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Abstract
Background and aims: The reference method for diagnosing porto-systemic
shunting (PSS) in experimental portal hypertension involves measuring
51Chrome (51Cr)-labelled microspheres. Unfortunately, this technique neces-
sitates the sacrifice of animals. Alternatively, 99mtechnetium-macroaggregated
albumin (99mTc-MAA) has been used; however, planar scintigraphy imaging
techniques are not quantitatively accurate and adequate spatial information is
not attained. Here, we describe a reliable, minimally invasive and rapid in vivo
imaging technique, using three-dimensional single photon emission com-
puted tomography (3D SPECT) modus, that allows more accurate quantifica-
tion, serial measurements and spatial discrimination. Methodology: Partial
portal vein ligation, common bile duct ligation and sham were induced in
male mice. A mixture of 51Cr microspheres and 99mTc-macroaggregated
albumin particles was injected into the splenic pulpa. All mice were scanned
in vivo with mSPECT (1 mm spatial resolution) and, when mandatory for
localisation, a mSPECT-CT was acquired. A relative quantitative analysis was
performed based on the 3D reconstructed datasets. Additionally, 51Cr was
measured in the same animals to calculate the correlation coefficient between
the 99mTc detection and the gold standard 51Cr. In each measuring modality,
the PSS fraction was calculated using the formula: [(lung counts)/(lung
counts1liver counts)]� 100. Results: A significant correlation between the
99mTc detection and 51Cr was demonstrated in partial portal vein ligation,
common bile duct ligation and sham mice and there was a good agreement
between the two modalities. mSPECT scanning delivers high spatial resolution
and 3D image reconstructions. Conclusion: We have demonstrated that
quantitative high-resolution mSPECT imaging with 99mTc-MAA is useful for
detecting the extent of PSS in a non-sacrificing set-up. This technology
permits serial measurements and high-throughput screening to detect baseline
PSS, which is especially important in pharmacological studies.

Porto-systemic shunting (PSS) is a major complication
of portal hypertension (PHT) and cirrhosis. The increase
in resistance to the outflow from the portal system causes
the opening of preformed porto-systemic collaterals and
the creation of new vessels formed by neo-angiogenesis.
Different pharmacological approaches and genetic stu-
dies have been used to block the process of active
angiogenesis contributing to the development of PSS
(1–3). An evaluation of the effect of these therapeutic
and genetic interventions requires an accurate quantifi-
cation of the PSS fraction. Currently, the standard
method for diagnosing collateralisation in experimental

PHT involves measuring the 51Chrome (51Cr) count of
microspheres, injected either in the ileocolic vein (i.e.
mesenteric shunting) or in the spleen (i.e. splenic shunt-
ing) using a gamma counter (4, 5). Unfortunately,
calculation of the PSS fraction with the aforementioned
technique necessitates the sacrifice of animals in order to
count 51Cr within the individual organs. Hence, these
classic 51Cr measurements make serial measurements in
one animal impossible.

In addition, a comparison of the effects of portal
hypotensive and anti-angiogenic drugs in experimental
studies requires the selection of animals with a similar
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baseline degree of PSS in order to avoid bias [especially in
cirrhotic animals models in which a great variability in
the amount of PSS is reported (0.7–41%)] (4). If no
proper selection is made, comparison of one pharmaco-
logical intervention in two cirrhotic animal groups can
yield different results because of selection bias. Therefore,
measurement of the PSS fraction pre-intervention is
necessary to select a subset of animals with similar
baseline characteristics regarding the degree of PSS. In
contrast to 51Cr, single photon emission computed
tomography (SPECT) imaging of 99mtechnetium-macro-
aggregated albumin (99mTc-MAA) allows baseline mea-
surements and a serial follow-up of PSS.

Previous studies have reported the use of 99mTc-MAA
in a planar scintigraphy set-up to calculate the fraction of
PSS (6). In those studies, the authors estimated the PSS
fraction by acquiring a planar scintigraphy image of the
animal. In such an approach, all tissue layers are pro-
jected to form a two-dimensional image of the three-
dimensional (3D) radioactivity distribution, rendering
an accurate quantification very challenging to obtain. To
counteract this disadvantage, we hereby describe a reli-
able, minimally invasive, rapid, 3D in vivo imaging
technique, using a dedicated small-animal mSPECT scan-
ner, allowing longitudinal dynamic studies of PSS with a
very high spatial resolution and good sensitivity. To our
knowledge, this is the first article to describe an accurate
quantification of PSS in mice using mSPECT imaging of
99mTc-labelled albumin microspheres, which allows serial
measurements.

