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Abdominal perfusion computed tomography: clinical
applications, principles and technique

Perfuséo por tomografia computadorizada do abdome: aplicagées clinicas, principios e técnica do exame

Joao Paulo Lira Barros Almeida de Sousa®, Daniel Bekhor?, Celso Fernando Saito Filho®, Elisa
Almeida Sathler Bretas®, Giuseppe D’Ippolito®

New imaging techniques have been developed with the objective of obtaining not only a structural assessment, but
also a metabolic and functional analysis of different organs and types of lesions. Among such tools perfusion computed
tomography (PCT) has recently aroused the interest of many researchers in studying the applicability of such imaging
modality in the evaluation of abdominal organs and diseases. Analysis of the biological behavior of healthy and diseased
tissues, differentiation of inflammatory processes from tumors, and diagnosis of tumor recurrence after minimally invasive
therapies can be mentioned as applications of such an imaging modality. The main features of PCT are related to its
ability to characterize different perfusional behaviors reflecting biological changes of certain lesions and diseased tissues.
Thus, the present study was aimed at carrying out a comprehensive literature review, describing the key techniques
and protocols utilized in PCT imaging, main clinical applications, advantages and disadvantages of the method, besides
proposing an imaging protocol that can be adopted by both private and public health services, with good reproducibility
and easy implementation.
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Novas técnicas de exames tém sido desenvolvidas com o objetivo de se obter ndo apenas uma avaliagao estrutural,
mas também uma analise funcional e metabdlica de diversos 6rgaos e tipos de lesdes. Entre estas ferramentas, a
perfusao por tomografia computadorizada (PTC) tem despertado o interesse de muitos pesquisadores em estudar a
sua aplicabilidade em érgaos e doengas abdominais. Entre estas aplicagdes podemos citar a avaliagdo do comporta-
mento biolégico de tecidos sadios e doentes, a diferenciagéo de processos inflamatérios de tumorais e o diagndstico
da recidiva tumoral apds terapéuticas minimamente invasivas. A principal caracteristica da PTC reside na sua capaci-
dade de caracterizar comportamentos perfusionais distintos e que traduzem alteragdes biolégicas de determinadas
lesoes e tecidos doentes. Dessa forma, o nosso objetivo foi realizar uma ampla revisao da literatura, mostrando as
principais técnicas e protocolos utilizados nos exames de PTC, as principais indicagdes, vantagens e desvantagens do
método, além de propor um protocolo de exame que possa ser introduzido na rede privada e publica de salde, com

reprodutibilidade e simplicidade de implementagéo.
Unitermos: Perfusdo; Tomografia computadorizada; Biomarcadores; Angiogénese; Neoplasia; Meios de contraste.
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INTRODUCTION

In the last years, expressive develop-
ments in the field of radiology and imag-
ing diagnosis have been observed, with the
advent of multidetector computed tomog-
raphy (MDCT) with up to 320 channelsand
high-field magnetic resonance imaging
(MRI) (3 T), among other imaging meth-
ods, with the consequential acquisition of
imageswith higher quality and accuracy. In
the context of such evolution, andin an at-
tempt to obtain not only astructural assess-
ment, but also a metabolic and functional
analysisof different organsand typesof le-
sions, new imaging techniques have been
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developed. Amongst these new imaging
modalities, diffusion MRI, magnetic reso-
nance spectroscopy, positron emission to-
mography (PET-CT), and perfusion CT and
MRI can provide not only structural, but
asofunctiona data. Dataprovided by such
group of imaging methods have been called
“biomarkers’, since they alow the analy-
sisof the biologica behavior of heathy and
diseased tissues, amongst other utilities al-
lowing an early prediction of the therapeu-
tic response to chemotherapy treatments,
particularly those utilizing drugs with cy-
tostatic and antiangiogenic properties®.
Therange of indicationsfor such imag-
ing methods is quite varied, including dif-
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ferentiation between inflammatory process
and tumor-like lesions, determination of
the degree of functional compromising of
certain organs, detection of the presence of
residual or recidivating tumor tissue after
minimally invasive therapies, among oth-
ers?. Amongst the mentioned tools, per-
fusion CT (PCT) has recently aroused the
interest of many researchers>>", givenits
reproducibility, robustness and efficacy
resulting from the current wide availabil-
ity of CT apparatuses equipped with the
multidetector technology (MDCT) in the
public health system as well as in the au-
thors’ institution.

