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Background: A critical source of variability in dynamic perfusion computed tomography (DPCT) is
the arterial input function (AIF). However, the impact of the AIF location in lung DPCT has not been
investigated yet. The purpose of this study is to determine whether the location of the AIF within the central
pulmonary arteries influences the accuracy of lung DPCT maps.

Methods: A total of 54 lung DPCT scans were performed in three pigs using different rates and volumes
of iodinated contrast media. Pulmonary blood flow (PBF) perfusion maps were generated using first-pass
kinetics in three different AIF locations: the main pulmonary trunk (PT), the right main (RM) and the left
main (LM) pulmonary arteries. A total of 162 time density curves (TDCs) and corresponding PBF perfusion
maps were generated. Linear regression and Spearman’s rank correlation coefficient were used to compare
the TDCs. PBF perfusion maps were compared quantitatively by taking twenty six regions of interest
throughout the lung parenchyma. Analysis of variance (ANOVA) was used to compare the mean PBF values
among the three AIF locations. Two chest radiologists performed qualitative assessment of the perfusion
maps using a 3-point scale to determine regions of perfusion mismatch.

Results: The linear regression of the TDCs from the RM and LM compared to the PT had a median
(range) of 1.01 (0.98-1.03). The Spearman rank correlation between the TDCs was 0.88 (P<0.05). ANOVA
analysis of the perfusion maps demonstrated no statistical difference (P>0.05). Qualitative comparison of
the perfusion maps resulted in scores of 1 and 2, demonstrating either identical or comparable maps with no
significant difference in perfusion defects between the different AIF locations.

Conclusions: Accurate PBF perfusion maps can be generated with the AIF located either at the PT, RM

or LM pulmonary arteries.
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Introduction increasingly recognized to assess tumor vascularity (4-6)
and it has been studied in different organs, including the

Dynamic perfusion computed tomography (DPCT) is
liver (7), the kidneys (8), the pancreas (9) and the lungs (10).

becoming an important functional imaging technique on

clinical management. It is an established and widely utilized Functional imaging with computed tomography (CT) has
tool in patients with an acute cerebrovascular accident to many advantages over other imaging techniques such as
assess viability of brain tissue (1-3). In oncology, it is being nuclear medicine and magnetic resonance imaging (MRI).
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CT ofters wider availability, shorter exam times, higher
temporal and spatial resolution and a linear relationship
between the concentration of iodinated contrast medium and
the CT attenuation value measures in Hounsfield units (HU).

However, physical constraint of detector size renders
a z-axis volume coverage <4 cm, which is a significant
disadvantage of CT when isotropic data and high temporal
resolution are required for whole organ coverage in the
same volume. The mismatch between scan coverage and
physical dimensions of the detector can be minimized by
using wider CT detectors, faster gantry rotation speeds
and bidirectional table movements, resulting in whole lung
coverage (z-axis =20.7), with a sampling frequency (time
stamp) of 2 s (10).

An additional limitation of DPCT is the lack of a
standardised approach to data analysis that results in various
sources of variability (11). A critical source of variability
is the arterial input function (AIF) (12,13). Within first-
pass perfusion kinetics, the AIF represents the exact arterial
inflow to the capillary bed (13-15). The placement of a
region of interest (ROI) in different feeding arteries results
in different AIF curves and different quantitative perfusion
metrics from the same target organ (13). Hence, in brain
DPCT it is recommended to locate the AIF as close as
possible to the feeding artery in the tissue of interest.
However, the impact of AIF location in lung perfusion has
not been investigated yet.

The goal of our study is to determine the impact of AIF
location in the pulmonary trunk (PT), right main (RM)
or left main (LM) pulmonary arteries on the pulmonary
blood flow (PBF) perfusion maps generated using first-
pass kinetics with the single input maximum slope (MS)
approach (16). We hypothesize that the location of the AIF
in the PT, RM, or LM does not have any impact on the
perfusion maps.

Materials and methods

The Institutional Animal Care Committee approved this
study. We enrolled three juvenile pigs (38.2-40 kg). Each
pig had a series of chest CT scans performed pre- and
post-pulmonary emboli injection. The order of the CT
scans series was as follows: (I) one helical unenhanced scan;
(IT) one helical contrast enhanced computed tomography
pulmonary angiography (CTPA); and (III) nine DPCT
scans using three different injection rates and three different
injection volumes. Following these CT scans, the pigs were
euthanized in accordance with our institutional procedures
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and policies.

