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The official history of Computed Tomography perfusion
(CTp) began in 1979 when Heinz and his colleagues published
their paper [1].

From that date, a limited number of experiences have
been carried out to achieve the technique that is now be-
coming more familiar thanks to the availability of commercial
CTp software platforms that are integrated into today’s
clinical reporting workstations, allowing a rapid analysis and
processing of dynamic data sets. From a technical point of
view, CTp requires a rapid intravenous injection of an iodi-
nated contrast medium (CM) bolus and sequential imaging
to simultaneously monitor changes in the CM concentration
as a function of time, both in the tissue of interest and in
the vessel that is used as an input function. CTp is thus
able to determine, through mathematical models and ded-
icated software, the perfusion parameters of a given tissue,
such as the blood flow (BF), the blood volume (BV), the
mean transit time (MTT), and the capillary permeability
surface (PS). In particular, PS is considered a functional
CT surrogate marker of neoplastic angiogenesis, focusing
on the interest of the use of CIp in oncologic imaging
[2]. Today, CIp could routinely offer functional imaging
information, as an adjunct to a conventional or morphologic
CT examination. In particular, it is a widely applied technique
in the evaluation of acute ischemic stroke patients and to
investigate other brain diseases, including tumours. It can
also be used as an aid to distinguish benign and malignant

lesions in body imaging and above all to monitor the treat-
ment response in oncologic patients. This has subsequently
lead to some authors affirming that CTp is a more sensitive
image biomarker than RECIST and tumour density for
monitoring early antiangiogenic treatment effects as well
as in predicting prognosis and progression-free survival at
the end of treatment. However, despite these possibilities,
CTp is still considered a niche technique because of some
issues. Firstly, the lack of awareness between radiologists,
in fact despite the diffusion of commercial CTp software
platforms, CTp has not been routinely utilised in clinical
practice yet. It also suffers from some limitations due to the
high radiation dose delivered to patients, the need for CM
injection, and the lack of reproducibility of CTp data obtained
from different software packages used and also between
the different upgrades of the same commercial software
[3]. The dose exposure to the patient is strictly related to
the acquisition time required for the dynamic scanning of
the volume being analysed. However, a lot of possibilities
for reducing the dose exposure to the patient are available
today, for example, the axial acquisition opposed to the cine
acquisition technique, the combination between CTp and
iterative reconstruction techniques, and the possibility to
obtain reproducible CTp measurements using a short time
acquisition protocol with the CTp deconvolution method.
Therefore, if the dose exposure question can be overtaken
today, the main problem remains the lack of a standardised
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method for CTp analysis. Several algorithms have been
developed, applying different kinetic models. The algorithms
of these software packages were categorised into two groups
on the basis of the applied model and the effect of the delay
of the bolus tracer: delay-sensitive and delay-insensitive. In
particular, the two main models used by different software
packages for CTp analysis derive the Time-Density Curves
(TDC) and consequently the CTp parameters of a given
tissue by using a graphic analysis of a two-compartment
model, the so-called Patlak plot, or a deconvolution technique
based on the time invariant linear compartmental model,
that uses arterial and tissue TDCs to calculate the residual
impulse response function (IRF), a theoretic curve obtained
assuming that the CM is not diffusible. Recent studies showed
that intervendor differences constituted the primary cause
for the variability in CTp analysis; moreover, there is also a
lack of reproducibility of CTp values obtained from different
upgrades of the same commercial software. In fact, even
if upgrades of the same commercial software frequently
improve reliability and performance, such upgrades may
significantly alter the derived CTp parameter values with a
potential clinical impact, in particular, in oncologic imaging.
Because of this variability, CTp summary maps should be
interpreted with care and future studies on this topic should
be focused on the standardisation of CTp analysis algorithms
in order to obtain reproducible and comparable results across
different institutions and different software packages. In
this special issue, we collected articles focusing on some
interesting topics in CTp imaging. In particular, new aspects
of investigation of CTp in oncologic imaging are discussed
in three articles: “Perfusion in the Tissue Surrounding Pan-
creatic Cancer and the Patient’s Prognosis,” “CT Perfusion
in the Characterisation of Renal Lesions: An Added Value
to Multiphasic CT,” and “Role of CT Perfusion in Moni-
toring and Prediction of Response to Therapy of Head and
Neck Squamous Cell Carcinoma,” whereas technical aspects
regarding the possibilities of reducing the dose exposure to
the patient and protocol optimisation are discussed in the
“Reduced Time CT Perfusion Acquisitions Are Sufficient
to Measure the Permeability Surface Area Product with a
Deconvolution Method” and “Total Bolus Extraction Method
Improves Arterial Image Quality in Dynamic CTAs Derived
from Whole-Brain CTP Data,” respectively. The contributions
of this special issue could stimulate the spread of CTp imaging
in daily practice, pinpoint new or extended applications of
this technique, and share some strategies to optimise CTp
protocol also in reducing the radiation dose to the patient.

Maria Antonietta Mazzei
Lorenzo Preda
Alessandro Cianfoni
Luca Volterrani
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Coronary artery disease (CAD) is one of the leading causes of morbidity and mortality and it is responsible for an increasing
resource burden. The identification of patients at high risk for adverse events is crucial to select those who will receive the greatest
benefit from revascularization. To this aim, several non-invasive functional imaging modalities are usually used as gatekeeper to
invasive coronary angiography, but the diagnostic yield of elective invasive coronary angiography remains unfortunately low. Stress
myocardial perfusion imaging by cardiac magnetic resonance (stress-CMR) has emerged as an accurate technique for diagnosis
and prognostic stratification of the patients with known or suspected CAD thanks to high spatial and temporal resolution, absence
of ionizing radiation, and the multiparametric value including the assessment of cardiac anatomy, function, and viability. On the
other side, cardiac computed tomography (CCT) has emerged as unique technique providing coronary arteries anatomy and more
recently, due to the introduction of stress-CCT and noninvasive fractional flow reserve (FFR-CT), functional relevance of CAD
in a single shot scan. The current review evaluates the technical aspects and clinical experience of stress-CMR and CCT in the

evaluation of functional relevance of CAD discussing the strength and weakness of each approach.

1. Introduction

Coronary artery disease (CAD) is a major cause of mortality
and morbidity in the western countries and its increasing
prevalence is responsible for advances in percutaneous and
surgical revascularization [1]. The related cost of revascular-
ization procedures has resulted in a great interest of health-
care community regarding appropriateness of this technique
and how to select the patients with known or suspected CAD
who will receive the greatest benefits from these invasive
treatments. Indeed, inappropriate revascularization may gen-
erate costs to the healthcare system while appropriate revas-
cularization improves patients’ outcome [1]. For this reason,

guidelines recommend different diagnostic strategy based on
the pretest likelihood of CAD and suggest a conservative
observational approach in the case of patients with a very
low risk, non-invasive stress testing to detect ischemic burden
as gatekeeper to invasive coronary angiography (ICA) in
intermediate risk patients, and direct referral for ICA in high-
risk patients for CAD. The intermediate risk patients are the
most representative population referred to clinical evaluation
for suspected or known CAD and the use of imaging tests in
this setting has doubled from 2000 to 2006 with $ 14.1 billion
in Medicare budget in 2006. Several non-invasive imaging
modalities such as exercise electrocardiogram (ECG), stress
echocardiography, or nuclear stress tests are suggested as
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gatekeeper to ICA [1]. However, the diagnostic yield of
elective ICA remains low. Patel et al. [2] have showed in
a US national register that the prevalence of obstructive
coronary artery stenoses in 398978 consecutive patients
referred to ICA for suspected CAD was only 38%. The low
diagnostic yield of elective ICA occurs despite the fact that
84% of study population undergoing ICA had performed a
previous non-invasive diagnostic test. It has also emerged
that although non-invasive test was independently related
to the presence of obstructive CAD, the additional value
of a positive non-invasive stress test to predict obstructive
CAD beyond the Framingham risk category and symptom
characteristics was limited [2]. However, the evaluation
of functional relevance of CAD with noninvasive tests as
gatekeeper to ICA remains mandatory. Indeed, the Clinical
Outcome Utilizing Revascularization and Aggressive Drug
Evaluation trial (COURAGE) [3] and the COURAGE trial
nuclear substudy [4] have demonstrated that the event-free
survival with coronary revascularization was greater than
optimal medical therapy in patients with >10% ischemic
myocardium at baseline and with a reduction of ischemic
myocardium >5% after treatment. Stress myocardial perfu-
sion imaging by cardiac magnetic resonance (stress-CMR)
has emerged during the past decade as accurate technique
for diagnosing and prognostic stratification of the patients
with known or suspected CAD thanks to high spatial and
temporal resolution, absence of ionizing radiation, and the
multiparametric value including the assessment of cardiac
anatomy, function, and viability [5]. On the other side, cardiac
computed tomography (CCT) has emerged as unique non-
invasive technique providing coronary arteries anatomy and
more recently as competitive technique able to evaluate
the functional relevance of coronary artery stenoses in a
single shot scan by using both stress-CCT and fractional
flow reserve (FFR-CT) [6]. The current review evaluates
the technical aspects and clinical experience of stress-CMR
and CCT in the assessment of functional relevance of CAD
discussing the strength and weakness of each approach.

2. How to Evaluate Functional
Relevance of CAD

There are two different approaches to evaluate functional
relevance of CAD: the assessment of myocardial perfusion
under stress and the measurement of FFR. The rationale for
stress myocardial perfusion imaging is based on the concept
of coronary flow reserve [7] that is briefly described in
Figure 1. The cardiac metabolism is mainly aerobic and it is
sustained by a coronary blood flow of about 0.8-1mL/gr/min
that occurs in diastolic phase and it is driven by gradient
between the diastolic blood pressure and the end-diastolic left
ventricle pressure [7]. At rest condition, the autoregulation
mechanism by adjusting coronary microvascular resistance
maintains coronary blood flow constant in a wide range of
coronary perfusion gradient pressure and the heart utilizes
the maximum oxygen extraction corresponding to 80% of
the oxygen available in the blood pool. Therefore, in the
conditions in which the oxygen demand is increased, a
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FIGURE 1: Coronary flow reserve. Relationship between the coronary
artery gradient pressure (difference between the epicardial coronary
artery and microcirculation pressure) and coronary blood flow at
rest condition (blue line) and at maximal vasodilatation (red line).
The coronary flow reserve (CRF) is defined as the ratio between the
coronary blood flow at maximum vasodilatation and the coronary
blood flow at rest condition.

maximal coronary artery vasodilatation occurs to reach a
direct relationship between coronary artery gradient pressure
and coronary artery blood flow. The coronary artery flow
reserve (CFR) is the ratio between the coronary artery flow
at maximum vasodilatation and the coronary blood flow at
rest. Usually, in the absence of epicardial coronary artery
disease, CRF increases by factor 5 or more while in presence
of 50% epicardial coronary artery lumen reduction CRF
decreases up to be abnormal at rest in the presence of high
degree of stenoses (>85%) [8, 9]. The maximal vasodilatation
can be brought with pharmacologic stress by using three
different drug stressors such as adenosine, dipyridamole,
or regadenoson that are briefly described in Table 1. Both
adenosine and dipyridamole are direct and indirect not-
selective adenosine receptor agonists, respectively, providing
up to fourfold increase of coronary flow. In the presence
of epicardial coronary stenoses both drug stressors act on
normal vessels but have no effects on stenotic vessels pro-
ducing ischemia based on “steal phenomenon” [10]. More
recently, regadenoson, a selective A,, receptor agonist, has
been approved for pharmacological stress test with the great
advantage of having minor side effects as compared to
adenosine and dipyridamole [11]. Of note, the myocardial
perfusion can be evaluated by dobutamine as well. How-
ever, dobutamine induces ischemia by improving heart rate
rather than “steal phenomen” Therefore, the perfusion defect
detected by dobutamine is an indirect effect of mismatch
between the mycoradial perfusion and myocardial oxygen
consumption due to increase of heart rate. The myocardial
ischemia induced by “steal phenomenon” is the base of
perfusion and wall motion abnormalities detection during
stress-CMR and stress-CCT. Unfortunately, the CFR is an
expression of a pressure gradient between epicardial coronary
artery and microcirculation and therefore it is reduced in
case of collaterals or microcirculation disease even in the
absence of epicardial stenosis [12]. For this reason, these stress
perfusion tests are not able to distinguish between the two
entities. To this regard, the invasive FFR has been introduced
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TABLE 1: Summary of the most common drug stressors used for the evaluation of myocardial perfusion.
Drug stressors  Action Half-life Side effects Cost
Coronary vasodilatation induced by not-selective Facial flushing
Adenosine Al adenosine-receptors stimulation (increasing 10 seconds  Diaphoresis nausea asthma m
cellular cAMP levels) Bradyarrhythmias
Coronary vasodilatation induced by inhibition of . .
. Facial flushing
N the phosphodiesterase enzymes that normally . . .
Dipyridamole . . 25 minutes  Diaphoresis nausea asthma T
break down cAMP (increasing cellular cAMP .
Bradyarrhythmias
levels)
Headache, dizziness, nausea, stomach
R Coronary vasodilatation induced by selective A2A . discomfort, decreased sense of taste, mild
egadenoson 2-3 minutes N

adenosine-receptors stimulation

chest discomfort, or warmth, redness, or
tingly feeling under your skin

to overcome these limitations. FFR is performed by dedicated
solid-state sensor mounted on a floppy-tipped guidewire.
It measures the intracoronary pressure before and after a
specific coronary lesion in the presence of hyperaemic stimuli
by adenosine reaching a direct relationship between pressure
and flow. Therefore, FFR can be expressed as the ratio of max-
imum blood flow after coronary artery stenoses to maximum
blood flow. Coronary artery lesions with FFR < 0.80 have
been proved to receive benefits from revascularization while,
in a setting of a stenosis with a FFR > 0.80, the patient can
be safely deferred to optimal medical treatment [13, 14]. More
important, unlike the ischemia stressors induced, FFR is not
influenced by systemic hemodynamic [15, 16], it takes into
account the contribution of collaterals [17, 18], it specifically
relates to the severity of the stenoses and to the mass of
tissue to be perfused [19], and it reaches a per-lesion accuracy
rather than per-myocardial territory with a very high spatial
resolution [12]. The main principles of FFR are described
in Figure 2. In conclusion, it is of paramount importance to
determine if a coronary stenosis is associated with reversible
ischemia for decision making of treatment, and myocardial
perfusion under stress or FFR are two sides of same coin.

2.1. Functional Relevance of CAD by CMR

2.1.1. Principles of Stress Cardiac Magnetic Resonance Pro-
tocol. Despite the fact that the technical aspects of stress-
CMR are beyond the aim of this paper, a summary of
the most common protocols used is described below and
illustrated in Figure 3 according to the recommendations
of the Society of Cardiovascular Magnetic Resonance [20].
After steady-state free precession cine acquisitions have been
acquired at rest during held expiration in multiple short
and long axes, coronary vasodilatation can be induced with
drug infusion and then first-pass perfusion technique using
saturation-prepared T1-weighted fast gradient-echo sequence
with simultaneous gadolinium contrast agent injection. In
case of use of dipyridamole as stressor, due to the longer
half-life as compared to adenosine, left ventricle kinesis
under stress can be evaluated by further steady-state free
precession cine acquisitions with the same geometry used at
rest. Theophylline is intravenously injected to null the effect
of dipyridamole at the end of stress test. Ten minutes after

contrast injection, breath-hold contrast-enhanced segmented
T1-weighted inversion-recovery gradient-echo sequences are
acquired with the same prescriptions for cine images to detect
late gadolinium enhancement (LGE). At the end of exam, a
further first-pass perfusion technique is performed to provide
myocardial perfusion at rest.

2.1.2. Principles of Evaluation of Reversible Ischemia. The
clinically predominant mode of reading and interpreting
myocardial perfusion studies is based on visual approach.
Beyond the usual parameters estimated by CMR such as end
diastolic and end systolic left and right ventricle volume,
left ventricle mass, and left and right ejection fraction, a
reversible perfusion defect is defined as persistent delay
of enhancement during first pass of contrast agent for >3
heartbeats after maximum signal intensity in the cavity of the
left ventricle that does not correspond to perfusion defect
at rest. Similarly, each myocardial segment is classified as
normal, hypokinetic, akinetic, or dyskinetic. Accordingly,
each stress-CMR can be classifiedas normal for reversible
ischemia (no evidence of ischemia due to the absence of
stress perfusion defect in at least 1 myocardial segment
free from LGE), positive for reversible myocardial perfusion
defect alone (evidence of stress perfusion defect in at least 1
myocardial segment without corresponding LGE), or positive
for both perfusion and wall motion abnormalities (WMA)
(evidence of stress perfusion defect in at least 1 myocardial
segment without corresponding LGE plus stress WMA as
compared to rest condition). A quantitative analysis of the
myocardial perfusion is feasible as well. The epicardial and
endocardial borders of the left ventricle wall have to be
detected for each image frame of perfusion study to derive
parameters value of time course of contrast agent as showed
in Figure 4. For each curve, a time to arrival of contrast agent,
a time to peak of signal intensity, or the slope of curve can
be calculated and compared between stress and rest. Despite
the fact that the quantitative approach has been proved more
robust to discriminate between 1-vessel and 3-vessel disease, it
is extremely time consuming and therefore not generally used
in clinical practice [21]. Several artifacts can occur during
stress-CMR. Dark subendocardial rim artifacts are the most
common and may be confused with myocardial perfusion
defects. They typically appear as dark lines at the border of
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FIGURE 2: Fractional flow reserve. Left panel shows the relationship between coronary perfusion pressure and myocardial blood flow at
maximum hyperemic stimulation. In the absence of coronary artery stenoses, the myocardial blood flow determinated by driving pressure at
maximum vasodilatation is 100% (blue line). In case of coronary artery stenoses (right panel) determinating a hyperemic pressure gradient
of 30 mmhg (red line) the driving pressure after the stenosis and the consequential myocardial blood flow will be reduced up to 70%

corresponding to a FFR value of 0.7. Modified by Pijls et al. [18].

