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Abstract 
Giant cell arteritis (GCA) is a treatable, but potentially sight-threatening form of primary 
systemic vasculitis. Prompt and correct diagnosis is important, as early intervention can 
prevent blindness and other serious vascular events. Diagnosing GCA presents a clinical 
challenge as there are no diagnostic criteria for the disease, and the symptoms are often 
initially diffuse. Temporal artery biopsy (TAB) has long been regarded as the gold 
standard for diagnosing GCA, but has low diagnostic sensitivity and is associated with 
surgical risks. A non-invasive diagnostic method would therefore be of great benefit. 
Previous attempts, employing methods like ultrasound, have shown variable accuracy 
in diagnostic performance. 

The aim of the work presented in this thesis was to assess three novel non-invasive 
techniques for future GCA diagnosis: photoacoustic imaging (PAI), ultrasound center 
frequency shift (CFS), and tomographic three-dimensional (3D) ultrasound. 

PAI is a biomedical technique that uses the combination of laser light and ultrasound 
and provides high-resolution images of biological tissues. The technique was evaluated 
with regard to its safety and patient tolerability, and the spectral signature of the 
temporal artery in healthy subjects was obtained. PAI was well tolerated by the 
participants and did not affect their visual function. The spectral signature of the 
temporal artery was unique, and the artery could be clearly differentiated from the 
surrounding tissue. PAI was also evaluated with respect to spectral and spatial 
characterization of the temporal artery ex vivo from subjects suspected of having GCA. 
PAI provided detailed spectral information allowing the architecture of the temporal 
artery to be mapped. Spectral analysis indicated a difference in the spectra obtained from 
GCA-positive and GCA-negative biopsies. 

Ultrasound CFS, a novel ultrasound technique that provides objective information on 
tissue microstructure, was assessed on TAB specimens from subjects suspected of 
having GCA. The mean CFS, expressed as CFS (%), decreased significantly less in 
vessels with GCA than in vessels without GCA, indicating that ultrasound CFS has the 
potential to discriminate between GCA-positive and GCA-negative biopsies. 

Tomographic 3D ultrasound was used to visualize the temporal artery in healthy 
subjects and in patients with suspected GCA. The inner and outer vessel diameters were 
measured, and the vessel wall fraction was calculated. This technique enabled 3D 
visualization of the temporal artery, and the high vessel wall fraction revealed vessel 
wall thickening and lumen narrowing, which may be indicative of GCA. 

Histopathological examinations of TAB specimens were used as references for 
diagnosing GCA in the studies presented in this thesis, and since the diagnostic 
sensitivity of TAB may vary with biopsy length, it was investigated whether the length 
of the TAB specimen decreased after excision and formalin fixation, as indicated in 
previous studies. The length of the biopsy was measured before excision, after excision, 
and after formalin fixation. The median length decreased following excision, but no 
further reduction was seen as a result of formalin fixation. The surgeon can therefore be 
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confident that the length of the biopsy after excision is the length examined 
histopathologically. 

In conclusion, PAI, ultrasound CFS, and tomographic 3D ultrasound are promising non-
invasive diagnostic tools for GCA. Further technical development and studies are 
needed before their clinical applicability can be assessed.  
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Populärvetenskaplig sammanfattning 
Jättecellsarterit (giant cell arteritis, GCA), även kallad temporalisarterit, är en 
inflammatorisk kärlsjukdom som nästan uteslutande drabbar personer över 50 år. 
Orsaken till inflammationen i kärlen är okänd och sjukdomen är ovanlig (cirka 13 
fall/100 000 invånare och år i Skåne hos individer över 50 år), men den är vanligare i 
Skandinavien jämfört med i övriga länder. Trots detta misstänks sjukdomen ofta inom 
sjukvården runt om i landet. Detta beror på den medvetenhet som finns om de förödande 
konsekvenserna som en missad diagnos kan medföra. Obehandlad jättecellsarterit kan 
leda till syrebrist (infarkt) i synnerven eller i hjärnan, med blindhet eller stroke som 
följd. För att förhindra kärlkomplikationer, i synnerhet blindhet, är det därför av yttersta 
vikt att behandlingen inte fördröjs. Jättecellsarterit behandlas med höga doser kortison, 
vilket vanligtvis ges under lång tid. Behandlingen är dock förknippad med biverkningar 
och för att undvika att friska personer behandlas i onödan är det därför viktigt med en 
korrekt ställd diagnos. Jättecellsarterit kan emellertid vara en utmanande diagnos att 
fastställa eftersom det inte finns något specifikt blodprov eller diagnoskriterier för 
sjukdomen. Dessutom varierar symptomen beroende på vilka kärl som är drabbade och 
symptomen är ofta initialt diffusa, såsom trötthet, sjukdomskänsla, feber och 
viktnedgång. Vissa har mer typiska symptom som huvudvärk, tuggsmärtor och ömhet i 
hårbotten, men inte heller dessa symptom är specifika för sjukdomen. 

Diagnosen ställs idag genom att det tas ett vävnadsprov (biopsi) av ett kärl i tinningen, 
som därefter analyseras i mikroskop för att identifiera inflammation i kärlet. Ingreppet 
är inte helt riskfritt och kan i vissa fall leda till infektion, blödning eller nervskador. Hos 
15-30% med jättecellsarterit är provsvaret dessutom felaktigt normalt, vilket exempelvis
kan bero på långvarig kortisonbehandling innan biopsin, att för kort biopsi tas eller att
inflammationen i kärlet ibland förekommer fläckvis. Metoden anses därför vara osäker.
Tidigare försök att använda en icke-invasiv diagnostisk metod, främst ultraljud och
magnetkameraundersökning (MR), har visat otillfredsställande resultat av flera
anledningar, såsom låg diagnostisk träffsäkerhet, låg tillgänglighet, att tekniken är dyr
eller att den är beroende av undersökarens skicklighet. Det finns således idag ingen icke-
invasiv metod för att ställa diagnosen jättecellsarterit som med säkerhet helt kan ersätta
kirurgisk biopsi av tinningkärlet.

På senare år har flera nya metoder utvecklats för att avbilda vävnader och kärl med goda 
resultat. I denna avhandling undersöks tre nya tekniker för att i framtiden diagnostisera 
jättecellsarterit: fotoakustisk avbildning (photoacoustic imaging, förkortat PAI), 
högfrekvent ultraljud med analys av skiftet i central frekvens (center frequency shift, 
förkortat CFS) och tomografiskt tredimensionellt (3D) ultraljud. 

I Studie I testades PAI på tinningkärlet hos friska individer. PAI har tidigare visats ge 
en tydlig bild av vävnaders struktur utifrån dess molekylära sammansättning genom att 
kombinera laserljus och ultraljud. Vid PAI belyses vävnaden med laserljus i korta 
pulsar, vilket ger en mycket liten temperaturökning och en rörelse i vävnadens små 
byggstenar (molekyler), som börjar dansa i takt med ljuset. Detta skapar små ljudvågor, 
som fångas upp av en ultraljudsmottagare och informationen bearbetas sedan till en 



11 

detaljrik 3D-bild. Syftet med Studie I var att undersöka hur tinningkärlet ser ut med PAI 
(dess ”optiska fingeravtryck”) hos friska individer och att bekräfta metodens säkerhet 
ur ögonsynpunkt. PAI bedömdes vara säkert vad gäller synfunktioner och 
undersökningen tolererades väl. Tinningkärlets optiska fingeravtryck var specifikt och 
kärlet kunde tydligt urskiljas från omgivande vävnad.  

I Studie II undersöktes PAI på biopsier av tinningkärlet hos individer med misstänkt 
jättecellsarterit. Med PAI kunde kärlets arkitektur tydligt kartläggas och ge detaljrika 
bilder av kärlväggen. Efter bearbetning och analys av data fanns det en antydan till att 
den spektrala signaturen, som reflekterar den molekylära sammansättningen, skiljer sig 
mellan biopsier som är positiva för jättecellsarterit jämfört med de som är negativa för 
jättecellsarterit. 

I Studie III testades högfrekvent ultraljud med analys av skiftet i central frekvens 
(ultraljud CFS) på biopsier av tinningkärlet hos personer med misstänkt jättecellsarterit. 
Ultraljud CFS har tidigare visats kunna identifiera komponenter i kärlförkalkningar som 
associeras med risken för kärlkomplikationer, såsom stroke. Ultraljud CFS ger ett 
objektivt mått och är inte lika beroende av undersökarens skicklighet, vilket annars 
begränsar bedömningen av en ultraljudsundersökning. Resultaten visade att CFS-värdet 
i procent minskade mindre hos de som hade en positiv biopsi för jättecellsarterit jämfört 
med de som hade en negativ biopsi, vilket indikerar att ultraljud CFS har potential att 
skilja kärlbiopsier med jättecellsarterit från de som inte har jättecellsarterit. 

I Studie IV gjordes tomografiskt 3D ultraljud på tinningkärl hos friska individer och på 
patienter med misstänkt jättecellsarterit. Tomografisk 3D ultraljud har tidigare använts 
för att visualisera kärl med goda resultat, men det har inte använts på tinningkärlet förut. 
Tinningkärlet undersöktes med tomografiskt 3D ultraljud och kärlväggskvoten 
(tjockleken på kärlväggen dividerat med hela kärldiametern) räknades ut. Tinningkärlet 
kunde tydligt visualiseras med tomografiskt 3D ultraljud och hög kärlväggskvot 
indikerade kärlväggsförtjockning, som kan tyda på jättecellsarterit.  

I Studie V undersöktes hur mycket vävnadsprovet av tinningkärlet krymper efter att det 
skurits ut (excision) och efter att det legat i formalin (formalinfixering), vilket är 
tillvägagångssättet innan vävnadsprovet undersöks mikroskopiskt. Det saknas 
konsensus kring hur långt vävnadsprovet skall vara vid diagnostik av jättecellsarterit 
och det är oklart om längden som ibland rekommenderas (minst en centimeter) avser 
innan eller efter excision och formalinfixering. Studier har visat att biopsier av 
tinningkärlet kan krympa, men ingen har tittat på när biopsin krymper mest. Den 
diagnostiska träffsäkerheten för jättecellsarterit kan variera med längden på biopsin och 
eftersom biopsierna användes som diagnostisk referens i våra studier på jättecellsarterit, 
ville vi säkerställa att en adekvat biopsilängd togs. Resultaten visade att biopsin krympte 
enbart direkt efter excision och inte efter formalinfixering. Därmed kan kirurgen vara 
säker på att den längd på kärlbiopsin som man mäter direkt efter excision är den som 
kommer att analyseras mikroskopiskt avseende förekomst av inflammation.  

Sammanfattningsvis är PAI, ultraljud CFS och tomografiskt 3D ultraljud lovande icke-
invasiva undersökningstekniker för framtida diagnostik av jättecellsarterit. En icke-
invasiv och träffsäker diagnostik, där patienten slipper att ta ett vävnadsprov vore av 
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stort värde. Med dessa tekniker kan hela tinningkärlets förlopp undersökas och 
förhoppningsvis även andra kärl som kan drabbas vid jättecellsarterit. En snabb och 
säker diagnos är avgörande för att kunna erbjuda fler patienter rätt behandling i tid och 
därmed förhindra svåra komplikationer av sjukdomen, men samtidigt även undvika att 
de patienter som inte har jättecellsarterit behandlas i onödan. Därtill är förhoppningen 
att teknikerna skall kunna användas för att följa behandlingseffekten vid jättecellsarterit, 
vilket kan vara en utmaning. Det krävs dock ytterligare forskning och teknikutveckling 
innan PAI, ultraljud CFS och tomografiskt 3D ultraljud kan användas kliniskt på våra 
sjukhus. 
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1 Introduction 

Giant cell arteritis (GCA), also known as temporal arteritis, is a treatable, but potentially 
sight-threatening form of systemic vasculitis (1). Early and correct diagnosis are 
important as immunosuppressant treatment can prevent sudden irreversible blindness 
and other vascular events (2, 3). 

