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Whatever you can do or dream you can, begin it.

Boldness has genius, power, and magic in it.

As soon as you trust yourself, you will know how to live.

Knowing is not enough, we must apply. Willing is not enough, we must do.
Correction does much, but encouragement does more.

Magic is believing in yourself; if you can do that, you can make anything happen.

All the knowledge I possess everyone else can acquire, but my heart is all my own

- Johann Wolfgang von Goethe (valda delar )
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Abstract

Quantification is essential in Nuclear Medicine. The complexity of pulmonary tissue
with regional variation of air, blood and tissue due to the effects of breathing results in
inaccurate quantification of tracer uptake on the PET image. Different quantification
approaches have been proposed. However, no standardized method exists for
quantification in lung tissue accounting for the mentioned confounding factors. The
overall aim of this thesis is to evaluate the impact of methods improving the
quantification in lung tissue and differentiation between benign and malignant
pulmonary nodules accounting for air fraction and partial volume effect.

In paper I the aim was to examine whether current smokers have higher lung tissue
uptake of '®F-FDG than never-smokers when correcting for air fraction of the lungs.
Sixty-six patients (33 never-smokers and 33 smokers) referred for a PET/CT were
recruited for this study. There was a significant difference in activity concentration in
lung tissue between never-smoker and current smoker only when normalizing for the
air fraction.

In paper II the aim was to determine how the presence of intravenous contrast-enhanced
CT influences SUV measurement corrected for both attenuation and air. Eighteen
outpatients were referred with known malignancy other than lung cancer took part in
the study. The results showed that only a marginal effect was seen in SUV between non-
enhanced and IV contrast-enhanced CT when the air fraction was accounted for.

In paper III the aim was to evaluate the impact of a new practical method for
quantification of mass, Mpx and total metabolic activity, TLGpn in small pulmonary
nodules. We selected 38 patients with pulmonary nodules (range 5-23mm) who
underwent '*F-FDG-PET during 2009-2015 and 2017-2018. The results showed that
our method for quantification of mass and TLG of pulmonary nodules may be more
practical in clinical settings than the traditional method/methods used for volumetric
parameters.

Paper IV describes the impact of the same method as in paper III on the volumetric
parameters TLGpn in small pulmonary lesions, using respiratory gated FDG-PET/CT
and ungated FDG-PET/CT acquisition. Twenty-seven patients referred for PET/CT with
suspicious pulmonary malignancy less than 23 mm in the lower and middle lobes were
included in the study. Both ungated and gated FDG-PET/CT acquisitions showed
similar values in TLGpny measurements.

In conclusion, our approaches accounting for the confounding effects may improve the
estimates of lung cell tracer concentration. These methods provide opportunities for
pathophysiological research, studies of the relation between inflammation and
biomarkers in the blood as well as reduction of lung function. Finally, the contribution
to its non-vendor specific feasibility may facilitate the use in clinical settings.



Populérvetenskaplig sammanfattning

PET/CT, positronemissionstomografi i kombination med CT &r en bildgivande
nuklearmedicinsk metod, som anvénds i klinisk rutin sedan manga ar. Metoden har
blivit ett alltmer betydelsefullt verktyg inom framst cancerdiagnostik tack vare dess
formaga att aterge fordndringar pa cellnivd. Sadana forandringar uppstér innan
strukturella fordndringar kan ses med enbart CT. Tidig upptéckt av cancer dr ofta
viktigt for basta behandlingsresultat. PET/CT anvinds idag bade for att uppticka
cancer och hitta spridning av redan kénd cancer. Det anvidnds ocksé for att utvardera
svar pa cancer-behandling samt vid dosplanering infor stralbehandling. Vid en
undersokning med PET/CT ges en injektion av radioaktivt mérkta sparsubstanser.
Den vanligaste substansen &r en glukosanalog (en molekyl vildigt lik socker), som
mirks med radioaktivt fluor ("*F-FDG). Cancerceller anvinder mestadels glukos
som sin viktigaste energikilla. Dessa celler har ocksa en hogre koncentration av
glukostransportorer, vilka transporterar 'SF-FDG in i cellen. Detta for att
kompensera det dkade behovet av glukos viket avspeglar sig som en forhojd
koncentration av FDG. Produkten '®F-FDG-fosfat kvarstannar direfter i cellen, och
kan fangas pé bild av PET-kameran, samtidigt som CT ger en bild av var det 6kade
glukosbehovet finns.

PET/CT vid lungsjukdomar

Lungsjukdomar &r en signifikant global hélsoborda som drabbar miljontals
maénniskor och dir en stor del utgors av kroniskt obstruktiv lungsjukdom, KOL.
Behandlingsmdjligheterna ar tyvirr fortsatt begransade pa grund av otillrdcklig
kunskap om de bakomliggande mekanismer som leder till utveckling och progress
av sjukdomarna. Det dr allmént ként att inflammatoriska hérdar i lungvédvnaden har
en forhojd glukosomsittning. Tidiga studier har visat en 6kad ansamling av FDG i
de vita blodkropparna i lungorna vid induktion av inflammation [1-3]. Detta ger oss
mojlighet till att hitta olika inflammatoriska tillstdind i lungorna, men kan ocksa
bidra med svérigheter vid undersokning av lungorna, t ex mycket lokala
lunginflammationer eller tuberkulos som da kan misstas for lungcancer. Redan 1988
(Pantin et al) beskrevs att upptaget av FDG var 6kat hos patienter med inflammation
i lungans minsta enheter, alveolerna (alveolit). FDG-PET har ocksa anvénts for
beddomning av sjukdomsaktivitet och virdering av behandlingseffekt. Métning av
FDG har visat sig vara en mycket kéinslig metod for studier av laggradig
inflammatorisk aktivitet i lungorna som vid kronisk obstruktiv lungsjukdom och dér
inflammationsprocessen i de sma luftvigarna anses vara en viktig mekanism vid
utveckling av kronisk obstruktiv lungsjukdom, KOL

Aven hos rokare med normal lungfunktion har en dkad halt av vita blodkroppar
noterats i de mindre luftvigarnas slem/vitska. KOL som till storsta delen é&r
relaterad till tobakskonsumtion é&r ett samlingsbegrepp for inflammatoriska
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fordndringar i de smé luftvigarna, bronkiolit och emfysem (6kat luftinnehall i
lungorna pé grund av destruktion av lungviavnaden). Tillstdndet &r irreversibelt och
resulterar i en laggradig kronisk inflammation. Vi vet ocksa att KOL okar risken for
utveckling av lungcancer. I bada fallen har sjukdomsforloppen gétt 1dngt innan de
bada sjukdomarna gor sig mirkbara genom symtom och nedsatta
lungfunktionstester.

Kvantifiering av lungvivnaden och enstaka lungforindrigar

Upptaget av "F-FDG eller aktivitetskoncentrationen #r ett matt pa glukos-
konsumtionen i vdvnaderna och bendmns standardiserat upptagsvirde, SUV, som
normaliseras till patientens vikt och injicerad méngd radioaktivitet. Denna antar att
glukoskoncentrationen i kroppen &r homogent férdelad och antar 1 g/mL. Detta
géller dock inte for lungvévnaden. Studier har nimligen visat att koncentrationen
ligger runt 0,3 g/mL, pé grund av lungvévnaden heterogena sammansittning, av en
stor mingd luft och blod.

Lungtitheten varierar mycket med andningen och kroppens lige vilket forsvarar
matning av aktivitetskoncentrationen i lungorna. I den kliniska vardagen tas ingen
hénsyn till detta, vilket kan péverka bedomningen av SUV-vérdet, framfor allt i
enstaka sma lungfordndringar dér aktivitetskoncentrationen kan underskattas.
Faktorer som ytterligare paverkar SUV-virdet utdver andningsrorelsen ér biologiskt
och fysikaliskt relaterade.

I denna avhandling evalueras en berdkningsmodell for en béttre diagnostik géllande
sma fordndringars totala glukosmetabolism/aktivitetsupptag och massa, vilken tar
hinsyn till den varierande lungtétheten genom korrektion av den stora méngden luft
i lungvdvnaden och andningsrorelse. Modellen mojliggdr dven en sékrare
avgransning av smé lungfordndringar som kridvs for berdkning av det totala
aktivitetsupptaget i dessa.

I delarbetena ingick patienter som var planerade for PET/CT undersdkning av
lungorna med fragestéllningarna: diagnostik och stadieindelning. Patienter under
radio-kemo terapeutisk behandling exkluderades for att undvika cytostatikans samt
stralbehandlingens  paverkan av ~ SUV-vdrdet sasom  strdlinducerad
lunginflammation, aktiv fibrosbildning samt reaktiv respons pa cytostatika. I forsta
delarbetet uteslots patienter med kédnd lungsjukdom da dessa kan paverka
aktivitetsupptaget och ge falskt férhdjda védrden. Bildanalys och kvantifiering av
lungtdthet och aktivitetskoncentration i1 vardera lunga gjordes i1 Matlab,
specialkonstruerat mjukvaruprogram och i NM-fusion (Sectra Imaging IT
Link&ping).

I delarbete I ség vi en signifikant skillnad i aktivitetskoncentration i lungvivnaden
mellan rokare och icke rokare endast da vi korrigerade for luftinnehéllet
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I delarbete II fann vi en marginell skillnad avseende aktivitetskoncentrationen i
lungvdvnaden i PET bilden vid attenueringskorrektion med ldgdos CT och
diagnostisk CT med i.v. kontrast nir hénsyn togs till lungtétheten.

I delarbete I1I evaluerades en ny metod for att pa ett enklare sétt kvantifiera det
totala metabola aktivitetsupptaget och massa i enstaka sma lungforandringar och
samtidigt  korrigera  for den  partiella  volymseffekten  (kamerans
upplosningsformaga, positronens rackvidd). Vi fann att denna metod 4r oberoende
av anvéndare i1 jimforelse med de andra beskrivna metoderna.