Materials and methods

Animals

Male 50% Sv129/50% Swiss mice (5–8 weeks old) were
purchased from Harlan Laboratories (Horst, the Nether-
lands). The mice were kept under constant temperature
and humidity in a controlled 12 h light/dark cycle. The
Ethical Committee of experimental animals at the faculty
of Medicine and Health Sciences, Ghent University,
Belgium, approved the protocols.

Mouse models of portal hypertension and cirrhosis

One mouse model of secondary biliary cirrhosis [com-
mon bile duct ligation (CBDL)] and one model of pure
portal hypertension [partial portal vein ligation (PPVL)]
were induced as described previously (7).

Briefly, under anaesthesia with isoflurane inhalation
(Abbott, Louvain-la-Neuve, Belgium), a calibrated ste-
nosis of the portal vein was performed using a ligature
(silk cut 5-0) around both the portal vein and an adjacent
27 G blunt-tipped needle. Subsequent removal of the
needle yielded a calibrated constriction of the portal vein.
In the secondary biliary cirrhosis model, the common
bile duct was occluded with a double ligature of a non-
resorbable suture (silk cut 7-0). The bile duct was then
resected between the two ligatures.

Experiments were performed 14 days after induction
in the PPVL mice (n = 8) and 6 weeks after induction in
the CBDL mice (n = 8). Sham-operated (SO) mice
(n = 5) were used as a control group. Previous studies
have demonstrated a high degree of porto-systemic
collaterals 2 weeks after PPVL and 6 weeks after CBDL
(3, 8).

Determination of the extent of porto-systemic collateral
vessels

All animals were fasted overnight and anaesthetised with
isoflurane inhalation. Body temperature was kept con-
stant by an automatic thermostat temperature control.
Blood pressure was measured by a non-invasive blood
pressure system using a pneumatic pulse transducer
(Marco Bio-systems, Houston, TX, USA) in conjunction
with a PowerLab system (AD Instruments, Oxfordshire,
UK). The skin and the left upper abdominal quadrant
were shaved and a small lumbotomy (1.5 cm in length)
centred on the 12th rib was made. A mixture of 51Cr
microspheres (specific activity: 32.47 mCi/g, 2.5 mCi/
injection, diameter: 15� 3 mm, Perkin-Elmer, Zaventem,
Belgium) and 99mtechnetium-macroaggregated albumin
(99mTc-MAA, Technescan MAA, Covidien Pharma,
Mechelen, Belgium, diameter: 10–90 mm, ‘typically’
10–40mm) particles was prepared. In total, a sample
containing 1.2 mCi or approximately 150 000 99mTc-
MAA particles and 15 mCi, equivalent to approximately
75 000 51Cr particles, was injected. The spleen was gently
fixed with forceps and the mixture was injected through a
26 G needle into the splenic pulpa over a period of 15 s.
A small drop of 2-octyl cyanoacrylate glue (Johnson
& Johnson Medical, Amersfoort, the Netherlands) was
placed over the injection puncture immediately after
removal of the needle. The abdominal wall was closed
by suturing the abdominal muscle and skin (silk cut 5-0).

A scan sequence was performed at 5-min post-injec-
tion using the Milabs U-SPECT-II (Utrecht, the Nether-
lands) (Fig. 1A). This mSPECT scanner is equipped with
collimators consisting of a tungsten cylinder with five
rings of 15 pinhole apertures 1.0 mm in diameter (Fig.
1B). All pinholes focused on a single volume in the centre
of the tube. For imaging the lungs1liver, the animal bed
was translated in three dimensions using an XYZ stage
into four different bed positions (Fig. 1C). This afore-
mentioned combination enabled a total acquisition in
o 5 min. Mice were anaesthetised throughout the whole
duration of the mSPECT scan by isoflurane inhalation.
The 20% photopeak was centred at 140 keV, and no
correction energy window was required (the spillover of
51Cr into 99mTc detection could be neglected). The data
were reconstructed with an 8-CPU computer on
0.75 mm3 voxels by three iterations of 16 OSEM subsets.
Colour scales were normalised to the maximum pixel
value outside the injection area.