GCA is typically confirmed after histopathological examination of a temporal artery 
biopsy (TAB) specimen. Positive biopsy findings have high specificity, but the results can 
be false negative in up to 15-30% of patients with GCA (4-7). Furthermore, TAB is 
associated with surgical risks (8, 9). A non-invasive technique for the diagnosis of GCA 
would therefore be of considerable benefit. Previous attempts to find alternative non-
invasive diagnostic tools to replace TAB have proved inadequate for various reasons (10). 

The aim of the work presented in this thesis was to evaluate three novel non-invasive 
techniques for future GCA diagnosis: photoacoustic imaging (PAI), ultrasound center 
frequency shift (CFS), and tomographic three-dimensional (3D) ultrasound.  

1.1 Giant cell arteritis 

1.1.1 Anatomy of the superficial temporal artery 
The superficial temporal artery is a type of muscular artery consisting of three layers: 
the tunica intima, tunica media, and tunica adventitia (11). The internal elastic lamina 
separates the tunica intima and the media, and the external elastic lamina separates the 
tunica media and the adventitia (Figure 1). Each layer exhibits specific characteristics. 
The tunica intima is the innermost layer, and is composed of endothelial cells. This layer 
is in direct contact with the bloodstream, facilitating the exchange of nutrients, oxygen, 
and waste products. The tunica media is the middle layer, and is primarily composed of 
smooth muscle cells, responsible for regulating the artery’s diameter and blood flow. 
Elastic fibers and collagen are also present in the tunica media. The outermost layer, the 
tunica adventitia, consists of connective tissue containing collagen fibers, fibroblasts, 
blood and lymphatic vessels, nerves, and immune cells. Fibroblasts are the most 
abundant cell type in the tunica adventitia. These, together with other resident 
adventitial cells, are thought to be the first to be activated by pathological mechanisms, 
such as inflammation (12). The tunica adventitia also provides structural support to the 
artery, and it is here that the vasa vasorum, a network of small blood vessels that supplies 
the arterial wall, is found. 
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Figure 1. Anatomy of the superficial temporal artery, consisting of three layers: the tunica intima, tunica 
media, and tunica adventitia. The internal and external elastic laminae separate the layers from each 
other. Each layer exhibits specific characteristics. 

The superficial temporal artery is one of the terminal, major branches of the external 
carotid artery (13). During its course, it gives off several branches that supply different 
areas of the face and scalp (Figure 2). The artery courses anteriorly, passing through the 
parotid gland, before dividing into the frontal and parietal branches above the zygomatic 
arch (14), where it lies close to the facial nerve (15). Anatomical variations exist, 
consisting mainly of supplementary branches (16, 17).  

Figure 2. Vascular anatomy of the superficial temporal artery and its branches. Anatomical variations 
are found between individuals, in particular in its branching pattern.  
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The mean diameter of the superficial temporal artery at the zygomatic arch has been 
estimated to be 2.2-2.7 mm (16-18) and decreases distally (18). The length of the frontal 
and parietal branches varies between individuals, but both are approximately 10 cm 
measured from above the upper margin of the zygomaticus, based on digital subtraction 
angiography (18).  

1.1.2 Epidemiology and pathology of GCA 
GCA is the most common form of primary vasculitis in patients aged ≥50 years, 
affecting arteries of medium and large size, with a predilection for the cranial arteries, 
such as the superficial temporal artery (8, 19). One of the earliest documented 
observations of GCA dates back to the 10th century by the ophthalmologist Ali Ibn Isa 
of Baghdad, who described an association between inflamed arteries and visual 
symptoms (1). The first description of the clinical features of GCA was then given by 
Hutchinson in 1890, but a more comprehensive report did not emerge until 1932, when 
Horton obtained the first TAB and performed histological evaluation (20). 

GCA affects individuals over the age of 50 years, the average age of presentation being 
75 years, with a significant increase in incidence with advancing age (21, 22). It is 
extremely rare before the age of 50 years (23). GCA is more frequently diagnosed in 
women than in men, with a female-to-male ratio estimated to be around 3:1 (24, 25). 
The incidence of GCA varies geographically, and higher rates are reported in 
populations of Northern European descent, such as Scandinavians (26, 27). A meta-
analysis reported an overall pooled incidence of GCA of 10.0 per 100,000 in people 
aged ≥50 years (28). Notably, Scandinavia exhibited the highest incidence at 21.6 per 
100 000, followed by North and South America, Oceania and Europe. This suggests a 
potential role of environmental factors, but genetic factors may contribute, as specific 
HLA alleles, particularly HLA-DRB1*04, have been associated with increased 
susceptibility (29, 30). A decrease in the incidence rate of biopsy-proven GCA has been 
observed in Sweden but also in other parts of the world (22). Possible explanations may 
be linked to the use of alternative diagnostic techniques besides TAB, changes in 
environmental factors, or could signify a genuine decrease in the incidence of GCA. 

GCA is considered an autoimmune disorder and the pathogenesis of GCA involves 
complex immune-mediated processes. While the exact cause remains unclear, several 
key aspects of its pathophysiology have been identified. Unknown stimuli activate 
immature dendritic cells in the adventitia through toll-like receptors, leading to 
chemokine release, which recruits CD4(+) T cells with IL-6 release (31). Under the 
influence of IL-6, these cells differentiate into Th1 and Th17 cells leading to the release 
of IFN-γ and IL-17. These cytokines recruit monocytes that transform into 
macrophages, enabling the formation of multinucleated giant cells, and promote the 
proliferation of vascular smooth muscle cells, leading to luminal stenosis. In contrast, 
the number of regulatory T cells, which normally serve to limit immune response, is 
decreased (32). T cells and macrophages also form granulomatous infiltrates in the 
adventitial and medial layers of the affected artery (33). The center of tissue damage lies 
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at the intima–media junction close to the internal elastic lamina and at the border 
between the media and adventitia (34). 

Despite its systemic character, GCA does not affect all arteries. The most frequently 
involved arteries are branches of the external carotid artery and the posterior ciliary 
arteries that supply the optic nerve, but also the aorta and its upper extremity branches 
(8, 35, 36). 

1.1.3 Symptoms and complications of GCA 
GCA is a heterogeneous disease with more than one clinical picture, and the spectrum 
of GCA encompasses overlapping phenotypes, making its diagnosis challenging (3). 
The clinical features depend on which artery is affected. GCA is generally regarded as 
a form of cranial arteritis, but may also present as large-vessel vasculitis, or single-organ 
arteritis (37). The prevalence of large-vessel vasculitis is thought to be high: about 15-
30% of patients with GCA have radiographic evidence of the involvement of the aortic 
trunk and its branches (38, 39). In other studies, the axillary arteries were found to be 
affected in up to 50% of patients (40, 41). However, cranial arteries are believed to be 
almost always involved (36, 42).  

The symptoms of GCA may vary between individuals. Typical symptoms of cranial 
involvement are headache, scalp tenderness, and jaw claudication (10, 43). Headache is 
the most common symptom, found in 2/3 of patients with GCA, and can vary in onset, 
intensity, and character. It is often associated with scalp tenderness and tenderness over 
the temporal artery. A new onset or changed pattern of headache in an individual aged 
over 50 years should always raise suspicion of GCA. Pain in the tongue or in the jaw 
upon chewing is also common and is seen in half of patients with GCA (10).  

Many patients with GCA report systemic features such as malaise, fatigue, fever, night 
sweats, and weight loss, and these are believed to be secondary to cytokine release (43, 
44). GCA presents with these non-specific symptoms in 40% of cases (45). In cases of 
large-vessel vasculitis, patients can experience symptoms such as arm claudication, 
diminished or absent pulse in the arms, and signs of aortitis (10). 

GCA is often associated with polymyalgia rheumatica which is seen in 40-60% of 
patients with GCA (10). Symptoms of polymyalgia rheumatica include muscle pain and 
stiffness, particularly in the shoulders, neck, and hips.  

Visual complications occur in about 10-15% of cases (2, 46-48), and constitute the most 
feared aspects of GCA, but are uncommon once corticosteroid treatment has been 
initiated (48). Early and appropriate corticosteroid therapy is effective in preventing 
further visual loss in the majority of patients experiencing visual complications due to 
GCA (49). Untreated patients with unilateral visual loss have up to 50% risk of blindness 
in the other eye, usually occurring after a few days (50, 51), most often secondary to 
anterior ischemic optic neuropathy (Figure 3). Other visual complications include 
central retinal artery and cilioretinal artery occlusion, amaurosis fugax, diplopia, 
posterior ischemic optic neuropathy, and choroidal infarction (49). 
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Figure 3. Image of arteritic anterior ischemic optic neuropathy. Note the pale papillary edema, which 
should raise suspicion of an arteritic cause. 

Some patients experience occult GCA, that is, visual complications without other 
symptoms of GCA, although levels of C-reactive protein (CRP) and/or erythrocyte 
sedimentation rate (ESR) can be elevated. Occult GCA has been reported to occur in up 
to 21.2% of patients with GCA (52). Other complications, although uncommon, are 
stroke (53), aortic dissection, aortic aneurysm (thoracic or abdominal), and large artery 
stenosis (54).  

1.1.4 Treatment of GCA 
Given the potential for severe complications, early diagnosis and treatment of GCA are 
critical to prevent vision loss and other complications, but also to reduce inflammation 
and alleviate symptoms (2, 3). The recommendation is to initiate immediate treatment 
with high-dose corticosteroids (55), followed by diagnostic confirmation. This 
treatment is associated with a number of side effects such as diabetes, osteoporosis, 
weight gain, increased susceptibility to infections and Cushingoid symptoms, and 
usually extends over a long period of time, up to several years (3). Most patients achieve 
drug-free remission 2-3 years after disease onset (22). Correct diagnosis is therefore 
important to prevent patients who do not have GCA from being treated unnecessarily 
for an extended period.  

In long-term management, methotrexate, an immunosuppressive agent, can be used to 
reduce the dose of corticosteroids, or as an addition to corticosteroid taper in relapsing 
GCA (55). Tocilizumab, a monoclonal antibody targeting the IL-6 receptor, is an 
alternative addition to corticosteroid taper in refractory or relapsing GCA or as a steroid-
sparing treatment (56). Treatment with tocilizumab, combined with corticosteroids, 
offers a higher likelihood of sustained remission and a reduced cumulative 
corticosteroid dose compared to treatment with corticosteroids alone (57). 
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1.2 Diagnostic evaluation of GCA 
The final diagnosis of GCA is usually based on the combination of several parameters, 
as described below. 

1.2.1 Laboratory testing  
The diagnostic evaluation of GCA often begins with measurement of the ESR. In one 
study, the ESR was elevated in the majority of patients, giving a mean value of 85 
mm/hour (58), but the ESR has been found to be normal in up to 24% of cases of GCA 
(58-60). The combination of elevated ESR and CRP improves the specificity of the 
diagnosis of GCA, and both markers are normal in only 2.4-4% of biopsy-proven cases 
of GCA (39, 61). Other laboratory findings include normochromic anemia, and elevated 
levels of thrombocytes and leukocytes (46). 