I delarbete IV jamfors den konventionella statiska bildtagningen med den
andningsstyrda bildtagningen med PET med samma metod som i delarbete I11. Vi
fann ingen signifikant skillnad mellan dessa tva bildtagningar avseende den totala
metabola aktiviteten i smé lungforandringar.
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Abbrevations and terms

AC

AFC
AUC
BPL
COPD
avHUgg
avHUcr
avHUpn
avSUVyorpeT
avSUVpn
CI

CT

D

FOV
"F-FDG
GTV

HU

ICC

i.v. ceCTVpn
LOR
Mobiob
refMbiob
Mpn
MRT
NEMA
OSEM
PACS

Attenuation correction

Air fraction correction

Area under the curve

Bayesian penalized likelihood

Chronic obstructive pulmonary disease
Average HU in a background region
Average HU ina VVOLCT

Average HU in a PN

Average SUV in a VOI in the PET image
Average SUV in a PN

Confidence interval

Computer tomography

Density

Field of view

Fluoro-deoxyglucose labelled with 18F
Gross Tumor Volume

Hounsfield units

Intraclass coefficient

Intravenous contrast-enhanced CT
Line of response

Mass of blob

Mass of reference blob

Mass of a PN

Magnetic resonance tomography

National Electric Manufacturers Association

Ordered subset expectation maximisation

Picture archiving and communication system



PET/CT Positron emission tomography combined with
computed tomography

PN Pulmonary nodule

PSF Point spread function

PVE Partial volume effect

ROC Receiver Operating Curve

SiPM Silicon photomultiplier

SUvV Standardised uptake value

SUVss SUV of background tissue
SUVmax Maximal SUV in a VOI

SUVeN SUV of a PN

TFE Tissue fraction effect

TLG Total lesion glycolysis

TLGpn TLG of a PN

TNM Tumour, Node Metastasis

v Volume

Va Voxel fractional air volume

Ve Volume of a PN

Vi Voxel fractional tissue volume
VOI Volume of interest

Vvorcr Volume of a VOI in the CT image
VvVorLpET Volume of a VOI in the PET image
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Introduction

The main subject of this research is to evaluate and attempt to provide an approach
for the most significant issue associated with quantitative static PET parameter
estimates in pulmonary tissue and in small pulmonary lesion.

Millions of people are affected by respiratory diseases, particular in chronic
obstructive pulmonary disease, COPD, leading to a significant health burden
globally which also is a risk factor for lung cancer [4]. Treatment options for COPD
still remain limited because of the current insufficient knowledge of the underlying
mechanisms that lead to the development and progression of respiratory diseases.
Current conventional clinical measures, such as global lung function, computer
tomography, magnetic resonance tomography, MRT and MRT with hyperpolarized
helium gas (*He) or with '?Xe reflect disease severity rather than disease activity.

Respiratory diseases are commonly associated with inflammation and a robust
biomarker might aid the development of effective therapies and being useful in
early-phase pharmacodynamic studies as a complement to other structural and
pulmonary function test [5].To overcome the limitations and understand the
associated molecular changes, non-invasive imaging techniques such as PET
with '®F-FDG PET imaging being the most studied and explored as a biomarker.
Several studies have shown that PET/CT is able to identify inflammation and
disease progression faster than conventional techniques. With this knowledge '*F-
FDG PET has been widely used as a biomarker in pulmonary inflammation [6-12].

The quantification with PET parameters in pulmonary tissue as well as nodules
remains challenging because of the respiratory motion and variations of components
such as tissue, air, blood, and water fractions within the lungs [13, 14], namely lung
density. The proportions of these components further differ depending on the lung
disease [6, 15-17]. Therefore, different quantification approaches have been
developed to address these variabilities. However, no standardized approach has
been proposed to date.

In this thesis a feasibility study has been performed using an improved analysis

methodology to determine if more robust parameter estimates can be derived in the

lung tissue and lung lesions. The new methodology was performed in a phantom

i‘g{udy before applying to patients who had undergone static PET/CT studies with
F-FDG.

15



Background

Positron emission tomography, (PET) is a non-invasive imaging technique that uses
different molecules labelled with radiotracers to image physiological and molecular
tissue function, identifying changes at the cellular level most commonly used in
oncology [18]. PET/CT scanners did not appear in the clinic until 2001 [19]. The
main advantages of the multi-modality system is that it allows both anatomical and
functional information in one clinic session.

Figure 1. New generation PET/CT system Discovery Ml (GE Healthcare Milwaukee,WI, USA)
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PET is also used in cardiology, neurology, and for imaging, different lung
conditions [10, 11, 20, 21]. The systems consist of two scanners in one gantry with
a shared patient bed (Figure 1). The advantages of this multi-modality system are
the determination of both functional and anatomical information in one session and
allows a fast attenuation acquisition for correction of the PET images compared to
the earlier used correction with the time-consuming **Germanium acquisition. This
is known as image fusion or co-registration.

The most common PET radiotracer is fluorine-18 labelled deoxyglucose (‘*F-FDG)
used for imaging glucose metabolism. It is a glucose analogue and is transported
into cells by glucose transporter molecules and undergoes phosphorylation but is
not metabolized further because it is missing a hydroxyl-group and will trapped in
the cell. Because most of the tumour cells have increased metabolism of glucose,
FDG uptake at a rate of 20 times as high as cells of noncancerous tissues results in
a differentiation of tumour from surrounding normal cells. There are many other
tracers mimicking naturally occurring substances in the body and are chosen
dependent on the target of interest. Elevated FDG uptake are also seen in
physiologic processes such as brain tissue, active muscles tissue, brown adipose
tissue and with ongoing inflammatory processes, which complicates the detection
of hyper metabolic tumours. FDG-PET can thus not reliably differentiate benign
from malignant tissue in particular slowly growing tumours with a metabolism
similar to normal tissues.

Table 1 shows a list of most commonly used radiotracers and their characteristics.

Table 1 (Cal-Gonzalez et al., 2013).

Isotope Half Life Mean Energy Mean Positron Range Mean Positron Range
(keV) in Water (mm) in Lung (mm)

8F 109.8 249.8 0.64 2.14

e 20.4 385.6 1.03 3.45

BN 10.0 491.8 1.32 443

0 2.0 735.3 2.01 6.73
58Ga 67.7 352.6 2.24 7.41

82Rb 1.3 1168 4.29 13.90

Principle of positron emission tomography

PET imaging produces functional images by using radiotracers with a non-stable
radioactive isotope that decays by emitting a particle called positron, a positively
charged electron. The radiation emitted from an intravenously injected
radiopharmaceutical is registered by multiple external detectors positioned at
different orientations.
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According to the carrier molecule, the isotope distributes within the tissues and
emits a positron. The positron travels few mm, losing energy and interacts within a
free electron in the tissue. An annihilation reaction occurs resulting in two photons
with a high energy of 511 keV at almost exactly 180° from another and hits the PET
scanner scintillator crystals and release detectable light bursts. The photon detection
and the distribution are quantified and translated for image reconstruction, and
visualizing the tracer uptake in the tissue [22].

If the two photons are traveling in straight lines, line of response, LOR without any
interaction in the patient, they will be detected. This represents a so called true
coincidence. To get a coincidence, the events must take place within a short time
interval (nanoseconds) and the energy of both gamma rays must be approximately
511 keV [23]. The PET scanners can detect millions of coincidence events in a
single examination [24].

However, a large fraction of the photons will either be absorbed or undergo scatter.
The scattered photon has a lower energy but will not be disqualified by the system
when it is detected together with its companion photon, representing scatter
coincidence. False coincidence, randoms, appear when two photons are detected
within the timing window and their true companion is lost to the system. (Figure 2)

Multiple rings of detectors inside the PET system record emission from the
radiotracer. The distribution of the radioactivity, i.e. the PET image, is generated by
different filter and reconstruction methods. The direction of the annihilation photons
provides the location of the origin of the photons and the radioactive decay process
that resulted in their emission, Figure 2.

Figure 2. Line of response LOR true coincidence, scatter and randoms.

Attenuation correction and reconstruction

Correction must be applied for these different types of coincidence to overcome
quantitative imaging errors. The main process of attenuation in the tissue is the
Compton effect, scattering. One of the most important correction is the AC used for
correction of the missing photons and correction of scatter and removes those
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photons that are allocated incorrectly to LOR. These two correction methods can
induce artefacts in the images. The reconstruction of the raw PET data into
tomographic images can be done by different models/algorithms. The result of the
reconstruction [25-29] (ToF, Q.Clear) depends on the matrix sizes, filtering and
iterative methods [30, 31].

Computerised Tomography

The CT scanner gives anatomical information by a rotating X-ray source to build up
3D images. This is achieved by measurement of attenuation through a plane of the
body with a limited thickness. The attenuation is dependent on the tissue density
and X-ray energy. The attenuation values, known as Hounsfield Units, HU, are then
converted to produce images [32]. The energy produced by the CT scanner of 60-
120 keV differs from the energy in the PET (511 keV) and a specific conversion has
to be done using a bi- or trilinear scaling model (water, air, soft tissue) [33, 34].
Tissues and material with much higher attenuation values e.g. metallic implants and
contrast agents can cause image artefacts resulting in falsely high SUV values.

PET imaging acquisition

In static imaging the patient is injected with a weight adjusted radiotracer and then
left to rest so that the tracer distribution in the whole body reaches an equilibrium,
referred to uptake time (approximately 45-60 minutes). The patient is then placed
on a scanner table that slides between the CT and PET camera. Due to the limited
FOV the patient is moved through the scanner and the acquisition repeated to build
up an image of the whole body, referred to as a bed position, which last 2-3 minutes
per bed position [35].

Another imaging technique is the dynamic acquisition, mainly used in research. The
acquisition begins immediately after the radiotracer injection while the patient lie
on the scanner. The scanning can last 1-2 hours. This technique gives information
about the change in radiotracer concentration observed over time within the body.
Dynamic imaging is assessed using different kinetic analysis models.
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Quantification of PET imaging

The advantage of PET compared to other nuclear medicine imaging techniques is
the possibility to determine the absolute activity concentration. Thus the image can
give information about activity concentration or SUV. Visual and qualitative criteria
have been developed to facilitate the assessment of treatment response in tumours
[36, 37].

Quantitative measurements of FDG uptake have shown promising results for
assessment of disease activity in many cancers [38]. Measurements of SUV in
combination with the visual evaluation is the most commonly used method in
clinical practice due to its convenience. However, it is widely known that SUV
measurements are affected by multiple biological, physical and technical factors.
Knowledge of these confounding factors is essential for optimal evaluation of
patients with cancer. Measuring the SUV requires an interactive workstation or a
built-in measurement tool e.g. patient archive communication system, PACS.

