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Abstract. Fluorine-18 labelled fluoromisonidazole of ventilation conditions, a significant inverse exponen-
([*8F]FMISO) has been shown to accumulate in hypoxidial relationship was found between the TP&hd the
tissue in inverse proportion to tissue oxygenation. In or{18FJFMISO SUV {2=0.88, P<0.001). Our results sug-
der to evaluate the potential 88FJFMISO as a possible gest that because tracer delivery to hypoxic tissues was
positron emission tomography (PET) tracer for imagingmaintained by the portal circulation, tHeH]JFMISO ac-

of liver tissue hypoxia, we measured tH8F[FMISO  cumulation in the liver was found to be directly related
uptake in 13 domestic pigs using dynamic PET scanto the severity of tissue hypoxia. ThU8HIFMISO PET
ning. Hypoxia was induced by segmental arterial hepatiallows in vivo quantification of pig liver hypoxia using
occlusion. During the experimental procedure the fracsimple SUV analysis as long as tracer delivery is not
tional concentration of inspired oxygen (F)Qvas set to  critically reduced.

0.67 in group A1t=6) and to 0.21 in group B$7) ani-

mals. Before and after arterial occlusion, the partiaKey words:Liver cell hypoxia — Nitroimidazole imaging
pressure of @in tissue (TPQ) and the arterial blood - Fluorine-18 fluoromisonidazole — Positron emission
flow were determined in normal flow and flow-impaired tomography

liver segments. Standardised uptake values [SUV=kBq

tissue (in g) / body weight (in kg) x injected dose (inEur J Nucl Med (1999) 26:95-109

kBq)] for [18F]FMISO were calculated from PET images
obtained 3 hours after injection of about 10 MBqg/kg
body weight P8F]JFMISO. Immediately before PET
scanning, the mean arterial blood flow was significantlylntroduction

decreased in arterially occluded segments [group A: 0.41 o ) o
(0.32-0.52); group B: 0.24 (0.16-0.33) ml niig-] A sufficient blood and oxygen supply is essential in or-
compared with normal flow segments [group A: 1.05der to maintain the liver's central metabolic functions.
(0.76-1.46); group B: 1.14 (0.83-1.57) ml miimL; Microcirculatory disturbances occur in a variety of liver
geometric mean (95% confidence limit§)<0.001 for ~ dysfunctions and may cause liver tissue hypoxia. Hypox-
both groups]. After PET scanning, the TR® occluded i@ has been associated with liver dysfunctions during en-
segments (group A: 5.1 (4.1-6.4); group B: 3.5 (2.6-4.9§lotoxaemia and haemorrhagic shock [1]. Chronic etha-
mmHg] was significantly decreased compared with nor0l consumption causes changes in hepatic haemody-
mal flow segments [group A: 26.4 (21.2—-33.0); group B:namics [2] and increases hepatic oxygen consumption,
18.2 (13.3-25.1) mmH?<0.001 for both groups]. Dur- eventually leading to liver tissue hypoxia [3]. Hypoxia is
ing the 3-h PET scan, the meafJFMISO SUV deter-  also involved in the development of early alcoholic liver
mined in occluded segments increased significantly tdnjury, although the precise mechanisms responsible re-
3.84 (3.12-4.72) in group A and 5.7 (4.71-6.9) in groughain unclear [4]. Furthermore, tissue hypoxia has been
B, while the SUV remained unchanged in correspondingonfirmed in primary liver tumours, with possible impli-
normal liver tissue [group A: 1.4 (1.14-1.71); group B:cations for their treatment and follow-up [5]. A number

1.31 (1.09-1.57)P<0.001 for both groups]. Regardless Of liver transplant dysfunctions are related to impairment
of the hepatic microcirculatory system, and the primary