Animal preparation

All pigs arrived at the animal facility 2 days before the study
date. The pigs were kept orally hydrated for 12 to 16 hours
prior to the study. One hour prior to the experiments,
they received intramuscular ketamine (10-33 mg/kg) and
atropine sulphate (0.05 mg/kg). The pig was then intubated
and maintained under isoflurane anaesthesia (inhalant).
During the course of the experiment, the pig was ventilated
with a tidal volume of 15 mL/kg at a respiratory rate of 20—
24 breaths/min. Using a cut-down technique, an 11-French
vascular access sheath (with side arm injection port) was
placed in the right common femoral vein to facilitate the
injection of thrombotic material.

Pulmonary emboli injection

Thrombotic material, in the form of 20 mL fragments of
pre-prepared autologous blood clot, was injected via the
femoral vein sheath into the right common iliac vein, using
a 20 mL syringe. Ten to twelve clots, ranging from 20 to 40
mm in size were injected sequentially over 5-10 minutes.
Previous studies have demonstrated that thrombi of these
lengths fragment during the transit to the pulmonary
arteries and create in vivo showering of peripheral

pulmonary emboli (17).

Scanning protocol

CT scans were performed with the Aquillion ONE scanner
(Toshiba Medical Systems, Otawara, Japan) using both helical
(64x0.5 mm) and wide volume (320x0.5 mm) modes.

A baseline unenhanced helical scan of the chest was
performed using the following parameters: 120 kV, 100 mA,
64x0.5 mm collimation, 0.5 s gantry rotation and pitch
factor =0.86. Axial images (1.0/1.0 mm) were reconstructed
using a mediastinal kernel. These images were used to
confirm scan location, coverage and anatomical location of
the pulmonary arteries for the CTPA and DPCT scans.

A helical CTPA was performed after the administration
of intravenous contrast medium (Visipaque 320), using
a volume of 0.8 mL/kg at a rate of 5 mL/s, followed by
saline flush at the same volume and rate. Automated
image acquisition was triggered using proprietary
software (SureStart, Toshiba Medical Systems, Otawara,
Japan) at a threshold of 200 HU in the PT. All scan and
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Figure 1 Arterial input function (AIF) selection in (A) the pulmonary trunk (PT), (B) right main (RM) and (C) left main (LM) pulmonary

arteries.

reconstruction parameters were identical to the unenhanced
helical scan.

A total of 18 DPCT scans were performed; 9 before
injection of autologous thrombotic material and 9
afterwards. Intravenous contrast medium was injected using
three different injection volumes (0.4, 0.6, and 0.8 mL/kg)
and three different injection rates for each volume (4, 6,
and 8 mL/s). The DPCT scans were performed with a
volume mode using the following parameters: 100 kV, 100
mA, 320x0.5 mm collimation and 0.5 s gantry rotation.
The mechanical ventilation was stopped for 25 s during
data acquisition. CT images were reconstructed with a slice
thickness of 1.0 mm and without overlap, using an Adaptive
Iterative Dose Reduction (AIDR-3D) algorithm and a
standard body kernel. The time stamp for each volume
reconstruction was 0.35 s. A washout period of 10 min was
observed after each DPCT scan to enable animal recovery
and contrast material washout.

Post-processing and image analysis

Reconstructed images were sent to a dedicated research
workstation (Toshiba Medical Systems, Otawara, Japan).
In this analysis, first-pass kinetics with the single input MS
perfusion model was used to generate PBF perfusion maps.
This approach assumes that there is no venous outflow and
that blood flow can be calculated as the ratio of the MS of
tissue enhancement to the arterial enhancement (= arterial
peak—arterial background signal) (16), i.e.,:

MS of tissue Time Density Curve (TDC)
Arterial enhancement

Blood floow =

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

All the sequential reconstructed volumes from the
DPCT scan were uploaded into the perfusion analysis
software. The software traces contrast flow into the organ
and subsequent washout of contrast by recording change in
attenuation at every voxel. Two ROIs were manually drawn
within the lumen of the target artery and within the target
tissue. The change in attenuation values within these ROIs
determines the arterial TDC and the lung parenchyma/
tissue TDC. The arterial TDC corresponds to AIF and
is used to determine the arterial enhancement. The tissue
TDC is used to localize the time interval when the MS of
tissue enhancement occurs. The MS of tissue enhancement
is calculated for every voxel and the PBF is calculated on a
voxel by voxel basis using the equation above.