Methods of FDG uptake assessment

Qualitative interpretation of FDG uptake is based on visual evaluation of images,
where the target lesion is compared with normal FDG uptake in the surrounding
background or with the FDG uptake in the mediastinal blood pool or the liver. The
accuracy of the visual interpretation depends much on the reader's knowledge of the
normal physiology of FDG distribution, artefacts, tumour biology, post-therapy
changes and experience [38].

Measurement of SUV is a semiquantitative approach which reflects the degree of
radiotracer concentration in a lesion. It is defined as a ratio of radioactivity
concentration in tissue C; at a certain time, normalised to injected activity, A, and
patient weight, W, by the formula
suv = &

AW
where the SUV is measured in grams per millilitre, tissue tracer activity is in the
kilobecquerels per millilitre, the injected dose in kilobequerels and patient weight
in grams. The measurements are done by drawing a ROI and a VOI surrounding the
target lesion or area of interest. The SUVmax is the most commonly reported
parameters in clinical practice because it is simple and vendor independent. SUV max
represents the maximum voxel value in a region of interest and thus not the whole
tumour metabolic burden in a non-homogenous tumour. Another disadvantage with
SUVmax s the sensitivity to image noise, motion, patient characteristics and imaging
parameters (reconstruction algorithm) [39].
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Peak SUV is a hybrid value which is the mean value of radiotracer within a small
fixed-sized region of interest surrounding the pixel with the highest activity and
combines the reproducibility of SUVn. and decreases the noise. [38]. The
disadvantage with this measure is its reduced accuracy in assessment of small
lesions and shape of the lesion [35].

Multiple-Time-Point Imaging

Delayed time-point imaging is a concept were the patient is rescanned at different
time points usually 2 or 3 hours after the standard scan, 60 minutes [40]. This
concept is based on the observed increase of FDG uptake with time in malignant
cells until 3 to 4 hours after injection [41, 42], whereas the FDG uptake decreases
or stays the same in inflammatory or infectious diseases. However the clinical use
of this concept remains controversial because large studies have shown an overlap
of FDG uptake between benign and malignant lesions in dual time-point images
[43].

Volumetric PET parameters

These parameters consist of metabolic tumour volume, MTV, and the total lesion
glycolysis, TLG. MTYV represents the volume of the tumour with FDG uptake. It is
the volume inside a user- or algorithm-defined boundary that surrounds the
metabolically active tumour. The TLG is calculated by multiplying the SUV yean of
the tumour and the MTV and represents both the size and the extent of FDG uptake
[38]. MTV and TLG are considered to be more comprehensive and better to reflect
the metabolic tumour burden. Several studies have shown that these two parameters
correlate with risk stratification in different types of malignancies. Patients with
higher MTV and TLG demonstrate a greater risk for local or regional recurrence,
progression and higher mortality. There are also some evidence that the volumetric
parameters are more sensitive in prediction of prognosis and treatment responses for
patients with different malignancies [44-48]. However MTV and TLG have not
been used in the clinical practice yet because the volumetric measurements require
an accurate segmentation of the tumour, unlike SUVg., and the optimal
segmentation method to measure these values has not been established [39]. They
are also significantly affected by the segmentation methods [49]. Tumour
delineation using FDG PET image has also been used for radiotherapy treatment
planning [50]. CT is the standard imaging for defining gross target volume, GTV,
for radiotherapy in lung cancer. Several studies have shown that FDG PET-based
MTYV showed a lower inter-observer variability than CT-based GTV [51]. To
determine the boundaries of the ROI/VOI multiple segmentation methods such as
threshold-based or algorithm-based methods have been proposed and evaluated.
The fixed absolute thresholds are commonly used for measuring MTV, with the
most commonly used and accepted threshold of SUV 2.5 [52].
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Factors affecting the quantification in thorax

The quantification of SUV is subject to many sources of variability from technical,
physics-related and biologic-physiologic factors.

Some of the fechnical errors are for example the quality of FDG administration,
scanner variability (different PET/CT scanners have different image reconstruction
algorithm and acquisition parameters) and PVE caused by limited spatial resolution
of the PET system. As aforementioned SUV measurements are highly dependent on
the drawn ROI because in a 2-dimensional ROI one can miss the highest intensity
voxel and a 3-dimensional ROI can include an adjacent FDG avid part of another
tissue.

Contrast-enhanced CT with oral or intravenous agents can not only improve lesion
localisation, and delineation of the tumour, but may also affect attenuation
correction and overestimate the SUV values [53-55].

Respiratory motion can decrease the SUV of a lesion located particularly the in the
lower and middle lobes were the motion has a great impact and increases apparent
the volume tumour volume. The SUVn,y is more affected because it relies on the
highest intensity voxel.

The blood glucose, insulin level, body size calculation and the time between
injection and scanning can have a substantial impact on SUV. High levels of native
glucose has a competitive impact of the FDG uptake resulting in an underestimation
of SUV measurements. Insulin injection prior or close to the injection to FDG can
increase the FDG transport mainly into the muscles and consequently reduce the
FDG uptake in the target of interest.

Partial volume effect

The partial volume effect occurs when an object is two to three times smaller than
the spatial resolution of the scanner and has a measured activity concentration that
is less than the true concentration value. The spatial resolution is characterised by
the PSF, which describes the image response to a point source. Partial volume effect
affects images both qualitatively and quantitatively. The maximum value in the
lesion will be lower than the true maximum value and the lesion appears to be larger
than its real size. In PET/CT the PET and CT images shows this discrepancy very
clearly (Figure 3).

The partial volume effect, consist of two phenomena [56]. The first effect is an
image blurring produced by the PET imaging system. The spatial resolution in the
PET images is limited by the detector design (e.g. by the crystal type and its
sensitivity) and the reconstruction process [57]. The blurring results in a spill out
from the small lesion to the surrounding tissue.
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The second phenomenon is the image sampling. The radiotracer is sampled on a
voxel grid. The contours of the voxel will not match the edge of lesion which results
in that the voxels will include both the signal from the lesion and the background
tissue. This effect is called the tissue fraction effect. The correction for PVE should
account for both the resolution effect and the tissue fraction effect. (Figure 4).

Figure 3. The impact of PVE. The actual lesion (left), lesion in PET (in the middle) image and lesion in CT image
(right). The PVE is of lesser magnitude in the CT than in PET image.

Figure 4. Tissue fraction effect. The red voxel shows the SUV with the highest SUV value. The VOI which include the
lung lesion will also include surrounding tissue.

The compensation for PVE is difficult because the activity spills out from the
tumour as well as it spills in from the surrounding tissue. Thus very often the spill
in/spill out is not balanced which makes it difficult to predict the overall effect. The
smaller the tumour the greater the underestimation (Figure 5). Small tumours will
appear less aggressive than they are during follow up especially when they shrink
in size and erroneously appear to have less activity than when it was larger [58].
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Figure 5. A.Spill-out from a high-activity area leads to reduced peak activity inside. B a small object and.spill-out and
spill-in effects mostly cancel out, if radioactivity concentrations surrounding the object are similar C. If surrounding
tissue has higher radioactivity concentration than the VOI, then spill-in (spill-over) leads to overestimated
concentration inside the volume-of-interest.

Creative commons attribution 4.0 unported License © 2013-2020 BY TURKU PET CENTRE, UNIVERSITY OF
TURKU

Tumour

In addition the size and shape of the tumour also affect the PVE [56]. A tumour with
a large surface area relative to its volume is more affected compared to solid tumours
of same volume.

Surrounding Tissue

Spilling in depends very much on the surrounding background activity. A lung
tumour will be less affected by spilling in than a tumour in the liver. The spill in
can be difficult to estimate in particular when the tumour is surrounded by different
tissues (e.g. heart, lung tissue, liver) [56]. Also when FDG uptake is measured
during follow up the surrounding tissue can change from one scan to another.

The spatial resolution

The spatial resolution as aforementioned is partly determined by the canner features
(crystal size and design 2 or 3D acquisition mode) but also on the reconstruction
process. Spatial resolution determines how far the signal spreads around the actual
location. High resolution gives a little spread whereas low resolution gives a large
amount of spread [59].
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Image sampling

The large pixels/voxels are the greater the chance of having a mixture of different
tissues compared to small pixels/voxels. Using large voxels increases the risk of
underestimating the metabolic activity of the tumour [56].

Applications of FDG measurements

Diagnosis

Tumour diagnosis and staging relies primarily on the qualitative interpretation of
the FDG uptake [60]. Many cancers have an increased level of uptake and there can
be overlap with that for inflammatory diseases. In attempt to discriminate benign
diseases from malignancies, multiple SUV cut-off values have been proposed but
no optimal value has been identified. One of the most commonly used thresholds
during the early days of clinical use of FDG-PET/CT in evaluation of lung lesions
was proposed by Fletcher et al. who suggested a cut-off SUV wvalue of 2.5 to
discriminate benign and malignant lesion. Many slow-growing malignant nodules
demonstrate low FDG uptake as seen in sub-solid lung lesions, such as
adenocarcinoma in situ, minimally invasive adenocarcinoma and adenomatous
hyperplasia. In a study of sub-solid nodules, Chun et al. [61] found that
inflammatory nodules had significantly higher SUV . compared to malignant
nodules. Despite the lack of a reliable cut-off value, FDG-PET/CT in selected
patients can help to avoid unnecessary invasive procedures with small but existing
mortality risk.

Prognosis

The PET data are not only for diagnosis, staging, response evaluation and detection
of recurrence, but also for characterisation and prognostication. The biologic
aggressiveness of a tumour plays a substantial role in the survival of cancer patient
and the ability to predict the high-risk tumour can help to choose a better treatment
strategy and may improve patient outcome. A study with lung cancer patients found
that the baseline volumetric estimates, MTV and TLG are statistically significant
prognostic indices and better than SUVmax and SUVean for prediction of patient
outcome. This also applies for other cancers such as oesophageal cancer, thyroid
cancer, head and neck cancer [45, 62]. However, the volumetric parameters are not
used in standard clinical practice yet partly because the optimal segmentation
method to measure these values has not been established.
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FDG-PET/CT imaging in lung tissue and lung lesions

Quantification of static PET images of the lung remains challenging because of
variations of the lung components during the respiration cycle. This work is focused
on development of methodology and analyzing PET images in lung tissue and
pulmonary nodules.