FIGURE 3: Stress cardiac magnetic resonance protocol. A typical stress cardiac magnetic resonance protocol is described here. For the
description see throughout the paper. LGE: late gadolinium enhancement.

blood flow and myocardium. Factors that may contribute
to the production of dark rim artifacts include partial-
volume averaging, gadolinium-induced magnetic suscep-
tibility, myocardial motion, and undersampling from low
spatial resolution, either alone or in combination. Regardless
of their cause, the artifacts are mitigated by using parallel
acquisition schemes, by reaching greater SNR with 3.0-T
magnets, or by using lower concentrations of gadolinium
leading to less severe magnetic susceptibility effects. Aliasing
artifacts are common as well in first-pass perfusion imaging
especially when parallel imaging techniques are used and
they could be mitigated by selection of a sufficiently large field
of view.

2.1.3. Stress-CMR for Diagnosis of CAD. A high number
of single and multicenter studies have proved the excellent
sensitivity and specificity of stress-CMR for diagnosis of
CAD [22-25] and are briefly described in Table2. In a
meta-analysis by Nandalur et al. [22] involving 1183 patients,
perfusion CMR had a sensitivity of 91% and a specificity of
81% and a stress-induced WMA demonstrated a sensitivity
of 83% and specificity of 86% for diagnosis of CAD in a per-
patient analysis, respectively. Moreover, several papers have
compared stress-CMR versus single photon emission com-
puted tomography (SPECT) in terms of diagnostic accuracy.
Schwitter et al. [23] compared stress-CMR versus SPECT
in 234 patients by using ICA as reference showing a better
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TaBLE 2: Characteristics of a selected list of studies of the diagnostic performance of stress myocardial perfusion cardiac magnetic resonance.

Author Reference N Sensitivity Specificity
Nandalur et al. [22] Stress-CMR versus QCA (meta-analysis) 1183 91% 81%
Schwitter et al. [23] Stress-CMR and SPECT versus QCA 234 67% 85%
Greenwood et al. [24] Stress-CMR and SPECT versus QCA 752 86% 83%
Schwitter et al. [25] Stress-CMR and SPECT versus QCA 533 75% 59%
Greenwood et al. [26] Stress-CMR and SPECT versus QCA 235 88% 83%

CMR: cardiac magnetic resonance; QCA: quantitative coronary angiography; SPECT: single photon emission computed tomography.
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FIGURE 4: Time course of gadolinium myocardium enhancement.
The time attenuation curve within a region of interest is obtained
by fitting several sampling of myocardial signal intensity over time
during the first pass imaging. For each curve arrival time, peak time
and slope can be measured and compared between stress and rest
condition. Modified by Patel et al. [21].

performance of stress-CMR versus SPECT with an area under
the curve (AUC) of 0.86 + 0.06 versus 0.67 + 0.05 (P: 0.013),
respectively. It is important to note that in this study, gated-
SPECT, that is considered now the standard technique for
stress nuclear tests, was available in approximately half of
patients. Moreover, the population evaluated in MR-IMPACT
I was at high risk for CAD that is not the typical population
referred to noninvasive stress tests in clinical practice. In MR-
IMPACT II trial [25] 533 patients were enrolled in 33 centres
and evaluated by stress-CMR and gated-SPECT before ICA.
The study population was at intermediate risk of CAD as
proved by prevalence of obstructive coronary stenoses. No
differences were found between the stress-CMR and SPECT
in terms of percentage of not-evaluable tests (5.6% versus
3.7%, resp.; P: 0.21) while stress-CMR showed a higher
sensitivity score (0.67 versus 0.59, resp.; P: 0.024) but a lower
specificity score (0.61 versus 0.72, resp.; P: 0.038). In the larger
multicenter trial CE-MARC [24], stress-CMR and SPECT
showed sensitivity, specificity, positive predictive value, and
negative predictive value of 86%, 83%, 77%, and 90% and
66%, 82%, 71%, and 79%, respectively. The sensitivity and
negative predictive value of stress-CMR and SPECT differed
significantly (P < 0.0001 for both) but specificity and positive
predictive value did not. Moreover, stress-CMR showed a
higher AUC as compared to SPECT (0.89 versus 0.79; P <
0.0001) regardless of the threshold used to define the presence
of obstructive CAD (50% or 70% of coronary artery stenoses)

and regardless of the presence of one or multiple vessels
disease. Importantly, in CE-MARC trial a multiparametric
protocol has been used including wall motion at rest by
balanced steady-state free precession cine imaging, stress and
rest perfusion by Tl-weighted saturation recovery, evalua-
tion of coronary artery stenoses by 3D coronary magnetic
resonance angiography, and LGE by T1-weighted segmented
inversion-recovery gradient-echo pulse sequence. A positive
stress-CMR was defined as any evidence of regional wall
motion abnormality and/or perfusion defect at stress and/or
the presence of obstructive coronary artery stenoses and/or
any scar. Of note in a gender-based subanalysis of CE-MARC
trial [26] stress-CMR has greater sensitivity than SPECT in
both genders and, unlike SPECT, there are no significant
gender differences in the diagnostic performance. In Figure 5,
a clinical case of a 62-year-old man referred to dipyridamole
stress-CMR for exertional chest pain is reported.

2.1.4. Stress-CMR for Prognostic Stratification of CAD. Over
the past several years, multiple studies have been published
regarding stress-CMR assessment of prognosis. In a recent
meta-analysis, Lipinski et al. [27] showed in 11636 patients
that the combined outcome annualized event rates were 0.8%
for negative study and 4.9% for positive study with the evi-
dence of LGE significantly associated with worse prognosis as
well. Macwar et al. [28] found an annual event rate for hard
events of 0.6%, 1.7%, and 1.5% in normal, positive for LGE,
and positive for reversible perfusion defect adenosine stress-
CMR, respectively, in 564 patients symptomatic for chest
pain without previous history of revascularization. Similarly,
Buckert et al. [29] showed a hazard ratio of 3.2 associated
with reversible perfusion defect in a larger population (1152
patients) in a long-term follow-up (4.2 years). These data
support consistent and robust prognostic stratification by
adenosine stress-CMR and it seems that this robustness
is preserved regardless of patients gender [30]. Regarding
dobutamine studies, Kelle et al. [31] showed that, in a large
cohort (1369 patients) evaluated with dobutamine stress-
CMR, the annual cardiac event rate of a negative stress test
was 1.1%, while the hazard ratio associated with a positive
dobutamine stress test was 3.3. Similarly, Wallace et al. [32]
found that the presence of inducible AWM is associated
with a hazard ratio of 2.7 for future hard cardiac events
in 221 consecutive women. Only few studies have tested
the usefulness of dipyridamole stress-CMR for predicting
spontaneous clinical events [33, 34]. Bodi et al. [33] found
that the prognostic value of perfusion deficit was weaker
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FIGURE 5: Clinical case. Dipyridamole stress-CMR in a 62-year-old man with familiar history of CAD and hypertension, referred to chest
pain. Cine images at rest (Panel (a)) showed akinesis of anterior interventricular septum (arrow). Under stress, first pass perfusion images
showed a large perfusion defect in anterior wall of left ventricle (Panel (b), arrow) without matched wall motion abnormalities (Panel (c),
arrow). Late gadolinium enhancement images show an unknown transmural myocardial infarction of anterior interventricular septum (Panel

(d), arrow).

than AWM under stress suggesting that kinesis evaluation
is desirable beyond the perfusion. The latter point was
evaluated in a following paper from the same authors [34]
in 601 consecutive patients with a mean follow-up of 640
days with an annual hard event rate of 2.9%, 11.7%, and
14.1% in the three categories described above, respectively.
This progressive increase of hard event rate in these three
categories finds an explanation in the evidence that the extent
of the perfusion defect is larger in patients with concomitant
AWM [34, 35].

2.1.5. Future Perspectives. Three main fields of investigation
are developing in the detection of CAD by CMR. First, whole
heart stress-CMR perfusion techniques have been developed

in order to permit quantification of ischemic tissue volume
[36]. This approach proved to be highly diagnostic for the
detection of CAD based on invasive FFR, showing similar
sensitivity but improved specificity (90 versus 92% and 82
versus 74%, resp.) as compared to previously published data.
Jogiya et al. [37] demonstrated that whole heart myocardial
perfusion CMR accurately detects functionally significant
coronary artery disease highlighting the concept that diag-
nostic accuracy was equally high in patients with single-vessel
and multivessel coronary artery disease and that the amount
of myocardial ischemic burden gradually increased with
more proximal anatomical localization of coronary lesions.
This method may be considered a noninvasive approach to
stratify patients before coronary angiography to identify that
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cut-off of 10% of myocardial ischemic burden that is actually
accepted as threshold for indication of interventional revas-
cularization. Second, the “blood oxygen level-dependent”
(BOLD) stress-CMR [38] has become a promising inves-
tigative method. The rationale of this promising method is
that oxyhemoglobin is slightly diamagnetic and deoxyhe-
moglobin paramagnetic resulting in the loss of T2* and T2
signal. Therefore, BOLD CMR uses an endogenous contrast
without additional use of an exogenous contrast. Using a
T2-prepared steady-state free precession, BOLD stress-CMR
sequences can be used to image changes of myocardial
oxygenation induced by drug stressors as an indicator of
myocardial ischemia. Myocardial perfusion assessed by the
change in myocardial oxygenation with those new sequences
has been correlated with quantitative coronary angiography
and later with fractional flow reserve to better characterize
the clinical significance of coronary stenosis [38]. Third
future perspective is to visualize the atherosclerotic plaque of
coronary arteries. Early reports demonstrated the principal
feasibility of the contrast enhancement magnetic resonance
coronary angiography (CEMRA) to visualize the coronary
artery stenoses noninvasively showing some limitations both
in sensitivity and in specificity as compared to ICA [39, 40].
A new family of contrast agents that may play an important
role in investigating molecular and cellular targets associated
with atherosclerotic plaque development has been recently
shown [41, 42]. A prospective multicenter trial [43] evaluated
the diagnostic ability of navigator-corrected SSFP whole-
heart MRCA sequences to detect significant coronary artery
stenosis (>50% reduction in diameter) with ultrasmall super-
paramagnetic iron oxide nanoparticles showing a sensitivity
and a specificity of 88% and 72% with a negative predictive
value of 88% in a patient-based analysis as compared to ICA.

2.2. Functional Relevance of CAD by CCT. The advancement
of CCT has enabled the noninvasive evaluation of coronary
artery stenosis in several clinical scenarios [44-48] with a low
radiation exposure [49-51]. Despite high negative predictive
value, factors such as high heart rate, arrhythmia, obesity,
and high coronary calcium burden continue to limit the
overall evaluability and positive predictive value of CCT
[52, 53]. Moreover, obstructive CAD identified by CCT is
not a robust predictor of functional relevance of stenoses
[54]. So, the combination of overestimation of CAD and the
absence of functional information could be responsible for
a false positive rate up to 35% of patients that is common
event in experienced centers [55]. Thus, a combined anatomic
and functional assessment of CAD is desirable to improve
the yield of ICA [56]. This aim can be reached by stress-
CCT and FFR-CT. In this section, we will briefly summarize
the technical bases and preliminary clinical findings of these
emerging novel techniques.

2.2.1. Perfusion Stress Cardiac Computed Tomography. Inves-
tigation in the field of stress-CCT started 2 decades ago
[57, 58]. Unfortunately, the clinical use of this technique
has remained restricted due to several technical limitations
such as the limited temporal resolution, spatial and contrast

resolution, and the z-axis coverage. Indeed, during a stress-
CCT, the contrast agent arrives to myocardial wall and it
attenuates X-ray based on its concentration. Thus, area with
perfusion defect is simply detectable as region with hypoat-
tenuation. However, the highest concentration of iodine
in the myocardium is reached in 1 minute after injection
with a very fast washout [59]. To imagine this very rapid
phenomenon, a high temporal resolution is mandatory. Some
strategies have been used to improve temporal resolution of
CCT [60]. The first strategy is to increase gantry rotation
time. Indeed, in order to accurately reconstruct an image, the
projection data are acquired within an angular range of 180°
plus a 60° fan angle with a minimal data acquisition angular
range of 240°. This fact determines that the typical temporal
resolution of CCT is about 50-60% of the gantry rotation
time [61]. Accordingly, the highest maximum temporal res-
olution achievable for single source scanner is 135 msec that
is far from the desirable temporal resolution reached by
ICA that is around 20-30 msec. The introduction of dual
source CT (DSCT) has partially overcome this limitation.
This system combines 2 arrays consisting of 1 tube and 1
detector each, arranged within the same gantry at a 90°
offset, so that one-quarter rotation is sufficient to sample
X-ray transmission data over 180° of projections. With a
gantry rotation time of 330 ms, the system could achieve a
temporal resolution of 83 ms that is significantly higher than
single source CCT [62]. More recently, intracycle motion
correction algorithm that allows a compensation of coronary
motion by using multiphasic analysis of coronary arteries
within a single cardiac cycle has been developed for single
source scanner reaching a temporal resolution of 25 msec
[63, 64]. However, a high temporal resolution needs to be
matched with a very fast scan time. There are two strategies
to improve the scan time: a higher craniocaudal coverage
by increasing the number of slices or a higher pitch or the
combination of the two strategies. Craniocaudal coverage
of 64-slice CCT coronary angiography is typically less than
40 mm, giving limited coverage width. The development of
wide area detector CCT [65] enabled greater coverage per
gantry rotation and the extension from 64-slice MDCT to
256-detector row or 320-detector row system has enabled
whole heart coverage. The 256-CCT has 912 (transverse)
x 256 (craniocaudal) elements, each approximately 0.5 x
0.5mm at the center of rotation with craniocaudal coverage
of 128 mm per rotation. The 320-CCT system uses a detector
element consisting of 320 x 0.5mm detector and provides
160 mm of coverage in the z-direction [66]. The scan time can
be reduced by increasing the pitch, as well. In 2008, a high
pitch scanner has been introduced. It rotates with a gantry
rotation time of 280 milliseconds, a wider detector with a
pitch up to 3.2 that allows an overall scan time of about 0.27
seconds to cover the entire heart. This scan mode, known as
“Flash CT,” enables complete image acquisition within one
cardiac cycle so that the X-ray tube and detector rotate around
the patient without overlap and with very short scan time
[67]. After temporal resolution, a second challenge in stress-
CCT is to improve the spatial and contrast resolution in the
myocardial wall. Indeed, the difference in terms of contrast
attenuation between normal and hypoperfused myocardial
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TaBLE 3: Characteristics of a selected list of studies of the diagnostic performance of stress myocardial perfusion cardiac computed

tomography imaging.

Author Reference N Effe;;i;/: (r;gij; on Sensitivity Specificity
George et al. [73] Stress-CCT versus QCA + SPECT 27 16.8 86% 92%
Blankstein et al. [74] Stress-CCT and SPECT versus QCA 33 12.7 92% 67%
Rocha-Filho et al. [75] Stress-CCT versus QCA 34 11.8 96% 100%
Cury etal. [77] Stress-CCT and SPECT versus QCA 36 14.7 94% 75%
Ho et al. [78] Stress-CCT versus QCA + SPECT 35 18.2 95% 65%
Bamberg et al. [81] Stress-CCT versus invasive FFR 33 13.1 95% 64%
Feutchtner et al. [82] Stress-CCT versus stress-CMR 30 2.5 96% 88%

CCT: cardiac computed tomography; CMR: cardiac magnetic resonance; FFR: fractional flow reserve; QCA: quantitative coronary angiography; SPECT: single

photon emission computed tomography.

20-30 min 10 min
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FIGURE 6: Scan protocol of stress cardiac computed tomography.

regions ranges in the order of 50 HU [68]. To highlight the
small differences in contrast attenuation between normal and
hypoperfused myocardium, it is suggested to use low tube
voltage (100 KVp) to increase the photoelectric effect and to
decrease the Compton scattering associated with low tube
voltage [69]. However, the low tube voltage increases the
image noise and the use of adaptive iterative reconstruction
algorithm rather than the filtered back projection algorithm
is recommended to limit the image noise increase when
low tube voltage is employed [50]. Despite the use of low
tube voltage and iterative reconstruction algorithm, the beam
hardening artefacts continue to be an issue of concern during
a stress-CCT because they can mimic a false perfusion
defect. These artifacts are due to the polychromatic nature
of X-rays and the energy dependency of X-ray attenuation
phenomenon [6]. Indeed, X-ray photons with lower energies
are preferentially attenuated and this inconsistency of X-ray
between different views results in misregistration of X-ray
attenuation producing false perfusion defect [6]. Recently
the dual energy computed tomography (DECT) has been
introduced to overcome this limitation [70]. This technique
simultaneously acquires 2 sets of projections using 2 different
X-ray energy spectra. In this way, DECT seems to be more
effective for correcting beam hardening artifacts due to
the ability to reconstruct monochromatic CCT images [71].
So far, based on technology available, two main kinds of
stress-CT can be performed. Static stress-CCT imaging is

usually preferred for scanner with low temporal resolution
and long scan time in which the myocardial perfusion is
reached from a single data sample acquired in arterial phase
timing. On the other side, the dynamic stress-CCT imaging,
usually performed with scanner with high temporal resolu-
tion and low scan time, is obtained from multiple samples
of myocardial attenuation at sequential time points after
contrast injection with a method similarly to the stress-CMR
previously described. For both approaches, the adenosine
infusion is usually used as stressor with the same protocol
described for stress-CMR. In Figure 6, the most common
protocol used in clinical practice is briefly described. Up
to now, a few single-centre studies [72-83] are available
regarding the diagnostic accuracy of stress-CCT and they are
summarized in Table 3 with a mean effective radiation dose
of rest plus stress scan of about 11 mSv that is comparable with
the mean radiation exposure usually associated with SPECT
[51]. More recently, a multicenter trial CORE 320 [84] has
evaluated the diagnostic accuracy of stress-CCT as compared
to the combination of SPECT plus ICA. The results of this trial
showed in a patient-based model AUC of 0.87 for integrated
CCT and perfusion as compared to the algorithm SPECT
plus ICA. Figure 7 showed one case of stress-CCT with single
source dual energy technique.

