sound was confused with were “Zero” (7%), “Low” (7%), and “High” (2%). In 
16% of all cases in which “Zero” was played back, it was confused with “Low” fluorescence. The 
response to the “Low” signal value was accurate in 99% out of the total, 1% of the times being 
confused with “High”. The value “High” was perceived correctly in 93% of all cases. It was 
mostly mistaken for Error (6%) and Vessel (1%). The test participants could 100% accurately 
determine increasing and decreasing “Low” fluorescence throughout all tests. 

Table 2 Response accuracy percentage for test 1 – 4 displayed in a confusion matrix with the number of total occurrences 
in the color gradient model and the total accuracy in each test and for each signal 

 

Displayed in-
formation 

Perceived information Total occur-
rence in all 
tests 

Total test accu-
racy Error (E) Zero (Z) Low (L) High (H) Vessel (V) 

Test 1: Auditory intuition test  
(n = 15) 

Error (E) 93% 7%       15 

95 ± 3% 

Zero (Z)   93% 7%     15 

Low (L)     93% 7%   15 

High (H)       93% 7% 15 

Vessel (V)         100% 15 

Test 2: Auditory accuracy 
(n = 15) 

Error (E) 100%         15 

95 ± 10% 

Zero (Z)   67% 33%     15 

Low (L)     100%     120 

High (H) 13%     87%   45 

Vessel (V)         100% 15 

Test 3: Auditory and visual ac-
curacy with noise 

(n = 15) 

Error (E) 73% 7% 20%     15 

94 ± 10% 

Zero (Z)   82% 18%     30 

Low (L)     100%     105 

High (H)       100%   30 

Vessel (V)         100% 15 

Test 4: Auditory memory test 
(n = 11) 

Error (E) 64% 18% 9% 9%   11 

91 ± 16% 

Zero (Z)   100%       11 

Low (L)     91% 9%   11 

High (H)       100%   11 

Vessel (V)         100% 11 

Average accuracy 84% 84% 99% 93% 100% 

 
Figure 17(a) depicts the number of test subjects that used the visual interface in test 3 when a 
series of signals was played back and the total number of errors that were made, although the 
visual interface indicated the correct signal value. The average number of participants who 
viewed the screen for each signal value throughout the test was 4 out of 15. At location 6, 
where an increasing fluorescence value was signaled, which was still considered to be “Low”, 
most participants viewed the screen. The visual interface was viewed the least when the “Ves-
sel” sound was played. The “Error” and “Zero” signals caused the most errors. 
The effect the usage of the visual interface had on the response accuracy is portrayed in Figure 
17(b). The boxplots compare two groups of n = 5. All 10 participants stated they were not influ-
enced by the background noise in test 3. In the first group of participants, none of which had 
viewed the visual interface throughout the whole test, the response accuracy ranged between 
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79% and 100% (with an average of 93 ± 8 %). The second group viewed the visual UI fre-
quently (36% to 100%) throughout the test showed a mean accuracy of 97 ± 6%. 
 

(a) (b) 

  

Figure 17 Test 3 – audio-visual response accuracy: (a) Number of test subjects (out of n = 15) viewing the visual interface 
when a signal value was played back in a series of 14 measurements and the number of errors made per signal value.  (b) 
The accuracy of responses made by two groups of n = 5 who stated they were not affected by any background noise, one 
group (red) who chose to not view the visual interface throughout the test, and a group (blue) in which the visual interface 

was viewed frequently (36% to 100%) throughout the test 

The participants with musical proficiency (n = 8) displayed a higher response accuracy 
(p - value < 0.05) in the t-test compared to the participants with no musical experience (n = 7). 
The average accuracies of test participants who stated their responses declined from 97 ± 4% 
in the tests 1 and 2 without noise to 89 ± 5% in test 3 in which they were exposed to noise. The 
test subjects who stated they were not influenced by the background noise had an accuracy of 
94 ± 7% in the tests without noise, and in test 3 showed an accuracy of 94 ± 6%. The test sub-
jects who indicated they were disturbed by the noise looked at the visual interface on an aver-
age of 17% through the entire test whereas the subjects that were not affected by noise looked 
at the visual indicators more frequently (29%). 
 
User acceptance 

The evaluation of user acceptance resulted in the following chart (Figure 18, n = 15) which de-
picts the test subjects’ subjective opinion on nine items of the user acceptance evaluation [43] 
on a five-point Likert scale. The ranking is displayed in percent of total users that have evalu-
ated the UI. The maximum score for strongly agreeing on a parameter was 2 and the minimum 
score for strongly disagreeing to an item was -2. 
 