Correspondence tdvl. Piert, Abt. Allgemeine Chirurgie, Univer- non-function of liver transplants has been associated
sity of Tubingen, Hoppe-Seyler Strasse 3, D-72076 Tubingenyith hypoxia-reperfusion injuries [6]. The microvascula-
Germany ture is a primary target during liver transplant rejection
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[7]. Furthermore, vascular lesions followed by bile ductbinding has been found to be increased in hypoxic mu-
damage have been observed early in the rejection prome liver tissue, indicating a potential application for
cess [8]. Recently, a significant reduction in liver blood[18F]JFMISO PET in the detection of liver hypoxia [27].
flow coupled with an increase in oxygen consumptionHowever, to date no attempts have been made to evalu-
was found during acute liver transplant rejection [9],ate L8FJFMISO as a “hypoxia” tracer for the liver since
suggesting that acute liver rejection might be associatexitroimidazole and derivatives undergo a considerable
with hypoxia. Therefore, imaging of ischaemia-inducedhepatic metabolism [28]. Under aerobic conditions, the
hypoxia might be clinically useful in the diagnostics of isolated perfused liver metabolisetHFMISO pre-
liver transplant rejection. dominantly to aB-glucuronide and three unidentified
The reduced blood flow following capillary destruc- metabolites in minor concentrations, whereas under
tion in various liver diseases has a strong effect on tissusonditions of hypoxic perfusion thg-glucuronide is a
oxygenation, but essential details of the ongoing reactiometabolite of minor importance [29]. Imaging liver tis-
under such conditions are unknown. However, the capilsue hypoxia with BF]JFMISO might be further compli-
lary blood flow is only one determinant of tissue func-cated by the fact that the enhanced misonidazole bind-
tion. Because blood oxygen content, haemoglobin coning to the normal liver occurs in part because that the
centration (Hb), oxygen extraction, oxygen diffusion inliver functions at a significantly lower TR@han other
tissue [10] and mitochondrial function [1] also deter-normally oxygenated tissues. Autoradiographic studies
mine the tissue’s energy state, identification and quantirevealed that hydrogen-3 misonidazole binding was en-
fication of tissue hypoxia can be expected to characteriseanced within hepatocytes surrounding hepatic veins,
organ viability better than blood flow alone. Tissue oxy-suggesting that the observed binding characteristics re-
genation reflects the balance between oxygen deliverflected normal regional oxygen tension variation within
and utilisation and any estimation of the tissue’s partiathe liver tissue [27,30]. Similar results showing in-
pressure of oxygen (TRPbased on indices of delivery creased JH]misonidazole binding in the centrolobular
alone has to be considered incomplete [11]. zone compared with the periportal zone were obtained
Despite the importance of oxygen tissue levels forby Cobb et al. [31].
liver function, the difficulty of measuring tissue oxygen- In previous in vivo experimental approaches in em-
ation in vivo limits its role in clinical decision making. ployed in the study of!fF]JFMISO kinetics, the amount
Imaging hypoxic tissues has been possible with radiolaef tracer delivered to the site of hypoxia was restricted
belled nitroimidazoles, which are known to undergo dif-by the reduction of blood flow inducing tissue hypoxia.
ferent intracellular metabolism depending on the oxygenncreased F]JFMISO retention by hypoxic tissues was,
availability within cells. The mechanism of nitroimidaz- therefore, found to be limited to areas with a blood flow
ole binding has been studied extensively [12—14] and hagreater than 10% of normal flow ranges in brain [19]
recently been reviewed [15]. The proposed mechanisrand myocardium [11]. In contrast to any other parenchy-
of retention of misonidazole first involves diffusion of mal organ, the dual blood supply of the liver allows the
the lipophilic molecule across the cell membrane. Thenduction of hypoxia by arterial occlusion without criti-
molecule undergoes a single electron reduction by nitroeally reducing tracer delivery because tracer delivery is
reductase enzymes, forming a potentially highly reactivenaintained by the portal circulation. To the best of our
molecule. In the presence of oxygen, the electron is ddknowledge, in none of previous in vivBifF]FMISO bio-
nated to oxygen, forming the superoxide anion as the fadistribution studies has the tissue’s oxygen concentration
voured reaction enabling the molecule to leave the cellctually been measured, thus confirming simultaneously
In oxygen-depleted but viable cells, re-oxidation of thethe presence of tissue hypoxia and enhanced tracer re-
molecule is a minor reaction resulting in a further steptention.
wise reduction of the molecule, leading to cumulative in- The current study was undertaken to evaluate the po-
tracellular binding of misonidazole products. tential of L8F]JFMISO to detect and quantify liver tissue
Misonidazole labelled with the positron-emitting hypoxia, by combininglfF][FMISO PET and direct PO
isotope fluorine-18 fluoromisonidazole 1IFJFMISO,  measurements of the liver tissue. To determine liver tis-
half-life 109.7 min) allows external detection of sue oxygen concentrations, the commercially available
nitroimidazole kinetics using positron emission tomo-polarographic oxygen sensor system, Eppendor PO
graphy (PET). BF]JFMISO and related compounds have Histograph, was chosen because of its relative ease of
been found to be suitable tracers for visualising hypoxi@pplication and its ability to repeatedly measure tissue
cells in tumours [16, 17] as well as in non-malignantPG, not only on the surface but also deep inside the liver
tissues [18-20]. Oxygenation-dependent retention oparenchyma. This device has been used in human studies
[18F]FMISO has been shown in myocyte preparationdo measure tissue BQlIistribution in various tumours
[21], in isolated heart perfusion studies [22] and in isch{32, 33]. To determine the effect of the oxygenation level
aemic myocardium in vivo [23-25]. Casciari and co-of the breathing air ort§F]FMISO retention, two differ-
workers developed an extensive compartmental modednt ventilation conditions were selected: room air venti-
in order to relate cellular oxygen concentration tolation to maximise possible liver hypoxia and oxygen-
[18F]FMISO retention in tumours [26]. Misonidazole enriched ventilation for comparison.
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Materials and methods conditions were kept constant for at least 15 min and additional
arterial and portal venous blood gas analyses were performed. The
Experimental preparationsWe established an in vivo model to liver segment was gently exposed to the probe by the surgeon re-
study regional liver hypoxia in 13 female German landrace pigsducing liver movements due to ventilation. The needle electrode
weighing 18-33.5 kg. Before the experiments, the animals wer&/as inserted about 2 cm into the tissue with an angle of 10-30°
fasted for 24 h with free access to water. The animals were prédnd allowed to equilibrate. Then six to ten tracks were measured
medicated with an intramuscular injection of 120 mg azaperonP€r segment, with the tracks averaging 20 mm in length, resulting
2 mg flunitrazepam, 200 mg ketamine and 1 mg atropin-sulphateln 120-200 single POmeasurements. Measurements were taken
After induction of the anaesthesia using a mixture pa@i NO  from normal and flow-impaired liver segments, forwarding the
gases the animals were intubated and ventilated continuously byngedle automatically in 1-mm steps (a rapid forward movement of
respirator with NO, O, and 0.8%-1.0% of isoflurane (Sulla 1.3 mm was followed by a backward movement of 0.3 mm to
800 V, Draeger, Germany). The tidal volume was set toMinimise compression effects caused by forward motion of the
10-13 ml/kg body weight with a frequency of 10-12/min, modi- needle). The point of needle entry into the liver was marked by
fied according to the results of frequent arterial blood gas analysei!fface coagulation. The results were expressed as the geometric
so as to keep the PG@ithin the normal range. Throughout the mean and 95% confidence limits of each tissue histogram. Indi-
experiment body temperature was kept constant at about 36°¥idual TPG results were then pooled into frequency histograms
with a heating mat. ECG and systemic blood pressure were réummarising the measurements of each group as percentages of
corded continuously (Hewlett Packard 78354 A, Boblingen, GerJelative frequency of the TPan mm Hg at various time points.
many). In additional experiments, the reproducibility of oxygen ten-
The abdomen was opened by a midline incision. For arteriapion measurements in liver tissues was established by repeated
microsphere injections and blood pressure measurements, a polfieasurement of the TBQUnder stable ventilation conditions (ei-
ethylene catheter (2.1 mm diameter) was inserted into the left iliaé1€r oxygen-enriched or room air ventilation), the TR@s mea-
artery and advanced to the descending thoracic aorta under angiHred twice within 30 min in normal and flow-impaired liver. We
graphic guidance (BV25 Philips, Germany). A second arteriaWere un_abl_e_ to detect changes in the TB@er these conditior_15_.
catheter was inserted into the right iliac artery and advanced to thEhe variability of PQ measurements expressed as the coefficient
abdominal aorta to collect the reference sample during microof variation (COV=SD/mean x100) was determined under various
sphere injections and for continuous blood sampling during th&onditions and found to be 2.6 in saline solution and 2.2 in oxy-
scan using a pump system. A large iliac vein was cannulised ar@gen-inflated sa_lline solution. Based on this information, negative
the inserted 3.3-mm catheter was advanced to the distal inferigfalues exceeding —2.5 mmHg were excluded, because they were
vena cava for fluid substitutions. To permit bile and urine volumelikely due to blockages of the probe membrane or pressure arte-
measurements, the common bile duct and both ureters were caf@cts rather than to deviations from a mean of 0 mmHg (Eppen-
nulised. A 2.1-mm catheter was inserted into a pancreatic vein ar@erf, personal communication, May 1996).
advanced to the stem of the portal vein to allow portal venous ]
blood gas analyses (Stat 9 Profile, Nova Biomedical, Germany)Radiotracer. Fluorine-18 was produced at the cyclotron (PET-
The correct location of the catheter’s tip was checked manualljface, General Electric, USA) by irradiating 97% oxygen-18 en-
and angiographically. The liver tissue oxygen distribution wasfiched water with 16.5 MeV protons. The preparation of t_he radlo-_
measured by direct Ristography (T) (see below). The animals tracer was perfor_med in a t\_/vo-step sy_nthe3|s as described previ-
were haemodiluted to a mean arterial haemoglobin concentratioUsly [34, 35]. Briefly, {éF]epifluorohydrin was prepared by ami-
of 8.4 mg/dl (group A) or 9.1 mg/dl (group B), replacing 300 ml nopolyether-s_upported sub_stltutlon of tosylate with potassium
of blood with 300 ml 6% dextran solution, and fully heparinised [**lfluoride in- [R)-(-)-glycidyltosylate. {¥]FMISO was ob-
to avoid clotting of catheters. The arterial blood flow of abdomi-tained from the reaction of¥Jepifluorohydrin with 2-nitroimid-
nal organs was measured by chromium-51 labelled microspheréole, purified by high pressure liquid chromatography (HPLC)
(see below). Then, several branches of the left or right hepatic a@nd formulated in physiological saline. The overall time of syn-
tery were ligated to diminish the arterial blood flow to corre- thesis was 60 min. Radiochemical and chemical purities were de-
sponding liver segments. Flow-impaired liver segments were ident€rmined by HPLC analysis of the final injection solution and
tified visually by their change in surface appearance and marke¥ere higher than 99% and 97%, respectively. Specific activity was
by surface coagulation for later identification. The,P@togra- ~ aPout 37 TBg/mmol (1000 Ci/mmol) at the end of bombardment.
phy was repeated in flow-impaired and normal flow Segmems{lBF]FMISO was shown to be stable for at least 6 h by repeated