2.2.2. Fractional Flow Reserve by Cardiac Computed Tomog-
raphy (FFR-CT). In the “era” of FAME trial an emerging
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FIGURE 7: Clinical case of a 61-year-old man referred for suspected coronary artery disease. To rule out the presence of significant coronary
artery disease and ischemia, a rest-stress dual energy CCT has been performed. The exam showed a chronic total occlusion of the right
coronary artery (Panel (a) circle, Panel (b) arrow) due to a noncalcified plaque. The myocardial perfusion (Panel (c)) and iodine map (Panel
(d)) at rest do not show significant perfusion defect. Under stress condition (i.v. adenosine injection), dual energy computed tomography
showed a large perfusion defect in inferior wall of left ventricle (Panel (e) and (f), circle) with good matching as compared to stress cardiac
magnetic resonance (Panel (g), arrow). CCT: cardiac computed tomography.

interest has been increased on the possibility to measure in a
noninvasive setting the FFR. To this regard, software to deter-
mine FFR which computes the hemodynamic significance
of CAD from CCT dataset (FFR-CT) using computational
fluid dynamics under rest and simulated maximal coronary
hyperemic conditions has been recently developed [85].
Although the description of technical aspects of this method
is beyond the aim of this paper, the computation of FFR-CT
can be summarized as an integration of anatomic model of
coronary arteries derived by CCT plus a mathematical model
of coronary physiology including numerical solution of the
laws of physics governing fluid dynamics [85]. In other words,
the combination of high-resolution anatomic definition of
CAD via CCT with FFR-CT in a single test without the use
of stressors provides a noninvasive anatomic and functional
assessment of CAD in one-shot scan without the need of
additional functional test in case of obstructive CAD at CCT.
Results from 3 prospective multicenter trials have validated
the accuracy of FFR-CT as compared to invasive FFR [86-
88]. Koo et al. compared in DISCOVER-FLOW trial the
FFR-CT versus invasive FFR in 103 consecutive patients in a
vessel-based model showing diagnostic accuracy, sensitivity,
specificity, positive predictive value, and negative predictive
value of 84%, 88%, 82%, 74%, and 92%, respectively. The FFR-
CT increased the AUC from 0.75 for CCT alone up to 0.91
(P: 0.001) and showed a good correlation with invasive FFR
(0.71, P < 0.001). The main limitation of DISCOVER-FLOW

is that it was powered to evaluate the diagnostic accuracy in
a per-vessel model rather than per-patient model. The latter
point was evaluated in DE-FACTO trial [87] where, in larger
sample size of 252 patients, the FFR-CT showed diagnostic
accuracy, sensitivity, specificity, positive predictive value, and
negative predictive value of 73%, 90%, 54%, 67%, and 84%,
respectively, improving the AUC from 0.68 to 0.81 when
compared with CCT alone without functional evaluation.
More recently, the NXT trial [88] has demonstrated per-
patient sensitivity and specificity of 86% and 79%, respec-
tively, with AUC of 0.9 as compared to invasive FFR. Of note,
in patents with intermediate stenoses (the most common
setting of patients evaluated with noninvasive stress test)
the diagnostic performance of FFR-CT remained unchanged.
Differently for the two previous studies, the last generation
of FFR-CT software has been used, nitrates was employed
in 99% of study population against only 75% of DEFACTO
study population, and, last but not least, an intermediate risk
population was included rather than high-risk patients such
as the two previous studies. The main limitation of FFR-CT
remains still the not-negligible rate of not-evaluable patients
that reaches the 13% in the NXT-trial due to the poor image
quality. So far, the clinical validation of FFR-CT opens the
issue if the use of this software integrated to CCT dataset
is reasonable in terms of cost-effectiveness in intermediate
risk patients by “one-stop shop” offering coronary anatomy
and functional relevance of CAD. The final answer to this
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FIGURE 8: Clinical case of an intermediate risk patient symptomatic for chest pain. Panel (a) showed a multiplanar reconstruction of CCT
showing an obstructive stenosis of the middle right coronary artery (red circle) and computed fractional flow reserve (FFR-CT) value of 0.77,
indicating vessel ischemia (Panel (b)). Invasive coronary angiography confirmed the obstructive stenosis of the middle portion of the right
coronary artery (Panel (c), red circle) and measured fractional flow reserve (FFR) values of 0.76 (Panel (d), red circle). CCT: cardiac computed

tomography.

crucial question will arrive with the ongoing PLATFORM
trial (Prospective LongitudinAl Trial of FFRct: Outcome and
Resource IMpacts) that has the aim to compare the rate of
ICA documenting nonobstructive CAD, clinical outcomes,
quality of life, and resource utilization following standard
practice versus incorporating FFR-CT as the preferred test
to guide further noninvasive or invasive management and
medical treatment of patients. Figure 8 shows a clinical case of
patient in which FFR-CT has been performed and compared
to invasive FFR.

3. Conclusions

The world of cardiac imaging in the field of CAD is proposing
an increasing number of techniques with the aim to rule out
the presence of CAD and to identify the high-risk patients

who will benefit from expensive invasive procedures. There
is robust evidence that, to reach this aim, both coronary
anatomy and function need to be evaluated. How to obtain
combined anatomic and functional noninvasive imaging by
using one or multiple imaging modalities still has not been
demonstrated and it will be issue of debate for the next
years ensuring that “exciting times are ahead of cardiac
imagers”
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Objective. The objective was to investigate the relationship between prognosis in case of pancreatic cancer and perfusion in
tissue surrounding pancreatic cancer using perfusion CT. Methods. We enrolled 17 patients diagnosed with inoperable pancreatic
adenocarcinoma. All patients were examined by perfusion CT and then underwent chemotherapy using gemcitabine. The time
density curve (TDC) of each CT pixel was analyzed to calculate area under the curve (AUC) and blood flow (BF) using a
mathematical algorithm based on the single-compartment model. To measure the AUC and BF of tumor (AUC; and BF;) and
peritumoral tissue (AUC, and BFppp), regions of interest were manually placed on the cancer and in pancreatic tissue within
10 mm of proximal pancreatic parenchyma. Survival days from the date of perfusion CT were recorded. Correlation between AUC
or BF and survival days was assessed. Results. We found a significant correlation between AUCpp; or BFpp and survival days
(P = 0.04 or 0.0005). Higher AUC, or BF,; values were associated with shorter survival. We found no significant correlation
between AUC or BF; and survival. Conclusions. Our results suggest that assessments of perfusion in pancreatic tissue within

10 mm of proximal pancreatic parenchyma may be useful in predicting prognosis.

1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is the fourth lead-
ing cause of cancer-related death in the United States [1]. PDA
is nearly universally lethal, with 5-year survival rates of less
than 5% [1-3]. This poor prognosis is related to early diag-
nostic difficulties; the disease in more than 80% of patients at
the diagnostic stage is already metastatic or locally advanced
[2]. Inoperable patients typically undergo gemcitabine-based
chemotherapies but with limited effectiveness [4].
Desmoplastic stroma is a histopathological characteristic
of PDA [5]. The lack of adequate vasculature due to the pres-
ence of desmoplastic stroma is believed to be among the fac-
tors leading to resistance to conventional chemotherapies.
The low density of vasculature causes poor perfusion, limiting
the transport of the anticancer drug from vessel to tissue
[6]. Tumor-associated stroma has been reported to increase

chemoresistance in PDA [7]. Stromal accumulation of
hyaluronan in a mouse model of PDA impaired both vascular
function and drug delivery [8]. Accumulating evidence
suggests the importance of tumor-associated stroma and
vasculature in PDA.

As reported in previous studies, patients with pancreatic
cancer may have a history of chronic pancreatitis [9]. Addi-
tionally, patients with PDA often have cancer-related pancre-
atitis [5]. The microstructure of the pancreas in PDA patients
tends to be highly desmoplastic, resulting in reduced tissue
perfusion. However, recent reports based on mouse PDA
model indicate increased perfusion in the tissue surrounding
PDA [10]. In human, Radu et al. report that cancer surround-
ing vasculature was changed due to development of cancer
[11]. These studies suggest that perfusion in the tissue sur-
rounding cancer sites may be related to cancer activity. This
possibility suggests a need to investigate the relationship
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between prognosis and perfusion in the tissue surrounding
cancer. However, tissue vasculature can be ascertained only
through intensive examination (e.g., of pathological speci-
mens), a process that presents major difficulties. For these
reasons, how or whether perfusion in the tissue surrounding
a cancer relates to cancer activity remains poorly understood.

Recent reports indicate perfusion CT can be used to
evaluate tissue vasculature, thereby allowing noninvasive per-
fusion measurements. Perfusion CT is a type of dynamic CT
capable of measuring tissue perfusion based on analyses of
time-density curve (TDC) derived from a bolus injection of
contrast material. Perfusion CT is reported to be able to
obtain nonmorphological information and is valuable for
diagnosis in some organs [12]. In the study described here, we
applied perfusion CT to investigate the relationship between
patient prognosis and perfusion in the tissue surrounding a
pancreatic cancer using perfusion CT.

2. Materials and Methods

2.1. Patients. Between December 2008 and February 2011, our
pilot study enrolled 17 patients with inoperable pancreatic
adenocarcinoma (PDA). We obtained written informed con-
sent from all patients, and the research protocol was approved
by the corresponding institutional review boards. Patients
with histologically diagnosed pancreatic adenocarcinoma
judged to be inoperable metastatic or locally advanced cancer
were enrolled in this study. Diagnoses of locally advanced
cancer and/or metastasis were made by a single board-
certificated radiologist based on CT and/or MRI findings. All
patients were treated using gemcitabine. Patients demonstrat-
ing intolerance for the contrast material for dynamic CT were
excluded from the study. Our medical chart recorded age,
gender, survival days from the date on which perfusion CT
was performed, TNM [13], and stage of cancer [14].

2.2. Perfusion CT Protocol and Analysis. All patients were
examined by perfusion CT and then underwent chemother-
apy using gemcitabine. We used multidetector CT (Aquilion
64, Toshiba Medical Systems, Tochigi, Japan) to perform
pancreatic perfusion CT [15]. The scanning tube voltage and
current were 80kVp and 40 mA, respectively, resulting in
radiation exposures of 60-100 mGy (CTDIvol) [16]. For ini-
tial localization of the tumor, a CT study of the abdomen was
obtained without contrast material enhancement during a
breath hold at the end of expiration; then the CT perfusion
examination of the selected area was performed in a single
breath hold at end expiration. A supervising radiologist iden-
tified the tumor and then placed the predefined scan volume
in the z-axis to cover the lesion for the CT perfusion study.
We referred to other image data sets (e.g., US and MRI) for
patients for whom such data sets existed to help identify
cancer sites. To reduce respiratory artifacts, a belt over the
abdomen was used and patients were instructed to breathe
gently during the scan acquisition.

Stationary CT scans of four slices were acquired every 0.5
seconds over a period of 54 seconds following intravenous
bolus injections of 40 mL of contrast material (Iomeprol
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350 mg/mL (molecular weight, 777 kDa)) at 4 mL/second.
Perfusion CT scan began 3 seconds after the start of injection.
We injected iodinate contrast material through a 20-gauge
intravenous cannula, followed by injection of 50 mL of saline
solution, in a right cubital vein. The TDC of each CT pixel was
analyzed to calculate the area under the curve (AUC) and
blood flow (BF) using a mathematical algorithm based on a
single-compartment model [17, 18] on workstation (ziosta-
tion2, Ziosoft, Tokyo, Japan) (Figures 1(a)-1(c)) [19].

After all of the images were loaded on a dedicated work
station, the tumor was defined. TDC of the arterial input
was measured by placing a circular region of interest (ROI)
within the aorta on a selected image. The arterial TDC was
derived automatically by the software. The AUC and BF of
tumor (AUC| and BF.) and peritumoral tissue (AUCp and
BFppr) were obtained within a freehand ROI drawn both over
the tumor itself and over pancreatic tissue within 10 mm of
the juxtaposed proximal pancreatic parenchyma. We drew
the largest possible single ROI that could be drawn around
each tumor and peripancreatic tissue while still excluding
necrosis, calcifications, and cystic or any hemorrhagic areas.
The perfusion values were obtained from the parametric
maps generated with the software package. Image analysis
was performed in consensus by single radiologist (with 11-
year experience in abdominal perfusion CT).

2.3. Statistical Analysis. We recorded survival days from the
date of perfusion CT by chart review and assessed the corre-
lation between AUC or BF and survival days by Spearman’s
rank correlation test. Data is presented as median (range); P
values of less than 0.05 were deemed significant. The software
used for statistical analysis was JMP (version 9.01, SAS
Institute, NC).

3. Results

3.1 Patients. Between December 2008 and February 2011, our
pilot study enrolled 17 patients with inoperable pancreatic
adenocarcinoma (PDA). Of these patients, 12 (70.6%) were
male and 5 (29.4%) were female. The median age was 63
(36-78). Median survival days from the date on which per-
fusion CT was performed were 298 days (57-914) (Table 1).
According to TNM classification, patients with T4 (tumor
involves celiac axis or superior mesenteric artery) and T3
(tumor extends beyond pancreas but no celiac or superior
mesenteric artery involvement) [13] numbered 14 (82.4%)
and 3 (17.6%), respectively. According to the Japanese classi-
fication, 8 patients were stage IVa (locally advanced cancer)
and 9 patients were stage IVb (metastatic cancer) [14]. All
patients were treated with gemcitabine.

3.2. Perfusion Data and Survival Days. We investigated area
size, BF, and AUC of TDC in tumors and peritumoral tissue
(Table 2). Area size was measured using the ROI on a work-
station. We also used this ROI to measure BF and AUC. The
area size of pancreatic tumor area and peritumoral area (aver-
age + SD), respectively, were 17.7 + 24.1 (cm?)and 1.9 + 1.1
(cm?). BFppy, AUCpyp, BEy, and AUC, respectively, were
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FIGURE I: Analysis of pancreatic perfusion image. We analyzed the CT image dataset (of which Panel (a) is an excerpt) to obtain Panel (b).
Panels (a) and (b) are magnified by the same factor. Panel (b) is a perfusion image of pancreatic blood flow (BF). Pancreatic BF is indicated
by the scale on the left. Colors shift from black to red with increasing BE. The pancreatic regions of interest (ROIs) in Panels (a) and (b) have
the same size and location. Panel (c) shows time-density curves for peritumoral noncancer (PTT) and cancer (T) sites for Panels (a) and (b).
Panels (d) and (e) show the relationship between pancreatic AUC, . or BF, 1 and survival days, respectively.

TaBLE 1: Background information for patients enrolled.

Number Sex (M/F) Age (age) Survival days from date PCT performed TNM Stage
1 M 78 57 T4N2M1 IVb
2 M 61 298 T4NOMO IVa
3 M 59 360 T4N3M1 IVb
4 F 78 80 T3NIMI1 IVb
5 M 36 167 T3NOM1 IVb
6 F 63 138 T4N2MO Vb
7 F 65 662 T4NIMO IVa
8 M 61 82 T4NOM1 IVb
9 M 49 290 T4NOMO IVa
10 M 55 166 T4NOM1 IVb
11 F 67 386 T4NOMO IVa
12 M 64 914 T4N1IMO IVa
13 M 66 415 T4NOMO IVa
14 M 65 730 T4NOM1 Vb
15 M 46 164 T4NOMO IVa
16 F 66 490 T3NOM1 IVb
17 M 46 336 T4NOMO IVa
12/5 63.0 £11.1 298 + 246

Figures (median + SD) for age and survival days from date perfusion CT (PCT) performed appear at the bottom of each column.
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TABLE 2: Area, blood flow, and area under curve with injection of contrast material in pancreatic tumor and peritumoral tissue.

Number Area of pancreatic tumor (cm?®)  Area of peritumoral tissue (cm®) ~ BFpp (min™')  AUCppy BE; (min™") AUC;
1 28.8 25.2 121.4 3511 999 1618
2 98.6 36.9 80.15 2946 4004 3337
3 7.4 12.63 62.65 2173 1376 2529
4 3.8 44.9 109.9 3706 2321 2689
5 4.0 19.15 65.6 1786 1879 2604
6 27.8 24.16 82.48 2593 2108 2256
7 3.0 36.22 75.2 3277 1682 2344
8 22.2 20.9 91.7 3791 645 3791
9 2.9 274 76.4 2800 1750 2988
10 19.1 18.6 89.52 3340 966 1204
11 1.6 34.47 74.35 3527 3012 2622
12 75 11.6 70.8 2778 386 1796
13 2.7 39.1 79.9 2763 1638 2779
14 3.7 26.3 44.4 1413 844 1258
15 16.0 23.9 81.78 3312 1959 1909
16 44.4 49.6 79.5 1931 3430 1741
17 7.3 26.9 67.5 3717 289 2537
177 £ 241 1.9+11 79.6 £17.5 2904 + 726 28.1+10.7 2353 + 701

BFprr and BFr, respectively, represent blood flow (BF) of peritumoral tissue (PTT) and pancreatic tumor (T) as determined by perfusion CT. AUCprt and
AUCF, respectively, represent area under curve (AUC) with bolus injection of contrast media for PTT and T. Measurement results (average + SD) appear at

bottom of each column.

79.6 + 17.5(min""), 2904 + 726, 28.1 + 10.7 (min™'), and
2353 + 701. We observed significant correlation between
AUCppr or BFppr and survival days from the date on which
perfusion CT was performed (P = 0.04 or 0.0005). Higher
AUCppp or BFppp values were associated with shorter
survival (Figures 1(d) and 1(e)). We found no significant
correlation between BF; or AUC; and survival (Figures 2(a)
and 2(b)).