 

Figure 18 Van der Laan user acceptance evaluation [43] of the visual and auditory interface. 
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The items which represent the user’s satisfaction (desirable, likeable, not annoying and pleas-

ant) generally had a lower score than the items reflecting the usefulness of the system (assist-

ing, effective, good and useful). The test subjects’ individual perception on their satisfaction with 

and the usefulness of the UI is shown in Figure 19. The averages of the items representing in-

terface usefulness were 1.7 ± 0.4 and the satisfaction had an average score of 1.4 ± 0.5 and is 

also depicted in the plot. The combined scores of usefulness and satisfaction along with the 

mean are all located in the top right quadrant of the scatter plot visualizing the dimensions of 

user satisfaction and the interface usefulness. 

 

Figure 19 Usefulness and Satisfaction of the UI derived from the user acceptance evaluation on a scale ranging between -2 
(strongly disagree) and 2 (strongly agree) visualized by the mean and individual ranking of all test participants (n = 15) 

The satisfaction ranking of the visual and auditory interface is displayed in Figure 20(a). The 

ranking of the difficulty of use is depicted in Figure 20(b). The evaluation of the feedback speed 

resulted in 87% of the test subjects stating the feedback was fast enough and 13% stating it 

was neither slow nor fast. 

(a) 

 

(b) 

 

Figure 20 User evaluation of (a) the satisfaction with the visual and auditory interface and (b) the use difficulty of the visual 
and auditory UI (n = 15) 
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5 Discussion 

In this thesis, a visual and auditory UI was developed for use in stereotactic brain tumor biopsy 
procedures. In the design of the interface, all requirements that were communicated by biomedi-
cal engineers and neurosurgeons were considered. These included user, environmental and 
safety aspects. Features were implemented that intended to meet the requirements. To evalu-
ate the usability of the interface, statistical tests were made which assess to what extent the de-
signed system met user needs.  

5.1 Design of the user interface 

Visual indicators 

In order to visualize measurement readings, the absolute intensities of the spectrum measured 
were displayed by a chart and a time plot. The chart updated the spectral intensities for every 
measurement, therefore a peak showing up shortly during the measurement could have been 
overlooked easily. A time plot displayed the intensity progress of the wavelengths representing 
tissue AF as well as PpIX fluorescence. The intensity/time plot allows the selected monitoring of 
wavelengths of interest and comparison of intensities with the progress of time. A momentarily 
increase or decrease of PpIX- or AF intensity can be compared to the previous values. The as-
sumption was made that there is no shift in the characteristic fluorescence peak depending on 
light interactions, which might not be detectable by only monitoring selected wavelengths but by 
viewing the intensity/wavelength graph. A biomedical engineer usually monitors these signals 
and is close to the display, therefore indicators are depicted in a more detailed fashion than the 
indicators that are important to be seen by the neurosurgeon. Tabs allow an easy navigation 
throughout the four pages while the visual indicators for the neurosurgeon were constantly on 
display on a separate window. A scale with a number indicator displayed the current ratio value. 
In order to ease the decision-making process of the surgeon, the discrimination of no fluores-
cence (“Zero”), “Low” fluorescence and “High” fluorescence, as well as the warning signals “Er-
ror” and “Vessel”, was implemented with a color box and text indicator. A highly saturated red 
color was chosen for the “Vessel” indicator to alarm the user by evoking the association with 
blood flow. For the “Error” signal, black was used to signify the absence of a readable signal. 
The value indicating no fluorescence value (“Zero”) was conveyed by a white indicator, which is 
considered to be a neutral, non-alarming color. Under blue light illumination, PpIX emits red flu-
orescence. To the human eye, it is perceived as pink or magenta, due to the reflection of blue 
laser light, which transforms the red color to magenta. Therefore the “High” fluorescence value 
is represented by the color magenta. For the signal indicator “Low” a less saturated magenta 
colors were used, depending on the ratio values that were present.  
 