1.2.2 Temporal artery biopsy  
TAB is currently considered the gold standard in the diagnosis of GCA (62), where a 
segment of the temporal artery is surgically excised and examined histopathologically 
(Figure 4). This technique has high specificity but low sensitivity (7), and biopsy 
findings can be negative in 15-30% of patients with GCA (4-6). This may be due to 
discontinuous inflammation (so-called skip lesions) (63, 64), short biopsy specimens 
(65), low number of histological sections, long duration of corticosteroid treatment prior 
to biopsy (66), or no involvement of cranial arteries (41). Furthermore, surgical biopsy 
is an invasive procedure and is associated with surgical risks, e.g. injury to the facial 
nerve, peri- and postoperative hemorrhage, and wound infection (8, 9). In a study from 
southern Sweden, the annual rate of performing a new TAB was 64.1 per 100 000 
individuals aged ≥50 years during the 23-year study period (22). Of these biopsies, 20% 
were positive for GCA, indicating that GCA is suspected far more frequently than it is 
diagnosed with TAB. 

Biopsy findings remain positive for at least 2-6 weeks after commencement of treatment 
with corticosteroids (67, 68), although histologic findings of GCA start to change earlier 
(69). The diagnostic accuracy of TAB is, however, greater the earlier TAB and 
histopathological evaluation are performed after the start of treatment. The diagnostic 
yield within four weeks of starting high-dose corticosteroid treatment has been shown 
to be 74%, but only 40% beyond this period (66).  
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Figure 4. Surgical excision of a temporal artery biopsy specimen under local anesthesia. 

Histopathological findings in GCA 
Typical histopathological findings in GCA are transmural cell infiltrates composed of 
lymphocytes, macrophages, and multinucleated giant cells, intimal hyperplasia, internal 
elastic lamina disruption or fragmentation, and focal areas of intimal and medial 
necrosis (70) (Figure 5). Giant cells are multinucleated cells formed by the fusion of 
macrophages, and are often seen close to the internal elastic lamina. They are present in 
about one-half of positive biopsies (33). Granulomas are often present in the arterial 
wall, constituting localized areas of chronic inflammation, consisting of aggregates of 
immune cells, particularly macrophages. Granulomas are often localized in the medial 
and adventitial layers. The vasa vasorum can also be affected by inflammation. Chronic 
inflammation in GCA can further lead to arterial wall remodeling, including fibrosis.  

The extent of inflammation in the artery varies. Inflammation is often segmental, and 
the degree of inflammation ranges from slight adventitial infiltrates to fully developed 
granulomatous lesions distributed along the entire vessel wall (71).  
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Figure 5. Histopathological sections of a temporal artery from a patient diagnosed with giant cell 
arteritis, stained with hematoxylin-eosin, showing the infiltration of inflammatory cells, thickening of the 
tunica intima, and multinucleate giant cells (black arrows).  

Temporal artery biopsy length  
In order to minimize the risk of false-negative findings in histopathological evaluation, 
it has been suggested that the biopsy must be sufficiently long (65, 72-75). However, 
the required length of the TAB to ensure adequate diagnostic sensitivity is the subject 
of debate.  

Several studies have reported comparable biopsy lengths in arteries with and without 
inflammatory lesions (6, 76, 77), whereas others have found that in subjects with 
histologically detected inflammation, the artery specimens were significantly longer 
(65, 72, 74, 75). However, it has also been shown that there is a correlation between 
systemic inflammation and reduced arterial elasticity in vasculitis in other parts of the 
body (78, 79). In a study on patients with TAB findings positive for GCA, it was 
suggested that contraction of the biopsy after excision was less in the inflamed arteries 
(80). This raises the question of whether the difference in length between positive and 
negative TABs is due to greater contraction of the negative specimens, rather than an 
indication that the biopsy length is generally longer in positive TABs. It has also 
previously been claimed that the specimen length is of minor importance, and that the 
histopathologic evaluation of thin sections by an experienced pathologist is of greater 
value (81). 

Thus, the length of the TAB specimen yielding the best diagnostic accuracy is still the 
subject of discussion. A large multicenter study indicated that a TAB length of 0.5 cm 
could be sufficient (77), while in another study, a post-fixation length of at least 1 cm 
was suggested (72), as is the recommendation in the latest guidelines issued by the 
British Society for Rheumatology (BSR) (55). However, surgical specimens of other 
human tissues (e.g. skin tumors) are known to contract as a result of the retractile 
properties of the tissue and the action of formalin (82, 83), and this has also been 
reported in the case of TAB (80, 84-86). Since the sensitivity of diagnosis by TAB may 
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vary with biopsy length (74, 87), the degree of tissue contraction has clinically important 
implications as the specimen length is determined before excision. To the best of the 
author’s knowledge, no studies have been published in which the effects of both surgical 
excision and formalin fixation on TAB specimens have been investigated. This was 
explored in the present work in Study V. 

1.2.3 Clinical predictive models for GCA 
GCA is often diagnosed based on the combination of various clinical parameters, 
laboratory testing and the result of histopathological examination of the TAB specimen 
(67). There are to date no specific diagnostic criteria for GCA (10, 61). The 1990 
American College of Rheumatology (ACR) criteria for the classification of GCA (88) 
may assist in diagnosing GCA, but these were intended to distinguish patients with GCA 
from those with other forms of vasculitis, and cannot be used for the diagnosis of GCA 
in individual cases (89, 90). Therefore, the classification criteria should only be applied 
when a diagnosis of large vessel or medium vessel vasculitis have been made. The ACR 
criteria require the fulfilment of three out of five core features, being age 50 years or 
older at onset, a new headache, clinical temporal artery abnormality, elevated ESR of at 
least 50 mm/hour, and an abnormal TAB (88). However, these criteria were established 
before the widespread use of vascular imaging modalities, which have been increasingly 
incorporated in the clinical assessment of GCA. Also, the 1990 ACR criteria focus 
mainly on cranial features of GCA and do not perform well in classifying with disease 
predominantly affecting the larger arteries. In 2022, the criteria were updated and the 
2022 ACR/European League Against Rheumatism (EULAR) classification criteria for 
GCA incorporate the use of imaging modalities, such as ultrasound (23). 

Previous studies have investigated predictive variables that could be used to estimate 
the probability of a TAB being positive for GCA (4, 91, 92). In one study, increased 
thrombocytes, CRP and ESR, jaw claudication, vision loss, headache, and clinical 
temporal artery abnormality were found to be statistically significant positive predictors 
of a positive TAB (92). Similar results were reported by Duhaut et al. (91). Gonzalez-
Gay et al. found that the best predictive model of biopsy-proven GCA included a history 
of constitutional syndrome (asthenia, anorexia and weight loss), an abnormal temporal 
artery upon physical examination, and the presence of visual complications (4). The 
presence of jaw claudication, followed by diplopia, is thought to be one of the strongest 
predictors of positive TAB among patients with suspected GCA (43). In another study, 
the combination of ESR <40 mm/hour, absence of jaw claudication, absence of temporal 
artery tenderness, and the presence of synovitis was found to be associated with a 95% 
probability of a negative TAB (93). Previous results have suggested that biopsy-
negative GCA seems to be less severe than biopsy-proven GCA (91). These 
observations suggest that biopsy-negative GCA may be a subgroup of GCA with less 
ischemic complications (e.g. vision loss) and inflammatory response (less anemia and 
thrombocytosis, and lower ESR).  

When evaluating the probability of vision loss, older age, a history of transient visual 
loss, jaw claudication (94), and transient diplopia (95) have been associated with an 
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increased risk. Another study found that low CRP and the absence of headache, fever, 
and palpable abnormal temporal artery were potential risk factors for visual loss (2). 

The importance of using clinical parameters is highlighted by the findings in the 
TABUL study (Temporal Artery Biopsy vs. Ultrasound in the Diagnosis of GCA) (7). 
One-third of the patients eventually diagnosed with GCA had neither a positive 
ultrasound scan nor a positive TAB, emphasizing the importance of assessing clinical 
indicators to support the diagnosis. 

1.3 Challenges associated with diagnosing GCA 
As discussed in detail above, the diagnosis of GCA is associated with several challenges. 
These include the variable clinical picture of GCA, where symptoms may diverge 
between individuals and may often be diffuse, the lack of specific blood markers and 
specific diagnostic criteria for GCA, and the low sensitivity of TAB evaluation with its 
associated surgical risks. Safe, reliable and prompt diagnosis would facilitate early 
treatment of GCA, which is of great importance as this can prevent vision loss and other 
complications. An accurate diagnosis would also prevent patients who do not have GCA 
from being treated unnecessarily, thereby avoiding side effects associated with this 
treatment, as well as unnecessary healthcare costs. This emphasizes the need for 
alternative diagnostic methods. 

1.4 Current non-invasive diagnostic techniques for 
GCA 

In recent years, imaging modalities have become integral components of the diagnostic 
assessment for GCA, supported by the 2018 EULAR recommendations regarding the 
use of imaging in large vessel vasculitis (96). A few non-invasive vascular imaging 
techniques have been investigated or are being used to obtain complementary 
information for the diagnosis of GCA. These have some advantages, but also 
disadvantages, such as the use of contrast agents, exposure to ionizing radiation, poor 
usability, low resolution, or a combination of these. 

1.4.1 Ultrasound 
Conventional ultrasound, such as B-mode ultrasound and color Doppler ultrasound, has 
been used extensively for the examination of cranial and extracranial arteries in 
suspected GCA and offers the advantages of widespread availability and no radiation 
exposure. Generally, previous studies have reported good specificity (82-93%), but 
lower sensitivity (68-76%), in diagnosing GCA when examining the temporal arteries 
(97-101), with a broad range of sensitivity among studies. The variability in sensitivity 
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is mostly due to differences in, for example, the degree of operator experience and the 
choice of reference standard for the diagnosis of GCA (usually biopsy or ACR criteria). 
Ultrasound is highly dependent on the operator’s experience and is susceptible to 
misleading artifacts if not applied by trained experts using the appropriate equipment 
(102). Some studies have thus found that conventional ultrasound has high sensitivity 
and specificity in diagnosing GCA, when carried out by experienced ultrasound 
operators (103-106). 

The most common signs on ultrasound indicating GCA are a dark halo around the 
arterial lumen, called the halo sign, and vascular stenosis or occlusion. The halo sign is 
thought to be caused by edema in the artery wall (98, 104) and is the most specific 
ultrasound finding for GCA (98) (Figure 6). According to a meta-analysis in 2010 (97), 
a unilateral halo sign has a sensitivity of 68% and a specificity of 91%. However, the 
TABUL study, the purpose of which was to determine the diagnostic accuracy of 
ultrasound of the temporal artery and the axillary artery in comparison to TAB in the 
diagnosis of GCA, demonstrated lower values of 54% sensitivity and 81% specificity 
(7). This is probably due to operator dependence, as the halo sign can easily be missed 
or erroneously diagnosed when applying inappropriate ultrasound settings (107). The 
sensitivity of ultrasound can, however, be further improved by examining larger vessels 
(common carotid arteries and axillary arteries) in addition to the temporal arteries (108). 
Studies investigating both cranial and extracranial arteries have shown consistently 
higher sensitivities than those focusing on temporal arteries only (109). 

 
Figure 6. The halo sign (left image), a dark halo around the arterial lumen, seen upon examination of 
the temporal artery using color Doppler ultrasound. It is thought to be caused by edema in the artery 
wall due to inflammation, and is the most specific ultrasound finding for giant cell arteritis. The right 
image illustrates a transverse ultrasound scan of a healthy temporal artery, where the halo sign is not 
observed. The blue color represents blood flow moving away from the ultrasound transducer. 