4. Discussion

In this study, we investigated the relationship between patient
prognosis and perfusion in pancreatic cancer and tissue
surrounding cancer using perfusion CT. In startling finding,
survival days correlated significantly with peritumoral blood
flow but not with tumor blood flow.

The results suggest that prognosis is related to increased
perfusion in tissue surrounding cancer. Using MR perfusion
technique in animal model, Olive et al. have shown that blood
flow of peripheral tissue of pancreatic cancer increased [10].
Radu et al. have reported that follicle-stimulating hormone
receptor (FSHR) was selectively expressed on the surface of
peritumoral vessels [11]; in their report, the authors speculate
that FSHR expression may induce VEGF and VEGF receptor
2 signaling in tumor endothelial cells and thereby promote
increased vascularization. Pancreatic cancer may alter peritu-
moral microstructures before invading normal tissue. Thus,
increased peritumoral perfusion may be related to cancer
activity, as we showed.

As mentioned above, higher perfusion suggests the lower
presence of stroma. Reports indicate that poor tumor perfu-
sion is among the factors leading to PDA chemoresistance

[4, 10]. As previous study using perfusion MRI reported
pathologically [6], the presence of a prominent stromal
matrix reduces blood vessel density in PDA tissue. A previous
study [10] showed that depletion of tumor associated stromal
matrix, using the inhibitor of hedgehog signaling pathway
through effect on Smo, increased vasculature and concen-
tration of drug in the tumor tissue and approved prognosis.
Beatty et al. also showed that depleting the tumor stroma via
activated macrophages using an agonist CD40 antibody
improved prognosis in a genetically engineered mouse model
of PDA [20]. However, our present study found tumor blood
flow unrelated to prognosis. Our evaluation accounted for
only one perfusion parameter: tumor blood flow. In fact, there
are several perfusion parameters, including tissue blood flow,
blood volume, and permeability [21]. Park et al. report that
decreased tumor permeability measured by perfusion CT is
related to chemosensitivity [22]. Thus, our study leaves open
the possibility that another tumoral perfusion parameter may
be related to prognosis.

Our investigation presents the following potential limi-
tations. First, while we used the patient survival days as an
index of prognosis, prognosis is not necessarily equivalent to
chemosensitivity; we did not assess the relationship between
perfusion in the tissue surrounding cancer and response rate
to gemcitabine. Second, we defined the tissue surrounding
cancer as pancreatic tissue within 10 mm of the juxtaposed
proximal pancreatic parenchyma. While we assumed this tis-
sue was composed of normal pancreatic tissue, it is certainly
possible that it contained a marginal zone of cancerous tissue.
Third, we used the software developed by Ziosoft, but differ-
ences of perfusion parameters between software programs or
their upgrades have been reported, recently [23]. Therefore,
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FIGURE 2: Relationship between AUC or BF and survival days. Panels (a) and (b) show the relationship between survival days and pancreatic

AUC; or BF, respectively.

our results could change by analyzing other software. Lastly,
our study was a pilot study enrolling a limited number of
patients.

5. Conclusion

Patient prognosis may be related to perfusion in tissue
surrounding pancreatic cancer observed with perfusion CT.
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Objective. To prospectively evaluate if computed tomography perfusion (CTp) could be a useful tool in addition to multiphasic
CT in renal lesion characterisation. Materials and Methods. Fifty-eight patients that were scheduled for surgical resection of a
renal mass with a suspicion of renal cell carcinoma (RCC) were enrolled. Forty-one out of 58 patients underwent total or partial
nephrectomy after CTp examination, and a pathological analysis was obtained for a total of 49 renal lesions. Perfusion parameters
and attenuation values at multiphasic CT for both lesion and normal cortex were analysed. All the results were compared with the
histological data obtained following surgery. Results. PS and MTT values were significantly lower in malignant lesions than in the
normal cortex (P < 0.001 and P = 0.011, resp.); PS, MTT, and BF values were also statistically different between oncocytomas
and malignant lesions. According to ROC analysis, the accuracy, sensitivity, and specificity to predict RCC were 95.92%, 100%, and
66.7%, respectively, for CTp whereas they were 89.80%, 93.35%, and 50%, respectively, for multiphasic CT. Conclusion. A significant
difference between renal cortex and tumour CTp parameter values may suggest a malignant renal lesion. CTp could represent an
added value to multiphasic CT in differentiating renal cells carcinoma from oncocytoma.

1. Introduction

Renal cell carcinoma (RCC) represents 3-4% of all malignan-
cies worldwide [1]. It is classified into several types which have
different features and clinical behaviours; however histologic
type is one of the most important prognostic factors. Clear
cell RCC, the most common type, accounting for 65-70%,
has a high metastatic potential, whereas papillary RCC (10-
15% of RCCs) and chromophobe RCC (5% of RCCs) have a
low metastatic potential. The other malignant RCCs account
for 5 to 6%. Approximately 20% of renal lesions are benign,
and oncocytoma, which accounts for 5% of all renal tumours,

is the most common type [2, 3]. RCC’s incidence has risen
over the last few years because the widespread use of cross-
sectional imaging has increased the incidental detection of
renal lesions, particularly those of a small size (<4 cm) [4, 5].
Although the great value of imaging for renal lesions detec-
tion has increased in recent years, the accuracy rate on
preoperative characterisation of their nature remains low [6];
in particular the differential diagnosis of oncocytoma versus
RCC represents a diagnostic challenge [7]. Percutaneous
biopsy could be a useful tool in dubious cases, but it is an
invasive approach [8, 9]. Recently, computed tomography
perfusion (CTp), a functional tool which allows a quantitative
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evaluation of tissue perfusion through consecutive scans
acquired during contrast media injection, showed promising
results in the oncologic field, even in renal lesion characteri-
sation [10]. It is based on a time-density curve developed by
software, but its reliability is still being evaluated. Further-
more the parameters used are not standardised yet, because
of the availability of different software platforms and the
different version upgrades of the same software, which show
different perfusion measurements [11]. The identification of
renal lesion type, firstly discriminating between malignant
and benign, could represent an important diagnostic goal in
order to choose the best management: diagnosis of RCC at
an early stage means a less invasive therapeutic approach and
a better prognosis, while identifying a benign lesion could
avoid any unnecessary surgical intervention. By examining
the previous consideration, the aim of our study was to
prospectively evaluate if CTp could be a useful tool in
addition to multiphasic CT in renal lesion characterisation.

2. Materials and Methods

2.1. Study Population. Our study had institutional review
board approval and a written informed consent was obtained
from all patients. Fifty-eight patients scheduled for surgical
resection of a renal mass with a suspicion of RCC between
April 2012 and December 2013 were considered for the study
enrollment. All of these patients underwent renal CTp imag-
ing and staging thoracic and abdominal CT scans. Seventeen
patients were excluded as their CTp studies were not evalu-
able due to significant respiratory artifacts (n = 8), or the sur-
gical procedure was performed in another hospital (n = 9).
Among 58 patients included in this study, 41 (26 males, mean
age of 60.76 years, range 39-86 years) underwent total or
partial surgical nephrectomy at our hospital within 15.3 days
(range: 1-25 days) after CTp examination, and a pathological
analysis was obtained for a total of 49 renal lesions.

2.2. CT Examination. All patients were examined using a 64-
detector row CT scanner (Discovery 750 HD, GE Healthcare,
Milwaukee, W1, USA). To reduce respiratory artifacts, a belt
over the abdomen was used and patients were instructed to
breathe gently during the scan acquisition. An unenhanced
CT scan of the upper abdomen covering the kidneys was
performed initially to locate the renal lesion. A supervising
radiologist (9 years of experience in CTp) identified the
tumour and then placed the predefined scan volume (80 mm
for shuttle axial technique and 40 mm for cine technique)
in the z-axis to cover the lesion for the CTp study. Cine
technique was used when the lesion was smaller than 20 mm.
For the CTp study, 100 mL of Iomeprol (Iomeron 400;
Bracco, Milan, Italy) was administered intravenously at a flow
rate of 5mL/s followed by 40 mL of saline solution at the
same flow rate. The dynamic cine acquisition consisted of 8
contiguous sections, collimated to 5 mm, with temporal res-
olution of 1 second by using a cine-mode acquisition without
table movement and with the following parameters: 100 Kv,
80 mAs, rotation time 0.5 s, and scan field of view of 50 cm,
whereas it consisted of 8 contiguous sections, collimated to
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5mm, with temporal resolution of 2.8 seconds by using a
shuttle-mode acquisition with table movement (21 passes)
and with the following parameters: 100 Kv, 80 mAs, rotation
time 0.4s, and scan field of view of 50 cm. Total duration
time was approximately 60 seconds in order to include
both first-pass enhancement and delayed phase. Scanning
commenced 6 seconds after the start of the contrast material
injection in order to ensure the acquisition of a little nonen-
hanced baseline data both to allow the software to plot the
enhancement change over time and to allow the radiologists
to evaluate the lesions density upon unenhanced CT at
the multiphasic CT density evaluation. Immediately after
completion of the CTp scans, a conventional diagnostic CT
of the abdomen and thorax (CT nephrographic phase, delay
of 60 to 80, slice thickness 2.5 mm, reconstruction interval
1 mm, collimation 40 mm, beam pitch 0.98, 140 kV, and 200-
700 mA with automatic scan exposure) was performed with
the intravenous administration of an additional amount of
the same nonionic iodinated contrast medium mentioned
previously at a rate of 4 mL/sec (up to a total amount of about
150-160 mL of iodinated contrast medium according to the
patient body weight), followed by a 20 mL bolus of saline
solution administered at the same rate. Finally an excretory
phase CT urography was obtained after 5 to 10 minutes of
the contrast media injection for 32 out of the 41 patients. All
the CT scans were performed by using the adaptive statistical
iterative reconstruction (ASIR, 30%) system in order to
reduce the dose exposure to the patient.

2.3. Image Analysis. Image analysis was performed in con-
sensus by a radiologist and a resident fellow in radiology
(with 9 and 2 years of experience in CTp, resp.). All CTp
studies were analysed by using a commercial perfusion
software (Body Tumor CT Perfusion Software version 3; GE
Healthcare). For the CTp analysis, a processing threshold
(CT value range) between 0 and 120 Hounsfield units (HU)
was utilised to optimise visualisation of the soft tissue.
On transverse CT images, the slice showing the maximal
transverse tumour diameter was chosen for further analysis.
The arterial input was determined by placement of a circular
region of interest (ROI) in the abdominal aorta, to measure
the arterial input function. An arterial time-density curve
(TDC) for the entire acquisition time of each study was gen-
erated automatically. In the same selected image, ROIs of the
renal tumour and normal renal cortex were drawn manually
(maximum 1cm?), lying within the structure of interest in
each slice and excluding necrosis, calcifications, or cystic or
any hemorrhagic areas. Mean values for four CTp parameters
(permeability surface, PS; mean transit time, MTT; blood
volume, BV; and blood flow, BF) were obtained and recorded
for each patient. For the multiphasic evaluation, both the
baseline noncontrast phase and the corticomedullary phase
(CM) were evaluated on the CTp images: in particular CM
phase imaging occurred 35 seconds after the threshold level
of 150 HU was reached in the ROI placed in the aorta.
The nephrographic phase (NG) imaging occurred 60 to 80
seconds after the threshold level of 150 HU was reached
and the excretory phase imaging occurred 5 to 10 minutes
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after the threshold level of 150 HU was reached. On the
basis of the normal appearance of renal parenchyma, images
from these protocols were classified as unenhanced if there
was no contrast material administration, corticomedullary
if the renal cortex but not the medulla enhanced in a
ribbon-like pattern, nephrographic if the cortex and medulla
enhanced uniformly, or excretory if the concentrated contrast
material was excreted in the renal pelvis and ureters after
the prior phases. Average tumour attenuation measurements
were determined in each phase; average cortical and aorta
attenuation measurements were taken in the same image
in which the tumour attenuation was determined. Absolute
enhancement was defined as the difference in mean HU
between the noncontrast phase and any given contrast
phase (CM, NG, or excretory); percentage enhancement was
calculated as the mean HU in the tumour divided by
the mean HU of the tumour in the noncontrast phase.
Relative enhancement to renal cortex (or cortical-tumour
relative enhancement) was defined as the difference between
mean tumour enhancement and renal cortical enhance-
ment during a given phase, whereas the cortical-tumour
ratio was defined as mean tumour enhancement divided
by renal cortical enhancement during any given phase; rela-
tive enhancement to aorta (or aorta-tumour relative enhance-
ment) was also calculated as the difference between mean
tumour enhancement and aorta enhancement during a given
phase, whereas the aorta-tumour ratio was defined as mean
tumour enhancement divided by aorta enhancement during
any given phase. For each patient, aorta, cortical, and lesion
ROIs were fixed in the same location and in the same axial
slice level to subsequently enable an identical placement at
the same lesion axial slice level for the multiphasic analysis
by saving the ROIs within the software platform. The ROIs
were reviewed by each reader for appropriate placement.
The maximal diameter of each lesion was measured on axial
images, and this measurement was reviewed by each reader;
renal lesions were defined “hypervascular” if enhancement in
the nephrographic phase was greater than or equal to that of
renal cortex (in HU density) [12].

2.4. Histopathology. The surgical specimen consisted of rad-
ical nephrectomy in 31 out of 41 (75%) patients and partial
nephrectomy in 10 out of 41 (25%) patients. In addition to
routine samples for pathologic diagnosis, additional tissue
blocks from each tumour as well as from normal renal
tissue were acquired for additional histological examination
and immunohistochemical staining by the pathologist. The
pathologist took care to ensure sampling at a tumour level
corresponding to the level at which CTp was performed.
In particular on CT images the distance between the CT
slice showing the maximal transverse tumour diameter and
the lower or upper pole of the kidney or, in case of partial
nephrectomy, the lower or upper margin of the tumour
was measured. One pathologist and one radiologist (who
supervised the CTp study) jointly performed the processing
of all surgical specimens and reported the coordinates of
the slice analysed on CTp images. All tissue specimens were
fixed in a 10% buffered formalin and embedded in paraffin.
The surgical specimens were sliced in the transverse plane

at the level of the maximal tumour diameter, according
to the distance measured on CT images. The macroscopic
appearance of the transversally sliced surgical specimen was
compared with the appearance of the corresponding tumour
plane on transverse CT images to ensure that they were
similar. From each block, 4-micron-thick sections were cut.
The sections were stained with hematoxylin and eosin. All
tumours were staged based on the last TNM classification
system (TNM7) and the 4-tiered Fuhrman grading system
was used to grade the tumours (MTdV). Quantification of
microvessel density (MVD) was performed after immunos-
taining with a CD34 monoclonal antibody (clone QBEnd/10,
ready to use) by light microscopy using the counting method
introduced by Weidner et al. [13, 14] and stained with CD34
for quantification of MVD. The staining was performed on
a Bond Max automated immunostainer (Leica Microsystem,
Bannockburn, IL, USA) by a monoclonal antibody (predilute
AP 125; ProgenBiotechnik GmbH, Maabstrasse, Heidelberg,
Germany) with controls in parallel. No epitope retrieval
was used. Ultravision Detection System using antipolyvalent
HRP (LabVision, Fremont, CA, USA) and diaminobenzidine
(DAB, Dako, Milan, Italy) as chromogen was used. Briefly,
the whole slide was viewed at x100 magnification and the
area containing the maximum number of microvessels (the
“hotspot” area) was identified. The precise topography of
the angiogenic hotspots in carcinomas was assessed by
measuring their distance from the tumour edge; hotspots
within 0.5 mm were considered marginal. Then, under x400
magnification (where one field is equivalent to 0.19 mm?)
individual microvessels were counted. The number of vessels
in six areas was counted and averaged as MVD. Both isolated
immunoreactive endothelial cells and luminal microvascu-
lar structures were considered countable vessels. Distinct
endothelial cell staining of the renal vasculature served as
a positive control. Occasional immunoreactive macrophages
and plasma cells were excluded, based on their morphological
appearance. Assessment of MVD was completed without
knowledge of any clinicopathological data and blinded to the
results from CT perfusion imaging. Two pathologists (MRA
and BJR) counted MVD, respectively, and mean values were
calculated and recorded for each patient. Disagreements on
what constituted a microvessel were resolved by consensus.

2.5. Statistical Analysis. Shapiro Wilk test was used to test
the normality of variables. CTp parameters in tumour tissue
and adjacent normal parenchyma were compared using
Wilcoxon signed-rank test; differences in CTp parameters
and multiphasic CT measurements between benign and
malign tumours and between benign and malign hypervas-
cular tumours were assessed by using the Wilcoxon-Mann-
Whitney test; Kruskal-Wallis test was used to compare CTp
parameters between the three malignant histologic subtypes;
a P value less than 0.05 indicated a statistically significant
difference. Spearman test was used to evaluate the correla-
tion between MVD and selected CTp and multiphasic CT
measurements. For this analysis, the Bonferroni correction
was used and the significance level was set to 0.0071. Diag-
nostic accuracy of variables was measured by using receiver
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FIGURE 1: CTp of clear cell RCC: ROI 1, ROI 2, and ROI 3 were drawn in the aorta, tumour, and healthy ipsilateral renal cortex, respectively
(a-b). The PS values of the tumour and normal cortex were 42.90 mL/100 g/min and 67.64 mL/100 g/min, respectively, whereas MTT values
were 13.73 sec and 3.59 sec, respectively (b). Lesion size was 20 mm. Histopathology: morphology, haematoxylin, and eosin (c) and CD34

stain (d); original magnification: 50x.

operating characteristic (ROC) analysis. ROC curves were
analysed to determine the cutoffs that maximise the number
of correctly classified lesions. All analyses were carried out
using STATA statistical software V.12.1 (StataCorp, Texas).