(T,). The abdomen was closed after flushing of all catheters. HPLC analyses.

Approvals.The experimental protocol was reviewed and approvedScanning procedurémmediately before the PET scan, the arteri-
by the Animal Research Committee of the Administrative Districtal blood flow was again measured by microspheres injectign (T
of Tubingen. The institutional guidelines for the care and use ofsee below). The PET scans were started on average 3 h after liga-
laboratory animals were followed throughout the study. tion of arterial branches of the hepatic artery using a high-resolu-
tion PET scanner (Advance, General Electric, USA). Under opti-
Tissue PQ measurementdfter calibration, the liver tissue oxy- mal laboratory conditions (National Electronics Manufactures As-
gen distribution was measured directly by,Hstography (P& sociation performance standard), the PET scanner reaches a spa-
Histograph Model 6650, Eppendorf, Hamburg, Germany). Duringtial resolution of approximately 5 mm full-width at half-maximum
the experimental procedure the fractional concentration of in{FWHM) at the centre of the field of view [36], while the resolu-
spired oxygen (Fi§) was set to 0.67 (EN,0=2:1) in group A  tion is considerably lower during dynamic image acquisition
(n=6) and to 0.21 (room air ventilation) in group B=7). After (about 8-10 mm FWHM).
arterial occlusion (J), the liver TPQ was determined in normal The animals were scanned in the supine position, ventilated
flow and flow-impaired liver segments under oxygen-enriched andvith either oxygen-enriched (group An=6, body weight
room air ventilation. Before measurements were taken, ventilatio26.9+3.2 kg) or room air (group Bp=7, body weight
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26.4+5.6 kg). Anaesthesia was maintained by repeated intraveegions of the liver were defined according to their location. Eight
nous injections of ketamine and diazepam as needed. After posiegions were defined in the right and four in the left lobe; half of
tioning of the liver into the scanner’s 15.2-cm field of view, a 20-them were dorsal and half ventral, resulting in four ventral right,
min measured transmission scan was acquired using a pair of réeur dorsal right, two ventral left and two dorsal left regions.
tating germainim-68 pin sources (half-life 270.8 days). AboutThose tissue samples where JP@easurements had been taken
10 MBg/kg body weight’BFJFMISO was injected into a peripher- and metal screws had been inserted for static PET scanning were
al ear vein within 10 s. Simultaneously, a dynamic emission seidentified separately. In addition, tissue samples from lung,
quence of 34 PET scans was started for 180 min according to thepleen, stomach, pancreas, muscle, heart, small and large intestine
following protocol: 12x10 s, 6x30 s, 5x5 min, 3x10 min, were obtained for radioactivity counting ¥F activity by a cali-
8x15 min (T,). Arterial and portal venous blood samples were brated two channel scintillation counter (Wizard 1480, Wallac,
taken manually into heparinised syringes as rapidly as possiblEinland). After completé8F decay5lCr and41Ce activity from
during the first 2 min following tracer injection and then at pro- microspheres was counted. Corrections were made for spillover
gressively longer intervals according to the imaging sequence. land decay. Significant microsphere shunting was not observed. In
addition, blood of the abdominal aorta was withdrawn continuousorder to describe the spatial variability of the regional arterial
ly for about 30 min at a rate of 16 ml/min by a calibrated infusionblood flow to the liver, the relative dispersion was calculated ac-
pump system (IMED Corporation Gemini PC-1, San Diego,cording to the method of Zwissler et al. [39]. Tissue activities
Calif., USA). Using an initial 2-s counting interval, whole blood from administered 1pFJFMISO were calculated as standardised
radioactivity was measured continuously by a calibrated Nal deuptake value [SUV=kB(q tissue (in g)/body weight (in kg)x inject-
tector system (Blood Sampler FRQ, General Electric, USA). Thesd dose (in kBq)].
blood leaving the detector system was reinfused into the inferior
vena cava. Image processingPET data were corrected for scatter, deadtime
Immediately after the end of the PET scan, the abdomen waand attenuation using a Hanning 0.35-mm filter. The radioactivity
reopened and Phistography was repeated in the same liver seg-measured in tissue and blood was corrected for decay and adjust-
ments where measurements had been taken during the operatied for time shift. To ensure correct identification of anatomical
(Ts). Then, the animals were sacrificed. The liver was rapidly ex-structures, the images were reconstructed axially and coronally
cised and placed into a plastic container to perform an additiongklice thickness 4.3 mm). Six standardised circular ROIs (size: 2.0
10-min static PET scan followed by a 10-min transmission scan tem?) were drawn in normal flow and flow-impaired segments of
identify the TPQ-measured liver segments in the dynamic imageTPO,-measured liver regions. The images of the second static
sequence. TPEmeasured liver segments (identified by surface PET scan were used to identify these anatomical regions in the
coagulation) were marked by solid metal screws, which weredynamic PET image sequence. To minimise possible errors due to
clearly seen on transmission images. In the meantime, tissue samisidentification, the mean results of three normal and three flow-
ples from several organs were taken for radioactivity countingimpaired ROIs were taken for further calculations. In addition,
After the end of the static organ PET scan (about 30 min afteflow impairment was verified in axially and coronally summed
death), the liver was harvested)T blood pool images of the first 5 min (summation of image set
1-15). The SUV was calculated in each ROI from the last image
Histology. Immediately after sacrifice, liver tissue samples of of the dynamic sequence (165—-180 min).
about 1 g were collected from TR@easured flow-impaired and
normal flow regions and fixed with formalin after removal of ex- Statistics Because variances were not equally distributed between
cessive blood. After decay of the radioactivity, the liver tissue wagroups, all statistical tests were performed after logarithmic trans-
cut into 10pm sections. The samples were stained with haemaformation of the data. To evaluate group differences, data were
toxylin-eosin. To assess liver tissue reactions to the arterial occluisubjected to a two-way analysis of variance taking into account
sion, a histological score developed to quantify hypoxia-relatednteractions between groups (group A and B) and type of tissue
liver tissue changes was applied, yielding a score index charactérormoxic and hypoxic) and, when appropriate, repeated measure-
rising the severity of hypoxia [37]. The following light microscop- ments as well, followed by post-hbtests. Linear and non-linear
ic findings were evaluated: liver surface reactions, portal cell infil-regressions were calculated by the least-squares method. Unless
tration, single cell necroses and centrolobular necroses, interstiti@therwise stated, results are expressed as geometric mean values
oedema, intracellular oedema, fatty cell degeneration, hyperaemiaf parameters with their respective 95% confidence limits. Proba-
bleeding, subcapsular necrosis, focal liver cell necrosis and hepalilities <0.05 were taken to indicate statistically significant differ-
ocytic mass necrosis. The slices were observed by independeahces. Statistical tests were performed with the JMP statistical
observers unaware of the experimental procedure. software package.