Another approach using ultrasound has been suggested for the diagnosis of GCA, using 
the compression sign, which is positive when the vessel wall remains visible upon 
transducer-imposed compression of the artery, due to inflammation and arterial wall 
thickening (107, 110). The compression sign is thought to be less dependent on the 
operator’s experience and has shown strong interobserver agreement (110, 111). The 
compression sign has been found to have a sensitivity and specificity equivalent to those 
of the halo sign (107).  
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Cut-off values of the thickness of the intima media of the temporal, facial, and axillary 
arteries have also been proposed to discriminate between patients with and without GCA 
(112). This also allows a more objective assessment of the arteries than the halo sign.  

Ultrasound is associated with other limitations, apart from operator dependence. False 
positive results are sometimes seen as a result of atherosclerosis (113), and the 
sensitivity is further reduced in cases of periadventitial small-vessel vasculitis or vasa 
vasorum vasculitis (114, 115). Patients exhibiting these disease patterns, in contrast to 
a more classic transmural pattern, have a low rate of positive findings for GCA on 
ultrasound (114). Furthermore, the sensitivity of ultrasound imaging is significantly 
reduced within the first week of therapy with corticosteroids (116, 117), and the halo 
sign tends to disappear about two weeks after the start of corticosteroid treatment (104), 
although signs of inflammation caused by GCA are seen longer upon histopathological 
examination. 

The ultrasound technique has advanced in recent years and the use of devices with 
improved resolution, coupled with high-frequency ultrasound probes, has facilitated a 
more precise assessment of cranial arteries in cases of suspected GCA (100). Depending 
on the clinical context, vascular ultrasound could, in some cases, be used for diagnosing 
GCA, provided there is a high level of expertise in ultrasound imaging and appropriate 
equipment is used (96). The EULAR (96) and BSR (55) guidelines have recommended 
ultrasound of temporal and axillary arteries as the first diagnostic test to confirm GCA. 
However, the ACR recently published management guidelines for GCA, stating that 
TAB should be the primary diagnostic test for GCA (62). Thus, there is a lack of 
consensus about the precise role of ultrasound in the diagnosis of GCA, and ultrasound 
cannot currently replace surgical biopsy and histopathological examination (37, 97), but 
may act as a complementary diagnostic technique.  

1.4.2 Magnetic resonance imaging 
High-resolution magnetic resonance imaging (MRI) has been used in several studies to 
assess the temporal and occipital arteries in suspected GCA with reported sensitivities 
of 68-89% and specificities of 73-97%, using the 1990 ACR criteria for diagnosis (37). 
MRI and ultrasound have also been compared directly in the diagnosis of cranial GCA, 
showing similar sensitivities and specificities (118). According to the latest BSR 
guidelines for the management of GCA, MRI of the cranial arteries may be useful in 
ruling out GCA if the result is negative, but should not be used as a first choice to 
confirm GCA (55).  

An advantage of MRI is its possibility to investigate multiple vessels at the same time. 
Gadolinium-enhanced MRI may help to identify the presence of large-vessel 
involvement (119), but appears to be very sensitive to corticosteroid therapy (116). 
Another drawback of high-resolution MRI is its low accessibility and high cost. 
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1.4.3 18F-fluorodeocyglucose positron emission tomography 
18F-fluorodeocyglucose (FDG) positron emission tomography (PET), usually combined 
with low-dose computer tomography (CT), can be used to detect inflammation in 
extracranial vessels based on the intensity of the glucose analog uptake, and might be 
valuable in cases of suspected large-vessel vasculitis (120). It can also be used for 
differential diagnosis, as it may detect malignancy or infection (55). The disadvantages 
of FDG-PET/CT include high costs, limited availability, and radiation exposure. 

The ability of FDG-PET to detect involvement of the aorta and its major branches has 
been investigated with varying results. The reported sensitivity and specificity range 
from 56 to 77% and from 77 to 99%, respectively (121). 

FDG-PET was previously considered inadequate for the assessment of cranial arteries 
because of the proximity to the brain (122) . However, recent studies report that FDG-
PET may detect cranial involvement in GCA with high sensitivity and specificity (96).  

1.4.4 Contrast-enhanced computer tomography  
Vessel wall thickening in large-vessel vasculitis due to GCA can be visualized with 
contrast-enhanced CT (CT/CT-angiography) (123). Although it has lower sensitivity 
than FDG-PET/CT, it may provide an alternative for the assessment of large-vessel 
vasculitis in clinics where FDG-PET/CT is unavailable (120). It is also valuable in 
differential diagnosis. CT/CT-angiography offers good image quality, but the 
intravenous injection of a contrast medium is required, and it has the disadvantage of 
ionizing radiation exposure. It is therefore not routinely used in the diagnostic 
assessment of GCA. 

1.5 Novel imaging techniques 

1.5.1 Photoacoustic imaging 
Photoacoustic imaging (PAI) is a hybrid imaging modality that combines the strengths 
of optical imaging with ultrasound imaging. PAI is currently one of the most rapidly 
developing biomedical imaging techniques, with the capability to provide high-
resolution images of biological tissues at depths of up to several centimeters  (124, 125). 

Previous studies using PAI have shown promising results when examining a wide range 
of tissues in humans (126), providing high-resolution 3D images of the structure and 
function of the imaged tissue. Vasculature has also been imaged effectively in animal 
studies (127), and in studies of human vessels, including vessels of the skin (128, 129), 
coronary arteries (130), carotid arteries (131), the radial artery (132), vessels of the lower 
extremities (133), the digital arteries (134), and vessels of the palm (135) (Figure 7). 
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Figure 7. Image of the skin and the vascular bed from an in vivo examination with photoacoustic 
imaging of a forearm, showing melanin (yellow) and the blood vessels (red). The layer with melanin has 
been removed from half of the image, revealing the vascular network. 

In a pilot study performed by our research group, PAI was used to examine the temporal 
artery to test a clinical setup for future studies, in order to identify possible challenges 
in the clinical setting and ways of overcoming them (136). The energy levels during PAI 
were measured, and safety measures were defined. The laser irradiance and the 
ultrasound power to which the subjects were exposed in the temporal region were found 
to be below the limits given in regulatory standards, and the PAI setup was therefore 
determined to be safe. However, no detailed investigation of safety regarding visual 
function or patient tolerability was carried out, nor was the spectral information from 
the temporal artery systematically analyzed. 

No clinical studies have previously been performed to evaluate PAI of the temporal 
artery wall and its suitability for diagnosing GCA. In Study I, the safety of PAI in 
humans was evaluated and the spectral signature of the healthy temporal artery in vivo 
was defined. In Study II, the ability of PAI to map the temporal artery ex vivo, in subjects 
with suspected GCA, was assessed. 

1.5.2 Ultrasound center frequency shift 
Ultrasound CFS is a novel ultrasound technique based on the shift in center frequency 
of the ultrasound radio frequency data (the raw data obtained from ultrasound scanning), 
and provides an objective measure of microstructures in the tissue. Ultrasound CFS has 
shown promising results in identifying lesion components contributing to increased 
plaque vulnerability in carotid arteries and the risk of vascular events such as stroke 
(137). In the work presented in this thesis, the ability of ultrasound CFS to discriminate 
between GCA-positive and GCA-negative biopsies was assessed (Study III). 
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1.5.3 Tomographic 3D ultrasound 
Tomographic 3D ultrasound is an electromagnetically tracked system that enables the 
objective documentation of tissues in a single free-hand sweep. The technique works 
through video capture and can be coupled to commercially available ultrasound systems. 

Tomographic 3D ultrasound has already proven useful and reliable for measuring vessel 
geometry (138) and, for example, in assessing vessel stenosis (139), carotid plaque 
volume (140) and abdominal aorta aneurysm (141), but has not been evaluated with 
regard to its ability to visualize and measure geometric features in temporal arteries. 
This was assessed in Study IV. 

1.6 Thesis at a glance 
The studies described in this thesis are summarized below. 

Study Aim Method Subjects (n) Setting 
I To confirm the safety and 

patient tolerability of PAI, and 
to define the spectral 
signature of the healthy 
temporal artery 

PAI Healthy (12) In vivo 

II To map the temporal artery 
and to evaluate the feasibility 
of differentiating between 
GCA-positive and GCA-
negative biopsies 

PAI Suspected GCA 
(77) 

Ex vivo 

III To evaluate the feasibility of 
discriminating between GCA-
positive and GCA-negative 
biopsies 

Ultrasound CFS Suspected GCA 
(68) 

Ex vivo 

IV To visualize the temporal 
artery and to calculate vessel 
dimensions 

Tomographic 
3D ultrasound 

Suspected GCA 
+ healthy (17) 

In vivo 

V To evaluate the effect of 
surgical excision and formalin 
fixation on TAB length, and to 
compare the results obtained 
from GCA-positive and GCA-
negative biopsies 

Measuring TAB 
length 

Suspected GCA 
(28) 

In vivo, ex vivo 
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2 Aims 

The aim of this work was to evaluate PAI, ultrasound CFS and tomographic 3D 
ultrasound for future application in the non-invasive diagnosis of GCA. These 
techniques were assessed on human temporal arteries, in vivo or ex vivo. 

 

The specific aims were: 

• to study patient tolerability and safety regarding visual function when using 
PAI, and to define the spectral signature of the healthy temporal artery (Study 
I), 

• to study the ability of PAI to map the temporal artery and to evaluate the 
feasibility of differentiating between GCA-positive and GCA-negative biopsies 
(Study II), 

• to study the feasibility of ultrasound CFS to discriminate between GCA-
positive and GCA-negative biopsies (Study III), 

• to study the ability of tomographic 3D ultrasound to visualize the temporal 
artery and to measure artery dimensions (Study IV), and  

• to study the effect of surgical excision and formalin fixation on TAB length, 
and to compare the results obtained from GCA-positive and GCA-negative 
biopsies (Study V). 
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3 Methods 

3.1 Ethics 
All the subjects participating in the studies described in this thesis were recruited at the 
Department of Ophthalmology, Skåne University Hospital, Lund, Sweden. The subjects 
were given information about the study and the voluntary nature of participation. All 
subjects gave their informed written consent before participation. The protocol for the 
studies was approved by the Ethics Committee in Lund, Sweden, or the Swedish Ethical 
Review Authority, and complied with the principles of the Declaration of Helsinki as 
amended in 2008.  

3.2 Photoacoustic imaging 

3.2.1 The principles of photoacoustic imaging 
PAI employs a combination of laser light and ultrasound, offering better spatial 
resolution at greater depths than purely optical imaging modalities. By using a 
combination of laser light and ultrasound, PAI takes advantage of the low acoustic 
scattering in tissue and the fact that sound scatters 1000 times less than light (126). Thus, 
the acoustic signal propagates much deeper in biological tissue without significant 
scattering, which enables optical contrast imaging at far greater depths (125). Another 
advantage of PAI is that it is less user-dependent, since the spectral signature obtained 
is an objective measure. 

In PAI, a laser unit emits non-ionizing nanosecond pulses of different wavelengths 
within the near-infrared light spectrum into the tissue, which absorbs the energy from 
the laser pulses (142). This leads to a slight increase in temperature, causing 
thermoelastic expansion that generates acoustic waves, which are detected by an 
ultrasound transducer and then converted into a multispectral image. This enables high-
resolution 3D images to be obtained, reflecting the molecular composition of the tissue. 