Further quantitative analysis was performed by draw-
ing regions of interest (ROIs) over all slices covering both

Liver International (2010)
1212 c� 2010 John Wiley & Sons A/S

mSPECT scanning for PSS Van Steenkiste et al.



lungs and the liver (Fig. 2). All ROIs were drawn by two
independent observers (C. V. S. and S. D.), and in case of
doubt, a mCTscan of the animal was acquired. All of these
mCT acquisitions were performed with a Gamma Medica
Ideas’ (Northridge, LA, USA) X-O CT (Fig. 1D) in fly-
mode, acquiring 256 projections (2� 2 rebinning) with
the tube set to 70 kV and 170 mA and the magnification at
1.3 (FOV = 91.08 mm). A reconstruction mode was used
in a 512� 512 matrix of 150 mm pixel size. The resultant
image was then fused with the mSPECT scan as shown in
Fig. 3. The Kendall t coefficient, used to measure the
degree and significance of correspondence between the
two independent observers (in selecting the ROI), was
calculated. The shunt fraction was calculated (on a scale
from 0 to 100%) by the ratio [(lung counts)/(lung
counts1liver counts)]� 100 (4).

After SPECT scanning, an intravenous catheter was
inserted into the jugular vein for euthanasia with an

Fig. 1. Technical features of micro-single photon emission computed tomography and micro-computed tomography scanning. (A) General
overview of U-SPECT-II (MILabs), using a multi-pinhole focusing collimator delivering 1 mm spatial resolution (B). For imaging the mice’s
lungs1liver, the appropriate field of view was selected in an XYZ stage (C). In case of difficult anatomical localisation, the animal was scanned
with a Gamma Medica Ideas X-O CT in order to optimise the quantitative analysis (D).

Fig. 2. Selection of the region of interest (ROI) for quantification.
ROIs were drawn around both lungs (A) and the liver (B).
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overdose of phenobarbital (Nembutals, Ceva Sante
Animale, Brussels, Belgium). Accordingly, the lungs and
liver were removed. A 3-day period was permitted to
elapse between the 99mTc detection with the U-SPECT-II
and the 51Cr measurement in order to allow for the
radioactive decay process of 99mTc into 99Tc (a more
stable beta ray emitter). The half-life period for 99mTc
gamma emission is 6.07 h (meaning that 93.7% of its
decay is completed in 24 h) in contrast to 27.8 days for
51Cr. Accordingly, the 51Cr concentration in lungs and
liver was measured using a g-scintillation counter (Cobra
II, Canberra, Meriden, CT, USA) to serve as the gold
standard. Again, the shunt fraction was calculated (on a
scale from 0 to 100%) using the formula: [(lung counts)/
(lung counts1liver counts)]� 100. The spleen weights
and the presence of ascites were recorded, as a marker of
portal hypertension.

The correlation coefficient and the agreement between
the 99mTc detection and the golden standard with 51Cr
were calculated.

In order to evaluate the morbidity and mortality in
portal-hypertensive animals related to multiple intrasple-
nic injections of 99mTc-MAA particles, PPVL mice were
scanned 8 days after PPVL induction (n = 4) and injected
again 4 days and 1 week later. Morbidity was assessed
using international guidelines for the recognition of pain,
distress and discomfort in experimental animals (9).

Validation of repeated porto-systemic shunting
measurements in partial portal vein ligation mice by
micro-single photon emission computed tomography

Porto-systemic shunting was determined in PPVL mice
(n = 9) by consecutive intrasplenic injections of

99mTc-MAA particles. Dose and protocol were the same
as those described in the experimental design above.
Portal vein-ligated mice were scanned 8 days after PPVL
induction. The same animals were scanned again on day
15. This time schedule was selected based on previous
data in rats indicating that the degree of collateralisation
reached a plateau 7 days after induction (10). During
each intervention, the same abdominal incision was
used to administer the 99mTc-MAA particles. The spleen
injections for the first scan were performed in the
caudal part of the spleen, but subsequent injections
punctures were shifted to more cranial parts of the
spleen. Haemostasis was easily attained by a small drop
of 2-octyl cyanoacrylate glue. The mean difference be-
tween the two repeated scans in the same animal was
calculated.