METHOD APPLICATION

PCT isarelatively recent techniquethat
allows a functional analysis of tissues by
evaluating their vascularization. Such
method eval uates temporal alterations in
the tissue density following intravenous
contrast injection, by acquisition of a dy-
namic image series®.

Thus, thismethod hasinitially played a
key role in the evaluation of patients with
acute ischemic cerebrovascular insult, as-
sisting in the therapeutic and, consequently,
influencing the evaluation of the patient’s
prognosis®.

In the last years, the utilization of this
method for abdominal radiology has in-
creased, particularly in the field of oncol-
ogy where PCT has been utilized in the
diagnosis, staging, prognostic evaluation
and therapeutic response monitoring, with
potential for being the method of choicein
the evaluation of the tumor response to
antiangiogenic drugs as well as to mini-
mally invasive treatments such asintra-ar-
terial embolization, percutaneous a cohol-
ization and radiofrequency thermoabla-
ti 0n(1,6,9,10)_

Some studies have also demonstrated
other utilities of PCT in abdominal radiol-
ogy, including differentiation between di-
verticulitis and colorectal neoplasia?,
evaluation of perfusion alterations in he-
patic cirrhosis>4> and follow-up of pa-
tients submitted to organ transplanta-
tion®?,

Some results of such studies as those
observed in the differentiation between di-
verticulitis and colorectal cancer™ and in
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theevaluation of patientswith severe acute
pancregtitis™ have shown to be quite in-
teresting. In cases of acute pancredtitis,
PCT has shown 100% sensitivity and 95%
specificity in the detection of pancreatic
ischemia, which may assist in the predic-
tion of later development of pancreatic
necrosis®d. It isknown that pancreatic ne-
crosis increases substantially the morbi-
mortality, and the early detection of such a
condition allows a more intensive treat-
ment, preventing other complications, thus
improving the patient’sprognosis®®. Also,
inthedistinction between diverticulitisand
colorectal cancer, PCT has revealed to be
useful for allowing the identification of a
significant differenceinthemain perfusion
parameters between patients with colo-
rectal cancer and patients with diverticuli-
tis. In this sense, 80% sensitivity and 75%
specificity were observed respectively for
blood volume (BV) and blood flow (BF) in
the diagnosis of cancer®.

IMAGING TECHNIQUE: BASIC
PRINCIPLES

The study and analysis by PCT are
based on temporal alterations of tissue at-
tenuation measured in Hounsfield units
(HU) following intravenous contrast i njec-
tion. The tissue enhancement depends on
theiodine concentration, and indirectly re-
flects the tissue vascularization and the
vascular physiology*. After iodinated
contrast medium injection, the tissue en-
hancement may be divided into two phases
according to the contrast agent distribution
in the intra- and extra-vascular compart-
ments?¥,

At the early phase, the enhancement is
purely attributed to the contrast agent dis-
tribution within the intravascular space,
and such aphase usualy lasts 40 to 60 sec-
onds after contrast uptake into this com-
partment214-18) At the second phase, the
contrast agent passes through the basal
membrane, from the intravascular into the
extravascular compartment. Thus, the tis-
sue enhancement results from the contrast
agent distribution between these two com-
partments®14).,

At the early phase, the enhancement is
mostly determined by thetissue blood flow
and by the blood volume, while at the sec-

ond phaseit ismost influenced by the vas-
cular permeability®.