PAI is mainly based on endogenous contrast, that is, the intrinsic optical absorption of 
tissue chromophores such as hemoglobin, melanin, lipids, and water. These 
chromophores exhibit characteristic absorption spectra, and PAI at multiple 
wavelengths allows their relative quantification. Thus, the spectral photoacoustic (PA) 
signal of each pixel in the image is derived from the absorption of light by the 
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endogenous chromophores of the tissue. Various exogenous contrast agents can also be 
employed, such as dyes or nanoparticles, for better contrast and deeper imaging (143). 

3.2.2 Photoacoustic equipment 
In Studies I and II, PAI was performed using a Vevo LAZR-X imaging system 
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada). This system is equipped with an 
ultrasound linear array transducer and a fiberoptic bundle, which are coupled to a 20-
Hz tunable laser with a nanosecond pulse duration. The laser can be operated in two 
wavelength ranges: 680-970 nm and 1200-2000 nm. In the studies presented in this 
thesis, the 680-970 nm wavelength range was used to image the temporal artery.  

During PAI, ultrasound is used as a guide and the ultrasound scans are interleaved with 
the laser pulses. Two planar light beams, located on either side of the ultrasound linear 
array, illuminate the target area (Figure 8). A 10-mm-thick Aquaflex ultrasound gel pad 
with protective plastic film was used to achieve an adequate distance between the laser 
fibers and the skin (Study I), or the TAB specimens (Study II), the latter to mimic a 
future in vivo setup. Ultrasound gel was used to achieve good acoustic coupling between 
the transducer and the skin surface (Study I). The photoacoustic waves were detected 
using an MX400 ultrasound linear array transducer from VisualSonics Inc. This 
transducer has a central frequency of 30 MHz and a bandwidth of 22-55 MHz, which 
provide axial and lateral resolutions of 110 μm and 50 μm, respectively. 

 
Figure 8. Illustration of the photoacoustic imaging setup (left) and the image from an in vivo 
examination (right). The photoacoustic probe consists of an ultrasound transducer with laser fiberoptic 
bundles attached on each side, which is fixed to an adjustable arm with a linear stepper motor to scan 
the whole target. The tissue is irradiated with pulsed laser light, causing thermoelastic expansion, 
which generates acoustic waves that can be detected by the ultrasound transducer.  
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The transducer was fixed to an adjustable arm to prevent motion artifacts caused by the 
examiner and was driven by a linear stepper motor to allow 2D multispectral images to 
be collected with a step size of 0.5 mm. In this way, 3D hybrid images of ultrasound 
and photoacoustic waves were obtained.  

3.2.3 Safety aspects 
Safety regulations were followed as described previously by our research group (136). 
The windows and doors in the examination room were covered, and protective eye 
shields, in combination with black aluminum foil, were worn by the study subjects 
throughout the examination. Block-out glasses were worn by the staff.  

The laser irradiance and the ultrasound power to which the subjects were exposed in the 
temporal region have previously been determined (136) and were well below the laser 
safety levels given in IEC 60825-1 (144), and the ultrasound safety level required by the 
FDA (145) and the British Medical Ultrasound Society (146). 

3.2.4 Photoacoustic imaging of healthy temporal arteries (in vivo) and 
of biopsies from cases of suspected GCA (ex vivo) 

The aim of Study I was to confirm patient tolerability and safety regarding visual 
function when using PAI, and to define the spectral signature of the healthy temporal 
artery in vivo. Twelve subjects were included, who were interviewed and clinically 
examined by the same medical doctor. Visual function was tested before and after PAI 
examination, and included visual acuity, color vision, and visual field. Best corrected 
visual acuity was measured with the Snellen letter chart (Ortho-KM, Lund, Sweden), 
color vision was tested with both Sahlgren’s Saturation Test (VISUMETRICS AB, 
Göteborg, Sweden) and the Ishihara color vision test (Luxvision, US Ophthalmic, Doral, 
USA), which allows discrimination between congenital and acquired defects (147), and 
the visual field was measured with a Humphrey visual field analyzer, using the 24–2 
test protocol (Carl Zeiss Meditec AG, Jena, Germany). The subjects’ experience of the 
PAI examination was assessed using a visual analog scale ranging from 0 to 100, and 
included the level of discomfort, heat sensation from the probe, and light sensation. 

The aim of Study II was to map the temporal artery in cases of suspected GCA, and to 
test the feasibility of differentiating between photoacoustic spectra from biopsies 
assessed as positive and negative for GCA. Patients with suspected GCA undergoing 
TAB were assessed for eligibility to participate in the study, and 77 patients were 
included. TAB was performed under local anesthesia according to local practice, and 
the biopsy was then placed in balanced saline solution (BSS). Blood was removed from 
the vessel by rinsing the lumen with BSS, using a hypodermic needle and a syringe. 
Surgical threads were sewn to each end of the biopsy, and it was then placed in a 100 × 
70 × 50 mm3 Perspex container filled with BSS, with a layer of black ultrasound-
attenuating material in the bottom (Figure 9). The biopsy was held in place by the 
surgical threads. After PAI scanning, the TAB specimens were placed in formalin and 
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sent for histopathological examination for signs of inflammation compatible with GCA. 
Thirty-six of the biopsies were assessed as positive for GCA and 41 biopsies were 
negative.  

 
Figure 9. The photoacoustic scanning setup used to examine the biopsy samples. The sample is 
mounted in a container filled with balanced saline solution, with an ultrasound-attenuating material in 
the bottom. The transducer is fixed to an adjustable arm and is driven by a linear stepper motor.  

Photoacoustic scanning in vivo and ex vivo 
In Studies I and II, 59 excitation wavelengths were used over a broad spectral range 
(680-970 nm), which provides detailed absorption spectra of the different tissue 
chromophores. 

The temporal artery was first analyzed with PAI on multiple wavelengths, in which 
multispectral PA images were collected from 680 to 970 nm in 5-nm increments to 
obtain spectral signatures of the tissue. This generates 59 unique PA images (one for 
each wavelength), or one multispectral PA image. Thus, each pixel in the image contains 
a single spectrum dependent on the optical properties of the tissue, and how photons of 
different energies are absorbed. The length of the imaged artery determined how many 
of these measurements could be made, but the number was approximately three to four 
per artery.  

A photoacoustic scan was then performed using the stepper motor, starting with a single 
wavelength scan at 820 nm for initial control of the photoacoustic signal. Thereafter, 
the whole artery was scanned at 12 wavelengths (in the spectral range 680-940 nm), to 
provide a map of the overall architecture of the artery.  
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Data processing of photoacoustic scans 
In Study I, data from the photoacoustic scans were first analyzed using VisualSonics 
Vevo LAB 3.1.0 software, where regions of interest (ROIs) were drawn in the vessel 
wall (not including the lumen), subcutaneous tissue, and the skin (Figure 10). For each 
excitation wavelength, the PA signals from all pixels within the ROI were averaged, 
generating a spectrum for each ROI.  

 
Figure 10. Representative examples of an ultrasound image (left) and a photoacoustic image (right) of 
a cross-section of the temporal artery. Regions of interest used for spectral analysis are shown on the 
artery wall (pink), the skin (blue), and the subcutaneous tissue (yellow).  

The data from each measurement were then exported to MATLAB (MathWorks Inc., 
Natick, MA, USA) in table format for further statistical analysis. The spectra were 
normalized in order to allow comparison of different series of measurements. This was 
done using the Z-score, which scales the values of a feature so as to have a mean of 0 
and a standard deviation of 1. The results of the PAI measurements are therefore 
expressed in arbitrary units.  

In Study II, raw data from the photoacoustic scans were exported from Vevo LAB to 
MATLAB, where the analysis was performed. The data was first pre-processed using 
the ultrasound images to remove background signals, using a procedure outlined in a 
previous work (148). A threshold was set to differentiate the artery from the background, 
and the pixels belonging to the artery could therefore easily be indexed for further 
analysis. 

Spectra were thereafter obtained by extracting the PA signal either on a pixel-by-pixel 
basis, as an average of a whole cross-section, or a selected ROI within a cross-section, 
after which spectral analysis was applied. In order to identify important spectral features 
and make them more visible, a spectral analysis procedure was developed and applied 
which decomposes the data set in order to enhance spectral contrast. For example, if we 
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consider the collection of pixel spectra present in a single cross-section, considering 
only the mean spectrum from all these pixels limits the detection of the spectral variety 
that could potentially be present. By decomposing the data (in this case, all the spectra 
obtained in the image), it is possible to identify more subtle spectral features that deviate 
from the mean. 

The spectra were first normalized by dividing by the mean PA intensity of the entire 
image, in order to compare different spectra to each other. The detailed spectral analysis 
then involves identifying how many spectral components there are in the data set, and 
their relative abundance. Thereafter, each spectrum can be described based on these 
main spectral components and a value representing the relative abundance of each. This 
approach essentially captures the spectral difference in a few values, allowing for a more 
systematic comparison of all spectra from which spectral features can be more easily 
identified. This spectral analysis was performed as it is not known which chromophores 
would be present in the artery wall due to inflammation. The aim was thus to find any 
difference, rather than a specific difference. After the spectral analysis, the pixels were 
color-coded based on their spectral features to differentiate them in space.  

In order to differentiate GCA-positive from GCA-negative biopsies, the spectra were 
clustered into five different groups based on distinct spectral features. Each cluster thus 
contained several spectra that are most similar to each another, meaning that the spectra 
in different clusters differed more from each other than spectra within the same cluster. 
Of these five clusters, the cluster with the most GCA-positive biopsies and the cluster 
with the most GCA-negative biopsies were then identified. 

Further details concerning data processing and analysis are given in the relevant papers 
(Study I and Study II). 

Statistical analysis of photoacoustic imaging 
Calculations and statistical analysis were performed using GraphPad Prism version 7.0c 
or 9.2 (GraphPad Software Inc., San Diego, CA, USA) and MATLAB. In Study I, the 
Mann-Whitney test was used for comparisons of visual function before and after PAI 
examination using GraphPad Prism, and two-way analysis of variance (ANOVA) for 
repeated measures between groups using MATLAB. In Study II, an Anderson-Darling 
test showed normal distribution of the data using GraphPad Prism. Thereafter, the 
statistical difference between the spectra from the clusters with the most GCA-positive 
biopsies and the most GCA-negative biopsies was analyzed using two-way ANOVA 
with Bonferroni’s multiple comparisons test for comparisons between groups 
(GraphPad Prism). Apart from the statistical comparison between these two clusters, the 
rest of the study was descriptive. 
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3.3 Ultrasound center frequency shift 

3.3.1 The principles of ultrasound CFS 
Ultrasound CFS utilizes the fact that different tissue microstructures (primarily the size 
of the scatterers) affect the center frequency of the backscattered pulse differently (149). 
The center frequency of the pulse is where the ultrasound energy is mostly concentrated. 

In ultrasound CFS, an ultrasound pulse of known frequency content is transmitted into 
the tissue where it is reflected, and the signal is recorded by the transducer. The 
frequency content of the backscattered pulse will depend on the size of the scatterers in 
relation to the wavelength, i.e. the frequency content of the pulse. Small scatterers will 
return a greater proportion of higher frequencies than large scatterers. By comparing the 
center frequency of the transmitted ultrasound pulse to the center frequency of the 
backscattered pulse, and with knowledge of the transducer and pulse characteristics, the 
shift in center frequency can be calculated and further analyzed (Figure 11). 