Portal pressure measurement

Before the measurement of the 51Cr radioactivity, portal
hypertension was evaluated by measuring the portal
pressure (mmHg) via cannulation of the ileocolic vein
with a 24 G catheter (Becton Dickinson, Erembodegem-
Aalst, Belgium). All catheters were connected to highly
sensitive pressure transducers of a multichannel compu-
ter-based recorder (Powerlab, AD Instruments, Spech-
bach, Germany) and results were analysed with Chart5
(AD Instruments).

Statistical analysis

Data analysis was performed with SPSS version 16.0 (SPSS
Inc, Chicago, IL, USA). Groups were compared with the
Student’s t-test for independent samples, or when

Fig. 3. Registration of the single photon emission computed tomography image with a computed tomography scan. (A, D) transversal view,
(B, E) sagittal view, (C, F) coronal view. The tracer uptake corresponds to the anatomical localisation of the lung parenchyma (arrow) in partial
portal vein ligation (A–C) and to the liver parenchyma in sham (dotted arrow) (D–F). The small hotspot (star) pinpoints the position of the
spleen.
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appropriate, with the non-parametric Mann–Whitney
U-test. All results were expressed as the mean value�
standard error of the mean (SEM) or the med-
ian� range. The relationship between the two techniques
of interest was modelled by linear regression using the
least square approach. The strength and direction of the
relationship between the two variables were indicated by
the Pearson correlation coefficient or by the Spearman r
test. The statistical significance for these coefficients was
calculated using the Student’s t-test or the Mann–Whit-
ney U-test respectively, and was expressed as a P-value
that was automatically generated by SPSS. However, a high
correlation does not automatically imply that there is
good agreement between the two methods, and therefore
the agreement between the two measuring modalities was
examined by constructing a Tukey mean-difference plot.
Hereby, the limits of the agreement were calculated,
specified as the average difference� 1.96 standard devia-
tion of the difference. P-values o 0.05 (two-tailed prob-
ability) were regarded as significant.

Results

Portal pressure measurement and macroscopic findings in
experimental models of portal hypertension and cirrhosis

Common bile duct ligation and PPVL resulted in a
significant elevation in portal pressure (9.6� 0.8 and
9.5� 0.9 mmHg respectively) as compared with the sham-
operated group (4.0� 0.2 mmHg) (Po 0.05). During the
validation of repeated PSS measurements in PPVL mice,
mean portal pressures of 10.5� 0.3 mmHg were recorded.

In CBDL and PPVL mice, spleen weights increased
significantly compared with sham-operated mice (0.09�
0.006 g/10 g bodyweight, Po 0.001 and 0.05� 0.006 g/
10 g bodyweight, Po 0.05, respectively vs 0.03� 0.001 g/
10 g bodyweight in sham mice). Fifty percent of CBDL
mice developed ascites after 6 weeks of induction.

Porto-systemic shunt fraction measurement

Quantitative analysis of the mSPECT images was per-
formed by drawing ROIs over all slices covering both
lungs and the liver by two independent observers. The
Kendall t coefficient between the two observers drawing
the ROIs was significant (P = 0.01). Especially in the
cirrhotic group, further workup with CT was required
because a definite delineation of the ROI could not be
established using the SPECT images alone.

Representative SPECT images of the different mouse
models are shown in Figure 4. Note that the biconvex
contour of the mediastinum can be easily recognised in
the coronal scans of the PPVL mice. There is only a minor
99mTc uptake in the liver hilus on the more anterior
coronal slices. A full 3D volume rendering of the images
can be acquired for the different models (Fig. 5).

Using 99mTc-MAA, 88.3� 3.5% PSS in PPVL mice,
18.6� 8.3% in CBDL and 1.8� 0.5% PSS in sham mice
were observed, in contrast to 94.4� 2.8% (PPVL),

18.3� 7.1% (CBDL) and 0.8� 0.2% (sham) with 51Cr
scintigraphy. PSS measured both by Tc albumin and
chrome microspheres was, thus, significantly increased
(Po 0.001) in CBDL and PPVL, as compared with the
sham, as expected.