Tissue fraction effect

There are several factors can degrade the lung cell signal within a voxel. Respiratory
motion influences the lung density whereas the gravity results in regional lung
differences in density by increasing the blood component and decreasing the
alveolar expansion. [63-66]. In addition, the variation of PET and CT signals
between the respiratory cycles makes quantification in the lung even more difficult.
The tracer concentration in the lung is sensitive to the amount of air content [13,
14]. An alveolus is approximately 6000 times smaller than a PET voxel [67]. Thus
a single voxel will consequently contain a mixture of lung tissue, blood
(approximately 10%-20%) and a large amount of air [14]. The measured activity
concentration will correspond to the amount FDG in the different component and
their fractions and not the signal from the parenchyma alone [68]. Several studies
have already shown the importance of correction for air content in the lung [68-70].
Not accounting for air fraction can lead to inaccurate parameter estimates and
misinterpretation.

Air fraction correction in static PET imaging

We assume that a lung voxel contains only two components, tissue (parenchyma
and blood) and air and that there is a linear relationship between soft tissue density
and Hounsfield units, where 1000 HU represents air.

In this context the lung parenchyma is regarded as a soft tissue with an X-ray
absorption of 45 HU. The Hounsfield voxel within a CT voxel can be considered as
the voxel fractional air volume (Va) obtained from the CT images:

Va= HUyoxe1- HU issue
HUair - HUtissue

The fractional tissue volume, as aforementioned is assumed to be proportional to
the density of tissue in the voxel, and is given by: V;= -V,

The air fraction corrected SUV (without air content) is then given by the measured
SUV from the PET image divided by Vt [71].
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SUVarc = SUVmeasured
Vi

The accuracy of the AFC is very much dependent on the PET and CT voxels being
perfectly matched, if not due to the respiratory motion, regions of e.g. fibrosis
visualised on the CT will cause an under-correction of the PET if they correspond
to normal appearing tissue during PET acquisition.

Intravenous contrast media and FDG-PET

Several studies have highlighted the value of combined anatomical and functional
imaging [18]. The dual-modality PET/CT systems complement one another in
diagnosis of malignant diseases. The use of IV contrast agent helps to identify
pathologic changes in lesions appearing normal at unenhanced CT [72]. Some
tumours, such as mucinous tumours, neuroendocrine tumours and adenocarcinoma
in situ, do not reliably accumulate FDG but can be detected by aid of contrast-
enhanced CT. Beyond all advantages with increased sensitivity and specificity using
the additional contrast media during PET acquisition, there are some disadvantages
that need to be addressed [73]. CT-based attenuation correction can lead to
inaccuracies in the reconstructions of the PET images in the presence of contrast
agents due to the high attenuation coefficients [53-55]. On the other hand, several
studies have reported that the clinical impact of such attenuation correction
differences seems to be small if the venous contrast medium phase are used for
attenuation correction [74-77]. Plenty of contrast protocols for CT acquisition exist
to assure imaging of different body regions. However, no consensus for the use of
IV media exists and there is a considerable variation in protocols between
institutions.

In addition to prevent mismatch in co-registration of PET and CT, which also has
additional impact on the reconstruction and PET parameters, breathing protocols for
CT acquisition have been implemented [78, 79].

Respiratory motion

Respiratory motion during PET acquisition is unavoidable, leading to two major
confounding factors: misalignment between CT and PET imaging and reduced
image quality of a lesion with significant blurring mainly the cranial-caudal
direction in the lungs [80]. The movement of the lung results in overestimation of
lesion volume in the PET image and an underestimation of radioactivity content
[81-84] (Figure 5). In contrast to the PET image, CT represents a snapshot of a
single part of the respiratory cycle. Due to misalignment, the attenuation corrected
image may result in quantitative errors of activity concentration. Additionally small
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lesions may be difficult to differentiate as the lesion contrast target-to-background
ratio is reduced [85]. Several different methods have been employed to mitigate the
respiratory motion artifacts during PET acquisition such as breath-holding, shallow
breathing and respiration synchronized gating [86-91]. A previous study has shown
that the extent of quantification error in the region of mismatch are not only due to
the AC-map mismatch, but also on the tracer uptake surrounding the region of
interest [78].

Respiratory motion can be corrected with gated acquisition [82, 83]. Respiratory
gating has been achieved by defining the respiratory cycle and reconstructing the
images (PET and CT) into small sections, bins of the range of amplitude (amplitude-
based) [92] or breath cycle duration (phase-based gating) [93]. There are some
disadvantages with respiratory gating. If a short phase of the respiratory cycle is
selected, few counts are sampled and if it is long, there will still be motion artifacts
in the image [94, 95]. A large study has shown a significant increase in volumetric
values particularly in small pulmonary nodules if a partial volume algorithm was
applied in gated PET/CT and ungated PET/CT [96].

Established external, hardware PET/CT gating is underutilized due to practical
limitations (Figure 6). Newer developments with software gating, (data-driven
gating), and BPL reconstruction with the new generation PET system allow
improved image quality and quantification.

Respiratory gating may reduce motion artefacts but still fails to correct effect, PVE
which most likely dominates over motion effects for small lesions [85]. Until now
no feasible method for measuring volumetric parameters and accounting for the air
fraction in clinical practice has been developed.
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Figure 5. Impact of respiratory motion, namely smearing effect. The PET image shows an overestimated volume of
the pulmonary nodule compared to the CT image.

Figure 6 Infrared camera mounted on the PET/CT table and an infrared reflective marker block that is fixed to the
patient chest.
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FDG-PET/CT imaging in COPD

COPD) is a major public health problem and causes morbidity and mortality.
Accordingly to the World Health Organization COPD is the third leading cause of
death were cigarette smoke is the major etiological factor beyond air pollution,
smoke from biomass fuel and second-hand tobacco smoking. COPD is not restricted
to the lungs but also a systemic manifestation associated with several comorbidities.
Smokers with COPD are twice as likely to develop lung cancer compared to
smokers without COPD [97]. There is consistent evidence that COPD and lung
cancer share similar pathological mechanism, such as oxidative stress,
inflammation, genetic pre-disposition and epigenetics [98]. The mechanism behind
the systemic manifestation is not well understood but may be caused by overspill of
the low grade inflammation from the lungs [99, 100]. There is still lack of
understanding at the cellular, molecular and genetic level [101]. Small airway
fibrosis and obliteration occur quite early in COPD. Therefore, it is important to
understand the trigger mechanism that are switched on early in the disease.

Inflammatory cells, in particular activated neutrophils, macrophages and
lymphocytes are known to have upregulated glucose metabolism, which means an
increased FDG-uptake compared to non-activated counterparts [102]. Several
studies for analyzing diffuse diseases with PET/CT describe the use of the Sokoloff
compartment model [103] and Patlak [104] kinetic analyses, which represent the
absolute quantification. Published studies of lung diseases (COPD and asthma)
using dynamic '8F-FDG-PET with attenuation scan using ®*Ge showed increased
FDG uptake in patients with COPD compared to both normal and asthmatic
subjects, but no difference between the latter two groups [9]. The authors concluded
that '"SF-FDG-PET is a very promising tool for differentiating between these two
diseases. Schroeder et al [105] found increased FDG uptake in sheep exposed to
cigarette smoke and attributed this to the increased amount of activated neutrophils
in the smoking lungs.

Studies have highlighted the potential use of '*F-FDG as a highly reliable biomarker
of neutrophilic inflammatory burden within the lungs [13] such as in widespread
COPD and other lung diseases [1, 12, 15, 63], but there are some challenges though.
The lung parenchyma with a density less than 1 g/mL differs from other organs in
the body, containing lung air and blood which varies with the respiratory motion
and the gravity dependent gradient. As aforementioned a PET voxel will therefore
contain a large amount of air and a mixture of the other components [106]. In the
supine position we will measure a higher activity concentration in the posterior and
lower part of the lung [64, 66, 107]. This knowledge of confounding factors
underlines the importance of correcting the measured activity concentration for lung
inflation which was already shown in the 1980s and confirmed by Wollmer et al
1982 and Lambrou et al 2011. We hypothesised that inflammation in the airway in
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current smokers can be detected with '"F-FDG-PET/CT when correcting for air
fraction to optimize quantification of FDG as an indicator of inflammation.

FDG-PET/CT imaging in pulmonary nodules

The evaluation of morphological and metabolic characteristics in small pulmonary
nodules with little or no apparent '*F-FDG accumulation pauses a challenging task
in the in daily clinical practice. The underlying biology and uniformity of the lesions
leading to a variation of SUV. Furthermore, respiratory motion as well as the impact
of PVE on the SUV measurements results in an uncertainty in terms of
quantification affecting diagnosis, staging and treatment monitoring. Distinguishing
between benign and malignant small nodules is essential for appropriate
investigation and further decision making. Quantification of a lesion’s metabolism
is still based on visual and semi-quantitative evaluation, mainly with the widely used
SUV max [34, 108, 109]. The magical threshold SUV max of 2.5 is a major source
of concern, because it does not represent whole tumour activity concentration [38,
110]. The volumetric parameters, MTV and TLG have shown prognostic value in
different malignancies particular in non-small cells cancer in advanced disease
course, but not for diagnostic information and differentiation between malignant or
benign lesion [48, 62, 111-114]. Determination of MTV and TLG still have limited
use in clinical practice as both require accurate segmentation of the tumor. A further
variable of potential interest is the tumor mass, as recent studies has shown that mass
measurements of subsolid PN can enable detection of malignancy with less
variability than volume and diameter measurements [115, 116].

Little attention has been given to facilitate quantification in the lung providing a
vendor-independent method, usable in clinical practice. It is also of great importance
to characterize the uncertainties in the estimated parameters due to the confounding
factors such AFE and motion (mismatch between PET and CT).
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Aims of the studies

The main objective of this thesis is to investigate and attempt to provide an approach
for the most significant issues on PET image quantitation in the lung, namely the
large amount of air and the density variations due to the respiratory cycle.

The methodology is shown through analysis of "FDG-PET/CT in phantom and
patient data to produce reproducible parameters.

Specific aims

Paper 1

Paper 11

Paper 111

Paper IV
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To investigate whether current smokers have higher lung tissue
uptake of 'SF-FDG than never-smokers when correcting for air
fraction.