A single user manually prescribed an ROI within the
PT, RM and LM pulmonary arteries for each DPCT series
(Figure 1), resulting in three arterial TDC maps for each of
54 DPCT series [(9 DPCT pre-PE + 9 DPCT post-PE) x3
pigs]. A total of 162 AIF TDCs with corresponding PBF
perfusion maps were generated.

Quantitative analysis of TDCs and blood flow perfusion maps

Quantitative analysis was performed by comparing the
TDCs in the RM and LM to the TDC in the PT.
Quantitative analysis of the PBF perfusion maps was
performed by prescribing 26 ROIs of approximately
100 mm’, distributed evenly throughout the lung
parenchyma at the following anatomical locations: (I) aortic
arch; (II) PT bifurcation; (III) inferior pulmonary veins;
(IV) superior lung bases; and (V) inferior lung bases, as
demonstrated in Figure 2. The average PBF value in each

qims.amegroups.com Quant Imaging Med Surg 2016;6(1):25-34
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Figure 2 Anatomical region of interest (ROI) locations for quantitative analysis of perfusion maps. The axial images (A-E) demonstrate the

ROI locations in the x and y planes within the lung parenchyma, at the following anatomical locations: (A) aortic arch; (B) pulmonary trunk

(PT) bifurcation; (C) inferior pulmonary veins; (D) superior lung bases; and (E) inferior lung bases. The coronal image (F) demonstrates the

ROI location in the z plane of the dynamic perfusion computed tomography (DPCT) scans.

ROI was determined for every AIF.

Qualitative analysis of blood flow perfusion maps

PBF perfusion maps were generated on 3.0/3.0 mm axial
slices for each AIE. The color of each pixel corresponded to
a specific PBF value (mL/100 mL/min). Two subspecialty
trained chest radiologists independently performed a
blinded review and comparison of the PBF color maps on
a slice by slice basis from the apex to the diaphragm. They
qualitatively assessed any difference in the PBF colour
maps and perfusion defects on each slice. A difference
in PBF color maps was defined as any mismatch in color
between the three maps. A difference in perfusion defects
was defined as a focal region of decreased PBF with an area
larger than 100 mm”.

A 3-point scale was used for qualitative assessment:
a score of 1 corresponds to identical colour maps and
perfusion defects for the three AIF; a score of 2 corresponds

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

to visual mismatch between color maps but no disparity in
perfusion defects for the three AIF; a score of 3 corresponds
to visual mismatch in the color maps as well as discrepancy
in perfusion defects for the three AIF. Consensus between
the two readers was reached for any discrepant cases.

Statistical analysis

Pearson’s correlation coefficient was calculated to compare
the TDCs of the LM and RM to the TDC of the PT.
Bland-Altman analysis of the RM-PT and LM-PT TDCs
was performed to determine the agreement between
different TDCs.

The median and range of the PBF perfusion maps were
calculated from the 26 selected ROIs for the three AIF.
Fisher’s analysis of variance (ANOVA) was used to compare
the mean quantitative values among the three arterial input
selections for each ROIL. A P value <0.05 was considered
statistically significant.
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Figure 3 Time density curves (TDCs) generated from one pig for all 9 dynamic perfusion computed tomography (DPCT) scans (3 different

volumes x 3 different injection rates of iodinated contrast medium). Regions of interest placed in the lumen of the pulmonary trunk (PT) (black

continuous line), right main (RM) (red circles) and left main (LM) (blue diamond) pulmonary arteries.

Results
Quantitative analysis of TDCs

An example of the TDCs generated from the PT, RM and
LM for different injection volumes and rates of contrast
medium is presented in Figure 3. The graphs demonstrate a
marked difference in the location and the attenuation peak
value for different injection volumes and rates. However,
the anatomical location of the AIF (PT, LM or RM) had
minimal or negligible impact. These results were consistent
across all 3 pigs for all DPCT scans.

Figure 4 demonstrates a comparison of TDCs between
the PT and RM (Figure 44,C) and between the PT and
LM (Figure 4B,D) for a single DPCT using a contrast

medium volume of 0.8 mL/kg and injection rate of 8 mL/s.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Linear regression of the RM and LM TDCs to the PT is
demonstrated in Figure 44,B. These results demonstrate an
almost perfect fit, with correlation coefficients of 1.01 (P'T-
RM and PT-LM) and a residue >0.97. The median and
range of the linear regression coefficients of all the DPCT
scans were 1.01 (0.98-1.03) and of the residues were 0.99
(0.96-1.02) respectively. The agreement in attenuation
values between PT and RM and PT and LM were assessed
using Bland-Altman plots (Figure 4C,D). These graphs
demonstrate that the difference in attenuation values for
most measurements is within +1.96 standard deviations of
the mean.