Agreement between 51Cr and 99mTc microspheres
methodology

A significant correlation between the 99mTc detection and
51Cr could be demonstrated in the PPVL and CBDL
mice, respectively, r = 0.96 (Po 0.001) and 0.98
(Po 0.001) as illustrated in Figure 6.

More importantly, there was not only a good correla-
tion but also a good agreement between the two measur-
ing modalities, as indicated by the Tukey mean-
difference plot shown in Figure 7. All samples were
located near the zero reference line, and within the limits
of agreement. In general, the data points showed a
tendency to cluster above the line of perfect agreement,
indicating a slightly higher value in the gold standard of
51Cr as compared with 99mTc-MAA.

Morbidity and mortality in partial portal vein ligation
mice after serial intrasplenic injections and manipulations

Morbidity was assessed by evaluating the activity rate,
type of breathing, general posture, body weight and
eating/drinking behaviours (9). There were no important
changes in above-mentioned parameters. Moreover, re-
peated manipulations (in casu three times in 1 week, on
day 8, day 12 and day 15 after induction) did not cause
mortality in portal hypertensive animals.

Validation of serial measurements of PORTO-systemic
shunting in partial portal vein ligation mice by
micro-single photon emission computed tomography

The mean difference between two repeated scans in the
same animal was 2.82%. However, in long-term follow-
up studies the interpretation of the spleen contours
appears to be slightly hampered. Repeated spleen injec-
tions were disrupting the spleen contours on the SPECT
images (in 4/9 mice), possibly caused by local thrombosis
because of repeated punctures. This did not result in a
sequestration of the particles in the spleen and an
inefficient distribution of the radioactivity, although
during the interpretation of these images, the demarca-
tion between the left liver margin and the spleen (on the
consecutive scan) was difficult to discriminate. Com-
bined use of SPECT/CT was useful in these scenarios.

Comparison between planar acquisition and single
photon emission computed tomography imaging

Classical planar imaging techniques were not quantitatively
accurate. To illustrate this, a planar acquisition of PPVL is
compared with a SPECT scan, the latter clearly allowing
better anatomically guided region discrimination and

Liver International (2010)
c� 2010 John Wiley & Sons A/S 1215

Van Steenkiste et al. mSPECT scanning for PSS



enabling more accurate quantification (Fig. 8). For in-
stance, as demonstrated in Figure 8, the lung contours, the
vertebral column and pulmonary hili can be demarcated
and are not visible on the planar scans.

Discussion

During the past 3–5 years, the molecular imaging field
has expanded into the preclinical arena. Dedicated

mSPECT, mPET and mCT devices have been designed for
experimental in vivo small-animal imaging. The U-
SPECT-II enables molecular imaging of murine organs
down to a resolution of 0.35 mm at a good resolution-
sensitivity tradeoff, thereby exploiting novel technological
tools such as multi-pinhole collimation and a detector
set-up with full 3601 coverage, avoiding the need for
rotating either the detector or the object. This and other
new features make in vivo molecular imaging an

Fig. 4. Results of 99mtechnetium-macroaggregated albumin (99mTc-MAA) single photon emission computed tomography. The shunt fraction
calculated from the 99mTc-MAA measurements is indicated for each image. The spleen is represented by a star. (A–C) Scans of partial portal vein
ligation mice. The images show an intense uptake of 99mTc-MAA in both lungs (double arrow). Sporadically, there is a slight tracer uptake in the
liver (arrow). The central region between the lungs is free from uptake, and its biconvex shape corresponds to the contours of the mediastinum.
(D–F) Scans of sham mice. There is no tracer uptake in the lungs and all 99mTc-MAA are sequestered within the liver (arrow). The hypodensity in
the middle part of the liver (on the more anterior slices) represents the liver hilus. (G–I) Scans of common bile duct ligation mice. A more mixed
pattern of tracer uptake by both lungs (double arrow) and liver (arrow), which suggests less PSS.
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attractive tool for performing longitudinal studies in
individual animals. In addition, dedicated animal
holders enable researchers to accurately register and
combine mSPECT with mCT images, resulting in an
impressive agreement with anatomical data. Although
the availability of these ultra-high-resolution SPECT
devices is still limited, there is a growing interest in
small-animal imaging systems in many centres.