To quantitatively determine if presence of IV contrast-enhanced
PET/CT images influences the radiotracer concentration (SUV
estimate) in the lung tissue compared to non-enhanced low-dose
PET/CT images when both are compensated for the lung tissue
density.

To evaluate a new method for quantification of the mass and total
metabolic activity in small solid and sub solid pulmonary nodules,
including correction for partial volume effect.

To explore the accuracy of a new method (same method as in Paper
I11) for quantification of the total "*F-FDG uptake, TLG in small sub-
and solid lung nodules including correction for partial volume effect
in respiratory ungated conventional static and gated '‘F-FDG-
PET/CT.



Material and methods

Study design and populations

The Regional Ethical Review Board at Lund University and local Radiation Safety
Board at Skéne University Hospital in Malmo approved all studies.

Paper I:

This was a retrospective study with 66 patients referred for a PET/CT examination
for diagnosis or staging of cancer during 2010 to 2015. The patients were divided
in two groups, 33 current smokers and a control group with 33 never-smokers,
without any history of pulmonary disease and lesions (reported from patient notes).
The control group was similar to the group of current smokers in terms of age and
sex distribution. The smoking history and current smoking habits were recorded.
The total tobacco consumption was expressed in pack years.

Paper II:

The study group consisted of 18 (5 men 13 women) prospectively included patients
with known malignancy (5 with bladder cancer, 6 with malignant melanoma, 5 with
colorectal cancer and 2 with gynaecological cancer). None of the patients had any
history of known pulmonary disease (reported from patients notes), known lung
metastasis, lung lesions or an ongoing radio- and chemotherapy. All patients gave
their written informed consent to participate in this study. All PET examinations
were done with a low-dose CT over the chest, immediately followed by an IV
contrast enhanced diagnostic CT.

Paper III:

The study group consisted of 38 retrospectively included patients with small
suspicious pulmonary malignancies who underwent '*F-FDG-PET in combination
with low dose CT at our institution between 2009-2015 and 2017-2018. The final
diagnosis was established by histopathological examination or follow-up using CT.
In addition, patient records were followed up. The following exclusion criteria were
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applied: clinical suspicion of infection or interstitial lung disease, diabetes mellitus,
previous radiotherapy, ongoing chemotherapy and heart failure. Prior to the
examination an IV contrast-enhanced diagnostic CT not older than four weeks had
been performed in all patients. During 2009-2015 most thoracic PET/CT scans were
performed with IV contrast-enhanced CT and very few in combination with low
dose CT. We therefore enlarged the study population with patients performed with
FDG-PET in combination with low dose CT during 2017-2018.

Paper IV:

The study group consisted of 27 retrospectively included patients, (17 women and
10 men, range 43-87 years) with known or suspected malignant pulmonary lesions.
We selected lesions located in the middle and lower lobes where the respiratory
motion is assumed to have great impact on the quantification. The final diagnosis
was established by histopathological examination or follow-up using CT. In
addition, patient records were followed up. The PET scans were performed with
ungated and gated PET over the chest in combination with a whole-body low
radiation dose CT. For the gating we used a commercial software program
Q.STATIC (GE Healthcare, Milwaukee, W1, USA).

Methods

PET/CT scan procedures and analysis

In paper I a standard PET/CT examination was performed after at least 6 hours
fasting. The whole-body CT with intravenous contrast media was used for
attenuation correction and was done in free breathing. The contrast enhanced scan
was acquired during equilibrium late CT phase 70 s after administration of contrast
media injection (during 2010-2015 most of the CT examination were routinely
performed with i.v. contrast-enhanced diagnostic CT). The PET scanning consisted
of imaging from the upper thighs to the base of the skull. The subjects were scanned
in 5-7 bed positions using 2 min/bed position (Philips Gemini ToF 16 Philips
Healthcare, Cleveland Ohio, USA). PET images with slice thickness of 4 mm were
reconstructed in concordance with clinical routine using BLOB-OS-TF (18) OSEM
reconstruction method with 3 iterations and 33 subsets. All PET images were
evaluated based on qualitative visual assessment by one experienced nuclear
medicine physician and the corresponding CT-images by one experienced
radiologist. The readers were unaware of the smoking habits of the subjects.

The images were then loaded and analysed with a semiautomatic in-house software
for segmentation (region growing-based), by an experienced radiophysicist (Figure
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7). The right and left lung were segmented in the CT image, using a cut off value of
-500 HU to avoid overlap of large pulmonary vessels and bronchi. The images were
inspected and in individual cases adjusted to ascertain the artefactual uptake, such
as thoracic wall, heart, the tip of the diaphragm and central airways, which were
excluded from the analysis. The segmented lung VOI was then applied on the PET
scan. The density of the lung was measured in HU and then converted into g/mL.
The FDG uptake corrected for lung density was presented as mean SUV for

SUVLD tung and SUVLD 1ung.

In paper II all examinations started with a non-enhanced low dose CT from the
caudal part of the neck to the upper abdomen immediately followed by an IV
contrast-enhanced diagnostic CT including the arterial phase of the chest and the
upper abdomen and a whole-body scan in venous contrast medium phase. Both the
low dose and IV ceCT were done during free breathing. The time from end of
contrast injection to start of PET scanning was at least 1 minute, resulting in a well-
mixed contrast medium in blood at the start of the PET scan. PET images with a
slice thickness of 4 mm were reconstructed in concordance with clinical routine
using BLOB-OS-TF (18) OSEM reconstruction method with 3 iterations and 33
subsets. All examinations were performed on Philips Gemini ToF 16.

Non-enhanced low dose CT and IV contrast enhanced late venous phase CT were
used for attenuation correction giving two data sets based on the same set of raw
PET emission data, resulting in one non-enhanced low dose PET/CT and one

IV ceCT PET/CT. Both data sets were also corrected for lung tissue fraction using
the same in-house software as in paper I processed and analysed by an experienced
radiation physicist. Comparison was performed between these two data of
attenuation correction and correction for air fraction.

|

Figure 7. Segmentation of pulmonary tissue in CT image was performed with a region growing algorithm and placed
on the PET image. Adjustment was done to ascertain that thoracic wall, central airways, the heart and the tip of the
diaphragm were excluded from the analysis.
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The method used in paper III was evaluated in phantom studies and applied in
patients with PN. All patient studies were performed with a standard PET
examination combined with low dose CT. Two different PET/CT scanners (Philips
Gemini ToF 16 and Discovery MI GE) during two different time periods were
included. Eighteen patients on the Philips system were scanned in 6-10 bed positions
using 2 minutes/bed position and 144x144 matrix (pixel 4.0 x 4.0 x 4.0 mm). PET
images with a slice thickness of 4 mm were reconstructed with CT derived
attenuation correction using BLOB-OS-TF reconstruction method with OSEM (3
iterations 33 subsets). The acquisition of 20 patients during 2017-2018 were
acquired on Discovery MI (GE Healthcare, Milwaukee, WI, USA) with the same
preparation procedure as described above. The patients were scanned in 5-7 bed
positions using 1.5 minutes/bed position and 256 x 256 matrix (pixel 2.7 x 2.7 mm?
slice thickness 2.8 mm). Image reconstructions were performed according to routine
clinical practice, using a Bayesian penalized likelihood reconstruction algorithm
(Q.Clear) with a regularization factor, beta-value of 550 using time of flight and
spread function modelling for recovery resolution [25, 27]. The acquired data were
transferred to PACS (Picture Archiving and Communication System) for further
processing and exported to an excel sheet containing the algorithm for the method.

In paper IV all examinations where performed on a SiPM-based PET-system,
Discovery MI (GE Healthcare, Milwaukee, WI, USA) using the standard protocol
for PET/CT. Patients were instructed to maintain a regular breathing pattern during
the entire study. The examination session consisted of a scout view to define the
scan volume from the base of the skull to the upper thighs both for the CT and PET.
A low dose CT for attenuation correction and image analysis was acquired during
free shallow breathing in 5-7 bed positions using 1.5 minutes/bed position with a
matrix size of 256 x 256 matrix, a pixel size of 2.7 x 2.7 mm® and slice thickness 2.8
mm. The gated acquisition was performed over the thorax with 2-3 bed positions, 3
minutes/ bed position. The respiratory monitoring system, Motion Match, Q. static
Real Time Position Management Varian Medical System, Palo Alto, CA, USA was
used for gated acquisition. All patients were scanned in the arms-up position to
obtain a good image quality. The PET images were reconstructed using a BSREM
(Block-sequential regularized expectation maximization) Bayesian penalized
likelihood reconstruction algorithm, (Q.Clear) with a beta value of 550 using time
of flight and point spread function for recovery of true resolution [25, 27, 57]. As in
study III the acquired data were transferred to PACS and analyzed similarly.

Method and algorithm used in Paper Il and IV

The method was created to calculate the pulmonary nodule mass and the
radionuclide activity adjusted for the spill in/out of the radioactive decay to and
from the PN. When assuming that the surrounding structures are reasonable
homogenous it is possible to account for and measure the contribution of
background radioactivity. A VOI in the PET image large enough to include all the
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annihilation events from a nodular lesion in the lung also incorporates radioactivity
in the surrounding lung tissue. The volume of the pulmonary lesion, Vvorer, and
the average SUV, avSUVyor, value are obtained in the PET image. The background
activity is measured in a 2-3 mm wide space between two spheres outside the PN
VOL.

The total radioactivity within the PN VOI = Volume of pulmonary lesion x average
SUV), Vvorer x avSUVyor, contains radioactivity within the PN as well as in the in
the background surrounding tissue SUVpg

TLGpy = Vyor,per aVvSUVyorper — (VVOI,PET — Vpn)avSUVpgg

The volume of PN (Vpy) is determined from the low dose CT applied for attenuation
correction of the PET images.

Even if the spatial resolution of CT is superior to that of PET, blurring of the PN as
a result of the respiratory motion of the lung creates an irregular shape of the PN
which may contribute to uncertainty of the measurements. To overcome this issue
there is an alternative approach similar to the one for measurements of SUVpn.
Assuming that there is a linear relationship between soft tissue density (D) and the
absorbed X-rays measured in Hounsfield units (HU):

In this context, the PN is regarded as a soft tissue process with a X-ray absorption
of 45 HUpy, i.e. with a tissue density of 1.045 g/mL.