3. Results

All patients underwent CTp imaging without any adverse
effects. Three out of 41 patients had multiple lesions; more
specifically, of the 3 patients who had multiple lesions, 1 had
six lesions, 1 had three lesions, and 1 had two lesions, for a
total of 49 renal lesions. Of the 49 renal lesions included in
this study, 27 (55%) were clear cell RCCs, 10 (21%) were chro-
mophobe RCCs, 6 (12%) were papillary RCCs, and 6 (12%)
were oncocytomas. Mean lesion diameters were 51.25 mm for
clear cell RCCs, 44.2 mm for chromophobe RCCs, 26.6 mm
for papillary RCCs, and 48.5mm for oncocytomas. The
pathologic tumour stage and baseline characteristics for each
of the groups are presented in Table 1. Forty out of 49 lesions
(82%) had been imaged also with an excretory CT scan after
the CTp study (32 out of 41 patients). 25 out of 49 lesions
(51%) were hypervascular at CT examination (17 clear cell
RCCs, 2 chromophobe RCCs, 2 papillary RCCs, and 4 onco-
cytomas), 14 out of 49 lesions (29%) were hypervascular with

a necrotic core (10 clear cell RCCs, 2 chromophobe RCCs,
and 2 oncocytomas), and 10 (20%) were hypovascular (6
chromophobe RCCs and 4 papillary RCCs).

3.1. CTp Measurements. Mean perfusion CT parameter val-
ues (PS, MTT, BV, and BF) for the normal renal cortex and
renal tumours (oncocytomas and malignant lesions) are sum-
marised in Table 2. There were significant differences in PS
(P <0.001) and MTT (P = 0.011) between tumour and nor-
mal renal cortex in malignant lesions (clear cell carcinoma,
chromophobe carcinoma, and papillary carcinoma) whereas
there were no differences in any CTp parameters between
lesion and normal renal cortex in oncocytomas (Figures 1
and 2). There were also significant differences in PS, MTT,
and BF parameters between oncocytomas and all malignant
renal lesions and in PS and MTT between oncocytomas and
malignant hypervascular lesions, with or without necrosis
(Table 3). Significant differences were also found in PS (P =
0.0137), BV (P = 0.0106), BF (P = 0.0258), and MTT
(P = 0.0084) among the three different pathologic types of
malignant lesions. The CTp parameter with the highest
capacity for discriminating benign from malignant lesions,
evaluated through ROC analysis, was PS (maximum accuracy
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TaBLE 1: Characteristics of patients, renal lesions, and CT examination.

Characteristics All lesions Clear cell RCC Chromophobe RCC Papillary RCC Oncocytoma
(% or range) (% or range) (% or range) (% or range) (% or range)
Npatients 41 26" 5 5" 6
Sex
Male 26 (63) 16 (62) 3(60) 5 (100) 3 (50)
Female 15 (37) 10 (38) 2 (40) 0 3 (50)
Mean age 60.76 (39-86) 65.29 (39-86) 53.4 (39-60) 58.16 (42-63) 64.5 (44-80)
N lesions 49 27 (55) 10 (21) 6 (12) 6 (12)
Side
Right 25 (51) 14 (52) 6 (60) 3 (50) 2(33)
Left 24 (49) 13 (48) 4 (40) 3(50) 4(67)
Location
Up 10 (20) 6 (22) 2(20) 2(33) 0
UP-MR 5 (10) 3(1) 1(10) 0 1(17)
MR 15 (31) 7 (26) 4 (40) 3 (50) 1(17)
LP-MR 7 (14) 6 (22) 0 0 1(17)
LP 12 (25) 5(19) 3(30) 1(17) 3 (49)

Mean lesion diameter (mm)

Pathologic tumour stage
Tla
T1b
T2a
T2b
T3a
T3b
T3c
T4
Fuhrman grade
1
2
3
4
MVD
Lesion
Parenchyma
Perfusionl CT study type
Cine
Shuttle
Multiphase CT study type
B-CM-NG-E
B-CM-NG
CT characteristics
Hypervascular
H with necrosis

Hypovascular

45.62 (10-128)

20 (46)
8(19)
2(5)
2(5)
8(19)
3(6)

0
0

4(12)

21 (64)
6 (18)
2(6)

439.20 (105-1230)

266.97 (71-537)

13 (26)
36 (74)

40 (82)
9 (18)

25 (51)
14 (29)
10 (20)

51.25 (20-128)

9(33)
6 (22)
0
1(4)
8 (30)
3(1)
0
0

3(11)
17 (63)
5(19)
2(7)

488.66 (238-1230)

222.29 (80-238)

8 (30)
19 (70)

22(81)
5(19)

17 (63)
10 (37)
0

44.2 (10-110)

5(50)

2(20)

2 (20)

1(10)
0

0
0
0

412 (105-769)
506.3 (80-537)

8 (80)
2(20)

2(20)
2(20)
6 (60)

26.66 (17-40)

6 (100)
0

SO O ©O O o ©

1(17)

4 (66)

1(17)
0

256 (108-482)
240.16 (71-458)

2(34)
4 (66)

4 (66)
2(34)

2(34)
0
4 (40)

48.5 (20-116)

444.3 (288-492)
262.6 (162-322)

2(34)
4(66)

6 (100)
0

4 (66)
2(34)
0

There were 49 lesions in 41 patients; *one patient had two different histologic types of lesions: one clear cell RCC and one papillary RCC. Oncocytomas were
not staged because the staging criteria only applied to RCCs. RCC: renal cell carcinoma; N: number; UP: upper pole; MR: mesorenal region; LP: lower pole;
MVD: microvascular density; B: baseline phase; CM: corticomedullary phase; NG: nephrographic phase; E: excretory phase; H: hypervascular.
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TaBLE 2: Comparison among the CTp parameters: lesions versus normal cortex.
CTp parameters MLs NRC P value Oncocytomas NRC P value
I 14.21 38.47 <0.001 35.98 37.74 0.6002
MTT 6.73 4.19 0.011 2.57 2.72 0.7532
BV 15.57 17.08 0.29 18.90 15.02 0.7532
BF 302.87 351.72 0.17 477.02 434.21 0.3454

MLs: malignant lesions; NRC: normal renal cortex; PS: permeability surface; MTT: mean transit time; BV: blood volume; BF: blood flow; a P value less than

0.05 indicated a statistically significant difference.

FIGURE 2: CTp of oncocytoma: ROI 1, ROI 2, and ROI 3 were drawn in the aorta, tumour, and healthy ipsilateral renal cortex, respectively
(a-b). The PS values of the tumour and normal cortex were 56.39 mL/100 g/min and 57.28 mL/100 g/min, respectively, whereas MTT values
were 10.48 sec and 9.65 sec, respectively (b). Lesion size was 20 mm. Histopathology: morphology, haematoxylin, and eosin (c) and CD34

stain (d); original magnification: 50x.

TaBLE 3: Comparison among the CTp parameters: malignant lesions versus oncocytomas.

CTp parameters Oncocytomas All MLs P value Oncocytomas MHLs P value
PS 35.98 14.21 <0.001 35.98 13.91 0.009

MTT 2.57 6.73 0.0109 2.57 6.08 0.0279
BV 18.90 15.57 0.2111 18.90 1710 0.4596
BF 477.02 302.87 0.0240 477.02 344.55 0.0868

MLs: malignant lesions; MHLs: malignant hypervascular lesions; PS: permeability surface; MTT: mean transit time; BV: blood volume; BF: blood flow; a P
value less than 0.05 indicated a statistically significant difference.
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93.88%). The difference between the normal cortex and
tumoural PS values yielded an even more accurate result; with
2.5mL/100 g/min as a cutoff we achieved a sensitivity, speci-
ficity, and accuracy of 100%, 66.67%, and 95.92%, respectively,
to predict RCCs. The results of the ROC analysis regarding
the comparison between oncocytomas and all malignant
lesions PS and between oncocytomas and malignant hyper-
vascular lesions PS are illustrated in Table 4. The box and
whisker plots regarding the absolute PS and the difference
between normal cortex and tumoural PS values of different
histologic types of tumour are presented in Figure 3.

3.2. Attenuation Measurements. Graphs and data depicting
enhancement patterns are demonstrated in Figure 4. Signif-
icant differences between oncocytomas and malignant renal
lesions were noted in absolute (P = 0.0087) and percentage
(P 0.0061) enhancement in the CM phase. Significant
differences in absolute (P = 0.0265) and percentage (P =
0.0158) enhancement in CM phase were also noted, among
hypervascular lesions and in particular among oncocytomas
and malignant lesions. The multiphasic CT measure with the
greatest accuracy for discriminating benign from malignant
lesions was an absolute enhancement in CM phase. Using
ROC analysis, the optimal cutoft value in this study was <160
HU enabling a sensitivity, specificity, and accuracy rate of
95.3%, 50%, and 89.8%, respectively, to predict RCCs.

3.3. MVD Analysis. The CTp parameters BF and BV mea-
sured in the tumour cross-section ROI showed a positive
correlation with tumour cross-section MVD in malignant
lesions (P = 0.006 and P = 0.0026, resp.) but not in oncocy-
tomas. No significant correlations were found between other
CTp or multiphasic parameters (absolute enhancement in
CM, NG, or excretory phase) and the tumour cross-section
MVD.

TaBLE 4: ROC analysis.

(a) ROC analysis using difference between normal cortex and tumoural PS
values

Oncocytomas versus  Oncocytomas versus

MHLs all MLs
AreaunderROC 4 65(C1.059-1)  0.85(CL0.60-1)
curve
Threshold value(s) NC PS-tumour PS NC PS-tumour PS

>2.5 >2.5

Sensitivity 100% 100%
Specificity 66.67% 66.67%
Accuracy 94.87% 95.92%

(b) ROC analysis using absolute enhancement in corticomedullary phase

Oncocytomas versus ~ Oncocytomas versus
MHLs all MLs

Areaunder ROC 76 (01 .61-0.96)  0.83 (C.I. 0.69-0.97)
curve
Threshold value(s) <160 <160
Sensitivity 93.94% 95.35%
Specificity 50% 50%
Accuracy 87.18% 89.80%

Results of ROC curve analysis in predicting RCCs in relation to onco-
cytomas using difference in PS values and absolute enhancement in
corticomedullary phase. PS: permeability surface; MHLs: malignant hyper-
vascular lesions; MLs: malignant lesions; NC PS: normal cortex permeability
surface.

4. Discussion

RCC represents a different spectrum of disease with different
features and clinical behaviours, largely depending on the
histologic type. The most aggressive type is clear cell RCC
whereas papillary RCC and chromophobe RCC can both
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be considered indolent, because of their low metastatic
potential. However differential diagnosis of renal masses also
includes benign lesions (about 20%) and oncocytoma is the
most common type [2, 3]. Over the last few years, the intro-
duction of nephron-sparing nephrectomy has changed the
approach to early stage renal cancer, allowing reduced com-
plication rates with survival rates similar to total nephrec-
tomy. In this sense, renal lesions characterisation should be
mandatory in order to recognise a small RCC which could
be treated through a partial nephrectomy rather than a wait
and see approach. Moreover, differentiating benign lesions
is important in order to avoid unnecessary surgery. Despite
the widespread use of multimodality imaging, the charac-
terisation of renal lesion still remains poor in some cases,
particularly those of small size (<40 mm) [4-6]. In fact, while
papillary RCC typically shows low contrast-enhancement at
CT, oncocytoma and clear cell RCCs can have similar features
and postcontrastographic behaviour, making a differential
diagnosis difficult when it should be mandatory [7, 15, 16].
Several studies, using multiphase CT technique, identified
differing degrees of enhancement in different postcontrast
phases as the most reliable parameter to distinguish clear cell
RCCs from other subtypes, including oncocytomas [16-18].
According to these studies, we also report differing degrees
of contrast-enhancement between clear cell RCCs and other
subtypes, including oncocytomas; however in contrast with
them, in our study, as in the study of Gakis et al., oncocytoma
presented a wash-in similar to renal cortex and clear cell

BioMed Research International

RCCs had a lower enhancement than oncocytomas during
any given phase, whereas they described a higher contrast-
enhancement as a distinctive feature for discriminating clear
cell RCC:s in relation to oncocytomas [18-20]. Moreover, in
our study, as previously reported by others, we identified
that both clear cell RCCs and oncocytomas could show
two different morphological features, being homogeneously
hypervascular (17 and 4 cases, resp.) and hypervascular with
a necrotic core (10 and 2 cases, resp.); in a few cases, even
chromophobe RCCs and papillary RCCs had the same CT
appearances [7, 16]. For this reason, we tested both multipha-
sic CT and CTp in discriminating malignant lesions in this
subgroup. Furthermore still in this subgroup (hypervascular
lesions), absolute percentage enhancement in CM phase was
significantly higher in oncocytomas than in malignant lesions
(P = 0.02 and P = 0.01, resp.), and ROC analysis showed
an accuracy rate of 94% using <160HU in absolute enhance-
ment as a cutoff for identification of malignant lesions. No
significant differences in lesion-cortex ratio or in lesion-
aorta ratio were identified in any given phase. To the best of
our knowledge, this is the first study which has compared
the same series of lesions by using both multiphasic CT
and CTp. CTp allows the quantitative evaluation of a tissue
perfusion whilst also optimising the acquisition protocol
and has shown promising results in the oncologic field,
even in RCC characterisation [10, 21, 22]. Like the recent
studies, we found significant differences in PS and MTT
values between malignant lesions (clear cell RCCs, papillary
RCCs, and chromophobe RCCs) and the normal renal cortex
(P < 0.001 and P = 0.029, resp.); however in our study BF
and BV values were not significant; moreover, none of the
CTp parameters evaluated in oncocytomas demonstrated
significant differences from those of a normal renal cortex
[10, 23, 24]. We also report significant lower values, in PS,
MTT, and BF values (P < 0.001, P = 0.01,and P = 0.02, resp.)
in malignant lesions in comparison with oncocytomas, and
these results were confirmed for PS and MTT values con-
sidering only the hypervascular subgroups (those with a
necrotic core versus those homogeneously hypervascular).
These results could be explained by alterations of microvessel
architecture in RCC, whereas oncocytomas, instead, appear
to exhibit normal architecture, very close to the normal
renal cortex. In fact, by evaluating a possible correlation of
perfusion parameters with histological findings, particularly
with microvessel density (MVD), a prognostic marker of
RCC, we found a significant correlation between BF and BV
and MVD (P < 0.01), suggesting that these CTp parameters
may reflect blood vessels and then neoangiogenesis of RCCs,
as also suggested by previous studies [10, 24]. At ROC curve
analysis, the difference between normal cortex and tumoural
PS values yielded the best result with a cutoft greater than
2.5mL/100 g/min with a sensitivity, specificity, and accuracy
of 100%, 66.67%, and 95.92%, respectively, to predict RCCs.
No increased accuracy rate was obtained by considering both
multiphase CT and CTp analysis. Previous studies tried to
describe and differentiate the renal lesions according to the
morphological criteria alone, which is often possible in large
lesions, but which can be difficult for small lesions, or accord-
ing to different multiphasic enhancement patterns upon CT
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examination, or using CTp parameters alone [10,16-20]. One
of the unique elements of our study is that it is the first which
considers two different CT techniques in the evaluation of the
same series of renal tumours; however it has some limitations.
Firstly, the number of renal lesions is low (49 lesions), and
the subgroup of benign lesions included is relatively small
(6 lesions, 12%). This could explain the low sensitivity and
specificity rates obtained by ROC analysis in both multiphasic
CT and CTp analyses, respectively. Increasing the case history
could strengthen the results. Furthermore some common
renal lesions, like angiomyolipoma with minimal fat, are
not represented in our case population. Secondly, only 49%
of the lesions are small renal lesions (<40 mm), which are
those with uncertain management: some authors, in fact,
claimed that a followup with an active surveillance instead
of surgical excision should be considered in these cases, in
particular if old age, decreased life expectancy, or extensive
comorbidities are associated [25]. Furthermore papillary
RCCs are significantly smaller than other tumours and this
could influence the vascularisation patterns, even if several
studies reported similar enhancement patterns for both small
and large papillary RCCs [26]. Finally the CTp showed
some limitations. Patients compliance is needed; in our
experience 8 patients were excluded because of respiratory
artifacts; moreover, it is not standardised yet, depending on
several factors including the hardware platform and software
algorithm [11, 27].

5. Conclusion

This study, even with the limitations just considered, showed
the feasibility of CTp in discriminating between renal cell
carcinoma and oncocytoma, which can be an aid in manage-
ment of renal lesions. In particular we would like to state not
only a standard cutoff for CTp analysis, but also a significant
difference between renal cortex and tumour CTp parameter
values that may suggest a malignant lesion. In an era with
increased interest in active surveillance, future studies will
determine whether adding CTp measurements could further
refine our predictive ability in the characterisation of renal
masses.
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Objective. To reduce the radiation dose, reduced time CT perfusion (CTp) acquisitions are tested to measure permeability surface
(PS) with a deconvolution method. Methods and Materials. PS was calculated with repeated measurements (n = 305) while
truncating the time density curve (TDC) at different time values in 14 CTp studies using CTp 4D software (GE Healthcare,
Milwaukee, W1, US). The median acquisition time of CTp studies was 59.35 sec (range 49-92 seconds). To verify the accuracy
of the deconvolution algorithm, a variation of the truncated PS within the error measurements was searched, that is, within 3
standard deviations from the mean nominal error provided by the software. The test was also performed for all the remaining CTp
parameters measured. Results. PS maximum variability happened within 25 seconds. The PS became constant after 40 seconds for
the majority of the active tumors (10/11), while for necrotic tissues it was consistent within 1% after 50 seconds. A consistent result
lasted for all the observed CTp parameters, as expected from their analytical dependance. Conclusion. 40-second acquisition time
could be an optimal compromise to obtain an accurate measurement of the PS and a reasonable dose exposure with a deconvolution

method.