Microsphere measurements and tissue sampThg. arterial ref-
erence method was used for microsphere flow measurements [3§hegylts
2.0+0.2 MBq microspheres (diameter: 15.5+0rf) labelled with

either51Cr or cerium-141 (DuPont, USA) were injected into the Blood gas analyses, haemodynamic data

thoracic aorta within 10 s. Arterial reference samples were with-,
drawn over 90 s at a rate of 16 ml/min from the iliac artery start-and TPQ results

ing 5 s before tracer injection (Microlab M, Hamilton, Germany). P . L
The half-lives ofSiCr and14iCe are 27.7 and 32.5 days, respec- The effects of haemodilution, microsphere injections and

tively arterial occlusion on the liver's oxygen tension were in-
After sacrifice, the liver was harvested and multiple tissueVeStigated in five experiments, three under group A and

samples of approximately 0.3-0.5 g were dissected from all part§v0 under group B conditions. The mean TR@s de-

of the liver according to individually drawn “liver maps”. To allow termined before haemodilution [group A: 23.5

comparisons with PET measurements of individual animals, 1420.8—-26.5); group B: 22.2 (19.5-25.3) mmHg), after
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and lower 95% confidence limits of
the pooled data are shown. Num-
bers in parentheses above the boxes
indicate values greater than 25% for
the column in questicn

Relative Frequency (%)

20

Mean = 26.4 (21.2-33.0)
15 n=734

0 20 40 60 80 100 120 140

TPO, (mm Hg)