The Spearman’s rank correlation coefficient
demonstrated a strong correlation for all scans with r=0.88
(P<0.05).
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Figure 4 Representative data of the computed tomography (CT) lumen attenuation for one pig using an injection volume of 0.8 mL/kg and

injection rate of 8 mL/s. Linear regressions for the time density curves (TDCs) generated from the pulmonary trunk (PT) and (A) the right
main (RM) and (B) the left main (LM) pulmonary arteries. Bland-Altman plots for the CT attenuation from the PT compared to (C) the

RM and (D) the LM pulmonary arteries.

Quantitative analysis of perfusion maps

Perfusion maps of the 54 DPCT scans were generated for
the three different AIF. Evaluation of the perfusion maps
demonstrated a wide range in PBF from 200 mI./100 mL/min
to 1,300 mL/100 mL/min within the lungs with increased PBF
in the posterior and basal regions and substantially reduced
flow in the anterior and apical regions. The PBF perfusion maps
from the PT, RM and LM were identical on qualitative analysis
in all lung regions. There was a substantial inter-pig variation
in mean PBF values, ranging from 234 mL/100 mL/min
to 953 mL/100 mL/min. However, for a given exam the
change in average PBF was less than 14.9% for the three AIF
with a median value of 6.9%.

Quantitative assessment of the color maps was
performed using the 26 ROI measurements (Figure 2),
on the different AIF placements. Fisher ANOVA
demonstrated no significant difference between PT, RM,
and LM in mean color map value for all the 54 experiments
(P>0.05).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Qualitative analysis of perfusion maps

Qualitative assessment of all perfusion maps demonstrated
no discrepancy in assessing perfusion defects for the
different AIF locations. All color maps scored values in the
range of 1 to 2, indicating identical visual maps or maps with
minor visual difference but without any impact on assessing
perfusion defects. The mean qualitative score given by
both radiologists was 1.63. Figure 5 shows two color maps
that were given qualitative scores of 1 (Figure 54-C) and 2
(Figure 5D-F) by both radiologists.

Discussion

Assessment of lung perfusion has the potential to improve
the diagnostic utility of CT for the diagnosis of thoracic
diseases and for the assessment of disease severity. Several
authors have demonstrated functional lung imaging with
MRI, SPECT, PET, and CT (10,18-21). However their
prognostic value has not been determined. While CT offers
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Figure 5 Axial computed tomography (CT) images of pulmonary blood flow (PBF) perfusion maps of one pig prior to the injection of embolic

material. (A-C) Injection volume and rate of 0.8 mL/kg and 8 mL/s respectively; (D-F) injection volume and rate of 0.6 mL/kg and 8 mL/s

respectively. For each exam, three PBF perfusion maps were generated from a different arterial input function (AIF) location: pulmonary trunk (PT)
(A,D), right main (RM) (B,E), and left main (LM) (C,F). The PBF maps in A-C had a qualitative score of 1 indicating identical colour maps. The

PBF maps in D-F had a qualitative score of 2, demonstrating difference in color maps but no difference in the assessment of perfusion defects.

interesting advantages over MRI and nuclear medicine for
dynamic lung perfusion, there are two major limitations:
limited scan coverage and lack of protocol standardization.

Limited scan coverage is being addressed by developing
wider CT detectors, faster gantry rotations and
bidirectional table movements (10). Current technology
enables coverage of organs up to 20.7 cm. Therefore, it is
now possible to perform whole DPCT scans and to provide
a comprehensive assessment of lung perfusion (10).

Protocol standardization for DPCT is more critical as
it requires establishing parameters for data acquisition,
data post-processing and interpretation of the results with
clinical evidence that confirms the reproducibility and
accuracy of perfusion maps (11). One of the main sources
of variability in DPCT analysis is the location of the AIF, as
different perfusion maps may be generated when different
arteries are selected to determine the AIF (13).

First-pass kinetics models assume that the AIF represents
the exact arterial inflow to the capillary bed in the specific
tissue of interest (13-15), therefore the AIF has to accurately
reflect the blood flow in the feeding artery to the tissue. For
brain perfusion, the effect of AIF location on perfusion maps
has been extensively investigated. It has been demonstrated

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

that AIF location within the middle cerebral artery has no
impact on perfusion maps as long as the AIF is not located
distal to the clot (11,22,23). However, the impact of AIF
location for other organs has not been studied.