Blood flow or perfusion is defined as
the blood flow through the tissue of inter-
est per unit of time and volume, measured
inmilliliters of blood per 100 grams of tis-
sue per minute (ml/100 g/min). Blood vol-
ume is defined as the blood volume pass-
ing through theregion of interest, measured
inmilliliters of blood per 100 grams of tis-
sue (ml/100 g). Peak enhancement (PE)
represents the peak tissue enhancement
resulting from the contrast agent injection
and measured in HU®?,

Time to peak (TTP) is defined as the
elapsed time before the peak enhancement
isachieved, and ismeasured in seconds. On
the other hand, mean transit time (MTT)
represents the mean time it takes for blood
to circulate through capillaries of a deter-
mined region, passing from arterioles to
venules, being measured in seconds. Per-
meability surface (PS) is related to the co-
efficient of contrast molecules diffusion
through the capillary endothelium poresto
the extravascular space, andismeasuredin
ml/100 g/min®9,

Thus, the currently available tomo-
graphic apparatuses allow arapid and suc-
cessive images acquisition covering a re-
gion of interest during both phases, and
capturing temporal alterationsin tissue at-
tenuation, applying appropriate mathemati-
cal modelsto suchimagesin order to quan-
tify the tissue perfusion®214),

Compartmental analysis and deconvo-
lution represent the two most frequently
utilized mathematical modelsfor data pro-
cessing, which in a certain way will affect
the imaging protocol design®?.

Mathematical models
a) Compartmental analysis

In this model, the analysis can be per-
formed either by the one-compartment
model or by the two-compartment
model (2,10,16) .

The one-compartment model assumes
both the intravascular and extravascular
spaces as a single compartment, and the
calculation of the tissue perfusion is based
on the principle of conservation of massin
asystem (Fick principle). According to this
principle, perfusion is calculated from the
maximal slope of the tissue concentration-
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time curve normalized to the curve of ar-
terial concentration of contrast agent (ar-
tery input function)1%19,

The two-compartment model assumes
the intravascular and extravascular spaces
asdistinct compartments™?. Such amodel
utilizes the technique known as Patlak
analysis that quantifies the flow from the
intravascular into the extravascular com-
partment and measuresthe capillary perme-
ability and the blood volume10.14-16),

b) Deconvolution

Thismodel isbased on the utilization of
arterial and tissue time-concentration
curves to calculate the impulse residue
function (IRF) for the tissue of interest™?,
where |RF correspondsto atheoretical tis-
sue curve obtained from data regarding
direct arterial input. The height of thecurve
reflects the tissue perfusion, and the area
under the curve reflects the blood vol-
ume®,

Preliminary studies show a strong cor-
relation between results obtained by these
two models, suggesting equivalence be-
tween them®. However, there are differ-
encesregarding validation and susceptibil-
ity to motion and noise®1?,

Compartmental analysisisbased onthe
hypothesis that the contrast agent bolus
must be retained in the organ of interest at
the moment of measurement, which may
result in underestimation of perfusion val-
ues in organs with rapid vascular tran-
Sit(l'z’lB).

Deconvolution, however, assumes that
the shape of the IRF is a plateau with a
single exponential washout. Although such

Abdominal perfusion computed tomography

ahypothesisisvalidated for most of the or-
gans, it might not be appropriatefor organs
with complex circulatory pathways®>19.

Thus, the compartmental model is pref-
erableto evaluate organswith complex cir-
culatory pathways such as the kidneys and
spleen®. Also, it is quite useful in the
evaluation of the liver, since it provides a
separate estimation of the arterial and por-
tal components'?®23,

On the other hand, deconvolution isap-
propriate to measure low tissue perfusion
values (< 20 ml/min/100 ml), typically ob-
served in post-treatment tumors:21920),

Deconvolutionislesssensitiveto noise,
allowing the utilization of lower tube volt-
age (kV) and images acquisition with bet-
ter temporal resolution. Inthe compartmen-
tal model, the presence of noise on images
might result in errorsin the perfusion val-
ues calculation®. Several manufacturers
have adopted different PCT calculation
models in their apparatuses (Table 1).

Imaging protocol

Several PCT protocols have been pro-
posed, depending on different variables
such as organ of interest, mathematical
model utilized (compartmental or deconvo-
lution), available equipment and clinical
objective. Amongst such variables, the
mathematical model and the equipment
have direct influence on the imaging pro-
tocol (for example: contrast agent volume,
injection rateand interval between contrast
injection initiation and data acquisition or
delay) and ontechnical parameters(kV and
mAS). Thus, each one of such variablesis
detailed below.