Currently, the standard method for analysing the PSS
fraction in experimental portal hypertension and cirrho-
sis involves counting the 51Cr-labelled microspheres
using a gamma camera. Unfortunately, calculation of
the PSS fraction with this technique necessitates the
sacrifice of the animals in order to measure the indivi-
dual organs. During the early nineties, studies were
performed to replace chrome particles with 99mTc-
labelled microspheres, indicating that 99mTc-MAA scin-
tigraphy could be used to estimate the PSS fraction (6,
11). These planar imaging techniques were, however, not
quantitatively accurate, as illustrated in Figure 8. The
present study shows, for the first time, that the extent of
porto-systemic collateral formation can be easily mea-
sured using 99mTc-labelled albumin microspheres in 3D
SPECT imaging.

Unlike planar imaging, the use of SPECT scanning has
a number of advantages. Firstly, this technique offers
accurate quantification. We compared the findings of

99mTc-MAA with the golden standard using 51Cr-labelled
particles resulting in an excellent correlation (r = 0.98 for
CBDL and r = 0.96 for PPVL) and agreement between the
two techniques. We found a consistent tendency for
slightly lower PSS values obtained with 99mTc-MAA
particles as compared with the 51Cr reference method.
This difference can be explained by the larger distribu-
tion of the MAA particle size, in which the larger particles
are preferentially not transported through the collaterals,
but are sequestered in the liver, as described previously by
other authors (11). Using intrasplenic injections, as was
performed in the present study, Chokjier and Groszmann
(4) reported approximately 93% PSS in PPVL rats.
Substantial variability in the amount of PSS in CBDL
has been demonstrated in previous studies [4.8–30.2%,
(12, 13), 52.3� 11.7, (14)] Consistent with these reports,
we also demonstrated 88% PSS in the PPVL mice and
19% shunting in the CBDL mice, using 99mTc-MAA.

Secondly, in comparison to other modalities, 99mTc-
MAA SPECT scanning of PSS is ideally suited for the
serial analysis of the same animal, thus minimising the
number of animals needed and creating smaller standard
deviations. Repeated intrasplenic injections and manip-
ulations were well tolerated and did not cause mortality
in PPVL mice. A rapid and precise snapshot of the
distribution of radioactivity can be obtained without
animal termination. The ability to do longitudinal

Fig. 5. Snapshot of three-dimensional reconstruction in single photon emission computed tomography (SPECT) (A, B) and SPECT-CT (C, D) of
sham (A, B) and partial portal vein ligation mice (C, D). Rotation of the image is possible (not shown). The spleen is represented by a star and the
arrow pinpoints the splenic vein.
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follow-up can have important implications for experi-
mental portal hypertension. For instance, an accurate
animal selection pre-intervention is essential in pharma-
cological and genetic studies, focusing on the formation
of porto-systemic collaterals. Whereas the PPVL model
has shown the advantage of more reproducible abnorm-
alities in the collateral circulation, cirrhotic models are
characterised by a highly variable porto-systemic collat-
eral formation, as described previously (4, 12–14). In this
respect, it should be emphasised that the comparison of a
new treatment in two cirrhotic animal groups with
different baseline characteristics can produce confound-
ing results, leading to a separation of the treatment
response distribution across the animal groups. Inherent
variability in PSS within the animal model can, therefore,
result in selection bias and unintentionally influence the
observations, especially when the sample size is rather
small, which is often the case in animal studies. Unfortu-
nately, an increase in sample size will not solve this
problem, but may lead to greater inhomogeneity in
baseline characteristics. The correct method for eliminat-

ing this confounding factor is the simple adjustment for
PSS variability by proper measurement of PSS in the
different treatment groups before initiating therapy.
Longitudinal dynamic studies of PSS with 99mTc-MAA
SPECT scanning can easily overcome this problem.

This novel in vivo technique may also explain certain
recent, apparently contradictory results in the literature.
In two recent papers (3, 15) that evaluated the effect of
sorafenib in CBDL rats, conflicting results were reported
about the effect on collateral formation. In one study
(15), collateral blood flow and shunting in CBDL rats
remained unaffected by the sorafenib treatment, whereas
the other study (3) described a reduction in porto-
systemic collateralisation after treatment. Besides other
contributing factors such as differences in operation
techniques, dosing regimens of sorafenib or specific
animal strains used in different laboratories, the inclu-
sion of cirrhotic rats with different degrees of PSS in one
treatment group or another could have had an effect on
the results.