To our knowledge, there is no published data on the
influence of AIF location on lung DPCT. A few studies on
lung nodules and lung cancer have compared perfusion maps
when AIF location is at the pulmonary artery or bronchial
artery (6,24). These studies have demonstrated that both
pulmonary arteries and bronchial arteries contribute
significantly to tumor blood flow and therefore a dual
input compartment model is essential for tumor perfusion
analysis. A dual input model is also required in situations
when there is chronic insufficiency of the pulmonary arterial
blood supply, as the bronchial arteries hypertrophy and
partially compensate. However, in acute clinical setting
approximately 95% of lung tissue is supplied solely by the
main pulmonary artery (24). Therefore, DPCT analysis of
the lung parenchyma in the acute clinical setting requires
analysis based on a single arterial input. The location of
the AIF has recently been assumed at the PT for the whole
lung (10,21). However, the accuracy of this selection has
not been validated. Close proximity of the AIF to the tissue
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ROV is achieved by selecting the LM as the AIF for the left
lung and the RM as the AIF for the right lung. If the TDC
from the PT, RM, and LM demonstrate identical dispersion,
full fidelity perfusion maps of both lungs can be generated
from a single AIF location. This is an important principle
as it simplifies the analysis and increases the potential utility
of conventional systems to perform CT lung dynamic
perfusion.

In this study, we generated PBF perfusion maps using
DPCT protocols with AIF locations at the PT, LM and
RM. We utilized three different injection volumes (0.4, 0.6,
and 0.8 mL/kg) and three different injection rates (4, 6, and
8 mL/s) in three pigs for a total of 54 studies. Our linear
regression analysis demonstrated a nearly perfect fit of 1.0
between the TDCs generated from AIF locations in the
PT, RM, and LM. Bland-Altman plots also demonstrated a
strong agreement in attenuation values between the PT and
the RM artery as well as the PT and LM artery. Qualitative
assessment determined that all PBF perfusion maps were
either identical or very similar with minor color mismatches
that did not impact the assessment of perfusion defects.

Our results are consistent with previous brain DPCT
studies performed in stroke patients, where different
locations of the AIF within the anterior cerebral artery and
branches of the middle cerebral artery ipsilateral to the
ischemic lesion did not cause significant changes in perfusion
maps (22,23,25). In our study cohort, all of the pulmonary
arteries were disease free; therefore our results are consistent
with these findings. In the presence of arterial thrombus,
the AIF has to be placed proximal to the clot otherwise first
pass kinetics approximations are broken and this results
in significant variability for the generated perfusion maps
(23,25).

Additional important observations from this study relate
to the influence of gravity on PBF gradients. The PBF was
notably enhanced in the posterior-basal segments of the
lung. This was due to the supine position of the pigs and
has been previously shown in MR perfusion studies of a
swine model (26), CT perfusion in humans (10), and MRI
perfusion in humans (18). Interestingly, the absolute values
of PBF in our pigs had a large variation within subjects with
a range of 243-953 mL/100 mL/min. This wide range of
values has been previously seen in the swine model (26) and
is known to be up to four times larger than human PBF
data (10,27). The difference in PBF values between swine
and humans is mainly attributable to differences in cardiac
output due to the higher heart rates, resulting in higher
cardiac output and hence larger PBF in pigs. Differences

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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in lung physiology between pigs and humans may also
influence the increased variability in PBE.

There are a few limitations in our study. The study
cohort included 3 pigs and each pig had a total of 18 DPCT
scans rather than performing 54 scans in individual pigs.
This approach may introduce statistical bias. However,
the waiting time of 10 minutes between DPCT scans
allowed the washout of contrast in the lung parenchyma
between studies. The reproducibility and consistency of
the results suggests that each DPCT scan can be treated
as independent and it is not necessary to involve a larger
number of pigs for this purpose. Lastly, the perfusion maps
were generated in disease free pulmonary arteries. Future
work will determine the influence of emboli within the PT,

RM or LM pulmonary arteries on perfusion maps generated
during lung DPCT.

Conclusions

There is no significant difference in perfusion maps
generated from lung DPCT with location of the AIF in the
PT, RM or LM pulmonary arteries. These findings simplify
the approach to dynamic perfusion analysis of the lung and
increase the potential utility of conventional systems to
perform lung DPCT.
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