Table 1 Main manufacturers, adopted mathematical models, advantages and disadvantages‘”.

Typically, PCT consists of a non-con-
trast-enhanced phase followed by a con-
trast-enhanced phase where dynamic im-
ages of the region of interest are acquired.
The dynamic images acquisition may in-
clude the study of the first contrast pass, a
delayed study, or both, according to the pa-
rameters to be evaluated®.

a) Non-contrast-enhanced phase

Thisisthefirst phase of the study, where
ascan is performed from the lung bases to
the pubic symphysis, utilizing the techni-
cal parameters habitually adopted by each
unit. Such phaseisprimarily aimed at iden-
tifying and delineating the region of inter-
est (or coverage area) that will be analyzed
after the contrast injection. The coverage
area will depend on the CT equipment uti-
lized. Coverage area in 4 or 16-channel
equipment corresponds to up to 2 cm; and
in 64-channel equipment, to 4 cm. Larger
coverage areas (810 16 cm) can be obtained
with 128 and 320-channel equipment with
several reconstruction agorithms®.

b) Dynamic (post-contrast or contrast-
enhanced) phase

This phase is the most important in the
study, since it provides the necessary data
for processing and perfusion analysis. In
such aphase, images of the previously de-
limited areaaredynamically acquired after
contrast agent injection.

For a first pass study with deconvo-
lution, images are acquired every second,
with the compartmental model, images are
acquired at every 3-5 seconds, during the
first 40-60 seconds®*?,

CT Perfusion (GE)

Functional CT (Siemens)

Brilliance Perfusion (Philips)

Mathematical model

Deconvolution

Two-compartment model

Compartmental

* Appropriate to measure low tissue
perfusion values

* Less sensitive to noise, allowing the

* Simple analysis

constant ratio

utilization of lower tube voltages (kV)

Advantages

and images acquisition with better

temporal resolution

¢ Perfusion parameters can be
calculated at a single tomographic

scan

 Effective in the calculation of the K

* Short images acquisition time

* Preferable for evaluation of organs
with complex circulatory pathways

* Sensitive to motion artifacts®
* Partial volume requiring correction

Limitations

* Assumption that reflux of contrast
agent from the intra- into to

* Images arer quite sensitive to noise

extravascular space is not significant
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With this dynamic images acquisition,
it is possible to observe the arrival of the
contrast agent and itsfirst passthrough the
intravascular space®.

Some technical parameters, such as
mAs, kVp, contrast agent volume and con-
centration and injection rate, are extremely
important for this phase, since they have a
direct influence on the study results. The
literature presents great variation in such
parameters, which depend onthe CT equip-
ment (manufacturer and number of detec-
tor rows) and on the mathematical model
adopted for data analysis. The following
topics include comments on each of these
parameters.

b.1) Technical parameters (mAs and kVp)

The utilization of low tube voltage
(kVp) and current (mAs) is recommended
to reducetheradiation dose delivered to the
patient. A tube voltage between 80 and 100
kVpisgenerally appropriatefor most clini-
cal applications of PCT*210,

The literature review demonstrates a
great variation in mAs values (from 50 to
250 mAs), depending on the adopted math-
ematical model. For deconvolution, the
adoption of values between 50 and 100
mAs s recommended. The compartmental
mode! requires higher mAs values (100 to
250 mAg)524 (Table 2).

b.2) Radiation dose

The effective radiation dose utilized in
some studies ranged from 10 to 12
mSv("*29 depending on the adopted tech-
nical parameters.

In the authors’ experience, the PCT
technique has added, on average, about 12
mSv/patient at conventional CT, whose
radiation dose for the three phases has
ranged from 20 to 25 mSv (between 7 and
8 mSv per acquisition phase). Such values

Table 2 Main published studies and respective
technical parameters.