1. Introduction

CT perfusion (CTp) is a form of functional imaging, the use of
which has increased in the past few years, thanks to the diffu-
sion of commercial software packages that allow the analysis
of dynamic data sets [1-3].

CTp requires dynamic contrast material-enhanced imag-
ing involving intravenous injection of a contrast material
bolus and sequential imaging to simultaneously monitor
changes in the iodinated tracer concentration as a function
of time both in the tissue of interest and in a vessel that is
used as an input function to determine perfusion parameters
of a given tissue, such as the blood flow (BF), the blood
volume (BV), the mean transit time (MTT), and the capillary

permeability surface (PS). The latter is considered a func-
tional CT surrogate marker of tumoural angiogenesis and
in this sense it can be used as an aid to carefully evaluate
the response to therapy in oncologic patients, especially with
the new therapies [4]. Calculation of these parameters is
strictly dependent on the arterial time-density curves (TDCs)
obtained by positioning a region of interest (ROI) on the
input function vessel [5]. Software packages for CTp analysis
typically extract the TDC and subsequently derive the perfu-
sion parameters of given tissue by using computational mod-
els, such as a graphic analysis of a two-compartment model,
“the so-called Patlak plot,” or a deconvolution technique
based on the time invariant linear compartmental model,
which liken the relationship between the arterial, tissue, and
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FIGURE 1: (a) Schematic representation of the time-density curves
(TDCs), after the injection of a bolus of contrast material, in the
three compartments (artery, tissue or compartment, and vein):
a(t),c(t), and v(t). The arterial a(t) and tissue c(¢) density curves
are related to each other through a convolution (see (2)) of the
artery curve with the impulse response function (IRF) shown in
(b). (b) Scheme of the residual impulse response function (IRF) and
perfusion parameters obtained through the deconvolution method
(GE Medical Systems. User Guide. Milwaukee, WI: GE Medical
Systems, 2002; 240-255). A measure of the IRF can be obtained by
deconvolving the density curve a(t) from c(t) measured with the
CTp. The CTp parameter values thus fully characterised the IRF
shape as shown. In more detail, the PS is related to the diffusion
coeflicient of the contrast agent through the pores of the capillary
endothelium into the interstitial space. In the tissue IRFE, the contrast
agent diffusion is related to the extraction fraction F,/BF (or the
fraction of contrast agent), which remains in the intravascular space
after the initial IRF response and which then diffuses exponentially
into the interstitial space. The extraction fraction is thus related to
the PS in the following way: F,/BF = 1 — exp(PS/BF), where the
parameter F is the blood flux measured after one mean transit time,
MTT (i.e., when the contrast bolus is passed).

possibly the venous enhancement, to a mixing compartment
(Figure 1) [6, 7]. The Patlak plot quantifies the PS parameter
by relating the amount of tracer accumulated in the tissue
(C(1)) to its concentration in the blood (a(t)):

t

c(t) =BVa(t) +PS J a(t')dt, )
0

where the BV and PS are free parameters (intercept and
slope, resp.) of a linear regression for c(t)/a(t) against
jot a(t")/dt' Ja(t). The deconvolution model (DM) computes
the residual impulse response function (IRF) that relates the
arterial and tissue TDCs:

c(t) =(a®IRF) (). (2)
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Once a(t) and the IRF are deconvolved the perfusion param-
eters are defined as in Figure 2. The PS is related to the dif-
fusion coefficient of the contrast agent through the capillary
endothelium into the interstitial space. In the tissue IRE the
contrast agent diffusion is related to the extraction fraction
F,/BF, or the fraction of contrast agent, which remains in
the intravascular space after the initial IRF response and
which then diffuses exponentially into the interstitial space.
The extraction fraction is thus related to the PS according to
Figure 1(b) and (3):

Fy

PS/BF
=1- , 3
BF € 3)

where the parameter F, is the blood flow measured after one
mean transit time (i.e., when the contrast bolus is passed),
F, = IRF(T, + MTT).

In both methods (1) and (2) the PS is therefore a derived
quantity that requires first measuring other primary param-
eters. With the Patlak plot it is necessary to first measure and
model the arterial and tissue TDCs and finally to perform
a linear regression [8]. In order to obtain an accurate linear
regression, and thus PS, it is necessary that the contrast not
leave the tissue during the measurements and long radiation
exposures for sufficient data for fitting [8]. The DM does
not require to model a(t) and c(¢) but only to measure
their temporal trend and the tissue perfusion parameters are
directly computed as a function of the height of the BF [9].
Beyond this computational advantage, the DM should be able
to measure the PS with a short duration acquisition, avoiding
unnecessary dose exposure to the patient [10]. In particular
the method for obtaining PS involves separating contribution
of the delivery of contrast medium via the supply artery from
the enhancement of the extracellular compartment of the
tissue of interest by performing a deconvolution of the tissue
TDC with respect to that of the supply artery. It is common
practice to acquire TDCs over a period of a minute or more,
in part based on a reasoning that the additional data in a time-
series that covers a longer interval should provide a more
stable and accurate estimate of PS. During the first passage
of contrast media, the large concentration gradient between
blood and tissue maximises the attenuation changes mediated
by a relative PS. As the blood and tissue concentrations grad-
ually approach equilibration, the PS becomes irrelevant, and
later, as excretion further lowers the blood concentration, a
small reverse (tissue to blood gradient) will lead to clearance
of the contrast medium from the tissue, but with little change
seen between the individual timepoints. Thus, the question
exists as to whether time-points beyond the first passage
of contrast media contribute significantly to producing an
accurate estimate of PS. Furthermore it would clearly be con-
venient to apply the shortest acquisition durations, anyhow
without compromising the CTp parameter measurements.
However the deconvolution algorithm, and thus the accuracy
in the CTp estimates, depends on the number of experimental
points derived for a(t) and c(f) curves. In other words, a
given number of points are necessary to reach the algorithm
convergence, and this, in turn, is a function of both the CTp
acquisition duration and its temporal resolution.
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FIGURE 2: The trend of all the perfusion parameters measured using CT Perfusion 4D platform against the truncation time for the 14 CTp
studies: the dotted vertical lines at 25 seconds and 40 seconds identify the three temporal intervals where the data are collected; variation of

the truncated PS (a), BF (b), MTT (c), and BV (d) measurements.

Examining the previous consideration, in the present
study we investigate this hypothesis for an unbiased sample
of pathologies, in order to determine the feasibility of a short
duration tumour perfusion acquisition protocol that would
limit the dose exposure to the patient.

2. Materials and Methods

2.1. Patients and CTp Examination. Our study had institu-
tional review board approval and a written informed consent
was obtained from all patients. To realise our work, fourteen
consecutive CTp studies, conducted in 11 patients (mean age
52.5 years; range 30-75 years; 7 males and 4 females) for
lung cancer during chemotherapic treatment (LC1, LC2, and
LC3), Hodgkin lymphoma (HL2, HL3, HL5, and HL7 active,

i.e., at staging time with a positive PET imaging, and HLI,
HL4, and HL6 inactive, i.e., in complete response [CR] after
therapy according to the revised Cheson criteria, inactive
residual mass with a negative PET imaging), and renal cell
carcinoma (RCCl, RCC2, RCC3, and RCC4), were randomly
selected from a cohort of 100 CTp studies performed in our
department from January 2013 to April 2013. The CTp studies
were performed with a 64-section MDCT scanner (VCT, GE
Healthcare, Milwaukee, WI, USA). A supervising radiologist
(9 years of experience in CTp) identified the tumour and then
placed the predefined scan volume (80 mm for shuttle axial
technique and 40 mm for cine technique) in the z-axis to
cover the lesion for the CTp study. Cine technique was used
when the lesion was smaller than 20 mm. The dynamic cine
acquisition consisted of 8 contiguous sections, collimated
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TABLE 1: Main features of the 14 CT perfusion studies selected to realise our work.

. . . Time of acquisition (s) Temporal Number of
Patient Perfusion technique (mean 59.35s) resolution (s) measurements
I_.IL ! . Shuttle 92 2.8 22
(inactive)

HL 2 Shuttle 56 2.8 23
(active)

HL 3 Shuttle 7 28 21
(active)

I_.IL 4 . Shuttle 57 2.8 17
(inactive)

HL 5 Cine 59 0.5 48
(active)

I_.IL 6 . Shuttle 49 2.8 13
(inactive)

HL7 Shuttle 57 28 17
(active)

LC1 Shuttle 57 2.8 18
LC2 Shuttle 57 2.8 19
LC3 Shuttle 60 2.8 19
RCC1 Shuttle 49 2.8 12
RCC2 Shuttle 49 2.8 13
RCC3 Cine 69 0.5 49
RCC4 Shuttle 48 2.8 14

CTp studies conducted for Hodgkin lymphoma (HL, n = 7; 3 of which were after treatment), lung cancer (LC, n = 3), and renal cell carcinoma (RCC, n = 4).

to 5mm, with temporal resolution of 1 second by using a
cine-mode acquisition without table movement and with the
following parameters: 100 Kv, 80 mAs, rotation time 0.5s,
and scan field of view of 50 cm, whereas it consisted of
8 contiguous sections, collimated to 5mm, with temporal
resolution of 2.8 seconds by using a shuttle-mode acquisition
with table movement (17 to 33 passes) and with the following
parameters: 100 Kv, 80 mAs, rotation time 0.4 s, and scan field
of view of 50 cm. The median acquisition time of CTp studies
was 59.35 seconds (range 49-92 seconds). For the CTp study;,
100 mL of Iomeprolo (Iomeron 400; Bracco, Milan, Italy) was
administered intravenously at a flow rate of 5mL/s followed
by 40 mL of saline solution at the same flow rate. Scan acquisi-
tion commenced 5 to 10 seconds after the start of the contrast
material injection, according to the lesion location, in order
to ensure the acquisition of a little nonenhanced baseline
images at the tumour level to allow the software to plot the
enhancement change over time. Patients were allowed to
breathe gently during the dynamic scan acquisition. In all
patients, restraining bands were placed around the abdomen
or thorax to limit respiratory movements. In Table 1, the main
features of the 14 CTp studies selected to realise our work are
summarised.

2.2. CTp Measurements. Image analysis was performed in
consensus by 2 radiologists, who were experienced in the
analysis of CTp studies (with 9 and 2 years of experience in
CTp, resp.). All 14 CTp studies were analyzed by using the
current version of commercial software (Body Tumour CT
Perfusion software version 4D; GE Healthcare Technologies).

A processing threshold between 0 and 120 Hounsfield units
(HU) was utilised. The arterial input was determined by
placing a circular ROI of no more than half the arterial
diameter, within the aorta. A TDC for the entire acquisition
time of each study was generated automatically. Tumour BE,
BV, MTT, and PS were calculated with repeated measure-
ments (n 305), while truncating the TDCs at different
time values in the 14 CTp studies selected. In particular
perfusion parameters of the selected tissue were measured
on a circular or oval ROI, larger than 70% of the minimum
diameter of the tumour, which was chosen to incorporate
the solid-appearing part of the target lesion. For each patient
the arterial and tissue ROI as well as the start of the TDCs
(taken as the last timepoint before the start of the upslope of
the arterial TDC) were maintained fixed. A series of BE, BV,
MTT, and PS measurements were then obtained by changing
the truncation time of the TDCs, positioning the first cursor
by the last preenhancement image and the second cursor at
any time indicating the temporal resolution (i.e., at any 0.5
or 2.8 seconds for cine and shuttle acquisition, resp.) from
that, to allow the processing of the data to the end of the
TDC. In the following, we refer to the temporal position of
the second cursor as the “truncation time” (Tt). This allows,
for each patient, elaborating modified CTp data sets varying
the duration of the dynamic phase.

2.3. Statistical Analysis. To verify the accuracy of the decon-
volution algorithm, we investigated the variation of the
truncated PS value against the truncation time. Since large
relative errors affect any single measurement, we limited the
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analysis to a direct comparison of the PS values without
considering the standard deviation provided by the software
across the tumour ROI for each truncation time. Then, for
each patient we have collected the truncated data in three
temporal intervals, chosen in order to maximise the gap in
the standard deviations between an interval and its next. The
analysis was also performed for all the parameters obtained
(BE MTT, and BV) using CTp 4D platform.

To evaluate whether the CTp metrics were able to distin-
guish between active and inactive tumours even with rela-
tively short scanning, we performed a Kolmogorov-Smirnov
(K-S) test limited to the Hodgkin lymphoma where we have
4 active (i.e., at staging time with a positive PET imaging)
and 3 inactive tissues (i.e., in complete response [CR] after
therapy according to the revised Cheson criteria, inactive
residual mass with a negative PET imaging) (i.e., 109 versus
52 measurements, resp.).

3. Results

The mean and variation in the tumour PS, BE MTT, and
BV values obtained with DM processing for different choices
of truncation time (Tt) are shown in Figure 2. The CTp
4D was able to process the data in all cases. The collection
of the truncated measurements in three temporal intervals
(i.e., those Tt values that maximise the gap in the standard
deviations between an interval and its next) yields the cuts
at 25s and 40s for active tumours (HL2, HL3, HL5, HL7,
LC1, LC2, LC3, RCC1 RCC2, RCC3, and RCC4), while for
necrotic tissues (HL1, HL4, and HL6) they are 25s and
50s. The relative (with respect to the mean PS, in a given
interval) standard deviations are listed in Table 2. A relative
error of 0.00 means that the PS remained constant within
the truncation interval. Regarding the analysis of standard
deviation in truncated PS, a visual inspection of Figure 2
reveals that, in the majority of the cases, the PS values rise up
for 25 s with a later flattening of the trend. This suggests that
the algorithm needs about 25 s to have sufficient coverage of
the TDCs to perform a reliable deconvolution, after which the
results remain stable. Comparing the values listed in Table 2,
in most of the cases (13/14), the largest variability happens
within 25s; in 45% of the patients (HL2, LC1, LC3, RCCI,
and RCC3), the PS value becomes constant, truncating the
data after 25s. The same happens in 91% (10/11) of the active
tumours, after 40's, the only exception being HL5 but with
a relative error smaller than 1%. Necrotic tissues (HL1, HL4,
and HL6) are characterised by noisier data and required at
least 50 s to obtain a standard deviation lower than 1%. This
reflects the low enhancement in their images (i.e., a poorly
determined TDC c¢(t)), which is due to limited penetration
of the contrast in the necrotic tissues. Comparing the 7
HL (crosses in Figure 2), the trends of active and inactive
pathologies are clearly separated, as confirmed by the K-S
(test probability, 1.5 x 107%2).

4, Discussion

A major limitation of CTp studies is the significant dose of
radiation to the patient, mainly due to the long exposure

5
TABLE 2: Relative PS error (%).

Patient Tt>0s Tt<25s 255 <Tt<40s Tt>40s
HL1 17.00 13.00 16.00 6.40 (1.3)
HL2 29.00 65.00 0.00 0.00
HL3 6.10 12.00 0.34 0.00
HL 4 36.00 61.00 24.00 7.70 (0.96)
HL5 36.00 49.00 1.20 0.78
HL6 5.40 3.10 1.60 1.10 (0.38)
HL7 15.00 18.00 1.30 0.00
LC1 3.30 5.20 0.00 0.00
LC2 8.40 14.00 1.20 0.00
LC3 18.00 1.50 0.00 0.00
RCC1 14.00 24.00 0.00 0.00
RCC2 14.00 20.00 0.45 0.00
RCC3 4.30 73.00 0.00 0.00
RCC 4 19.00 15.00 6.00 0.00

For each patient (column 1), the standard deviation of PS over the tumour
ROI/the truncation interval (expressed as a % of the PS mean) is given for
each of the truncation intervals (column 2) and in subsequent truncation
time (Tt) intervals (columns 3, 4, and 5). For necrotic lymphomas (i.e., HLI,
HL4, and HL6) we also list in parenthesis the value shifting the last Tt cut at
50 sec.

HL: Hodgkin lymphoma; LC: lung cancer; RCC: renal cell carcinoma.

times (>60s) [10-12]. Tognolini et al. have recently demon-
strated that CTp using the deconvolution method does not
require a scanning time of more than 20-30s for the BF
computation in a rat tumour model [13]. To our knowl-
edge, no studies have demonstrated the same possibility in
computing CTp parameters in humans. PS parameter is a
derived quantity that requires one to first measure primary
parameters of CTp, such as BE BV, and MTT. With the Patlak
plot a long acquisition time seems to be necessary to achieve
an accurate representation of the first pass of the injected
contrast material bolus or vascular phase [a(¢)] and a second
phase, or interstitial phase [c(t)], to depict the dynamic char-
acteristics of lesion enhancement and to obtain an accurate
linear regression and thus a reliable PS. The DM does not
require one to model a(¢) and c(t) but only to measure their
temporal trend. Beyond this computational advantage, the
DM allows one to measure the PS with a short acquisition
time. In fact, it is sufficient to have enough observed points
in the TDCs to stabilise the deconvolution algorithm and
measure primary parameters. Once the algorithm is stable,
increasing the acquisition time adds little or no information
about PS or for the other parameters. In our work, ~40
seconds of acquisition time was found to be sufficient to
obtain a reliable IRF deconvolution and accurate PS value in
the absence of those regarding necrotic tissues (e.g., checked
after chemotherapy), for which slightly longer exposures (50
seconds) yield more consistent results (relative error <1%).
The main limitation of this study is the absence of a direct
comparison with other computation models, as the Patlak
plot, which could be the subject of a further study.
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This review aims to summarize the technique and clinical applications of CT perfusion (CTp) of head and neck cancer. The most
common pathologic type (90%) of head and neck cancer is squamous cell carcinoma (HNSCC): its diagnostic workup relies on CT
and MR, as they provide an accurate staging for the disease by determining tumour volume, assessing its extension, and detecting
of lymph node metastases. Compared with conventional CT and MRI, CTp allows for obtaining measures of tumour vascular
physiology and functional behaviour, and it has been demonstrated to be a feasible and useful tool in predicting local outcomes in
patients undergoing radiation therapy and chemotherapy and may help monitor both treatments.