 
Figure 11. The principle of center frequency shift. An ultrasound pulse is transmitted into the tissue, 
where it is reflected. The frequency content of the backscattered pulse will depend on the size of the 
scatterers in relation to the frequency content of the transmitted pulse. Small scatterers will return a 
greater proportion of higher frequencies than large scatterers. This enables the analysis of the shift in 
center frequency between the transmitted and backscattered pulse, providing an objective measure of 
differences in tissue microstructure. 
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3.3.2 Ultrasound CFS equipment 
In Study III, ultrasound CFS was performed using a Vevo 3100 imaging system 
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada) equipped with a 40 MHz 
ultrasound linear array transducer (MX400), which has a center frequency of 30 MHz. 
The transducer was fixed to an adjustable arm, and the holder was driven by a stepper 
motor to enable 3D scanning. The same setup and ultrasound equipment were used as 
described in the ex vivo measurements with PAI (Study II), but only the ultrasound 
system was used in Study III and not the laser. 

3.3.3 Ultrasound CFS of biopsies in cases of suspected GCA 
The aim of Study III was to evaluate the feasibility of using ultrasound CFS in 
discriminating between biopsies assessed as positive or negative for GCA by histo-
pathological examination. Patients referred for TAB were assessed for eligibility to 
participate in the study, and a total of 68 patients were included. After TAB, the samples 
were transported to a nearby laboratory for ultrasound scanning. The same setup was 
used as described earlier for PAI of TAB specimens (Figure 12). 

 
Figure 12. Illustration of the ultrasound scanning setup used to examine the temporal artery biopsy 
(left) and an image of the temporal artery biopsy in the container (right). The sample is mounted in a 
container filled with balanced saline solution. The biopsy is then scanned with an ultrasound transducer 
that is attached to an adjustable arm using a linear stepper motor that moves transversely with a step 
size of 0.5 mm. 
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Three-dimensional scans were obtained by moving the transducer transversely across 
the artery with a step size of 0.5 mm. A combined B-mode and color Doppler mode was 
used to obtain frequency information from two different types of ultrasound pulses, a 
short pulse interleaved with a long pulse. The reason for this was to reduce the impact 
of interference (background noise). The results were normalized to a reference, which 
in this case was the actual center frequency of the transducer. This was done to 
compensate for frequency content that is transducer dependent.  

Radio frequency data were analyzed with regard to CFS using MATLAB. The tissue-
related changes in the center frequency of the ultrasound signal were analyzed by 
comparing the frequency content of the transmitted pulse to that of the backscattered 
pulse. The average CFS (expressed in %) was calculated from the value for each artery 
in the group with positive biopsies (GCA-positive) and in the group with negative 
biopsies (GCA-negative). The difference in the average CFS between the GCA-positive 
and the GCA-negative biopsies was then determined.  

After ultrasound scanning, the TAB specimens were placed in formalin and sent for 
histopathological examination to reveal signs of inflammation compatible with GCA. 
Of the 68 biopsies, 25 were positive for GCA and 43 were negative. 

Statistical analysis of ultrasound CFS 
Calculations and statistical analysis were performed using GraphPad Prism 9.0. The t-
test was used for comparisons between groups.  

3.4 Tomographic 3D ultrasound 

3.4.1 The principles of tomographic 3D ultrasound 
Tomographic 3D ultrasound is an electromagnetically tracked ultrasound system that 
enables the objective documentation of the imaged tissue and allows computerized 
stacks of 2D ultrasound images to be obtained through a single sweep over the target. 
The data from the whole examination are saved in the software, allowing for later 
analysis and interpretation. Tomographic 3D ultrasound images are generated using AI-
based image reconstruction algorithms, allowing for the examination of vessel 
geometry, i.e., length, diameter, and volume (138). These 3D images of the architecture 
of the artery can be rotated and viewed from any angle, making the method ideal for 
vascular imaging due to the tortious nature of vessels.  

3.4.2 Tomographic 3D ultrasound equipment 
In Study IV, tomographic 3D ultrasound was performed using a Vevo MD ultra-high-
frequency ultrasound system (FUJIFILM VisualSonics, Toronto, Canada) with the 
PIUR tUS Infinity wireless tomographic ultrasound system (PIUR imaging GmbH, 
Vienna, Austria), connected via an HDMI video cable. The 22 MHz and 48 MHz 
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transducers were used, depending on the tissue depth of the vessel. The PIUR ultrasound 
system consists of three components: the Infinity sensor, the Infinity video box, and the 
Infinity workstation. The Infinity sensor clips onto a standard ultrasound transducer and 
transmits the probe position in time and space via Bluetooth (Figure 13), and the Infinity 
video box transmits live 2D ultrasound images via Wi-Fi. The information from these 
two components is transmitted to the Infinity workstation. 

 
Figure 13. The sensor clips onto a standard ultrasound transducer, and conveys the transducer’s 
position in time and space to a workstation via Bluetooth. The examination requires only a single 
sweep over the target tissue, and the data are stored for further analysis.  

3.4.3 Tomographic 3D ultrasound investigation of healthy temporal 
arteries and cases of suspected GCA 

The purpose of Study IV was to assess the feasibility of using tomographic 3D ultra-
sound to visualize the temporal artery and to measure artery dimensions. A total of 17 
participants were included, 14 of which were healthy subjects, and three were patients 
with suspected GCA who were scheduled to undergo TAB later that day. 

The superficial temporal artery was scanned in a single sweep from the level of the ear 
tragus following its branches (ramus frontalis and/or ramus parietalis) to as far distally as 
it could be visualized, with the patient supine. During the scan, a stack of live 2D images 
was generated, which was used to construct a 3D image of the artery in the Infinity 
workstation. Three to five ultrasound scans per vessel were recorded, with each scan 
lasting 5-10 seconds. Only the temporal artery on one side was scanned in each subject. 
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The complete examination took approximately five minutes for each patient. The 
ultrasound scanning process and postprocessing of the data are illustrated in Figure 14. 

 
Figure 14. Scanning of the temporal artery with tomographic 3D ultrasound. a) A sensor is attached to 
the ultrasound transducer, which transmits information on the transducer’s position in time and space 
during scanning. A stack of 2D images is generated, which is used for 3D reconstruction of the artery. 
b) This allows measurement of the inner and outer vessel diameter, to calculate the vessel wall 
fraction.  

The scans were first processed in the PIUR software using AI-based image 
reconstruction algorithms, where the surrounding soft tissue was removed from the 
tomographic 3D image, displaying only the vessel (Figure 15). The software 
automatically identified the outer diameter of the vessel and the vessel length.  
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Figure 15. The surrounding tissue (left image) is removed from the image using the PIUR software, so 
that only the target vessel is displayed (right image). 

For detailed analysis, the data were exported to MATLAB for post-processing. An 
algorithm was set up to display images representing cross-sectional views of the vessel, 
in which the user had the ability to draw lines that translate into a length. The user also 
had the ability to navigate through all cross-sectional images of the entire vessel and 
keep track of which images the lines were drawn in. To enable measurements of the 
inner and outer diameters of the vessel, the internal surface of the vessel (intima) and 
the outer border of the vessel (adventitia) were manually identified by one ultrasound 
examiner. Information on the characteristics of the subject was removed to enable 
blinded measurements. The inner and outer diameters of the artery were measured at 
different locations along the length of the artery, and the artery wall fraction was 
calculated by dividing the difference between the outer and inner diameter (obtaining 
the vessel wall thickness) by the outer diameter.  

To examine the inter-observer agreement, the same images were assessed by another 
experienced ultrasound examiner, who was blinded to the measurements done by the 
other examiner. The obtained values of the two examiners were compared, from which 
Pearson correlation coefficients of 0.955 and 0.957 for the outer and inner diameters, 
respectively, were calculated, which suggests an excellent inter-observer agreement. 

The TABs from the three subjects with suspected GCA were sent for histopathological 
examination, which revealed signs of GCA in one of the biopsies. The other two showed 
no signs of GCA and were assessed as GCA-negative.  
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Calculations in tomographic 3D ultrasound 
Calculations were performed using MATLAB. No statistical comparisons were made 
between the healthy subjects and the patient with confirmed GCA due to the small 
sample size.  

3.5 Temporal artery biopsy length 
A total of 28 patients with suspected GCA undergoing TAB were included in Study V. 
The aim of the study was to evaluate the effect of both excision and formalin fixation 
on the TAB length, and to compare the results obtained from biopsies deemed to be 
positive and negative for GCA. TAB was performed by three different surgeons under 
local anesthesia, according to local practice. The biopsy length was measured in vivo 
before excision by marking the site where the artery was intended to be excised (Figure 
16). When the artery was straight, the length of the intended biopsy was measured 
directly with a standard millimeter ruler. In cases where the artery was tortuous, surgical 
thread was used to trace its length, and the length of the thread was then measured to 
the nearest 0.5 mm. After excision, the ex vivo length of the biopsy specimen was 
measured immediately prior to formalin fixation. The specimen was then placed in 10% 
buffered formalin fixative and sent for histopathological examination. The length of the 
biopsy after formalin fixation was measured by the pathologist before sectioning for 
histological assessment. Patients were diagnosed as having GCA based on the 
histopathological findings of the biopsy, and not on the clinical presentation of 
symptoms. Fourteen of the biopsies were assessed as positive for GCA and 14 biopsies 
were negative.  

 
Figure 16. Measuring the temporal artery biopsy before excision (in vivo), after excision (ex vivo), and 
after formalin fixation (post-fixation) prior to sectioning and histopathological examination. 

Statistical analysis of temporal artery biopsy length 
Calculations and statistical analysis were performed using GraphPad Prism 7.0c. The 
Wilcoxon matched-pair test was used for paired comparisons, and the Mann-Whitney 
test was used for comparisons between the groups of positive and negative biopsies.  
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4 Results and Discussion 

4.1 Photoacoustic imaging of healthy temporal arteries 
and safety evaluation 

The feasibility of using PAI for the examination of the temporal artery and the safety 
of the technique were evaluated in healthy subjects in Study I. PAI did not affect the 
best-corrected visual acuity, color vision, or the visual field. The level of discomfort 
was low, and only little heat and light sensation were reported. The spectral signatures 
of the artery wall could be clearly differentiated from those of the surrounding tissue, 
and were clearly different from the subcutaneous tissue in the wavelength range 830-
895 nm, and the skin in the wavelength range 795-940 nm (Figure 17). The temporal 
artery could be clearly delineated in the 3D scans. Thus, PAI can be used to examine 
the temporal artery non-invasively, in vivo, without the risk of affecting the visual 
function.  

 
Figure 17. Photoacoustic spectra obtained from the temporal artery, the subcutaneous tissue, and the 
skin. The spectral signature of the artery wall was significantly different from that of the subcutaneous 
tissue in the wavelength range 830-895 nm, and from that of the skin in the wavelength range 795-940 
nm. Significance was defined as p<0.05 (*). 
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PAI has been used previously for the visualization of other tissues and vasculature in 
humans (129-133, 135, 150-152), and prior to the study presented in this thesis, our 
research group had adapted the photoacoustic technique for examination of the temporal 
region in humans (136). A number of challenges associated with signal quality and 
resolution were addressed in that study, in order to adapt PAI to the clinical setting, and 
laser levels were measured. However, no detailed investigation of safety regarding 
visual function or patient tolerability was carried out in that previous study. 