Abdominal perfusion computed tomography

are within the limits recommended for
yearly ionizing radiation exposure®, Sev-
erd studies have sought to demonstrate the
value of PCT obtained with low radiation
doses by means of kVp®? and mAs")
reduction (Table 3).

b.3) Contrast agent volume, concentration
and injection rate

A contrast agent volume between 40
and 70 ml and an injection rate ranging be-
tween 3.5 and 10 ml/s are generally appro-
priate for an optimum perfusion analy-
Sis(1,2,10,16)_

Such wide variation isafunction of the
mathematical model adopted for each
equipment. Aninjection rate between 5and
10 mi/sis preferable for those utilizing the
compartmental model. Lower injection
rates (for example, 3.0 to 5.0 ml/s) are uti-
lized for those with deconvolution. How-
ever, as already mentioned, high injection
rates (7 to 10 ml/s) are considered as ben-
eficial to maximize to tissue enhancement
andthesignal-noiseratio (Table3)®. Inthe
authors' studies, an injection rate corre-
sponding to 6.0 ml/s has been adopted,
with a18-20G Gelco catheter inserted into
alarge antecubital vein.

Because of the linear relations between
the iodine concentration and the tissue en-
hancement, higher iodine concentrations
(370t0 400 mg/ml) in the contrast agent are
considered as ideal™>'® and, whenever
possible, such a concentration has been
adopted by the authors.

b.4) Interval (delay)

In most clinical applications, afive to
15-second delay between contrast injection
and the initiation of images acquisition is
considered as appropriate, depending on
theregionto be evaluated, adelay between
fiveand eight seconds being ideal for stud-

iesin the cervical, thoracic and abdominal
regions, and between 10 and 15 secondsfor
studies of pelvis and extremities®,

CT images acquisition

In the authors' institution, abdominal
and pelvic CT studies as performed in a
Philips Brilliance 64-detector row, multi-
slice equipment (Philips Medical Systems;
Best, Netherland) with a dedicated perfu-
sion software (Brilliance Perfusion 4.0).

Asalready mentioned, the PCT study is
performed in two phases.

The first phase comprises volumetric,
non-contrast-enhanced images acquisition,
from the diaphragm to the pubic symphy-
sis, with the multislicetechnique. Thetech-
nical CT parameters utilized in this phase
involve collimation = 64 x 0.625 mm, 120
kVp, mAs 120, pitch = 0.891 and 3 mm
dlicethickness. Thisfirst phaseisamed at
delineating theregion of interest, with4 cm
in extent, wherethe perfusion analysiswill
be performed. New, still not widely avail-
able softwares for images acquisition and
reconstruction (for example: Jog-scan’) al-
low doubling the extent of the area to be
studied aong the axis z

The second phase, corresponding to the
profusion analysis itself, is performed af-
ter intravenous hydrosoluble, non-ionic
iodinated contrast injection, with axial sec-
tions of the previously delimited area, ac-
cording to the tomographic parameters
described on Table 4, as previously pub-
lished®.

In order to reduce the presence of res-
piratory motion artifacts, that is the main
cause for unsuccessful images acquisition,
an abdominal compression belt (that ispart
of the equipment itself) is utilized, and the
patient isinstructed to breath asslowly and
pausedly as possibleto guarantee the acqui-

Table 3 Technical parameters (contrast agent volume/concentration/flow) utilized in the main studies

reviewed.

kVp mAs Volume / concentration / flow

Yao et al.® 120 100 Bellomi et al.® 40 ml (370 mg/ml) + 40 ml saline solution 4 ml/s
d'Assignies et al.® 100 100 Goh et al.® 100 ml (340 mg/ml) / 5 mi/s
Sahani et al.?® 100-120 200-240 Yao et al.® 50 ml (300 mg/ml) / 6 ml/s
Sahani et al.® 100 240 d'Assignies et al.® 40 ml (350 mg/ml) / 4 ml/s
Goh et al.?® 120 60 Sahani et al.® 70 ml (300 mg/ml) / 7 mi/s
Goh et al.®® 120 60 Goh et al.@¥ 100 ml (340 mg/ml) / 5 mi/s

Bellomi et al.® 120 300 Sahani et al.2® 125 ml (300 mg/ml) / not informed

42

Radiol Bras. 2012 Jan/Fev;45(1):39-45



Souza JPLBA et al.