haemodilution [group A: 27.8 (25.6-30.3); group B: The pooled results of the TR@easurements in nor-
20.1 (17.5-23.0) mmHg], after microsphere injectionmal and flow-impaired liver are given in Fig. 1 and 1B.
[group A: 24.4 (22.0-27.0); group B: 20.9 (18.3-23.9)The box plots show the relative frequency of oxygen
mmHg] and in the presence of contralateral arterial ocpartial pressures obtained at different time poinis 3
clusion (group A: 24.8 (22.2-27.9); group B: 26.5and T;). Due to the differences in the oxygen content of
(23.9-29.3) mmHg] (figures indicate geometric meanthe arterial and portal venous blood, the appearance of
and 95% confidence limits). Since we were unable tolPO, profiles varied considerably between groups. Un-
observe significant changes in liver tissue oxygenatiomer oxygen-enriched ventilation conditions (group A),
due to haemodilution, microsphere injection or arterialthe range of observed TR@alues tended towards high-
occlusion in normal flow segments, these additionalkr PG values and was, overall, significantly higher com-
measurements were omitted from the remainder of thpared with the room air ventilation group B<Q.05). In
study to shorten the experimental procedure. both groups, during the operation,(Tas well as after
Due to differing ventilation conditions, the mean oxy- PET (Ts), the mean TP©measured in flow-impaired
gen saturation (S and PQ of the arterial and portal liver was significantly lower than in normal flow liver
venous blood were significantly higher in group A thanregions P<0.001). At T, the TPQ of occluded seg-
in group B P<0.001) at all time points (¥Ts, see Table ments was 5.1 (4.1-6.4) mmHg in group A and 3.5
1). No significant differences between groups A and B(2.6—-4.9) mmHg in group B, while the TROf normal
were observed with respect to body weight, haemogloflow segments was 26.4 (21.2—-33.0) mmHg in group A
bin concentration, heart rate or mean arterial blood pressnd 18.2 (13.3-25.1) mmHg in group B<Q.001 for
sure at any of the time points. both groups). The reduction of the mean TROflow-
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impaired liver segments was the result of a distinct shift [8F]FMISO time-activity curves of arterial whole
of the distribution curve to the left. Over time, a slightblood, arterial plasma, portal venous and central venous
decline in the mean TR®f flow-impaired and normal blood were generated for each experiment. Plasma activ-
liver was noticed. This decline failed to reach statisticalty was found to be consistently 2%-5% higher than
significance in normal liver tissue or flow-impaired seg-whole blood activity, with very small time-dependent in-
ments of either group. dividual or interindividual variations. After injection,
[L8F]FMISO rapidly redistributed followed by a slow
clearance phase. Using the arterial plasma time-activity
PET results curves, the whole body drug clearance was calculated as
T,,,=308.4+128.1 min in group A and 335.9£149.6 min
Figure 2 shows transaxial reconstructions of summech group B experiments (arithmetic mean +SD).
[L8F]FMISO PET images of a group B experiment. Cumulative time-activity curves of normal flow and
While the right liver lobe displays intense activity in ear-flow-impaired liver regions of group A and B experi-
ly images due to normal liver perfusion, the left liver ments as well as the arterial plasma input curves are
lobe shows low tracer uptake due to arterial occlusion ofhown in Fig. 3. After an initial activity peak due to the
the left branch of the hepatic artery. In contrasttracer injection, thelfF]FMISO SUV in normal liver
[18F]FMISO accumulation is high in the left liver due to followed the decrease in blood pool activity but re-
tracer entrapment, whilég-]JFMISO did not accumulate mained constantly elevated when compared with plasma.
in the right liver lobe. The placement of circular ROIs inThe graph shows that the SUV of normal flow regions
normal and hypoxic liver is shown. was slightly higher in group B than in time-equivalent
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values of group A experiments, but the difference did
not reach statistical significance. Time-activity curves
obtained from flow-impaired liver segments were con-
figured differently. Due to reduced arterial tracer deliv-
ery, the initial [8F]JFMISO tissue uptake (between 0 and
5 min) was decreased in flow-impaired compared with
normal flow liver of both groups, with the smallest up-
take seen in group B experiments. After 5 min, the ratio
between the SUV of flow-impaired to normal flow re-
gions constantly increased up to 2.7 in group A and 4.4
in group B experiments (measured 165-180 min after in-
jection). Three hours after tracer injection, in both
groups the SUV forlfF]JFMISO was highly significant-

ly elevated in hypoxic liver [group A: 3.84 (3.12-4.72);
group B: 5.7 (4.71-6.9)] compared to corresponding
normal liver [group A: 1.4 (1.14-1.71); group B: 1.31
(1.09-1.57)P<0.001)] (see Table 3).

Tissue sampling data

The biodistribution from administered8fF]FMISO and
microsphere entrapment is shown in Table 2 for tissue
samples from several organs. The measu¥#q fctivi-

ty in tissue (defined as free and boud#JFMISO and

its metabolites) was calculated as the SUV to allow com-
parisons with PET measurements. Tissue activities were
similar to plasma activities in most tissues, exceptions
being kidney and liver. Since the measured activity in
urine was much higher than blood activity and quite
variable as well, elevated kidney activities indicated the
urinary excretion of the drug. Repeated microspheres in-
jections revealed no significant differences between the
arterial blood flow during the PET scanninggTtom-
pared with earlier measurements during the operation
(T,), although a slight increase in the range of the flow
distribution was observed. Flow-impaired liver tissue
samples could not be identified by simply comparing the
results of the two arterial blood flow measurements be-
Fig. 2a, b. Transaxial PET images of the upper abdomen obtaine§@use the arterial blood flow to the non-occluded liver
after i.v. injection of 255 MBq of fF]JFMISO in a group B ani- could have been influenced by the experimental proce-
mal. a Summation of the first 5 min of the dynamic image se-dure. Arterial flow impairment due to arterial occlusion
quence (perfusion imagd),summation between 165 and 180 min was stated for each liver tissue sample when the de-
(accumulation image). The normally perfused right liver Idbg (  crease in arterial blood flow exceeded the mean reduc-
shows_ intense activity in the early image, v_vhile the I_eft liver lobetion to reference organs (spleen, pancreas, kidney and
(LL) displays low tracer uptake due to arterial occlusion of the 'eﬁstomach). Using this approach, 446 of the 759 liver tis-

branch of the hepatic artery. In contrast, accumulation from ad- . . . e ey
ministered 8FJFMISO is high in the left liver due to tracer en- sue samples investigated were identified as fiow-im

trapment, while BF]JFMISO (and metabolites) did not accumulate paired. Among these samples, 105 fIOlempalred a”‘?' 72
in the well-oxygenated right liver lobe. No activity is seen in the "ormal flow tissue samples were investigated from liver
gallbladder GB). The circular ROIs indicate normall){and hyp- ~ S€gments where TB@neasurements had been taken.
oxic (H) liver according to TP@measurements before and after ~ The distribution of the hepatic arterial blood flow was
PET scanning. Ib, the SUV was determined as 6.8 in hypoxic studied using repeated microsphere measurements be-
and as 1.6 in normoxic liver tiss:ie fore (T,) and after segmental arterial occlusion)(TAt
both time points, the arterial blood flow to the normal
liver was characterised by a moderate spatial variability
(mean 16.8%-18.6%) while the spatial variability in-
creased in occluded segments to 49.0%. The mean arte-
rial blood flow to non-occluded liver remained un-
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Fig. 3. Cumulative [8F]FMISO SUV time-activity curves of normal and hypoxic liver regions and cumulative arterial plasma input
curves. The results are displayed as geometric mean (+ standard deviation) of the SR $O in tissue and plasma of group
A (FiO,=0.67) and group B (Fi$&0.21) experimen's

Table 2. Tissue biodistribution of adminis-

tered E.SF]F,\/“SO expressed as the stan- Type of tissue Arterial blood flow lfF]FMlSO

dard uptake value (SUV), and the arterial before PET () (Te)

blood flow measured immediately before (ml min-tg-2) (SUV)