Auditory indicators 

In a previous project, an auditory interface was designed that communicated measurement val-
ues for open brain tumor surgery [4]. Four discrete signals communicated the signal values 
“Zero”, “Low”, “High” and “Error”. In this project, the auditory interface was further developed to 
be applicable in biopsies, where the discrimination of increase or decrease of fluorescence 
values is advantageous. The alternating frequency of auditory feedback corresponding increas-
ing or decreasing “Low” fluorescence values intended to provide a better perception of the fluo-
rescence value transitions when progressing in tissue compared to only having one signal for 
“Low”. The addition of a pulsating sound for a “Vessel” indicator to alarm the users in case of 
the occurrence of vascularization in the brain would increase the safety of the procedure. 
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5.2 Color gradient models 

Color gradient models were developed which had the aim to reliably reproduce measurement 
values for the user studies. It was intended that the users would measure signal values similarly 
to how the neurosurgeon would, while progressing with the fiber optical probe along the biopsy 
trajectory. The test subjects proceeded step by step along the trajectory and interpreted the dis-
played measurement values, which would either be no fluorescence, increasing or decreasing 
fluorescence, high fluorescence or the warning indicators error or vessel. The generated fluo-
rescence spectrum of the model was required to have a peak similar to PpIX (at around 
635 nm) and should vary in intensity, in order to produce an increase and decrease of fluores-
cence signal value. Initially, the use of optical phantoms made of agar gel, intralipid and ink with 
varying concentrations of PpIX was considered. The use of agar gel would create a mechanical 
and solid consistency and allow the stacking of layers with different PpIX concentrations and 
would, therefore, produce an increase or decrease of fluorescence when piercing the gel with 
the optical probe. Unfortunately, it was observed that the layers did not provide reproducible sig-
nals since after entering the gel with the probe, the fluids with PpIX in the gel intermixed with the 
fluids of different layers. Photobleaching caused the effect of decreasing intensity in the emis-
sion peak of PpIX. Additionally, it would have been difficult to produce the “Error” and “Vessel” 
values. As an alternative, paper models with color gradients were used to reproduce fluores-
cence values with measuring color reflection instead. The color red was used since the printed 
red paper produced a intensity maximum at around 630 nm. Using darker shades of red pro-
duced lower fluorescence intensities. The warning signals could also be reproduced with the 
gradient model by analyzing different wavelength intensities that were not in the range of red 
light.  

5.3 User interaction study 

The aim of usability/ human factors engineering is the development of UIs that are effective, effi-
cient and satisfying in their context of use. The evaluation of the UI was carried out in a study, in 
which test subjects’ interaction with the auditory and the audio-visual UI and acceptance was 
evaluated. The tests were executed to mimic the context of use in order to achieve results that 
would also be valid in the operating room. The aim was to evaluate the effectiveness of the UI in 
communicating measurement signals, for this the response accuracy of test participants to sig-
nal indicators were evaluated. The context of use in the operating room was mimicked by en-
couraging the user to focus on the measurement location of the gradient model. Additionally, 
background noises were played, and the visual interface was positioned in 3 meters distance of 
the test subject. The participants were prompted to react to the measurement signal instantane-
ously. The efficiency of the UI was evaluated by inquiring about the users’ perception of the 
feedback delay. User satisfaction and the UI’s usefulness were measured by evaluating the test 
participants’ acceptance of the UI. 
 
User interaction test considerations 

The visual interface was considered to be very simple, intuitive and fairly straight-forward with 
the representation of signal values, therefore the auditory response was tested in more detail in 
the response accuracy study. It was observed that the manner in which the tests were carried 
out influenced the test results. While executing the study, it was critical that all test subjects 
were given the same information and that the method in completing a test would always be the 
same for every participant. In the intuition test, as opposed to the memory test, the test subjects 
were allowed to listen to the auditory signals and interpret their meanings before they chose sig-
nal values that they found suited the sound the most. They were able to listen to all sounds be-
fore assigning them to the corresponding signals, which resulted in the test participants showing 
the highest accuracy in intuitively responding to the auditory signals, even though they had 
never heard them before. For the memory test, the test subjects could not listen to all five 
sounds before making their decision. They knew they were going to hear five sounds, what 
made it easier to distinguish the tones that were played last.  
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It was initially planned to measure the duration of the test subjects’ reaction time. Due to the fact 
that in a real-life situation during a brain tumor biopsy procedure the surgeon would also be re-
quired to act instantaneously, it was decided not to measure the reaction time. In the tests with 
14 signal values, the effect of pressuring the test subject to react to the sound immediately and 
additionally the influx of background noise in test 3 had possibly influenced them to make more 
mistakes. It was observed that the majority of participants avoided looking at the visual interface 
due to time pressure and the fact that they had to adjust the correct probe position on the gradi-
ent model. They mainly looked at the UI to reassure them in their response decision. It is esti-
mated that the neurosurgeon would act similarly. 
For the evaluation of the individual’s opinion on the UI, 5-point Likert scales were used. The van 
der Laan user acceptance evaluation was used to indirectly measure the user’s subjective view 
on the usefulness of and user satisfaction with the UI. For this, the user rated specific items re-
lated to practicability and likability. The accuracy of an indirect evaluation of a system’s charac-
teristics with items that are related to it can be influenced by the test subject’s unique interpreta-
tion of the meaning behind the questioned item. 
 