Moreover, a high-throughput screening of animals is
possible with SPECT imaging. For example, in the
present study, only 5 min/animal were needed to scan
for the PSS fraction.

In addition, in comparison to classical 51Cr measure-
ments, the use of 99mTc has several other benefits:
specialised centres have easy access to 99mtechnetium, it
has very good physical characteristics (good counting
statistics in imaging) and 99mTc is less expensive than
51Cr-labelled particles. The physical properties of 99mTc
include a 140 keV photon (which provides good tissue
penetration), a substantially larger number of gamma
rays detectable for use with gamma cameras and a half-life

Fig. 6. Correlation of the porto-systemic shunting determined by
99mtechnetium-macroaggregated albumin (99mTc-MAA) and
51Chrome (51Cr) microspheres in common bile duct ligation (CBDL)
and partial portal vein ligation (PPVL)-operated animals. For CBDL,
r = 0.98 and for PPVL, r = 0.96.

Fig. 7. A Tukey mean-difference plot analysis of the agreement
between the two measuring modalities in the common bile duct
ligation and partial portal vein ligation mice. The abscissa represents
the average % porto-systemic shunting (PSS) of the two techniques
together, whereas the ordinate pinpoints the difference in % PSS
between the two techniques. All samples are located within the
limits of agreement, defined as the average difference�1.96
standard deviation (SD).
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of only 6 h. This short half-life (as opposed to 27.8 days
for 51Cr) facilitates the continued use of the same animal
organs for other experimental purposes as well as the
management and storage of low-risk nuclear waste.

The present results are predominately accessed by
mSPECT alone. However, definite delineation of the ROI
during interpretation of the images is sometimes diffi-
cult, especially in the cirrhotic group (cfr., identification
of the diaphragm) and after multiple injections (cfr.,
demarcation of the spleen margin). Further workup with
integrated mSPECT/mCT with 3D volume rendering
imaging is required in these scenarios. Another point of
consideration in this study is the magnitude of the portal
pressure in the portal hypertensive and cirrhotic mice.
Although the reported pressures in the present study
were lower compared with earlier haemodynamic studies
in rats, these results were in agreement with previous
studies in mice (2, 7, 16). In addition, the spleen weights
in CBDL and PPVL mice were significantly higher
compared with sham-operated mice and 50% of CBDL
mice developed ascites after 6 weeks of induction (7),
quite similar to that in the rat model (17). Therefore, we
are confident that these mice have portal hypertension,
but animal species and strain considerations can possibly
influence the amplitude of the portal pressures. The
presence of ascites did not influence the injection of
99mTc-MAA particles (under direct visual control) into
the spleen.

In analogy with the current data, the importance of
imaging the collateral circulation with 99mTc-SPECT has
also been introduced in humans. Very recently, trans-
splenic portal scintigraphy has shown to be safe and
sensitive in detecting PSS and improving surgical plan-
ning in cirrhotic patients (18). Interestingly, Hsieh et al.
(19) demonstrated good visualisation of the porto-
systemic collateral circulation by integrated SPECT/CT
after an intravenous injection of 99mTc-labelled red blood
cells. The present study is the first to describe a role for
mSPECT in the measurement of PSS in mice in different
models of portal hypertension and cirrhosis enabling
longitudinal follow-up.

Conclusion

We demonstrated that micro-SPECT imaging with
99mTc-MAA can be used to detect and quantify the extent
of PSS in mice with PHT and cirrhosis. Besides the
aforementioned advantages of 99mTc, SPECT scanning
has a number of other benefits as well. In contrast to
classical 51Cr measurements (which require the sacrifice
of the animals), this technology allows quantitative
accuracy and serial follow-up (requiring fewer animals
and resulting in smaller standard deviations) and can be
used as a high-throughput screening tool for detecting
the degree of baseline PSS, which is especially of
importance in therapy evaluation. Expansions of this
technique to other specific applications in portal hyper-
tension and cirrhosis, such as measuring the degree of
hepatopulmonary shunting in cirrhotic animals, are
feasible, but require further work.
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