PET scanning by arterially injected micro-

spheres (J) Arterial plasma (180 min after inj.) - 0.76 (0.69-0.86)
Heart - 0.86 (0.79-0.94)
Lung - 0.77 (0.68-0.87)
Kidney 2.36 (1.84-2.88) 1.89 (1.44-2.34)
Spleen 1.90 (1.27-2.54) 0.73 (0.64-0.82)
Muscle 0.05 (0.00-0.12) 0.78 (0.70-0.87)
Small intestine 0.56 (0.33-0.79) 1.31 (1.04-1.58)
Large intestine 0.32 (0.19-0.44) 1.08 (1.01-1.15)
Stomach 0.29 (0.14-0.44) 0.87 (0.82-0.92)
Pancreas 0.29 (0.22-0.37) 0.92 (0.84-1.01)

The tissue samples were obtained immediately after sacrifice (about 210 min after
[18F]FMISO administration; J). The data represent the geometric mean (95% confidence
limits in parentheses) of all 13 experiments. Except for kidney and intestine, tissue activi-
ties approximate those of final plasma concentraiions
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Fig. 4. Relative frequency of the ar-
terial blood flow determined by dual
arterial microsphere injections be-
fore and after segmental occlusion
of a branch of the hepatic artery.
Given are flow values measured in
40 " all tissue samples in normal and
Art. Occlusion Art. Occlusion hypoxic liver (in ml mint g-2) of

o group A @rey columnpsand group
B (dark grey hatched columnbe-
fore (T,) and after arterial occlusion
(T3). The step size for frequency
counting was 0.25 ml miadg-L
Note the distinct shift of the distri-
bution curve to the left after arterial
occlusion in flow-impaired liver tis-
sue sample:s

30

Relative Frequency (%)

Arterial Blood Flow (ml min‘1'g'1)

changed after segmental arterial occlusion. The regionaledema. Intravascular hyperaemia and single necrotic
distribution of the arterial blood flow before arterial oc- hepatocytes were identified in some cases, especially
clusion (T;) was assessed using the regional mappingrom group B. Changes were more pronounced in arteri-
approach. No significant differences were found be-ally occluded liver biopsies of both groups. Intra- and
tween the arterial blood flow of the right or left lobe or extravascular oedema was generally observed in hypoxic
between dorsal or ventral regions. In addition, a compativer biopsies. A pronounced subcapsular and parenchy-
ison of each individual region of both liver lobes with mal cell necrosis was found as well as intense intravas-
each other produced no significant difference betweewular hyperaemia indicating sinusoidal stasis (Fig. 5b).
regions. Segmental occlusion resulted in a distinct shifin both groups, the histological score findings were sig-
of the flow distribution to lower values, i.e. to the left, in nificantly different between flow-impaired and normal
occluded areas, while no significant changes in arteridlow regions P<0.05). In group A, the score was 9.7
blood flow were seen in non-occluded segments (Fig. 4)6.6—-14.2) in normal and 22.8 (15.5-33.4) in flow-im-
Unexpectedly, total cessation of flow was found to occuipaired liver tissue, and in group B 15.5 (10.2-23.6) and
in only 2.9% of the 446 flow-impaired liver tissue sam-34.5 (24.5-48.5), respectively.
ples.
In TPO,-measured tissue samples, the mean arterial
blood flow was significantly decreased in arterially oc-Comparison of arterial blood flow, TROhistological
cluded segments of group A [0.41 (0.32-0.52) ml-nin score and J8F]JFMISO uptake
g} and B [0.24 (0.16-0.33) ml mih g-1] compared
with normal flow segments [group A: 1.05 (0.76—1.46); The arterial blood flow, TPOvalues and F]JFMISO
group B: 1.14 (0.83-1.57) ml mihg1; P<0.001 for uptake of PG-measured tissue (measured by PET and
both groups]. by direct tissue sampling) are shown in Table 3. Follow-
ing to segmental arterial occlusion, the mean arterial
blood flow at T, was decreased significantly by 65.3%
Histology in group A P<0.01) and 85.4% in group B?€0.001)
compared with normal flow segments (group A: -15.3%;
The histological findings in normal and arterially oc- group B: -15.6%). At 3§, the TPQ of flow-impaired
cluded liver segments are displayed in Fig. 5. As showsegments was significantly decreased by 76.7% in group
in Fig. 5a, only minor light microscopic changes wereA and by 81.7% in group B compared with normal flow
found in normal liver tissue. A few biopsies depictedregions P<0.001 for both groups). Segmental arterial
mild to moderate signs of intracellular and interstitial occlusion was, therefore, followed by regional liver tis-
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Fig. 5a, b. aRepresentative pic-
tures of the haematoxylin-eosin
stained section of normal pig liver
(experiment no. 5, group A) with
regular lobular architecture. There
is a moderate diffuse Kupffer cell
reaction and moderate interstitial
and intracellular oedema. There is
an absence of hyperaemia, bleed-
ing and necrosis. (Original magni-
fication x200).b Haematoxylin-
eosin stained section of arterially
occluded liver (experiment no. 5,
group A) with moderate interstitial
and intracellular oedema. Severe
hyperaemia is present, with ectasia
of sinusoidal spaces and interstitial
bleeding. There is focal liver cell
necrosis. (Original magnification
x400}

sue hypoxia in both groups; high oxygen content ventilafound to be associated with low TRP®alues and vice
tion (Fi0,=0.67, group A,n=6) did not prevent the versa. ThelBF]FMISO SUV was found to be closely as-
induction of liver hypoxia. In addition, tissue sampling sociated with TP@values under 20 mmHg, but became
and PET measurements demonstrated that thecreasingly independent of tissue oxygenation when
[18F]FMISO SUV was significantly increased in hypoxic TPO, values exceeded 20 mmHg. Non-linear regression
liver. Measured by PET, the ratio of th&H]JFMISO  analysis yielded a squared correlation coefficienof
SUV between hypoxic and normal liver was 2.7 in group0.88 between the TRCand [8F]FMISO SUV using a
A and 4.4 in group B. Similat§F]FMISO SUV ratios mono-exponential function fif0.001). In addition, re-
were obtained by direct tissue sampling. Regressiogression analysis revealed significant linear correlations
analysis yielded a highly significant positive correlationbetween the histological score and the THREG=0.34,
between thelpF]FMISO SUV measured by PET and by P<0.02), the PFJFMISO SUV from tissue samples
tissue samplingyE—0.46+1.%; r2=0.88;P<0.001). (r?=0.49, P<0.01) and BF]JFMISO SUV measured by
Figure 6 displays the relationship between the JPOPET 2=0.37,P<0.01).
results and the correspondin§H]JFMISO SUV mea-
sured by PET. Clearly, a high8F]JFMISO uptake was
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Table 3. Tissue-PQ, arterial blood flow and liver tissue activities from administet&8g]FMISO