It is important to consider the safety of both patients and health care professionals when 
translating a technique from experimental to clinical use. Visual function of the study 
subjects was tested before and after PA examination, and found to be unaffected. This 
is an important finding as it shows that the technique may be developed as a safe 
diagnostic tool for GCA in the clinical setting. The reason for caution is primarily that 
the choroid contains pigment cells, which contain melanin, and this strongly absorbs 
light in the 680-970 nm wavelength range. The high absorption, together with the 
focusing effect of the lens and cornea, may pose a potential risk for measurements 
around the eye when using PAI. However, the subjects’ eyes were covered with eye 
shields that absorb all wavelengths, and the examination was not expected to have any 
negative effect on visual function. The only light that might reach the eye is that which 
is diffusely scattered through the tissue surrounding the temporal area, but the energy 
levels are too low and the photons too scattered to cause any damage to the retina or the 
optic nerve.  

An advantage of PAI is that it is less user-dependent, since the spectral signature in the 
vessel wall is an objective measure. The results obtained from Study I show that PAI 
can be used to delineate the temporal artery objectively, and that the spectral signature 
of the artery in healthy subjects is unique, which is the first step towards the evaluation 
of GCA using PAI. It could be speculated that PAI has a greater ability to detect small 
differences in the artery wall since the absorption spectrum depends on the molecular 
composition of the tissue. It can therefore be assumed that small differences in the tissue, 
and between healthy and diseased vessels, could be analyzed. Confirmation of this 
would require a larger clinical study, including both healthy and diseased vessels, 
together with technical improvements to compensate for noise in the data, such as that 
caused by movement artefacts. 

Thus, it was concluded that PAI can be used for the examination of the temporal artery 
in human subjects in a safe and tolerable way. The artery wall was clearly delineated, 
and unique spectral signatures were obtained for the artery and the surrounding tissues.  
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4.2 Mapping the temporal artery using photoacoustic 
imaging 

The aim of Study II was to use multispectral PAI for detailed spectral and spatial 
characterization of the temporal artery ex vivo, in biopsies classified as positive or 
negative for GCA. The spectral signature of temporal arteries was extracted by 
analyzing 259 cross-sections from 77 TAB specimens. PAI was able to map the 
architecture of the temporal artery, providing detailed spectral information, while the 
spectral analysis indicated a difference between the spectra from GCA-positive and 
GCA-negative biopsies.  
To further explore the extent to which the PA spectra may vary spatially within the 
artery, each pixel was color-coded based on distinct spectral features. This was done in 
a cross-section and in a longitudinal section on representative examples of a GCA-
positive and a GCA-negative TAB specimen. In the cross-section, the spectral features 
varied within the sample scan, but also between the GCA-positive and GCA-negative 
biopsies. This was expected considering the structure of the artery, and the differences 
in molecular composition due to inflammation in the GCA-positive artery (Figure 18).  

 
Figure 18. Cross-section of the temporal artery in GCA-negative and GCA-positive temporal artery 
biopsy specimens, showing the ultrasound image (top images) and the color-coded image (bottom 
images) based on distinct spectral features. The color scale in the images ranges from red to blue, 
where regions that are red differ the most spectrally from regions that are blue. The scale bars 
represent 1 mm. 

In a longitudinal section of a positive and negative TAB specimen, a spatially resolved 
map of the architecture of the vessel was obtained showing different spectral features, 
indicating differences in the molecular composition of the artery specimen (Figure 19). 
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Figure 19. Longitudinal, color-coded section of temporal artery biopsy specimens from a GCA-negative 
and a GCA-positive sample, where each color represents a spectral feature. The color scale in the 
images ranges from red to blue, where regions that are red differ the most spectrally from regions that 
are blue. The scale bars represent 2 mm.  

To obtain a more complete spectral picture of a single artery, multiple PA image stacks 
were acquired sequentially from different locations along the TAB specimen length of 
one representative GCA-positive biopsy and one GCA-negative biopsy. This showed 
the variability in the spectra from different locations along the length of the biopsies, 
which could potentially reflect the variability in the extent and distribution of the 
inflammation in the vessel wall seen in GCA. 

By employing the spectral analysis previously described, which automatically divided 
all spectral features into clusters, five different clusters were identified, based on distinct 
spectral features. The spectral features were extracted as a spatial average over the cross-
section of the artery, yielding spectra from a total of 259 cross-sections. In one cluster, 
which contained 27 spectra, 74% were from GCA-negative biopsies, while in another 
cluster, containing 83 spectra, 57% were from GCA-positive biopsies. The spectra in 
the cluster with the highest representation of GCA-negative biopsies were significantly 
different from those in the cluster predominantly comprising GCA-positive biopsies in 
the wavelength range 688-970 nm (except in the range 770-785 nm) (p<0.0001), 
suggesting that there are some spectral differences between GCA-negative and GCA-
positive biopsies. While these findings are promising, there is a need of improvement 
of the technique. In its current state of development, PAI alone may not provide the 
reliability required for a definitive GCA diagnosis, and it will probably have to be 
combined with clinical parameters to ensure diagnostic accuracy.  

PAI has been used previously to image human vasculature, but most of these studies 
have employed a limited number of excitation wavelengths, and are based on the 
detection of oxygenated and deoxygenated hemoglobin, which strongly absorb light of 
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different wavelengths, thus providing good PA contrast (128, 129, 132, 133). In GCA, 
the inflammation resides in the vessel wall, and measurements on the hemoglobin inside 
the artery are therefore not sufficient for diagnosing GCA. The results from Study II 
showed that PAI, in combination with advanced spectral analysis, can be used to obtain 
detailed spatially resolved PA spectra from temporal arteries, without a priori 
knowledge of which chromophores that may be present, and that it provides important 
information on the artery wall itself, which is promising for the clinical implementation 
of PAI. However, further technical development and methods of analysis are needed to 
identify the spectral signatures of arteries with GCA, and to differentiate these from 
healthy arteries.  

The temporal arteries were examined ex vivo, which eliminates motion artifacts and 
reduces the impact of chromophores in circulating blood and in the tissue above the 
artery. In vivo spectra are therefore expected to be more challenging to analyze due to 
the presence of PA signals from surrounding tissue (136), which must be compensated 
for. However, these are not fundamental limits, but rather technical problems that can 
be overcome. Further studies are needed and a number of issues need to be addressed 
before the technique can be clinically implemented, including technical development 
for motion tracking and techniques to correct for spectral coloring (see Challenges and 
future perspectives).  

4.3 Discriminating between GCA-positive and GCA-
negative biopsies using ultrasound CFS 

The feasibility of using ultrasound CFS for the detection of GCA in TAB specimens 
was investigated in Study III. The results showed that ultrasound CFS has the potential 
to differentiate temporal arteries with GCA from those without GCA, ex vivo. The mean 
CFS (%) decreased significantly less in biopsies positive for GCA (CFS (%) 3.83, 95% 
CI 3.68-3.97) than in biopsies negative for GCA (CFS (%) 4.02, 95% CI 3.90-4.13) 
(Figure 20). 

Ultrasound CFS has previously been shown to be able to identify lesion components of 
vessel plaques contributing to plaque vulnerability and the risk of vascular events (137), 
but its feasibility for future GCA diagnosis has not been investigated until now. The 
main advantage of ultrasound CFS is that it is less dependent of the expertise of the 
examiner since the CFS value obtained is an objective measure. This is in contrast to 
conventional ultrasound methods based on B-mode images, such as color Doppler 
ultrasound, which are dependent on the operator’s experience (102) and are thus prone 
to inter-observer variability. Ultrasound CFS can be performed with any ultrasound 
scanner that also has a Doppler ultrasound function, to enable the dual-pulse approach 
described in this study. Following a software upgrade for the analysis of CFS, the 
technique could become widely available at many clinics already using ultrasound. 
However, even though the technique could potentially be implemented easy, its 
application in various clinical scenarios is far from complete. The role of ultrasound 
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CFS in diagnosing GCA needs further evaluation concerning its diagnostic performance 
before its clinical applicability can be considered. The study presented in Study III only 
assessed whether there was a difference on a group level between GCA-positive and 
GCA-negative biopsies and did not evaluate the predictive utility in the diagnosis of 
GCA, which should be the focus of future studies. 

 
Figure 20. a) Graph showing the center frequency shift (CFS %) for GCA-positive and GCA-negative 
biopsies, as mean values with 95% confidence intervals. Significance was defined as p<0.05 (*). b) 
Representative examples of CFS images of biopsies that are positive and negative for GCA. The value 
of CFS (%) for each pixel is shown as a purple overlay. Scale bar is 0.1 mm. 

One limitation of the study presented in Study III, as for many previous studies assessing 
GCA, is the difficulty in defining the patient inclusion criteria, since there are no 
established diagnostic criteria for GCA. Many previous studies have used the 1990 ACR 
criteria for GCA (88). However, these are classification criteria, and cannot be used to 
diagnose GCA in individual cases. The subjects in Study III were divided into those 
who were classified positive and those who were negative for GCA based on 
histopathological examination of the temporal artery.  

This study showed that ultrasound CFS has the potential to differentiate between TAB 
specimens with and without histological signs of GCA. Further technical development 
is needed to make in vivo examination possible, in order to evaluate whether ultrasound 
CFS can be used for the diagnosis of GCA. 
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4.4 Visualizing the temporal artery using tomographic 
3D ultrasound  

Since the degree and extent of the inflammation in the vessel wall in GCA can vary, it 
is of benefit to examine the whole length of the accessible artery. This is possible, to 
some degree, using conventional 2D ultrasound, but the interpretation is highly 
dependent on the experience of the operator, and the diagnostic sensitivity therefore 
varies (97, 98, 153, 154). Tomographic 3D ultrasound can be used to map the whole 
architecture of the temporal artery and to measure vessel geometry, as demonstrated in 
Study IV. The 3D images showed that the arteries decreased in diameter distally from 
the level of the ear tragus, and the outer diameter of the vessel varied between the 
subjects depending on how distally the artery was scanned, in accordance with normal 
vessel anatomy (Figure 21). No distinction could therefore be made between the healthy 
arteries and the artery affected by GCA, based on these measurements. 

 
Figure 21. The length and outer diameter of the temporal artery in healthy subjects (left) and in 
patients with suspected giant cell arteritis (right). No differences were observed between these groups 
when assessing only the outer diameter. 

In order to visualize the relation between the artery wall thickness and the total vessel 
diameter, the artery wall fraction was calculated by dividing the wall thickness by the 
total vessel diameter (Figure 22). The artery wall fraction for the GCA-positive patient 
was high, revealing the combination of vessel wall thickening and lumen narrowing, 
which may be indicative of GCA (Figure 23). However, no statistical analysis was 
performed.  
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Figure 22. Detailed images showing delineation of the inner and outer artery wall of the GCA-positive 
artery in the transverse a) and longitudinal b) directions. 3D reconstructions of the architecture of the 
GCA-positive artery and a typical healthy artery are shown in c) and (d), respectively. Note the vessel 
wall thickening and narrowing of the lumen in the GCA-positive artery.  

 
Figure 23. The artery wall fraction, calculated by dividing the vessel wall thickness (the difference 
between the outer and inner vessel diameter) by the outer diameter throughout the length of the vessel 
in each patient assessed as healthy, GCA-negative (GCA-) or GCA-positive (GCA+). Data are plotted 
with the mean represented as solid squares and the error bars representing +/- 1 standard deviation 
(SD). Note the high artery wall fraction in the GCA-positive subject. 
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Previous studies have shown that tomographic 3D ultrasound is useful for the mapping 
of other blood vessels. It can be used to measure vessel geometry, such as length, 
luminal diameter and vessel wall volume (138), and, for example, in assessing arterial 
stenosis in the lower extremities (139), carotid plaque volume (140, 155), abdominal 
aorta aneurysm (141), and for imaging small arteries, such as the digital arteries (156), 
offering several advantages over conventional 2D ultrasound. Data on the complete 
architecture of the artery are saved, allowing post-processing and detailed 
measurements of vessel dimensions from any angle (138). Furthermore, relying on 
artery wall measurements, instead of the halo and compression signs when examining 
the temporal arteries, makes the interpretation less operator-dependent.  