A VOI equal to Vyoicr encloses the PN with some margin. The mass density of PN
is denoted by Dpn and avHUcr denotes the average Hounsfield units measured in
Vvoicr. The Vyorcr also includes a background of surrounding tissue with volume
equal to Vyorcr-Venand an average of avHUpg measured in a separate VOI outside
the Vvoicr.

The total mass of Vyoicr comprises of:
The mass of the PN denoted by Mpn with a volume Mpn/Dpn
The mass of background (Vvorct- Mpn/Den) (1 + avHUgg/1000)

_ Worcr Dpy(avHUcr — avHUg()

Moy =
PN avHUpy — avHUpg
Mpy
Vpy = —
PN Dpy
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TLGpy

VP N

avSUVPN =

An estimation of the impact of the background in a lesion to lesion basis is obtained
by using 4 additional spherical VOI: s outside the Vpn and increasing the radius with
2-3 mm and using the space between the spheres for background measurements and
with a distance of at most 10 mm from Vpn. This results in 4 different values for
each of Mpy and TLGpy taking the mean value to characterise the PN and the
standard error of the mean to represent the uncertainty of the values obtained.

Phantom study

We used a NEMA /IEC Body phantom to investigate the accuracy of our method in
two separate sessions with a total of 11 irregular shaped tumor mimicking wall-less
gelatin blobs. It should be noticed that gelatin blobs do not suffer from the
disadvantage of standard spherical phantom inserts with hollow glass spheres,
whose cold walls can have a strong impact on the measured partial volume effects
[117].

The activity concentration in the prepared blobs was aimed at approximately 5 and
20 kB/mL in the two sessions at the time of measurement (using 3 minutes and one
bed position). This is close to the activity seen in pulmonary lesions in clinical
studies (10-20 kBg/mL, with 1.5 minutes/bed position. The size of the blobs was in
the range 0.3-1.5 mL (corresponding to spheres with diameters 9-14 mm). A larger
blob (approx. 13 and 18 mL in the two sessions) was also prepared and scanned in
each session, large enough to be used for measurements of activity concentration
and density of the gelatin mix. The body phantom with a non-radioactive
background consisted of sawdust with a mean CT density of some -840 HU, the
reference mass of the tumor-mimicking blobs was measured on a balance (Mettler
Toledo, Stockholm). Using this value, the reference radioactivity content of each
blob was calculated from the radioactivity concentration and density of the gelatin
mix. A SiPM-based PET-system, Discovery MI PET/CT system was used to acquire
the images. Data were acquired for 3 minutes and one bed position with the gel blobs
centred in the middle of the axial FOV. A scan protocol with a matrix size of 256 x
256, a pixel size of 2.7 x 2.7 mm* and a slice thickness of 2.8 mm was used. Image
reconstructions were performed according to routine clinical practice, using a
Bayesian penalized likelihood reconstruction algorithm (Q.Clear) with a
regularization factor, beta-value of 550, time of flight and spread function modelling
for recovery resolution [25, 27]. The acquired data were transferred to PACS
(Picture Archiving and Communication System) for further evaluation and exported
to an excel sheet containing the algorithm as aforementioned.
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The PN-mimicking blobs in the phantom study were measured in the same way with
the VOI technique as in the patient study. The radioactivity concentration and
density of the large volume reference gelatine blob was measured in a large VOI
and used in the calculation of TLG and volume of the smaller blobs. The evaluation
was done by one reader.

All PET/CT images in the patient study were independently evaluated by two
experienced nuclear medicine physicians and one reader with limited experience in
nuclear medicine and no experience of PET/CT. Readings were transferred from
PACS to an excel sheet for calculation of TLGpn and Mpn.

Figure 8 NEMA /IEC Body phantom with gelatine blobs. Four additional VOI:s were placed outside the Vpn for
background measurements, resulting in 4 different values for each Men and TLGen and taking the mean to
characterise the PN and the SEM to represent the uncertainty of the values obtained.

Respiratory gating

The respiratory gating system Q.STATIC, which is used in paper 1V, is fully
integrated in the whole-body PET protocol. The hardware consists of an infrared
camera that is mounted on the PET/CT table and an infrared-reflective marker block
that is fixed to the patient's upper abdomen. The marker is visible to the camera
during the whole acquisition (2-3 bed positions) over the chest. When activated, the
system triggers the gated acquisition data to start at end-expiration. The software
system then extracts a fraction of PET data from the end-expiratory part of the
breathing cycle and forms a single PET image volume for review. This phase-based
gating method has an ability to extract data during the quiescent expiration and to
compensate for patient respiratory curve baseline drift. The conventional static PET,
in contrast, uses the entire signal in each respiration cycle. Both the PET static and
the Q.STATIC data are acquired simultaneously and reconstructed using the same
reconstruction parameters. The reconstructed PET and CT images were transferred
to PACS (Picture Archiving and Communication System) and to a customized
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software developed for semiautomatic measurements NM Fusion module (by Sectra
Imaging IT Solution AB, Linkdping Sweden). The calculation methods for TLGpy,
avSUVpn and Mpn were calculated as previously described in paper I11. In addition,
the maximum SUV (maxSUVpN) was recorded in the gated and ungated images.
Since only one CT acquisition is performed, the same Mpx is used in the calculations
of TLGpn and avSUVpy in both the ungated and gated acquisitions.

Statistical analysis

In all papers a p-value of less than 0.05 was considered statistically significant. The
analyses were conducted using IBM SPSS v 23-25, Armonk, NY.

Paper 1

Objective test of the distribution was done with Shapiro-Wilk (S-W). Data from the
two groups, smokers and never-smokers are presented as arithmetic means + SD.
Student’s t-test and Mann Whitney U test were applied for comparisons. The
correlation between lung density (HU), SUV corrected for air fraction SUVpr (for
the right and left lung), pack year and age were calculated as Pearson correlation
and 95% confidence intervals in current smokers and never-smokers.

Paper 11

Each patient generated two sets of attenuation corrected PET images over the chest:
one with contrast media and one without. Due to the sample size and the non-normal
distribution of the variables, Wilcoxon's signed rank test was used to compare SUV
resulting from calculations using low dose and IV contrast-enhanced CT as well as
lung density.

Paper Il and Paper IV

The distribution was evaluated with Shapiro-Wilks test. Mann-Whitney U test was
used to test the differences between groups for the PET data. Results are presented
as median and inter-quartile range (IQR) except where otherwise stated. Inter-
reader agreement of measurements was calculated for Mpn, TLGpn with the ICC
(intraclass correlation coefficient) and was reported as a point estimate together with
an estimate of 95% confidence interval (CI). Statistical significance was considered
at o = 0.05 level. The diagnostic performance of '*F-FDG-PET based semi-
quantitative analyses was assessed and receiver-operating characteristic (ROC)
curves were calculated. Correlation was determined with the Spearman’s rank test.
A significant correlation was defined when p<0.05. Bland-Altman was used for
assessing comparability between measurements/methods.
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Det tillhér sunt fornuft att vilja en metod och prova den.
Om den misslyckas, erkdnn det drligt och prova en annan.
Men framforallt, prova ndgonting.

-Franklin D. Roosevelt
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Results

Paper I

A total of 66 patient were included (32 women and 34 men). Mean age for never-
smokers and smokers were 5616 and 64+11 years, respectively. Current smokers
were found to have a significantly higher (12.5%) SUV value (p<0.001) in the right
lung and 8% (p=0.007) in the left lung compared with to the never-smokers when
corrected for air fraction.
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Figure 9. Medians and confidence intervals for mean SUV/LD in the lungs corrected for lung density in current
smokers and never-smokers p< 0.05. The circles presented in never-smokers are outliers.

The current smokers had considerable total exposure to tobacco smoke, as indicated
by a range in pack years from minimum 3 to 73 years. There was no statistically
significant difference in blood glucose (p= 0.08), blood pool, (p=0.21), FDG uptake
time (p=0.91) or lung density for the right and left lung (p= 0.91 and p= 0.80),
between the two groups of subjects. Uncorrected SUV for the right and left lung,
were numerically, but not statistically significantly, higher in smokers than in never-
smokers. We found no correlation between pack years and '*F-FDG uptake or lung
density. When the CT was examined a number of subjects were noted to have
emphysema therefore a subjective visual interpretation and grading of the extent
was performed on the CT images. The interpretation showed signs of emphysema
in 15 current smokers (10 with mild, 3 with moderate an 2 with severe emphysema)
and only one never-smoker with mild emphysema.
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Paper 11

The mean age in the study population was 67.5+9 years. There were no apparent
difference in the lung volume outlined in the two CT examinations. The mean
attenuation of all CT data sets were converted into g/mL. As expected lung density
was slightly higher in the IV ¢eCT than in the low dose CT (0.26+0.04 g/mL vs.
0.24+0.04 g/mL in the right lung and 0.26+0.05 g/mL vs. 0.24+0.05 g/mL in the left
lung). Even if very small, the differences were statistically significant (p<0.01 for
the right lung and p<0.05 for the left lung). SUV calculated without correction for
tissue density was slightly, but statistically significantly higher when the i.v. ceCT
was used for attenuation correction than when the low-dose CT was used (0.60+0.11
vs. 0.58+0.10 in the right lung and 0.55+0.09 vs. 0.52+0.11 in the left lung). When
correction for tissue density was applied, there was no longer any significant
difference between the two acquisitions (2.40+0.38 for ceCT vs. 2.45+0.39 for low-
dose CT in the right lung and 2.20+0.33 vs. 2.284+0.37 in the left lung).
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Figure 10. Individual measurements of SUV (upper panels) and lung density (lower panels) using non-enhanced and
contrast-enhanced CT. SUV <1 represent data uncorrected for tissue fraction and SUV >1.5 data corrected for tissue
fraction.
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Paper 111