Type of  Group Arterial blood Arterial blood 1§FIFMISO [L8F]FMISO Tissue PQ Tissue PQ

tissue flow before flow after SuUV SUVT before PET after PET
occlusion T occlusion § T,(PETR (PO,-measured ) Ts
(microspheres) (microspheres) tissue samples)

(ml min-1g-Y) (ml min-1g-l)

Normal A 1.24 (1.05-1.46) 1.05 (0.76-1.46) 1.4 (1.14-1.71) 1.65 (1.38-1.97) 37.6 (30.0-47.0) 26.4 (21.2-33.0)
liver
Hypoxic A 1.18 (1.05-1.32) 0.41(0.32-0.52)* 3.84 (3.12-4.72)** 3.95 (3.49-4.46)** 6.0 (5.1-7.4)** 5.1 (4.1-6.4)**
liver

Normal B 1.35(1.14-1.58) 1.14 (0.83-1.57) 1.31 (1.09-1.57) 1.76 (1.48-2.1) 24.7 (15.9-38.7) 18.2(13.3-25.1)
liver

Hypoxic B 1.64 (1.41-1.91) 0.24 (0.16-0.33)** 5.7 (4.71-6.9)** 5.3 (4.49-6.26)** 4.2 (3.2-6.0)** 3.5 (2.6-4.9)**
liver

Data represent the geometric mean and 95% confidence limits (in parentheses)
*P<0.01, **P<0.001 (significantly different versus values in normal liver)
aCalculated from PET images obtained 165—-180 min after tracer injection

b Calculated in TP@measured tissue samples, obtained immediately after savrifice

10 1 metabolism of the drug [28] as well as to the fact that the
ol liver functions at a significantly lower TR@han other
. normally oxygenated tissues [27, 30, 31]. Previous PET
81 - o Group Ahypoxic studies using 1[3F]FMI_SO to study tis_sue hypoxia suf-
. 2 Croup A rcmie fered from the reduction of tracer delivery due to the in-
" D Group B namoxic duction of hypoxia by ischaemia (arterial occlusion).

When flow decreased below 25-30% of the normal flow,
[18F]FMISO was retained in ischaemic brain tissue and
myocardium. Enhanced8F]FMISO binding could only

be found as long as the arterial blood flow remained
higher than 10% of the normal flow [19, 22] because
otherwise tracer delivery was critically reduced. In con-
trast to the particular experimental conditions of the
heart and brain, due to its dual blood supply the liver is a
favourable model for the study of tracer uptake under

["®FIFMISO SUV

0 ‘ ‘ : hypoxic conditions because basal tracer delivery to the
0 10 20 %0 hypoxic tissue is maintained after arterial occlusion by
TPO, (mm Hg) the portal circulation. Howeverld]JFMISO PET can

. . . o only be used to estimate tissue hypoxia in vivo if the
Fig. 6. Relationship between the liver tissue TPahd the SUV [18F]FMISO uptake is defined for various tissue,R@l-
for [18F]FMISO measured by PET in hypoxislgck and normo- . . . 2
ues as well as for the type of tissue investigated.

xic (white) liver tissue of groups Ac{rcles) and B équare$. The . . . .
expgnent)ial regression (?urvepwas( obta)1ined bysﬂon-liiear fitting . In_ th'_s study, we determined the _Spat'al arterial TIOW
(y=1.19+8.9-0.78: 12=0.88,P<0.001) distribution of the normal and arterially occluded liver
using dual arterial microsphere injections and extensive
multiple liver tissue sampling. The arterial blood flow
before segmental arterial occlusion;Wwas measured
Discussion before any surgical manipulation at the hepatic ligament.
We found a considerable intraindividual variation of the
Nitroimidazole binding to oxygen-deprived but viable arterial blood flow in normal liver segments. The flow
cells and tissues has been extensively demonstrated [1distribution was found to be roughly bell-shaped and
16-25, 40-42]. Despite intensive investigations, theskewed in the direction of high flow. Both the distribu-
binding mechanism of nitroimidazole compounds is notion and the range of the observed arterial hepatic blood
yet fully understood [15]. Several studies have revealeflow values were similar to previous findings [39, 43,
an enhanced binding of nitroimidazoles to normal liver44]. The arterial blood flow of normal liver segments did
tissue. Enhanced misonidazole retention in adequatelyot differ significantly between segments. Arterial oc-
oxygenated liver tissue has been related to the normalusion of branches of the hepatic artery decreased the
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mean arterial blood flow to TRGneasured liver tissue high oxygen concentration ventilation. The observed dis-
significantly by 65.3% in group A and by 85.4% in tribution changes were in good agreement with earlier
group B experiments. The decrease in arterial blood flovfindings obtained by oxygen surface electrodes under
was the result of a distinct shift of the flow distribution comparable ventilation conditions [48]. Arterial occlu-
to the left. Interestingly, in the vast majority of flow-im- sion was followed by a distinct shift of the TR@istri-
paired tissue samples, the arterial blood flow was deteibution curve to the left in both groups, which was asso-
mined to be greater than zero. Arterially injected micro-ciated with a significant decrease in the mean JPO
spheres might have entered arterially occluded segments Polarographic oxygen electrodes have been widely
through arterio-arterial anastomoses, the existence afsed to measure the oxygen tension in various tissues.
which has been proven previously in several species [4B/easurements have been taken under room air ventila-
46]. In addition, arterially injected microspheres mighttion [32,33] as well as during anaesthesia [49]. In animal
have passed the intestinal capillary bed through artericexperiments, where the TR@as measured under both
venous shunts and entered the liver by the portal circulaanaesthesia and room air ventilation conditions, no influ-
tion. Previously, the amount of arteriovenous anastomotence of anaesthetic drugs was observed [50], but poten-
ic blood flow through mesenteric organs measured by ratial effects might have been masked by the high variabil-
diolabelled microspheres in dogs was found to be 3%ty of TPO, measurements. While the effects of the com-
under physiological conditions [47]. A slight increase inmonly used anaesthetic combination of nitrous oxygen
arteriovenous shunt flow due to the particular experi-and isoflurane — as performed in this study — on the he-
mental conditions in this study (i.e. haemodilution)patic TPQ have not been investigated so far, influences
could explain our findings. on liver surface oxygenation have been reported. Spiegel