Thus, the results of Study IV indicate that tomographic 3D ultrasound has the potential 
to measure vessel wall geometry over the full extent of the examined artery, and may 
constitute a more operator-independent diagnostic tool for GCA in the future. However, 
a larger study must be carried out to enable statistical comparison between healthy and 
GCA-positive subjects. 

4.5 Clinical benefits of a future non-invasive diagnostic 
tool for the diagnosis of GCA 

The clinical advantages of introducing a non-invasive diagnostic tool for GCA are 
many. Firstly, this could replace surgical biopsy, thereby avoiding the surgical risks 
associated with this invasive approach.  

Secondly, it would allow the examination of a greater length of the temporal artery than 
a surgical biopsy, which is of benefit as GCA can present with skip lesions (63). 
Furthermore, other vessels involved in GCA, for example, the axillary artery, can be 
examined, thereby increasing the probability of finding inflammatory changes in the 
arteries. In GCA, the axillary arteries are affected in up to 50% of patients (40, 41) and 
TAB specimens are negative in over half of patients with extracranial GCA (41). Studies 
investigating both temporal and axillary arteries have revealed consistently higher 
sensitivities than those focusing on temporal arteries only (109). The additional 
diagnostic benefit of imaging the extracranial arteries in such cases is obvious. In 
contrast to MRI and FDG-PET/CT, these novel techniques can be used at the bedside, 
and are generally well tolerated by patients. 

Thirdly, a non-invasive technique could potentially allow the effect of treatment to be 
monitored over time, which could improve the treatment of patients with GCA. The 
sensitivity of color Doppler imaging is significantly reduced within the first week of 
therapy with corticosteroids (116), but histopathological findings due to GCA are seen 
after a longer period microscopically than with ultrasound. Recently, the IL6-receptor 
inhibitor tocilizumab has become a standard part of GCA treatment. This agent 
interferes with the ability to generate an acute phase response, as assessed by ESR or 
CRP, thereby lessening the influence of these biomarkers on the clinical assessment of 
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disease activity in GCA. Imaging modalities therefore may contribute to a more 
comprehensive assessment of patients with GCA. Follow-up studies must be carried out 
to investigate whether PAI, ultrasound CFS, or tomographic 3D ultrasound can be used 
to detect the subtle differences due to inflammation when treatment has been initiated 
with corticosteroids or other immunomodulatory drugs. 

4.6 The effect of excision and formalin fixation on 
temporal artery biopsy length 

The accuracy of the histopathological diagnosis of GCA is believed to be correlated to 
the length of the formalin-fixated artery specimen that is available for histopathological 
examination (74, 87). The biopsy may shrink following excision and formalin fixation, 
which is of clinical importance since the biopsy length is determined before excision. 
The results obtained in Study V show that the TAB contracts upon surgical excision, 
but no further shrinkage was seen following formalin fixation (Figure 24). The median 
contraction upon surgical excision was 12% for the negative biopsies and 15% for the 
positive biopsies, but the difference was not statistically different between these groups. 
The surgeon can therefore be confident that the length of the biopsy measured after 
excision is the actual length analyzed histopathologically. 

 
Figure 24. The length of the temporal artery biopsy specimens before excision (in vivo), directly after 
excision (ex vivo) and after formalin fixation (post-fixation) in biopsies negative (left) and positive (right) 
for giant cell arteritis according to histopathological findings. Significance was defined as p<0.05 (*), 
p<0.01 (**) and p<0.001 (***); n.s, not significant. 
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No previous studies have been carried out to determine the length of temporal artery 
biopsies before excision, directly after excision, and after formalin fixation. In a study 
by Su et al., the length of the temporal artery biopsy was measured before and after 
excision, showing a mean contraction of 20% (80). The effect of formalin fixative on 
TAB length has been evaluated in other studies, in which a shrinkage of 8-15% was 
reported (84-86). This is in contrast to our findings of no shrinkage after formalin 
fixation. 

The difference in shrinkage between positive and negative biopsies was also 
investigated. It has previously been reported that the contraction of TAB specimens after 
surgical excision was less in biopsies assessed as positive for GCA than in negative 
biopsies, but the number of positive biopsies was low relative to the GCA-negative 
biopsies in that study (80). It has also been found in previous studies that there is a 
correlation between systemic inflammation and reduced arterial elasticity in vasculitis 
in other parts of the body (78, 79). Since it has been reported that the biopsy length is 
generally longer in positive TABs (72-75), this raises the question of whether the 
difference in length between positive and negative TABs is due to greater contraction 
of the negative specimens rather than the diagnostic accuracy of the length. In Study V, 
no statistically significant difference was seen in shrinkage between positive and 
negative TAB specimens, which is in agreement with the findings of a recently 
published study on the effect of formalin fixation (86). 

A limitation of the present study was that the length of the TAB specimens was 
measured by three different surgeons and pathologists, which may have introduced 
interindividual variability in the measurements.  

Further studies are needed on the effect of both surgical excision and post-surgical 
processing for histopathological examination, in which the measurements are made by 
the same surgeon and pathologist, to confirm that shrinkage does not affect TAB length 
to a degree that affects the diagnostic accuracy. Regardless of any recommended length, 
longer specimens are only valuable if additional histologic sections are examined, 
emphasizing the need for standardized protocols in both studies and clinics. 
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5 Conclusions 

The conclusions drawn from the studies presented in this thesis can be summarized as 
follows. 

 

• PAI of the temporal artery is well tolerated and safe with regard to visual 
function. The spectral signature of the healthy temporal artery is unique, and 
the artery can be clearly differentiated from the surrounding tissue. 

• PAI can be used to map the architecture of the temporal artery ex vivo, 
providing detailed spectral and spatial information. The spectral analysis 
indicated a difference between the spectra from GCA-positive and GCA-
negative biopsies. 

• Ultrasound CFS has the potential to differentiate temporal arteries with GCA 
from those without GCA ex vivo. 

• Tomographic 3D ultrasound can be used to visualize the temporal artery and to 
measure geometric features of the vessel, such as the vessel wall fraction. 

• TAB specimens contract upon surgical excision, and the difference in 
contraction between specimens assessed as positive and negative for GCA was 
not statistically significant. No further contraction was seen as a result of 
formalin fixation.  

5.1 Challenges and future perspectives 
Improvements must be made before PAI, ultrasound CFS, or tomographic 3D 
ultrasound can be used as non-invasive, diagnostic tools for GCA, either as substitutes 
for or in conjunction with histopathological examination. 

Before achieving precise in vivo imaging and analysis of the temporal artery with PAI, 
it is essential to develop fluence compensation techniques. The optical fluence (energy 
deposition) is not uniform within the tissue and the effects of absorbing chromophores 
in the circulating blood and in tissue above the artery give rise to spectral coloring, 
which is a phenomenon that occurs as photons travel deeper into the tissue and undergo 
wavelength-dependent absorption in different tissue layers (157). The arterial depth, and 
the concentration of different chromophores such as melanin and hemoglobin (and its 
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oxygenation status) will affect the fluence spectrum reaching the artery and may affect 
the results. Furthermore, the intraluminal signal from hemoglobin when imaging blood 
vessels will lead to spectral absorption that is considerably higher than that from the 
actual vessel wall, making it difficult to discriminate the spectrum of the healthy artery 
from that originating from inflammatory processes due to GCA. Thus, the effects of 
other chromophores in the tissue must be taken into consideration and techniques for 
post-processing of the measured data may be important in this context (158, 159). 

Moreover, the implementation of motion correction techniques could contribute to 
enhanced image resolution. Motion artefacts arising from movements of the patient, 
breathing, and heart beating contribute to noise in the data. The problem of motion 
artefacts could be solved by the application of software to correct for motion artefacts 
in the image, or the use of electrocardiography to trigger image capture to compensate 
for arterial pulsation. Methods based on machine-learning for motion corrected PA 
images may be useful (160). After technical development, the next step in evaluating 
PAI as a clinical diagnostic tool for GCA involves conducting studies on in vivo 
examinations of temporal arteries. 

The ultrasound CFS technique must also be further refined and this can be achieved by 
the implementation of methods aimed at improving the estimation of the frequency shift. 
The dual-pulse approach used in Study III, in order to remove the background signal 
that is not related to tissue microstructure, constitutes a potential limitation of ultrasound 
CFS, as this may lead to an error in the estimated CFS. Tuning the pulse parameters 
could improve this method, and this is discussed in more detail in Study III. 
Furthermore, the frequency attenuation in tissue above the artery will affect the 
estimated CFS and must be compensated for, together with the effects of movement 
artefacts. Following these improvements, validation studies are required to assess the 
diagnostic performance of ultrasound CFS in GCA, before it can be considered as a 
clinical diagnostic technique for GCA. 

To enhance the 3D reconstructions obtained with tomographic 3D ultrasound, the data 
from the B-mode ultrasound must be further optimized. The analysis in tomographic 3D 
ultrasound relies on the data from the B-mode ultrasound, which means that any error 
present in the B-mode image will be translated into the 3D reconstruction and the 
following measurements. This also applies to artefacts that degrade the resolution in B-
mode ultrasound, which limits the 2D images to be reconstructed to 3D images. The fact 
that the inner and outer vessel border must be manually defined is also a source of 
operator-dependent error, and is time consuming. Future development, including 
optimization of the B-mode ultrasound, and automatic vessel border detection using AI, 
would thus be of great benefit. 

In future applications, the efficacy of employing PAI, ultrasound CFS, and tomographic 
3D ultrasound for the diagnosis of GCA is likely to be enhanced through the integration 
of the results from these techniques, given that each method provides distinct 
information. PAI, for instance, may facilitate discrimination between healthy vessels 
and those with inflammation by examining the molecular composition of the tissue and 
the associated spectral signatures. Ultrasound CFS, on the other hand, enables 
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differentiation based on the size of the microstructures within the tissue, potentially 
distinguishing vessels with inflammation from those without. Additionally, 
tomographic 3D ultrasound provides comprehensive 3D images of the vessel anatomy 
and dimensions, facilitating macroscopic evaluation. The sensitivity and specificity of 
any non-invasive diagnostic tool for the diagnosis of GCA will probably be improved 
when combined with clinical predictor variables obtained from the examination of 
patients with suspected GCA. Since the spectral signature from the vessel wall obtained 
with PAI and the CFS value obtained with ultrasound CFS are both objective measures, 
they could potentially be used in prediction models based on the machine-learning 
techniques for the diagnosis of GCA. 

In conclusion, a non-invasive diagnostic tool that can replace the invasive TAB 
approach with its surgical risks and low diagnostic sensitivity would be of great benefit 
to patients, healthcare professionals, and society. Timely and reliable diagnosis of GCA 
would enable the early initiation of treatment, thereby preventing the vascular 
complications associated with GCA, while at the same time avoiding the unnecessary 
treatment of patients who do not have GCA. The results presented in this thesis are an 
important step towards enabling non-invasive diagnosis of GCA. The next step in the 
development of PAI, ultrasound CFS, or tomographic 3D ultrasound into a clinical 
diagnostic tool will require technical improvements and large clinical trials in which 
patients suspected of having GCA are examined before undergoing surgical biopsy and 
compared to healthy subjects. Hopefully, this will enable the non-invasive diagnosis of 
GCA. 
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