Intuition and response accuracy 

The overall response accuracy was very high with the mean accuracies for every signal indica-
tor ranging from 84% to 100%. The test subjects displayed a high accuracy (95 ± 3%) in intui-
tively assigning the auditory signals to the corresponding measurement values and learned to 
distinguish the sounds quickly after being subjected to them once. In almost all cases training 
was not needed. The transitions between increasing and decreasing “Low” fluorescence values 
were 100% accurately perceived throughout all tests. Consequently, it can be said that the infor-
mation about increasing and decreasing fluorescence can be communicated very accurately by 
the UI. Throughout all tests the response accuracies of “Low” (99%), “High” (93%), and “Vessel” 
(100%) were high. “Zero” was most frequently mistaken for “Low” (33% of test subjects per-
ceived it as “Low” with only the auditory feedback in test 2 and 20% with audio-visual feedback 
in test 3). This could be due to the fact that the auditory signals were perceived as similar with 
only a slight variation in frequency. The “Error” signal was inaccurately perceived in 16% of all 
cases and it was the indicator that was mostly mistaken for other signals (“Zero” (7%), “Low” 
(7%), and “High” (2%)). It may be the case that the “Error” sound, due to its high frequency, was 
not very distinguishable from the fluorescence-related indicators. Additionally, it must be consid-
ered that in the auditory memory test the participants were subjected to the “Error” sound first, 
responding with the lowest accuracy (64%) out of all sounds in all tests. The fact that they did 
not have the chance to hear all the sounds for 7-10 days before participating in the memory test 
could have influenced this result. The other auditory signals were easy to remember since they 
showed a high accuracy in the memory test. 
Figure 16(a) underlines the statement that the subjects had difficulties with the signals “Error” 
and “Zero” since in test 3 the participants were able to view the visual interface, but mostly 
made mistakes when the signals occurred. Most of the test subjects (6 out of 15) viewed the 
visual interface when a low fluorescence peak occurred at location 6, it was most probably to 
confirm that the value was not yet considered to be “High”. The fact that the lowest number of 
participants viewed the visual interface when the “Vessel” signal was played back (2 out of 15), 
indicates that the auditory signal was easy to identify. In general, the average number of test 
subjects using the visual interface was low (4 out of 15) which indicates that most participants 
were feeling confident when interpreting the auditory signals and didn’t require visual reassur-
ance. The response accuracy of participants who viewed the visual interface frequently was 
higher compared to the accuracy of the participants who did not look at the visuals throughout 
the entire test. This indicates that in order to avoid misinterpretations and improve response ac-
curacy, it is preferable to use the visual interface.  
Test participants with musical proficiency responded to the indicators more accurately (p < 0.05) 
throughout all tests. This could be due to their musical experience, they could more easily iden-
tify the progression in pitch and differentiate the auditory indicators. The less accurate results 
(89 ± 5% as opposed to 94 ± 6%) of the two out of 15 test participants who stated to be dis-
turbed by the background noises in test 3, and the less frequent viewing of the visual interface 
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could indicate that they were overwhelmed with the variety of incoming signals and the pressure 
to reply instantaneously while focusing on moving the probe to a specific location on the gradi-
ent model. The majority of test participants stated that they could distinguish the auditory sig-
nals easily from the background noises. The experiments proved that the individual’s perception 
and cognition of information varies and affects the response accuracy since auditory signals are 
considered to be more difficult to interpret than visual text indicators. Throughout all tests the 
response accuracy was high (≥ 91%). 
 
