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Abstract The purpose of this study is to develop a

method to estimate the hyperemic blood flow in a

coronary artery using the sum of the distal lumen

volumes in a swine animal model. The limitations of

visually assessing coronary artery disease are well

known. These limitations are particularly important in

intermediate coronary lesions where it is difficult to

determine whether a particular lesion is the cause of

ischemia. Therefore, a functional measure of stenosis

severity is needed using angiographic image data.

Coronary arteriography was performed in 10 swine

(Yorkshire, 25–35 kg) after power injection of contrast

material into the left main coronary artery. A densi-

tometry technique was used to quantify regional flow

and lumen volume in vivo after inducing hyperemia.

Additionally, 3 swine hearts were casted and imaged

post-mortem using cone-beam CT to obtain the lumen

volume and the arterial length of corresponding

coronary arteries. Using densitometry, the results

showed that the stem hyperemic flow (Q) and the

associated crown lumen volume (V) were related by

Q = 159.08 V3/4 (r = 0.98, SEE = 10.59 ml/min).

The stem hyperemic flow and the associated crown

length (L) using cone-beam CT were related by

Q = 2.89 L (r = 0.99, SEE = 8.72 ml/min). These

results indicate that measured arterial branch lengths

or lumen volumes can potentially be used to predict the

expected hyperemic flow in an arterial tree. This, in

conjunction with measured hyperemic flow in the

presence of a stenosis, could be used to predict

fractional flow reserve based entirely on angiographic

data.

Keywords Angiography � Blood flow � Blood

volume � Regional blood flow � Stenosis

Introduction

Subjective visual grading of the severity of coronary

artery stenosis by angiography is highly variable,

correlating poorly with blood flow and ischemic

potential. Several studies have documented the large

intraobserver and interobserver variability that results

from subjective visual grading of coronary stenotic

lesions [1–3]. Angiography alone cannot fully char-

acterize the clinical significance of coronary stenosis.

This is particularly important in the case of an

intermediate coronary lesion (30–70% diameter ste-

nosis), where coronary arteriography is very limited in

distinguishing whether a lesion is ischemia producing.

A functional measure of the coronary stenosis sever-

ity, such as hyperemic blood flow normalized to the

associated myocardial mass or vascular volume, can

provide important additional functional information
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beyond the anatomical information obtained during

routine coronary arteriography.

A number of angiographic methods to assess

coronary blood flow have previously been investigated

[4–14]. However, the limitations of these techniques

have hampered their eventual clinical implementation.

We have previously used flow probes to validate an

angiographic blood flow measurement technique

based on the first pass distribution analysis, which

addresses the previously reported limitations [15, 16].

In order to assess the severity of a stenosis using blood

flow measurement at maximum hyperemia, it is

necessary to estimate the expected normal hyperemic

blood flow in the absence of a stenosis. In other words,

it is necessary to assess whether the measured blood

flow through a particular artery at maximum hyper-

emia is normal for its perfusion bed size. In the case of

flow measurement using positron emission tomogra-

phy (PET), the measured flow is normalized by the

myocardial mass (ml/min/100 g of tissue). It is not

possible to directly measure regional myocardial mass

with angiography. However, it is possible to measure

the dependent arterial lumen volume using densitom-

etry [17], which can also be related to the myocardial

mass [18, 19]. It is also possible to measure the sum of

the arterial branch lengths using 3-D reconstruction of

biplane images [20–22] and computed tomography

(CT) [18, 19], which has been shown to be related to

myocardial mass.

Fractional flow reserve (FFR), a parameter fre-

quently used for identifying hemodynamically sig-

nificant stenosis, is defined as the ratio of the

maximal coronary flow through a stenotic vessel to

the theoretical maximal coronary flow through the

same vessel without a stenosis. It can potentially be

determined using angiographic image data by mea-

suring the maximum coronary blood flow through a

stenotic vessel [15, 16, 23] and using the measured

crown lumen volume [17] to predict the theoretical

maximal coronary flow without a stenosis. We have

previously shown in a simulation study that coronary

blood flow can be estimated using the dependent

arterial lumen volume and branch lengths [24]. This

study presents an in vivo validation of this technique

used to estimate hyperemic blood flow based on the

dependent arterial lumen volume and branch lengths.