Phantom study

A strong correlation was found between the measured blob mass, My, (measured
on a balance) and calculated Mo, and between the calculated total activity content
and the reference blobs (r= 0.994 and r=0.998 P < 0.001 for both). There was a
significant bias of weight (P=0.002) but no significant trend of difference (P=0.36).
With respect of the radioactivity content there was significant bias (P=0.03) and a
significant trend of difference (P= 0.013) of a minor 4% underestimation.
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Figure 11. Phantom study. Correlation (A) and Bland-Altman plots (B) between the calculated mass of the blobs (g)
vs. reference blobs, measured on a balance. The solid line in A is the line of identity. The solid line indicates the mean
difference (0.05 g), whereas the dashed lines show the limits of agreement (-0.03 to 0.13 g)
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Figure 12. Correlation (A) and Bland-Altman plots (B) between the calculated blob activity content (kBq) vs. the
activity content of the two reference blobs. The solid line in A is the line of identity. The solid line in B indicate the
mean difference (0.27 kBq), whereas the dashed lines show the limits of agreement (-0.43 to 0.97 kBq).
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Patient study

The clinical data are summarized in Table 1. There was no report about
histopathological information or follow up in two patients. The calculated diameter
of the pulmonary nodules expressed as median were 11 mm (9.2-12.7 mm)

The ICC between the three readers for TLGpn and Mpn showed an excellent
agreement, 0.994 (95% CI 0.997-0.999) and 0.999 (95% CI 0.998-0.999),
respectively. The volume of VOIct was expressed as median and IQR was 2.9 (2.3-
3.6) times larger than the volume of PN itself whilst volume of VOIpgr was 4.2 (3.5-
6.5) times larger than Vpn. Thus, a larger margin was required in the PET image
compared to the CT image which is in line with respiratory movements and poor
spatial resolution in the PET image. The correlation between the calculated volume
of the pulmonary lesions, Vpn with the algorithm and volume measured with
intravenous contrast enhanced CT values, IV ceCTVpn were strong (r = 0.91 P <
0.001). The Bland-Altman analysis, of Vpy and IV ceCT Ve (Figure 13) is difficult
to evaluate in terms of bias and trend of difference, due to both over- and
underestimation of the pulmonary nodules in both methods. A great amount of the
small pulmonary nodules, approximately < 2 mL show a difference of 40%.

There was a significant difference between benign and malignant lesions shown in
(Table 3). The ability of avSUVpn, TLGpy and maxSUVpy to differentiate between
malignant and benign lesions was described by ROC curves. AUC of TLGpn,
maxSUVpN and aVSUVpN (Figure 14)‘

Table 1.

Clinicopathological variables

Gender (n) men/women 11/27
Age 72.1+10
Injected activity (MBQq) 283 +52
Blood glucose (mmol/L) 6.2+5.0
Accumulation time (min) 69+5
Benign/Malignant pulmonary nodules 15/21

Histological type

Adenocarcinoma 14

Squamous cell carcinoma

Metastasis*

Inflammatory lesion

Other benign lesions 13
(follow-up without biopsy)

* 2 clear cell renal cell carcinoma, 1 rectal carcinoma
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Figure 13. Correlation (A) Bland-Altman plot (B) of the volume, (mL) measured on i.v. contrast enhanced CT images
(i.v. ceCTVPN) and the calculated volume of the pulmonary lesion VPN (mL). The solid line in A is the line of identity.
The solid line in B indicates the mean difference (0.17 mL) whereas the dashed lines show the limits of agreement (-
0.57 to 0.91 mL).

Table 2. Results of PN measurements presented as median and interquartile range. Mann-Whitney U test * p<0.05.

Variable Benign lesions Malignant lesions P value
N=15 N=21

TLGen (kBg/mL) 1.00 (0.55-3.10) 4.03 (2.13-5.98) 0.004

maxSUVen 1.41 (1.30-3.40) 2.92 (2.35-4.35) 0.006

avSUVen 1.78 (1.36-4.13) 5.06 (2.55-6.53) 0.004

Men (9) 0.60 (0.34-0.86) 0.79 (0.52-1.75) 0.268

i.vceCTVen (ML) 0.91 (0.56-1.34) 0.90 (0.64-1.86) 0.620
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Figure 14. ROC characteristic curve analysis for avSUVen (AUC 0.854 p<0.001) TLGen (AUC 0.784 p=0.003) and
maxSUVen (AUC 0.729 p=0.018) in malignant lesions.
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Paper IV

The patient characteristics and clinical details are summarized in Table 3. WE
studied 27 patients. One patient was excluded due to lack of histopathological and
follow up information. The variables TLGpx in ungated and gated images showed a
good correlation 1=0.998. The Bland-Altman analysis between ungated and the
gated images in terms of TLGpn showed a mean difference 0.11 kBq and limits of
agreement were -0.59 to 0.82 showing a slight trend of differences of 2.1%.There
was no statistically significant difference in TLGpn or avSUVpy between ungated
and gated images (Table 4). As expected, maxSUVpx showed a highly significantly
higher value (19 %) in the gated image. The Mpn remained unchanged between the
two acquisitions due to the use of same low dose CT and therefore not reported in

the Table 4.

Table 3. Patient characteristics and measurement conditions. Values are presented as mean and standard deviation.
Clinicopatological variables
Gender (n) men/women 10/17
Age (years) 70.3+11
Weight (kg) 72.7+15
Injected activity (MBq) 288 + 57
Uptake time (minutes) 61+6
Blood glucose (mmol/L) 59+0.7
Benign/Malignant pulmonary nodules 10/16
Histological type
Adenocarcinoma 9
Squamous cell carcinoma 2
Angiosarcoma 1
Carcinoid 3
Metastasis (malignant melanoma) 1
Benign lesion (follow up with CT without biopsy) 10

*no histopathological or follow up information in one patient

Table 4. Results of ungated and gated PET image analyses expressed as median and interquartile range.

Variables Ungated PET Gated PET P value
TLGen (kBq) 2.51(1.15-9.89) 2.74 (0.94-10.20) 0.248
avSUVen 2.88 (1.32-5.86) 3.56 (1.41-5.36) 0.471
maxSUVen 3.27 (1.50-7.40) 3.97(1.29-8.60) <0.001
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Discussion

Main findings and interpretation in Paper I and II

Lung tissue and tissue fraction (air fraction)

Quantitative biases produced by attenuation and, to some extent, scatter can now be
corrected. Other biases such as PVE are not routinely dealt with and overlooked in
clinical practice. Different quantification approaches have been proposed, but no
optimal method has been established to date. To improve the quantification in lung
PET in clinical practice, validation of more feasible and non-vendor specific
methods to account for tissue fraction effect is desirable. The findings in Paper [ and
II, show the importance of correcting for the air component, [13, 69, 118] in the
lung images. The lung parenchyma, which is the only organ with a great amount of
air content (expect the colon) has been wrongly interpreted. In clinical routine,
common practice has overlooked that the SUV value in the lung has a different
significance compared to solid tissues. By using the correction proposed in this
study, the values will become analogue to that in e.g. the liver. We believe this
correction to be a prerequisite for using PET to evaluate different diffuse lung
diseases, e.g. interstitial lung diseases.

In paper I, we have shown that elevated uptake of '*F-FDG in the lung tissue may
be undetectable by reduced lung density if the activity concentration of the tracer is
not corrected for air fraction. We found that the lung density in current smokers was
only slightly lower than in never-smokers which may be explained by the fact that
half of the smokers had developed some degree of emphysema [119]. Symptom-
free current smokers with normal lung function can show a higher lung density
compared to never-smokers which may reflect increased tissue density due to
inflammation in smaller distal airways [3]. The higher uptake of '*F-FDG in lung
tissue in current smoker compered to never-smokers probably mirrors an
inflammation response in the airways, due to enhanced active neutrophils.

In Paper II we focused on the influence of IV ceCT when correcting for both
attenuation and the air component compared to non-enhanced low does CT. Several
studies imaging pulmonary tissue have already demonstrated that the effect of
contrast agent on the PET data is marginal in evaluation of patients with cancer [75-
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77, 120, 121]. Looking at the lung tissue separately, the i.v. contrast media may
affect the accuracy of attenuation correction by overestimating the attenuation and
consequently overestimate the lung density and the SUV value. Using the proposed
correction the relative error will be averaged out. Berthelsen et al, have shown that
the presence of clinically relevant contrast media does not the significantly affect
the 511 keV gamma rays. Our findings therefore, reflect the effect of contrast media
on the CT examination. In our study, the air fraction correction with this correction
method showed that the partial volume corrected average SUV increased by factor
4.2 for the right lung and 4 for the left lung compared to the original uncorrected
SUV values which is in line with other studies [77].

Methodological issues and considerations

In Paper 1, the average age in our study may have an additional impact on the results
in the smokers, due to the age-associated changes in the respiratory and pulmonary
immune system [122]. We also obtained very sparse information on symptoms or
lung function in our subjects. Despite excluding subjects with clinical diagnosis of
COPD, the population probably constituted a mixtures of subjects with normal lung
function and subjects with some degree of air flow limitation, which is indicated of
the high degree of emphysema. The PET/CT protocol was performed in accordance
with the conventional time for detection 60 minutes (£10 min) which may not be
the optimal time since the FDG uptake still can increase after that time-point.
Despite these factors, a significant difference in SUV (corrected for lung density)
was found in smokers even in subjects with emphysema. Our data support a previous
study that have shown increased pulmonary uptake of "*FDG in patients with COPD
in combination with emphysema and provides a more convincing evidence. The
investigators found an increased FDG in patients with COPD and emphysema but
not in patients with AATD (o;-antitrypsin deficiency) which shows that the two
condition have different pathogenesis [123].

During the segmentation process of the PET images, using the same approach in
both Paper I and Paper II there were some difficulties in identifying a distinct border
in the peripheral part of the lung due to spillover from the chest wall, diaphragm and
heart, which could have an impact on the SUV values. The analysis in the left lung
was more complicated owing to its smaller size. In Paper II we used two CT data
sets with attenuation correction on the same set of raw PET emission data, however,
even with remaining contrast media during the PET acquisition, most of the contrast
will be diluted when PET data are collected (in our study just over one minute after
CT acquisition). A change in the PET/CT protocol may have been of interest,
starting with the PET acquisition followed by the low dose and finally ending with
IV contrast-enhanced CT to minimize any interference with the contrast agent
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resulting in an eventual overestimation of SUV wvalues. Another issue of
consideration is whether our results are applicable to other PET/CT systems with
different attenuation correction map using different scaling algorithms
reconstruction algorithms and software.