1. Introduction

Head and neck cancers represent about 5% of all malignancies
newly diagnosed each year. Squamous cell carcinoma is
the most common histology, accounting for about 90% of
these tumours. Head and neck squamous cell carcinomas
(HNSCC) arise from the mucosa of the upper aerodigestive
tract and are linked by common characteristics includ-
ing a male-predominant presentation and a multifactorial
etiopathogenesis. Historically tobacco and alcohol assump-
tion are the most important risk factors while human papil-
loma virus (HPV) exposure is an emerging cause, particularly
common in the oropharynx subsite and with a better clinical
outcome [1].

Most head and neck patients present in a locally advanced
stage with a poor prognosis. In this setting various strategies
have been tried to improve outcomes of the two main
standard treatments (surgery and radiotherapy). Concomi-
tant chemoradiation treatment has become the standard of
care in the unresectable locally advanced disease and as
organ preservation strategy [2]. Induction polychemotherapy
(given before radiotherapy with or without concomitant

chemotherapy) has been extensively investigated on the effort
of improving overall survival by reducing the incidence of
distant metastasis [3-5]. Despite the wide literature on this
topic, this approach cannot be considered a standard of care
yet and needs further data. Finally the overexpression of
epidermal growth factor receptor in HNSCC is more than
90% and a correlation between this feature and a worse prog-
nosis was found. Cetuximab, a monoclonal antibody against
epidermal growth factor receptor, showed significant efficacy
in locoregional control of disease and in overall survival
either in the curative setting [6] or in the recurrent/metastatic
HNSCC [7].

Given all these new therapeutic approaches, there
remains the fact that a subset of patients obtain a major or
complete response, especially from induction chemotherapy
and target therapy, and we do not have predictive markers to
anticipate this and to personalize the therapeutic strategy in
order to improve outcomes or reduce toxicity.

In the clinical practice cross-sectional imaging integrates
endoscopic evaluation of HNSCC providing information
about the local invasion of the tumour into the surrounding
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structures as well as the regional spread of the disease, as both
have an impact on treatment and prognosis.

The traditional evaluation of response to treatment is
based on modification of tumour dimensions which is
unidimensional for the universally recognized Response
Evaluation Criteria in Solid Tumour (RECIST) [17].

The assessment of tumour volume changes after treat-
ment by CT may be used as an objective and reproducible
technique for therapy monitoring, with good correlation with
histology [18].

Furthermore CT-determined tumor volume is a strong
predictor of local and locoregional outcome of laryngeal
carcinoma [19].

However cross-sectional imaging techniques provide
only morphologic assessment and do not tell us anything
about the tumour biology.

The knowledge about the cellularity or the perfusion of
a tumour may help in the differentiation of the biological
behaviour during and after treatment of lesions having the
same histologic type [20].

CT perfusion (CTp) has recently been used to obtain
measures of tumour vascular physiology and hemodynamic.
In contrast to the logarithmic relation between signal inten-
sity and concentration of paramagnetic contrast medium of
dynamic contrast enhancement MRI (DCE-MRI), the main
advantage of CTp is the linear relationship between con-
trast concentration and attenuation in CT, which facilitates
quantitative measurement of perfusion parameters [21]. Also,
CTp advantages include high spatial resolution and wide
availability, having the use of ionizing radiation, need of
iodinated contrast medium injection, and relatively limited
coverage as its major limitations.

2. CTp Technique

CTp is a theoretical tool able to quantify, through mathe-
matical models and dedicated software, the “real” perfusion
of tissues. The first technical requirement is the execution of
repeated CT scans of the volume being analysed during and
after intravenous administration of a fast bolus of iodinated
contrast medium, to allow the study of the density variations
over time [22]. The density measured by CT in the unit of
volume (voxel), expressed in Hounsfield units (HU), reflects
the contrast agent within the blood vessels and the contrast
agent which has moved to the interstitial space due to passive
diffusion [23].

The selection of the arterial input through the placement
of a region of interest (ROI) on an artery allows obtaining
a time-density curve of the artery, expressed in HU. This
is then compared with the time-density curve of the tissue
being analysed in order to distinguish between the quantity
of contrast agent within the blood vessels (vascular com-
partment) and the quantity present in the interstitium (extra
vascular/extra cellular compartment) [23].

Some studies demonstrated that the use of internal
carotid artery (ICA) or external carotid artery (ECA) ipsilat-
eral or contralateral to the tumour as the arterial input has
no significant effect on CTp calculation of HNSCC [24, 25].
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Tawfik et al. recommend the use of ICA because of the lower
risk of partial volume effects correlated with its larger caliber
and its course, almost perpendicular to the axial plane [24].

Various kinetic models can be used to calculate the
distribution of contrast agent in the different compartments
through the estimation of the perfusion parameters. In some
of these models the analysis is performed using the single-
compartment or double-compartment method which respec-
tively describes the vascular and extravascular compartments
as single or separate compartments [26].

The deconvolution method uses arterial and tissue time-
density curves to calculate the impulse residue function
(IRF), a theoretic tissue curve obtained assuming that the
contrast agent is not diffusible and its concentration in the
tissue is linearly dependent on the input arterial concentra-
tion when the blood flow is constant [26].

Most papers published about CTp in the study of HNSCC
used the deconvolution based software which generates the
following perfusion parameters [23, 27].

(i) Blood flow (BF), expressed in mL/min/100 g of tissue,
is the flow rate of blood through the vasculature in
tissue region. BF includes flow information from large
vessels, arterioles, capillaries, and venules as well as
arteriovenous shunts, which are more common in
neoplastic tissue than in healthy tissue.

(ii) Blood volume (BV), expressed in mL/100 g of tissue,
represents the volume of blood that flows within
vasculature in a tissue region.

(iii) Mean transit time (MTT), expressed in seconds,
represents the mean time the blood takes to pass
through the microvasculature from the arterial to the
venous end. MTT is inversely correlated to BE

(iv) Permeability-surface products (PS), expressed in
mL/min/100g of tissue, measure the product
between the permeability and the total surface area
of capillary endothelium in a unit mass of tissue
(usually 100 g of tissue). It is considered as a surrogate
marker of immature leaky vessels which are more
common in neoplastic tissue.

Clinical interpretation of CTp is based on a qualitative
analysis and a quantitative analysis. Qualitative analysis
involves the analysis of the colour maps generated by the
software for each perfusion parameter. Each pixel of the CT
images is attributed a colour which represents the numerical
value of perfusion parameter calculated for that pixel and the
colour scale is chosen by the operator in order to maximize
the differences between areas having different perfusion.

Quantitative analysis involves the interpretation of
numerical values of perfusion, which the software calculates
for the area bounded by the ROI placed over the tumour
representing the mean of the numerical values of each voxel
included in the ROI [23].

Similar to CTp studies of other tumour sites [28], Petralia
et al. found a good inter- and intraobserver agreement when
CTp data were analysed by differently experienced readers,
especially for BE, BV, and MTT [25]. The lower and more
variable agreement observed for PS probably depends on
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TaBLE 1: CTp parameters obtained during and after radiotherapy and induction chemotherapy showing as valid predictions in monitoring

the treatment.

Number of Predictive

Author Cancer Treatment ) P value Type of study
patients parameters
0.046 .
Truong et al. [8] Primary HNSCC Radiotherapy 15 BE Prospective
BV 0.053
<0.003 .
Petralia et al. [9] SCCA, of the upper Induction chemotherapy BE Prospective
aerodigestive tract 25 BV <0.01
Gandhi et al. SCCA. of the upper Induction chemotherapy 9 BV - Prospective
[10] aerodigestive tract
Advanced SCCA of
Surlan-Popovic oral cavity, Chemoradiotherapy 20 BV 0.01 Prospective
etal. [11] oropharynx,
hypopharynx

Notes: SCCA: squamous cell carcinoma; HNSCC: head and neck squamous cell carcinoma; BF: blood flow; and BV: blood volume.

the fact that its calculation, being reliant on prolonged
scanning, is likely more affected by the cumulative effects of
small motions than the other parameters which derive from
first-pass scanning [25].

Over the past decade several studies investigated the
role of CTp both in monitoring and predicting short-
term and long-term response to organ-preserving treatments
in HNSCC, though different end points were considered:
disease-free survival in some case [16] and tumour volume
reduction in others [9, 13, 14].

3. Monitoring during and after Treatment

In the clinical routine endoscopic examination integrated
by biopsy and cross-sectional imaging represents the gold
standard for therapy monitoring of HNSCC.

Few studies (Tablel) investigated the value of CT-
determined tumour perfusion in this specific clinical setting
in a similar way to what demonstrated for tumours located
in other body regions. This is based on the theory that
changes produced by radiotherapy and chemotherapeutic
agents on tumour vascularity can be identified by changes
in CTp measured tumour perfusion. Treatment, specifically,
induced reduction of microvessels inside the tumour could
be identified as a decrease of BV values while a decrease
of BF could indicate a reduction of low resistance flow
arteriovenous shunts in the microvasculature. The reduction
of hyperpermeable capillary bed could be expressed with a
decrease of PS values [29] (Figure 1).

In a small group of 9 patients treated with induction
chemotherapy Gandhi et al. [10] found a positive correlation
between BV pretreatment lesion values and the tumour
response assessed by endoscopy. They also found that a
decrease > than 20% in BV values after 3 weeks of therapy
is able to predict a reduction of cancer volume greater than
50%.

Petralia et al. [9] confirmed the relevance of CTp param-
eters in monitoring the response to the therapy. They found a
significant correlation between the percent change in BV and
BF values and the percent reduction of tumour volume after

3 cycles of induction chemotherapy. Their results appear to
be more reliable since they use, as response quantification,
tumour volume assessed by CT instead of the endoscopy
standard which is an operator-dependent technique.

Serial fluctuations in perfusion parameters of HNSCC
during a course or radiotherapy were prospectively evaluated
by Truong et al. [8], by using CTp to provide informa-
tion about the periodical changes in tumour oxygenation
produced by radiotherapy. Pretreatment tumour BF was
higher in patients who achieved locoregional control (LRC)
compared with those with locoregional failure (LRF) (P =
0.004), consistent with the findings of Hermans et al. [12].
Furthermore, authors demonstrated that an increase in BF
during the first two weeks of radiotherapy is able to predict
LRC, with a decrease in both groups after 6 weeks of radio-
therapy compared with the values at the baseline scanning,
suggesting that a higher BF in tumour tissue at the baseline
and during the early course or radiotherapy predicts a better
tumour control.

Interestingly Surlan-Popovi¢ et al. [11], in a series of 24
patients with locally advanced HNSCC, demonstrated that
the modifications of CTp parameters during the course of
treatment might predict tumour response to cisplatin-based
chemoradiotherapy.

In particular responders presented a significant reduction
of BF values (p 0,04) after 40 Gy which was more pronounced
after 70 Gy (p 0,01) and a significant reduction of BV values
after 40 Gy with a plateau after 70 Gy (p 0,04). MTT and PS
values showed nonsignificant modifications.

On the contrary in nonresponders BF, BV, and PS values
showed a nonsignificant increase after 40 Gy.

The possible explanation given by the authors to these
findings is that the dynamics in CTp parameters are mainly
related to the cytotoxic effects of radiotherapy to the vascular
endothelium which is more effective than the little antivascu-
lar action of cisplatin-based chemotherapy [11].

In an attempt to explain the increase of perfusion parame-
ters values observed in nonresponders, authors hypothesized
that ionizing radiation therapy may produce the upregulation
of VEGF which promotes survival of endothelial cells in
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FIGURE 1: Squamous cell carcinoma of hypopharynx in a responder patient: CT scan (a) obtained before chemotherapy shows the lesion
involving the right piriform sinus. On the same section, functional maps of BF (b), BV (c), MTT (d), and PS (e) are automatically generated by
the software, showing the values calculated in each pixel of the image in a color scale. CT scan obtained in the same patient after chemotherapy

and radiotherapy showing a complete disappearance of the tumour (f).

residual tumour tissue and consequently radiation resistance
(30].

4. Prediction of Response to
Radiotherapy and Chemotherapy

The rationale of the potential role of CTp in predicting
response to nonsurgical therapies is that it is substantially
influenced by tissue perfusion and local oxygen delivery. The
oxygen supply to a tissue is governed by its perfusion and the
arterial oxygen concentration. It is conceivable that higher
levels of BF and BV may correlate with better oxygen/drug

delivery and therefore may predict the response to radiation
therapy or chemotherapy.

Theoretically, a CTp study performed prior to the begin-
ning of therapy could identify patients with poorly perfused
tumours likely to demonstrate a bad response to chemora-
diotherapy, thus allowing them to be directed to alternative
treatments [29].

Thus, in recent years, some studies appeared in the
literature dealing with this topic (Table 2).

In a series of 105 patients with HNSCC treated with
definitive radiotherapy, some associated with adjuvant
chemotherapy, Hermans et al. [12] found that CTp parameters
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TABLE 2: Results for the prediction of response to radiotherapy and chemotherapy based on the pretreatment tumour volume and the

perfusion-associated parameters.

Number of

Author Cancer patients Predictive parameters P value Type of study
I—ierlm[zigl]s Primary HNSCC 105 Median perfusion value 0.01 Prospective
etal.

Zima et al. SCCA of tbe upper 17 BF <0.03 Prospective
(13] aerodigestive tract BV <0.004

1[311:](1 asetal. Advanced oropharynx SCCA 19 BE BV, PS, MTT <0.001 Prospective
Petralia et al. SCCA of tbe upper 25 BV 0.015

9] aerodigestive tract

Bisdas et al. Primary SCCA of oral cavity, 21 BE BV, MTT, PS <0.004 Prospective
[15] oropharynx, hypopharynx BF,... BV, <0.001

Bisdas et al. SCCA of the upper 84 BE PS <0.000 Prospective
(16] aerodigestive tract BF-BV mismatch 0.01

Notes: SCCA: squamous cell carcinoma; HNSCC: head and neck squamous cell carcinoma; BF: blood flow; BV: blood volume; PS: permeability surface area
product; MTT: mean transit time; and CP: capillary permeability surface area product.

FIGURE 2: Squamous cell carcinoma of the oropharynx in a nonresponder patient. The functional maps of BF (a), BV (b), MTT (c), and PS
(d) are automatically generated by the software, showing low BF and BV values within the lesion.

are independent predictors of local control together with T
stage. In particular patients with alow perfusion pretreatment
value showed a statistically significantly higher local failure
rate than those with a high perfusion value (P < 0.05),
presumably due to a more extensive degree of hypoxia in
low-perfused tumour and therefore characterized by low
radiosensitivity (Figure 2).

Similarly, in a study of 17 patients, Zima et al. [13]
demonstrated that elevated pretreatment values of BF (P <
0.03) and BV (P < 0.004) CTp parameters showed a signif-
icant correlation with response to induction chemotherapy
evaluated endoscopically.

Bisdas et al. [14] confirmed these results showing
correlation between radiological response after induction



chemotherapy and CTp parameters at baseline while just
a weak correlation with pretreatment tumour volume was
found. With these findings CTp perfusion parameters seemed
to outperform the morphologic characteristics, being signif-
icantly different (P < 0.002) between responders and nonre-
sponders with high BE, BV, and PS and low MTT correlated
with a better tumour response, presumably reflecting better
tumour oxygenation. The authors concluded their paper
highlighting the role of CTp as a noninvasive, inexpensive,
and widely accessible diagnostic tool, able to improve the
choice of organ preservation treatment regimens in order to
maximize the therapeutic efficacy [14].

In the paper by Petralia et al. [9] only baseline tumour BV
was significantly lower (p 0,015) in nonresponder compared
to responders to induction chemotherapy. They found a trend
to correlation between baseline tumour BV and high tumor
volume reduction assessed by CT [21].

Bisdas et al. [15] assessed whether CTp may predict
outcome in 21 chemoradiated patient with oral cavity,
oropharynx, and hypopharynx SCC after surgical excision:
they applied a new analysis on the region of interest-
derived CTp values, namely, the maximum BE BV, and
PS, as well as the minimum MTT values, trying to avoid
the considerable intratumoral variation covered with mean
values. Both mean perfusion values and BF,,,, BV,,,, and
BS,,.x were significantly different between patients with and
without tumour recurrence (P < 0.04). Also, the authors
underline the predictive value of PS and MTT. In particular
they found a relative risk of recurrence about 14 time higher
in patients with lower than the median BS,.,, values, which
is apparently in contrast with the results of other studies
demonstrating a significantly shorter disease-free survival
in patients with high intratumoral microvessel density [31].
According to the authors these findings confirm the absence
of any clear relationship between microvascular density and
PS values [32]. On the other hand the predictive role of MTT
values may be attributed in part to leaky tumour vessels,
which lead to improved oxygenation [15].

The same authors [16], in a large series of 84 patients with
advanced HNSCC who underwent CTp prior to concomitant
chemoradiotherapy, found that BF and PS values were signif-
icantly higher in patients who had local failure (P < 0.02).

Furthermore a simultaneous visual evaluation of the BF
and the BV parametric maps showed that the presence of a
mismatch (>30% of the examined lesion extent) between the
colour-encoded maps correlates with shorter life expectance
(P = 0.01) and smaller recurrence-free survival (P = 0.03).

This approach is based on the rational that a considerable
mismatch, more evident in locally advanced tumours, may
indicate a heterogeneous pattern of vascularisation, which
may lead to a cascade that influences cellular phenotypes and
presents with therapy resistance [33].

5. Conclusions

All the preliminary results of previous studies show that
elevated CT perfusion parameters are statistically correlated
to a better response to radiotherapy and chemotherapy and
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prove that tissue oxygenation may also influence the spread
of chemotherapy agents and a higher radiosensitivity.