Hyperemic blood flow in the absence of a stenosis

was estimated using the angiographically measured

dependent lumen volume in a swine animal model.

Knowledge about the theoretical hyperemic blood

flow can potentially be used to assess stenosis

severity by quantifying FFR in the cardiac catheter-

ization laboratory using only angiographic image

data.

Methods

Animal preparation

The University of California–Irvine’s Institutional

Animal Care and Use Committee (IACUC) approved

the procedures used in this study. Fasted swine

(Yorkshire, 25–35 kg, N = 10) were sedated with

xylazine (2.0 mg/kg), ketamine (10 mg/kg), and

atropine (0.05 mg/kg). The animals were anesthe-

tized with isoflurane (1–2%) and ventilated with

100% O2. Ventilator settings were adjusted during the

experiments to maintain Po2 and Pco2 within normal

ranges. A peripheral vein was used for administrating

medication and intravenous fluid. Arterial pressure

was measured in the left carotid artery using a

calibrated pressure transducer (TSD104A, Biopac

Systems, Inc. Santa Barbara, CA). Carotid artery and

jugular vein cut-downs were employed for sheath

placement. Prior to catheterization, a 10,000 unit

bolus of heparin was given. This was followed by

additional 4,000–5,000 units per hour. The left main

ostium was cannulated with a 6–7F hockey-stick

catheter through the left carotid artery under fluoro-

scopic guidance. Electrocardiogram (ECG), femoral

artery blood pressure and X-ray tube voltage (kVp)

were continuously recorded (MP100, Biopac Sys-

tems, Inc. Santa Barbara, CA).

Each swine was positioned on its right side under a

flat panel detector. The projection angle was opti-

mized for separating the left anterior descending

(LAD) and left circumflex (LCX) coronary artery

perfusion beds. Intracoronary injection of papaverine

(5–10 mg) was used to induce maximum hyperemia.

For each animal, the papaverine dose was adjusted to

determine the dose beyond which there was no

additional increase in flow. Coronary angiograms

were acquired within 90 s after intracoronary admin-

istration of papaverine. Hemodynamic data for all the

pigs are shown in Table 1 where the mean and

standard deviation (r) of each parameter is also

shown.
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Prior to coronary angiography, pancuronium

(0.1 mg/kg) was given intravenously. The ventilator

was turned off at the end of a full expiration to

minimize respiratory motion. A total of 10 ml of

contrast material (Omnipaque-350; Princeton, NJ)

was power injected (Leibel-Flarsheim Angiomat

6000; Cincinnati, OH) at 4 ml/s. An image of a

calibration phantom positioned over the heart was

also acquired to determine the correlation between

image gray level and iodine mass. All images were

acquired using a conventional X-ray tube (Dynamax

79-45/120, Machlett Laboratories, Stamford CT), a

constant potential X-ray generator (Optimus M200,

Philips Medical Systems, Shelton, CT) and a CsI

amorphous-Si digital flat-panel detector (PaxScan

4030A, Varian Medical Systems).

After completing the angiographic part of the study

in 3 swine, a midline sternotomy was performed. An

incision was made in the pericardium, and the heart

was supported with a pericardial cradle. The animal

was heavily anesthetized, while the heart was arrested

with a saturated KCl solution given through a jugular

vein. The heart was then excised with the ascending

aorta clamped to keep air bubbles out of the coronary

vessels. The right coronary artery (RCA), LAD and

LCX arteries were cannulated under saline to avoid air

bubbles. A cast of the coronary arteries was prepared

in the 3 hearts as described previously [17]. Briefly,

Microfil (Canton Bio-Medical, Boulder, Colorado)

was used to make a solid cast of the coronary

vasculature. Cab-O-Sil (3% by weight, Eastman

Kodak) was added to the Microfil to stop the flow in

the coronary arterial-arteriolar vessels [17]. A freshly

catalyzed (6% stannous 2-ethylhexoate and 3% ethyl

silicate) solution of Microfil and Cab-O-Sil was

perfused through the major coronary arteries (RCA,

LAD and LCX arteries) and maintained at a pressure

of 100 mmHg until the solution hardened after

approximately 40 min.