In Paper I and Paper 11, all measurements are results of an average '"*F-FDG uptake
in the lung parenchyma, since we did not separately quantitate the amount of blood
volume representing a large component (10-30%) of the PET voxel, adding to the
PET signals. The amount of signals from the vascular system in our corrected SUV
value varies with the respiration and the gravitation (non-dependent and dependent)
in supine position. The proportion of blood, air, parenchyma, immune cells and fluid
will change the contribution in terms of PET signals causing significant variability
in different lung diseases.

Main findings and interpretation Paper III and IV

Method for delineation of lung lesions

Respiratory motion misalignment between transmission and emission scan have an
impact on SUV values as well as PVE and AFE which results in limited PET signals
in small nodules [56]. Volumetric parameters have shown a prognostic value in
different malignancies in particular lung cancer. However, it is still challenging to
define MTV accurately for heterogeneous lung nodules with low uptake and thus
not universally applicable to all clinical scenarios due to inter- and intra-observer
variability [124]. Several PET segmentation algorithms have been applied to FDG-
PET images, such as threshold-based with fixed absolute, background, adaptive
thresholds and algorithm-based methods [52, 125, 126]. These are mainly operator-
specific and the measures dependent on image resolution, image noise and level of
background activity. Another issue of interest is the tumour volumetry which have
shown to be superior to diameter measurements in solid and subsolid nodules in
terms and reproducibility and accuracy [115, 127]. Mass is a variable that integrates
density and volume obtained from the CT data and increases if the volume or the
density of the lung lesion increases [128].

In Paper III the major objective was to develop and evaluate of a new method for
determination of total lesion glycolysis and calculate mass. The method also
includes correction for the PVE, air fraction and the contribution of the variation of
lung density.

We have chosen a different approach for determination of TLGpn, which does not
require an accurate segmentation of the PN which is the major advantage with this
method. By placing a VOI large enough including all annihilation events from PN
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and a part of the background tissue. By analysing this region enclosing the PN with
some margin, many of the problems with PVE (the spatial resolution and the air
content in lung tissue) and respiratory movements during PET acquisition can be
mastered. The accuracy with this method relies mainly on the background activity
and the X-ray absorption, representing the surrounding tissue enclosed in the VOI
of the pulmonary nodule. It is therefore of great importance to acquire the variability
for the individual patient depending on e.g. regional pulmonary disease.

Prior to the patient study the phantom study showed that our VOI technique is
capable of measuring radioactivity and mass in the pulmonary lesion of different
size with good and acceptable accuracy. The Bland-Altman analysis showed an
underestimation of less than 0.05g i.e. 50 mg and 0.27 kBq for the activity content,
without clinical significance. The patient study showed an excellent inter-observer
agreement by three readers in assessment of TLGpn and Mpn. One of the readers had
no previous experience of PET/CT but got results comparable to the other two
experienced readers.

The calculated mass of PN and the measured volume in the CT image showed a
strong correlation, but the Bland-Altman showed both an over- and underestimation,
especially in small PN <2mL and differences of 40%. One possible explanation of
the findings is that the measured VOI of the PN in the CT image contained some
air, due to the included surrounding tissue.

The differentiation between benign and malignant lesions by ROC curves showed a
better discrimination in terms of TLGpn and avSUVpn between benign and
malignant lesion than SUV .y, but the material is too small for any firm conclusion
and it should be noted, that this was not the scope of the study.

In order to reduce inaccuracies regarding quantification of PN in the middle and
lower lobes due to respiratory motion in Paper IV, we evaluated the impact of the
same method as in Paper III in ungated and respiratory gated PET/CT images.

Respiratory motion and its impact on quantification of PET parameters depends
mainly on the distribution of the activity concentration in a volume that is larger
than the real volume resulting in an underestimation. Liu et al have shown that the
respiratory motion can lead to an underestimation of tracer concentration up to 30%
or more and an overestimation in lesion volume by a factor of 2 or more[91].
Various methods have been used to reduce the motion artefacts and the mismatch
between CT and PET images. Respiratory gated PET acquisition may reduce the
motion artefacts but cannot correct for the partial volume effect which is most likely
the prominent cause in small lesions[85].

The VOI in our method as aforementioned, encloses the entire lesion whether it has
been moving or not.

We avoid not only the PVE but also the impact of respiratory motion. We did not
find any significant difference between ungated and gated images in terms of
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TLGpn or avSUVpy whereas maxSUVpn was higher in the gated image than in the
ungated, as expected and in accordance with previous findings [129]. The Bland-
Altman analysis showed a mean difference of 0.11 with a slight trend of difference
(2%), which has no clinical impact. The results show that our calculated volumetric
parameters seem to be less depended of the image resolution.

Methodological issues and considerations

The slight underestimation of My in the phantom studies could be explained by a
slight diffusion of liquid from the blob into the sawdust in the phantom.

One of the drawbacks of metabolic imaging is that high FDG uptake is not specific
for malignancies. Several studies already have shown that a perfect separation
between benign and malignant PN cannot be achieved [130]. In fact active
infectious and non-infectious inflammatory etiologies with abnormal "*F-FDG
uptake remain a major problem in the oncological setting [131]. Another concern is
that, even if the tissue uptake is high in very small PN the SUV will be low due to
the partial volume effect (spill out).

In this study we used two different PET systems which can have an impact on the
max SUVpy value owing to the spatial resolution, noise and reconstruction process.
However, looking at the two systems separately there was no significant difference
in terms of TLGpn and avSUVpy as an indication that the method is applicable even
when using different PET systems.

Similar to all other methods the analysis can be difficult to apply on lesions adjacent
to the pleura, large blood vessels and large bronchi. Finally, an error shared by all
segmentation methods is the error in attenuation correction due to the mismatch
between low dose CT and PET. In Paper IV very small lesions may be misplaced,
whereas somewhat larger lesions can be only partly overlapping resulting in an
underestimation of lesion uptake and overestimation of background activity.
Lesions close to the diaphragm may be affected by abdominal organs interfering
with attenuation correction. This is on the other hand generally easily recognised in
the images.
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Conclusions

Paper 1. We have found that current smokers have a higher lung tissue uptake of
F_FDG than in never smokers. Abnormal lung tissue uptake of '"*F-FDG in current
smokers may be undetectable by reduced lung density if the uptake is not corrected
for the air fraction. Furthermore, the higher activity concentration of the tracer in
the lung tissue in current smokers compared to never-smokers is presumably due to
increased numbers of activated neutrophils as an inflammation response in the
airways.

Paper II. The study demonstrates on an intra-individual level that, use of i.v.
contrast-enhanced CT for attenuation correction for lung parenchyma has only
marginal effect on the assessment of '*F-FDG uptake in the lung tissue, when
removing the impact of the air fraction in the lung, using the same easy applicable
method as in Paper I.

Paper II1. The results show that the determination of total lesion uptake and mass
of the pulmonary nodules do not require accurate segmentation of nodule. Good
accuracy was demonstrated in a phantom study and excellent inter-observer
agreement was found in patient studies. We conclude that this algorithm can
overcome many of the confounding factors, PVE, respiratory motion and
segmentation difficulties. This result should of course be considered preliminary
requiring a confirmation in a larger group of patients to determine full potential and
clinical impact.

Paper IV. In this study, we have shown that our new method for quantification of
volumetric PET/CT parameters in small lung nodules gives similar results in
ungated and respiratory gated studies. This indicates that the method is less
dependent on the image resolution. The method reduces the problems owing to the
partial volume and respiratory motion.
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Numbers are free creations of the human mind that serve as a
medium for the easier and clearer understanding of diversity of
thought.

-Richard Dedekind (1831-1916) German mathematician



Future perspective

The results of the studies in this thesis raise further research and questions that must
be addressed in the future.

Paper I and II, concerning different lung diseases: It opens opportunities for
intervention studies in pathophysiological research, e.g. studies of the relation
between inflammation and reduction of lung function, treatment and relation
between inflammation and biomarkers in the blood. The finding of increased FDG
uptake in smokers as a probable indication of increased activated neutrophils also
offers the opportunity using FDG as an endpoint in preclinical studies.

The new methodology for determination of volumetric parameters derived from
Paper III and IV could hopefully be used either for research or clinical purposes,
e.g. for diagnosis or treatment monitoring due to its simplicity, reproducibility and
independency of PET system. Despite promising primary results the method
requires further validation to achieve more statistical confidence.

Finally, to confirm the described results from all the studies we need a larger
dedicated patient sample study and clinical information, such as respiratory
symptoms, spirometric data, inflammatory biomarkers, in- and outdoor exposure to
noxious inhalants data from CT, lung tissue and lung lesion sampling to provide
additional context for correct interpretation of PET quantification parameters.
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Erratum

Paper 1
Introduction, Ref: Wollmer et al 1986 should read 84

Discussion, Ref: Wollmer et al 1986 should read 84, Density due to
inflammation...... Wollmer et al 86 should read 84 (Regional extravascular density
and fractional blood volume of the lung in interstitial disease). Chen et al 2006
should read Hansson et al 1999, [1] Hogg et al The Nature of Small-Airway
Obstruction in Chronic Obstructive Pulmonary Disease

N Engl J Med 2004;350:2645-53.

Conclusion Ref: Brudin et al, should read Schroeder et al 1994 (PET Imaging of
Regional 18F-FDG Uptake and Lung Function After Cigarette Smoke Inhalation)

Manuscript 3

1.

Page 10: read negligible bias, should read significant bias of both activity
content and Mo,

2. Page 11: ROC curve analysis should read, AUC of TLGpx, 0.784
(P=0.003)
3. Table 3: Only 36 patient are reported, due to lack of histopathological
information in two of the patients
4. Page 12 read Myiob approximately 0.07g should read 0.05g
Manuscript 4
1. Page 5: “step and shoot” cine mode removed
2. Page 7 Results: ....should read, with a diameter of 15 mm
3. Page 8 : read independent, should read less dependent
4. Page 9: read: “After background subtraction, the mass.... the mass is
removed
5. Page 9: should read underestimation of max SUVpyin ungated images
can be regarded a limitation.
6. Figure 1: should read Bland-Altman analysis of TLG ungated/gated
showed a mean diff of 0.11kBq and limits of agreement were -0.59 to
0.8.
7. Table 2. Mpy is removed
8. Tabell 1: one patient is excluded
9. Figure 12, 15 should read kBgq
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