BV and BF have clearly emerged as the most significative
CTp parameters as they may predict response to radiation
therapy and chemotherapy and may help monitor both
treatments.

PS and MTT parameters are insufficiently predictive of
the response compared with BV and BF: only one paper
highlighted their achievable effectiveness [15].

It must be also considered that published studies consid-
ered different end points and most of them correlated their
findings with short-term follow-up.

Large-scale studies examining the long-term predictive
value of baseline CTp studies in patient treated both with
neoadjuvant chemoradiation or chemoradiation with cura-
tive intent might help in tailoring the therapy regimen on
individual basis. As an instance, the possibility to identify
earlier a failed response to induction chemotherapy may help
avoid this step during the therapeutic treatment plan.

Therefore, a more standardized technique is hopeful in
order to achieve reproducible and comparable method across
different institutions.

Future integrated applications with PET-CT findings or
dual-energy CT may enable more understanding of the
biologic behaviour of the tumour in vivo, making the CTp one
of the potential cornerstone of biologic imaging of HNSCC.
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Background and Purposes. The 320-detector row CT scanner enables visualization of whole-brain hemodynamic information
(dynamic CT angiography (CTA) derived from CT perfusion scans). However, arterial image quality in dynamic CTA (dCTA)
is inferior to arterial image quality in standard CTA. This study evaluates whether the arterial image quality can be improved by
using a total bolus extraction (ToBE) method. Materials and Methods. DCTAs of 15 patients, who presented with signs of acute
cerebral ischemia, were derived from 320-slice CT perfusion scans using both the standard subtraction method and the proposed
ToBE method. Two neurointerventionalists blinded to the scan type scored the arterial image quality on a 5-point scale in the 4D
dCTAs in consensus. Arteries were divided into four categories: (I) large extradural, (II) intradural (large, medium, and small),
(III) communicating arteries, and (IV) cerebellar and ophthalmic arteries. Results. Quality of extradural and intradural arteries was
significantly higher in the ToBE dCTAs than in the standard dCTAs (extradural P = 0.001, large intradural P < 0.001, medium
intradural P < 0.001, and small intradural P < 0.001). Conclusion. The 4D dCTAs derived with the total bolus extraction (ToBE)
method provide hemodynamic information combined with improved arterial image quality as compared to standard 4D dCTAs.

1. Introduction

Cerebral computed tomography perfusion (CTP) scans are
acquired in patients with acute stroke [1] or subarachnoid
hemorrhage [2]. Although there is some debate [2-5] about
the prognostic value of CT perfusion, many studies [1, 2, 6-9]
have shown that it provides valuable information about the
cerebral hemodynamics, especially with the introduction of
320-slice CT scanners (16 cm coverage) that enable the acqui-
sition of whole-brain CTP scans and provide an option to
derive 4D dynamic CT angiography (dCTA) images from the
CTP scans [9-12]. These 4D dCTA images show great poten-
tial for the assessment of collaterals [13], the measurement
of cerebral circulation times [14], and arteriovenous shunting
lesion assessment [15]. However, it has been shown that the

4D dCTAs have inferior quality compared to standard 3D
CTA scans [16]. Therefore, cerebral arteries, and in particular
arteries with a small diameter, are more difficult to assess.
Several methods have been proposed to derive vascular
information from CTP scans [17-19] of which some are with
a quality comparable to standard 3D CTA [19, 20]. However,
these methods do not provide full 4D dynamic CTA images
but instead provide a 3D image showing the vasculature.
Therefore, even though the arterial image quality is good, the
hemodynamic information available in the 4D dCTA images
is lost. In this paper, we propose a total bolus extraction
(ToBE) method to derive 4D dCTAs from CTP scans in which
the hemodynamic information is preserved. We performed
an observer study in which two neurointerventionalists
scored the image quality of the intracranial arteries in 30
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anonymized and randomized dCTAs (15 standard and 15
ToBE dCTAs). The observers were blind to the type of dCTA
that was presented to them. Our hypothesis is that the ToBE
method will improve the arterial image quality in the 4D
dCTAs derived from the 4D CTP scans compared to the
standard method to derive 4D dCTAs.

2. Materials and Methods

2.1. Patients. Fifteen patients (4 males, 11 females; average
age of 70.2 years, range 53-88 years) were included from
a large prospective multicenter observational cohort study.
This cohort study evaluates the predictive value of CTP and
CTA on the clinical and radiological outcome measures of
patients presenting with symptoms of acute ischemic stroke.
On admission, all patients underwent an unenhanced CT
and a CTP study of the brain using Toshiba Aquilion ONE
320-slice CT scanner (Toshiba Medical Systems, Otawara,
Japan). Inclusion criteria were age >18 years, onset of stroke
symptoms <9 hours, National Institutes of Health Stroke
Scale (NIHSS) >2, and informed consent from patient or
family. Exclusion criteria were known renal failure and
contrast allergy.

2.2. CTP Scan Acquisition Protocol. CTP studies were
acquired during injection of 50mL of contrast agent
(IOMERON 400, BRACCO Imaging Europe) with a flow rate
of 5mL/s followed by 40 mL saline solution with a flow rate of
4 mL/s using an antecubital placed intravenous line. A total
of 24 volume scans were acquired (slice thickness: 0.5 mm,
slice interval: 0.5mm) with a total scan time of around
three and a half minutes. The CTP acquisition procedure
consisted of a mask volume (5 seconds after start of contrast
agent administration), followed by a 10-second delay, 4 early
arterial volumes (80 mA, 80kV), 6 full dose arterial volumes
(300 mA, 80 kV), and 3 late arterial volumes with an interscan
delay (ISD) of 2 seconds (160 mA, 80kV). Next, 4 venous
volumes (ISD of 5 seconds) and 6 delayed volumes starting
at 90 seconds (ISD of 30 seconds) were obtained (130 mA,
80kV).

2.3. Postprocessing

2.3.1. Standard 4D Dynamic CTA. The standard 4D dCTAs
were derived from the 320-slice CTPs on a postprocessing
workstation (Vitrea fX, Vital Images, Minnetonka, USA).
This software subtracts the first unenhanced volume of the
CTP study from the subsequent contrast enhanced volumes
to ensure that only vessels remain visible. From the result-
ing dCTA, the volume with the highest arterial contrast
(arterial phase) was selected for quality analysis of the
arteries.

2.3.2. ToBE 4D Dynamic CTA. ToBE dCTAs were derived
from the 320-slice CTPs by employing the total bolus
extraction method developed in the UMC Utrecht, The
Netherlands. This method is based on a method proposed
by Mendrik et al. [18, 20] that derives 3D angiograms
from CTP data. These 3D angiograms (vessel enhanced
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volumes) were derived from the CTP data by quantifying
the total change in Hounsfield units (HU) over all temporal
volumes (total bolus), using the absolute area under the
first temporal derivative curve as described in [18]. For
this study, dynamic information extracted from the original
CTP data was added to the 3D angiograms, to create the
ToBE dCTAs, as follows: a Gaussian temporal filter (¢ =
1 sec) was applied to the original CTP data to reduce noise.
Subsequently, the time-intensity curves in the filtered CTP
data were normalized to values between zero and one, by
detecting the baseline and maximum, and multiplied by
the 3D angiogram. An automatically generated skull mask
was used to mask possible registration artifacts. From the
resulting ToBE dCTA, the volume with the highest arterial
contrast (arterial phase) was chosen for quality analysis of the
arteries.

2.4. Quality Analysis. A total of 30 (15 standard dCTAs, 15
ToBE dCTAs) maximum intensity projections (MIPs) were
created, anonymized, and randomized. Quality analysis of
the arteries on these MIP-CTAs was done by two neuroint-
erventionalists in consensus. Arteries were divided into four
subcategories: (I) large extradural arteries (internal carotid
arteries (ICAs) and vertebral arteries (VAs)); (II) intradural
arteries: large intradural arteries (basilar artery (BA), first
segments of anterior cerebral artery (Al), middle cerebral
artery (M), and posterior cerebral artery (P1)), medium
sized intradural arteries (A2, P2, and P3), and small sized
intradural arteries (A3, A4, M2, M3, M4, and P4); (III)
communicating arteries (anterior communicating (Acom)
and posterior communicating (Pcom) arteries); and (IV)
cerebellar (superior cerebellar artery (SCA) and anterior
inferior cerebellar artery (AICA)) and ophthalmic arteries.
A 5-point analogue scoring system (5 = good quality, 1 =
poor quality) was used for evaluation of image quality of
the following arteries: VA, ICA, BA, SCA, AICA, ophthalmic
artery, Al, Acom, A2, M1, P1, P2, Pcom, and P3. The following
image quality characteristics were evaluated: arterial contrast,
arterial contour sharpness, and regularity and impression
of contrast to background noise ratio. Since segments of
small intradural arteries (A3, A4, M3, M4, and P4) contain
several peripheral branches, it is nearly impossible to provide
an overall quality score for each individual vessel segment.
Therefore the observers had to indicate whether 3 or more
peripheral branches in each vessel segment were visible or
not, with respect to the aforementioned image quality char-
acteristics. This binary (>3 branches visible yes/no) scoring
system is also used for the M2 segment of MCA, since
this segment also divides into several branches directly after
its division from the M1 segment; for this reason, the M2
segment is defined and scored as a small intradural artery
in this study (although in terms of vessel diameter the M2
segment would be categorized in the group of medium sized
intradural arteries). The cerebellar and ophthalmic arteries
were scored as a separate group on the 5-point scale and
no distinction between small and medium sized arteries was
made. The reason for this is that the ramifications of the
cerebellar and ophthalmic arteries are less well defined and
balanced as compared to the small sized intradural arteries,
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TABLE 1: Results of the observer study on arterial image quality in standard dynamic CTAs (dCTAs) and the proposed ToBE dynamic CTAs
derived from 15 4D CT perfusion scans. The scores are presented as mean (standard deviation) over all 15 images and were scored on a 5-point
scale (5 = good quality, 1 = poor quality) for all arteries, except the small intradural arteries. The small intradural arteries are presented as the
number of scans with >3 visible small artery branches/total number of small arteries assessed (ratio in percentage; standard error).

Category Standard dCTAs ToBE dCTAs Test results
Large extradural arteries 4.5(0.7) 4.9(0.4) P =0.001"
Intradural arteries
Large 4.4 (1.0) 4.7 (0.7) P <0.001"
Medium 3.7 (L1) 4.4(0.8) P <0.001"
Small 104/180 (57.8%; 3.7%) 159/180 (88.3%; 2.4%) P < 0.001"*
Cerebellar and ophthalmic arteries 2.5(1.6) 291.7) P =0.007
Communicating arteries 2.7 (1.8) 2.9(1.9) P=0.10

*Significant, Wilcoxon Signed Rank statistical test.
**Significant, McNemar statistical test.

Arterial phase

3D CTA standard 4D dCTA

Arterial phase
ToBE 4D dCTA

FIGURE I: Illustration (maximum intensity projections over a 15 mm axial slab) of the image quality of the arteries in the dynamic 4D CTAs
compared to the 3D CTA. The arrows indicate the arteries that show improved arterial image quality in the ToBE 4D dCTA compared to the

standard 4D dCTA. The 3D CTA can be used as a reference.

and the arteries lack proximal divisions (e.g., the ophthalmic
artery branches only when it crosses over the optic nerve).
The communicating arteries were scored separately on the
5-point scale as well, because they can vary considerably in
presence and size, due to, for example, aplasia, hypoplasia,
or fetal continuation of the posterior cerebral artery, which
complicates the classification of these arteries as medium or
small.

2.5. Statistical Analysis. To compare the arterial image quality
in the standard dCTAs and the ToBE dCTAs, paired nonpara-
metric statistical tests were used. For the small intracerebral
arteries, the McNemar test was used and the Wilcoxon Signed
Rank test was used for the remaining arteries. The statistical
analysis was performed using the SPSS 18 software package
(IBM SPSS Inc., Chicago, IL, USA). A significance level of
a = 0.002 was chosen after Bonferroni correction for multiple
comparisons.

3. Results

The results of the observer study are presented in Table 1.
Some arteries were excluded from the statistical evaluation
due to the following findings: ICA occlusion (2), BA occlu-
sion (1), Al occlusion (1), AICA occlusion (3), ophthalmic
artery occlusion (3), and Pcom aplasia (4). The final clinical
diagnoses included transient ischemic attack (4) and cerebral
ischemia (7). In 4 patients, the definite diagnosis remained
uncertain. The results show that the arterial image quality in
the ToBE dCTAs was scored significantly higher than arterial
image quality in the standard dCTAs for the large extradural
and the large and medium intradural arteries. The number
of visible artery branches of the small intradural arteries also
improved significantly in the ToBE dCTAs compared to the
standard dCTAs. Although the mean scores for the commu-
nicating arteries and cerebellar and ophthalmic arteries were
slightly higher in the ToBE dCTAs compared to the standard
dCTAs, this difference was not significant. Figure 1 illustrates
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Arterial phase Arterial phase
standard 4D dCTA ToBE 4D dCTA

FIGURE 2: Illustration of the arterial phase in the dynamic CTAs derived from the CTP data. The arterial phase (whole-brain maximum
intensity projection) is shown of both the standard and ToBE dCTAs of three of the evaluated 15 subjects. The arrows indicate locations where
the ToBE dCTAs show improved visualization of the arteries.

Arterial phase standard 4D dCTA Arterial phase ToBE 4D dCTA

FIGURE 3: Zoomed in subimages of the arterial phase in one of the evaluated subjects in both the standard 4D dynamic CTA (dCTA) and the
proposed ToBE 4D dCTA.

the quality of the evaluated arterial phase in the 4D dCTAs 4. Discussion
compared to the 3D CT angiography (CTA) scan.

Figure 2 shows three examples of the improved arterial ~ The 320-slice CT scanner has introduced whole head cover-
image quality in the arterial phase of the ToBE dCTA as  age in a single rotation enabling acquisition of whole-brain
compared to the standard dCTA. Figure 3 shows azoomedin  CT perfusion (CTP) scans at a high temporal resolution.
subimage to illustrate the enhancement of the small arteries. Consequently, whole-brain 4D dynamic CTAs (dCTAs) can
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be derived from these CTP scans that provide information on
the cerebral hemodynamics. Unfortunately, the arterial image
quality of these 4D dCTAs has been shown to be inferior
to 3D CTA [14]. In this paper, we proposed the total bolus
extraction (ToBE) method as an alternative to the standard
subtraction-based method to derive 4D dCTAs from CTP
scans. The standard method subtracts the first unenhanced
volume of the CTP scan from each of the subsequent volumes
to derive the dCTA image, which increases noise and could
decrease the arterial image quality. The ToBE method uses all
volumes available in the CTP scan to retrieve the total amount
of available contrast for each vessel (total bolus), after which
the hemodynamic information from the CTP scan is added
by showing the corresponding percentage of the total bolus at
each point in time. Our hypothesis was that the ToBE method
would improve the arterial image quality in 4D dCTAs
compared to the standard method. Our observer study
confirmed this hypothesis for the large extradural arteries and
the intradural arteries. In these arteries, the image quality
improved significantly. The quality of the communicating
arteries and cerebellar and ophthalmic arteries showed slight
improvements as well, but these were not significant. The
improved arterial image quality in the TOBE dCTAs was espe-
cially prominent for the small intracranial arteries. Therefore,
ToBE dCTAs could have the potential to improve detection
of small-artery pathologies, for example, vasculitis, small
distal aneurysms, and small shunting lesions, as compared
to standard dCTAs, since Siebert et al. [16] reported that
the evaluation of the medium and small intracranial arteries
in standard dCTAs is limited, due to the inferior quality
compared to 3D CTA.

Although the results of our study are promising, there are
some limitations. First, in this study we did not compare the
arterial image quality of the ToBE 4D dCTA with the arterial
image quality of standard 3D CTA. We cannot therefore be
certain that the ToBE 4D CTA would have the potential to
replace the 3D CTA in the diagnostic work-up of ischemic
stroke patients and thus may limit radiation exposure to
patients. This comparison will be the subject of future studies.
Second, we did not include patients with pathology of small
arteries; we cannot therefore be sure that improvement of
image quality of small cerebral arteries by applying the
ToBE method is sufficient for detecting pathologies in these
arteries. The arterial image quality improved, but further
research in patients with pathologies of small arteries should
assess whether the small arteries are indeed diagnostic. Third,
arelatively small number of patients were used to evaluate the
ToBE method. Finally, the skull mask that was used for the
ToBE method introduced some artifacts in the arteries near
the cranial base, that were not present in the standard dCTAs,
since this method does not use skull masking. A solution
to this problem would be to use the ToBE method without
bone masking, since bone is automatically suppressed [18,
20]. However, in this study we used the bone mask to
suppress high intensities that could result from small mis-
alignments of the sequential CTP volumes and might reduce
depiction of arteries. Improving the registration method
could resolve this limitation, which is a subject for further
research.

Despite these limitations, the ToBE dCTAs showed
improved image quality of especially the small intracranial
arteries as compared to the standard dCTAs. The clinical sig-
nificance of the improved image quality of the small intracra-
nial arteries needs to be validated in patients with small vessel
pathology, for example, compared to digital subtraction
angiography as a reference standard.

5. Conclusion

In conclusion, this study showed that 4D dynamic CTAs
derived from 320-slice CTP scans using the total bolus
extraction (ToBE) method show improved image quality of
the large extradural and all intradural arteries as compared
to standard 4D dynamic CTAs derived using the subtraction
method. Arterial image quality improvements were especially
prominent in the small intradural arteries. The 4D ToBE
dynamic CTAs derived from the CTP scans combine valuable
hemodynamic information with improved arterial image
quality.
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ToBE: Total bolus extraction method

Acom: Anterior communicating artery

Pcom: Posterior communicating arteries

AICA: Anterior inferior cerebellar artery

SCA: Superior cerebellar artery

dCTA: Dynamic 4D whole-brain CT angiograms
derived from CTP scans.
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