Before and after arterial occlusion, the distribution ofet al. [48] found a slight decrease in hepatic surface
the arterial blood flow was similar to the TR@stribu-  TPG, caused by isoflurane inhalation. Even in the event
tion. Both measurements displayed a clear shift of théhat the liver TPQ measurements were influenced in
distribution curve towards decreased values followingany way by our particular experimental conditions, these
arterial occlusion. Despite uninterrupted portal venousnfluences, if they did indeed exist, would have affected
blood flow, segmental hepatic arterial occlusion was fol-measurements in hypoxic and normal liver tissues to the
lowed by regional liver hypoxia in both groups, as veri-same degree and thus would have played a minor role.
fied by PQ histography. Both the oxygen content of ar-  Previous studies comparing the fraction of hypoxic
terial and portalvenous blood and the extent of the artertissue determined by autoradiography and by, RG-
al flow impairment determined the severity of tissuetography measurements found inconsistent results.
hypoxia. Consequently, mean TP@lues obtained un- While Kavanagh et al. [50] were unable to detect a sig-
der room air ventilation in group B were lower than in nificant correlation between the mean TRMd BH]mi-
group A with oxygen-enriched ventilation. Interestingly, sonidazole binding in different murine tumours, Casciari
even a high oxygen content of the breathing airet al. [51] found a significant correlation between the
(Fi0,=0.67) and a moderate arterial flow reduction inhypoxic fraction of tumour spheroids antH[FMISO
group A did not prevent mild to moderate liver tissueuptake. Discrepancies betweetd]misonidazole bind-
hypoxia as determined by TR@easurements. Haemo- ing and TPQ measurements might have been related to
dilution might have contributed to the enhancement othe fact that the proportion of hypoxic cells per tissue
liver tissue hypoxia by decreasing the oxygen transporlid not necessarily correlate with the distribution of
capacity and by consecutively reducing the portal veTPQ, values measured in that tissue. (Firstly, the mea-
nous blood flow due to vasoconstriction of the splanchsurement of the hypoxic cell proportion within a tissue
nic circulation. Our microscopic findings further sup- does not account for the severity of cell hypoxia present.
ported the results of TR@neasurements. The decreasedSecondly, sincelfF]FMISO does not accumulate in ne-
oxygen supply in arterially occluded segments resulte@rotic tissues and tumours frequently contain necrotic re-
in intracellular and interstitial oedema, which can signif-gions, these discrepancies might also have been related
icantly narrow the sinusoidal calibre. In addition, inter-to necrotic tissue within the tumours.)
stitial bleeding and sinusoidal stasis might have contrib- To our knowledge, this is the first study on dual mea-
uted to the development of regional liver tissue hypoxia.surements with direct TRO determination and

To verify the existence of liver tissue hypoxia after[18F]FMISO uptake measurements in vivo. As displayed
segmental arterial occlusion and to establish the relationna Fig. 6, we found a significant non-linear inverse rela-
ship between the liver TR@nd E8F]FMISO uptake, we tionship between the TRCGand the J8F]JFMISO SUV.
measured the TPRQOdirectly using PQ histography. Below TPQ values of 20 mmHg, the decrease in TRPO
Mean TPQ values in normally perfused liver before was associated with an increase in #]FMISO SUV
PET measurements were 22.9 mmHg under room air arntd a maximum of approximately 10 in severely hypoxic
34.0 mmHg under oxygen-enriched ventilation. Whileliver tissues. Above TPOvalues of 20 mmHg, the
the distribution of the TPOwas found to be bell-shaped [18F]FMISO SUV could not predict the TB@ith satis-
under room air ventilation, it shifted slightly to the right fying accuracy; thus thel§FJFMISO SUV became in-
towards higher values with increasing variability undercreasingly independent of the TRased on physio-
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logical considerations and our experimental findings, arReferences

exponential function was applied to describe the rela-

tionship.

The kinetics of J8BFJFMISO tissue distribution was
fundamentally different between normal and hypoxic
liver. In normal liver, the tissue activities resulting from
[18F]FMISO administrations followed a decrease in plas-
ma. The slightly higherfF] activities in normal liver

compared with plasma were most probably related to3.

drug metabolism within the liver parenchyma, including
the biliary excretion of the drug. In hypoxic liver tissue,
the activity from administered§~]JFMISO accumulated

over time. Under room air ventilation, the activity curve

exceeded time-equivalent values of oxygen-ventilated

cases. Most importantly, the ratio of thBHJFMISO
SUV between hypoxic and normoxic liver tissue in-

creased with increasing time post injection. Consequent—.

ly, the identification of liver tissue accumulating
[*8F]FMISO became increasingly clear with time. We
performed prolonged
[L8F]FMISO clearance from blood was overly long for

imaging purposes. At the end of the 3-h dynamic study,
an excellent image quality was obtained. For the estima-

tion of liver PQ in clinical routine, a staticlfF]FMISO

PET scan with SUV measurements around 3 h after tracx

er injection would be sufficient.

Conclusion

Misonidazole binding to the liver tissue is mainly depen-10.
dent on the tissue’s oxygen concentration and therefore

provides a model for studying regional oxygen distribu-
tion within liver tissue in vivo. In spite of the hepatic
metabolism of nitroimidazoles!d]FMISO is a promis-
ing PET tracer for liver hypoxia imaging. Under the con-
dition of sufficient tracer delivery1§F]JFMISO PET al-

genation in vivo. Clinical significance derives from the
potential to quantify tissue oxygenation in a variety of

liver function disorders, especially in hypoxia-associated3-

chronic ethanol consumption, anoxia-reoxygenation in-
jury and hypoxia-associated liver transplant dysfunc-
tions. This method allows the assessment of responses

in the future.
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