Table 4 Technical parameters utilized in the au-
thors’ institution.

KVp 120
mAs 100
Contrast agent dose 50 ml
Contrast agent concentration 350 mg/ml
Saline solution amount 30 ml
Injection rate 6 ml/s
Delay 5 seconds
Number of cycles 20 cycles
Interval between cycles 3 seconds
Images acquisition time 60 seconds
Slice thickness 2 x 10 mm
Pitch 0

TLCY Graph

Abdominal perfusion computed tomography

sition of high-quality images, without res-
piratory artifacts (Figure 1).

I mages processing

Once the PCT scan is finished, the ac-
quired and reconstructed images are trans-
ferred to aworkstation and processed with
the aid of the CT perfusion software, with
generation of color functional maps and
calculation of functional parameters.

The software utilized is easily and au-
tomatically ran, and does not require user
interferencein the generation of functional
maps.

FOV319.0 mm
SWS.00 mm
ST 042 Sex

)
"

"”
- ‘.

Initially, an evaluation of the technical
quality of the study must be performed to
confirm the absence of respiratory and mo-
tion artifacts on the images. After that, a
region of interest (ROI) must be drawn in
thecentral region of acalibrousarterial ves-
s (e.g., theaorta) to be used asareference
in the evaluation of arterial contrast agent
concentration in time (artery input func-
tion) (Figure2). In studies of the pelvis, the
iliac artery can be utilized as a reference
vessel for evaluation of the arterial flow.

Then, ROIs are freehand drawn around
the lesiong/regions of interest, coinciding

Shiced | Pertusson(His)

£7 19
T

)18 .14

Figure 1. Perfusion computed tomography providing perfusion parameters of liver (VI segment), renal cortex and pancreas, as maps, graphics and absolute
values. Free breathing imaging. No expressive respiratory artifact is observed on the images.
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exactly with their outlines for quantifica-
tion of functional parameters (Figure 2).
Once ROIsare defined on thelesionsto be
studies, the software CT perfusion auto-
matically calculates the perfusion values
according to the equipment and mathemati-
cal model utilized®.

CONCLUSION

The range of indications for PCT is
quite varied, including differentiation be-
tween inflammatory process and tumor-

Abdominal perfusion computed tomography

like lesions, determination of the degree of
functional compromising of certain organs,
detection of the presence of residual or re-
cidivating tumor tissue after minimally in-
vasive therapies, among others.

The main difference of PCT as com-
pared with other imaging techniquesisre-
lated to its capability of characterizing dis-
tinct perfusion behaviors translating into
biological alterationsresulting from certain
lesions and diseased tissues.

After acomprehensiveliteraturereview
and adoption of PCT in the authors' clini-

RLOOD VOLUME

TLCT Graph

cal routine, it may be concluded that this
method is easy to perform, with applicabil-
ity in cases of several abdominal condi-
tions. Thus, it is the authors’ opinion that
such amethod will beuseful not only inthe
field of research, but alsoin the daily prac-
tice as a valuable tool in addition to con-
ventional computed tomography.
However, strategies aimed at radiation
doses reduction and softwares to allow an
increase in the evaluation extent may fur-
ther enhance the utilization of the method.

Figure 2. Perfusion computed tomography study. A step-by-step demonstration of the images processing. A: Step 1 involves the selection of dynamic/contrast-
enhanced images of the region of interest. B: Step Il consists of drawing of a ROI on the aorta to be utilized as a reference for determining a curve of arterial
contrast agent concentration in time (artery input function). C: Step Il — ROIs are drawn on areas to be studies; in the present case, they were randomly
distributed in the liver, renal cortex and pancreas. D,E,F,G,H: Subsequently (Step V), perfusion parameters (P, BV, PE and TTP) are automatically represented
as color maps, graphics and absolute values. I: PCT study overview with all the perfusion parameters on different presentations (color maps, graphics and
absolute values).
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