User acceptance evaluation 

In general,nc user acceptance results were positive. The features of the UI were considered to 
be very useful since all attributes indicating the practicability of the system (assisting, effective, 
good and useful) were ranked very positively. A small percentage of test subjects gave neutral 
feedback for the attributes representing user satisfaction (desirable, likeable, not annoying, 
pleasant and raising alertness) resulting in a slightly lower average satisfaction ranking. The av-
erage results of the test subjects’ acceptability ranking depicted in Figure 18 show high scores 
in the top right quadrant of the scatter plot which indicates high UI usability and high user satis-
faction. The results confirm that the UI is considered to be useful and provides user satisfaction. 
The auditory interface was not evaluated to be sleep-inducing or annoying by any test partici-
pant.  
The test subject’s rating of the visual interface was very positive, with over 90% of the users be-
ing satisfied with the visual data representation. The visual indicators were considered to be not 
difficult to understand since 100% of all test participants found the visual interface easy to use. 
User satisfaction of the auditory interface was over 70% positive, and 80% of all test subjects 
considered the auditory signals easy to understand. The slightly lower rating of the auditory in-
terface could be due to some auditory signals being perceived as difficult to distinguish, such as 
the difficulty in identifying the “Error” signal and “Zero” being very similar to “Low” fluorescence. 
During the stereotactic biopsy procedure, the surgeon proceeds into tumor tissue in millimeter 
increments; at every step, he or she is required to receive the information in real-time. The dura-
tion of signal integration, processing, and data transfer affect the feedback speed. The majority 
of the users (87%) considered the measurement feedback to be fast.  

5.4 Future directions 

The UI was developed for research purposes to improve signal communication to the neurosur-
geons while performing stereotactic brain tumor biopsies. In future, the degree to which the au-
ditory interface is beneficial to the neurosurgeon during surgery by comparison with the applica-
tion without the use of auditory feedback can be evaluated. In order to increase the interface’s 
performance in the operating room, even though the response accuracy was overall considered 
to be high, the auditory “Error” and “Low” signal can be modified to be more distinct. Eye track-
ing of the UI during fluorescence measurements could give information on redundant indicators 
and could identify distracting design elements. Measuring the interactions of biomedical engi-
neers, neurosurgeons, and nurses with the UI would identify possible response characteristics 
of different user groups. User studies would be improved by more closely mimicking OR situa-
tions or by testing the UI in stereotactic brain tumor biopsy procedures. The recognition of the 
auditory signals alongside other auditory monitoring systems that are active during surgery can 
be tested. The fluorescence measurement values could be combined with the surgical naviga-
tion system to visualize fluorescence occurrence along the trajectory compared to the pre-op 
MRI. With this information, the eventual brain shift, and the new location of the tumor could be 
approximated. The applicability in other fluorescence guided procedures, such as open brain 
tumor surgery can also be tested. Implementing a risk assessment may uncover possible haz-
ards in the operating room and improve system safety. 
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6 Conclusion 

In this thesis, a UI was developed in LabVIEW to visually and auditorially represent measure-

ment values to neurosurgeons performing stereotactic brain tumor biopsy and biomedical engi-

neers monitoring the measurement signals during the procedure. The five signal indicators that 

represented the vital information to convey to the users were “Zero”, “Low”, “High” for no, in-

creasing and high PpIX fluorescence in brain tissue, and “Error” for a blocked signal, as well as 

a “Vessel” warning indicator for microvascular perfusion. A user-centered design was imple-

mented, and the user study mimicked operating room circumstances. The user study showed 

that the visual display was successful in representing data in a way that was easy to understand 

and satisfactory to the user. The auditory interface showed high response accuracies for the in-

dividual tones representing measurement values. The study proved that the auditory data repre-

sentation was intuitive, easy to understand and easy to remember. Increasing and decreasing 

signals and the “Vessel” indicator were perceived accurately in all instances by all test subjects. 

The auditory and visual UI showed high user acceptance ratings, indicating that the UI is useful 

and satisfactory in its application. Therefore, it can be said that the visual and auditory UI that 

was developed meets the predefined user, environmental and safety requirements that were 

communicated by neurosurgeons and biomedical engineers. In future work, the performance of 

the UI could be tested in the operating room and combined with pre-op MRI to visualize fluores-

cence and blood vessel occurrence along the needle trajectory towards the biopsy point.  
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A Appendix – Materials and Methods 

A.1 Example for generating the gradient color sequence 

 
 

 

Figure 21 MATLAB code example for generating gradient color sequence for the model which was used in test 2 

  

A.2 Initial LabVIEW hardware control interface 

 

 

Figure 22 Initial LabVIEW Hardware control interface [6] 
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Abbreviations 
 

AF Autofluorescence 

Five-ALA, 5-ALA 5-aminolevulinic acid 

FPGA Field Programmable Gate Array 

LVM LabView Measurement 

OSC Open Sound Control 

PpIX Protoporphyrin IX 

R Ratio 

TDMS Technical Data Management Streaming 

TTL Transistor-Transistor Logic 

UI User interface 
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