Stem flow-crown size relationship

Various possible theoretical explanations for the

coronary arterial tree design include the principles of

minimum work [25, 26], optimal design [27], mini-

mum blood volume [28] and minimum total shear force

on the vessel wall [29]. Irrespective of the underlying

design principles, previous studies have observed

relationships between coronary blood flow (Q) and

oxygen consumption or metabolic need [30]; coronary

blood flow and myocardial mass (M) [31]; and

myocardial mass and the cumulative arterial branch

lengths (L) or crown lumen volume (V) that supply it

[20, 21]. In investigating the design of the coronary

arterial system, the coronary arterial tree can be

recursively decomposed into stem and crown subunits,

where a stem is defined as any segment between two

consecutive bifurcation (or trifurcation) points, and the

corresponding crown is defined as a collection of all the

branches distal to the stem whose terminals consist of

the same diameter (see Fig. 1). Using this decompo-

sition of the coronary arterial tree, previous reports

have shown the following relationships [22, 24, 32]:

Q ¼ kLL ð1Þ

L ¼ kLV

V

Vref

� �3=4

ð2Þ

Table 1 Hemodynamic data for all animals showing the mean

and standard deviation (r) of each parameter

Mean r

Body weight (kg) 31 4

Pa (mmHg) 56.0 10.9

DP with papaverine (%) 26.9 9.7

Heart rate (beats/min) 93.1 10.5 Fig. 1 A coronary angiogram showing the definition of stems

and crowns
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Q ¼ kV

V

Vref

� �3=4

ð3Þ

Applying the principle of minimum energy to the

design of the coronary arterial system allowed a linear

relationship between blood flow through a stem and

the corresponding crown length to be predicted (see

Eq. 1) [22, 32]. A power law relationship was also

predicted between the crown volume and length (see

Eq. 2). Combining Eqs. 1 and 2 yield the relationship

between Q and V that is expressed in Eq. 3. In Eqs. 1–3,

kL, kLV and kV are the scaling coefficients and Vref is a

reference volume in order to make V raised to the

power of � unitless.

When compared with Kleiber’s allometry [33],

which relates metabolic rate to body mass raised to an

exponent of 3/4, Eq. 3 is consistent with this 3/4

allometry law given that metabolic rate scales with

coronary blood flow [30] and that mass scales with total

blood volume [19, 31, 34]. Therefore the following

relationship can be used to relate coronary blood flow

with the dependent myocardial mass (M):

Q ¼ kM

M

Mref

� �3=4

ð4Þ

In Eq. 4, kM is the scaling coefficients and Mref is a

reference volume in order to make M raised to the

power of � unitless.

Techniques to measure coronary lumen volume,

flow and arterial length will be described next.

Regional lumen volume measurement

Coronary artery lumen volume can be measured using

densitometry [17]. System calibration is required to

quantify the iodine mass from the densitometry signal

[15, 35]. An iodine calibration phantom, containing

known amounts of iodine, was imaged over the heart

region of each swine. The calibration phantom con-

sisted of a series of rods each containing contrast

material with diameters ranging from 0.76 to 3.35 mm

and iodine masses ranging from 7.66 to 112.04 mg

(see Fig. 2a). The iodine concentration in the calibra-

tion phantom was approximately the same as the

undiluted contrast material (350 mg/ml). Correction

for the magnification difference between the coronary

arteries and the calibration phantom was performed

by accounting for their distances from the X-ray

source. After logarithmic transformation followed by

phase-matched subtraction, the integrated gray level

(G) inside the region of interest (ROI) was directly

converted to arterial volume using the following

equation:

V ¼ G
FM

C
ð5Þ

where FM is the integrated gray level to iodine mass

conversion factor, and C is the iodine concentration

of the bolus entering the arteries of interest. The iodine

concentration inside the opacified arteries was

assumed to be the same as that of the injected contrast

material. This assumption stems from the protocol

where contrast material was injected at a rate in which

it completely replaces blood entering the coronary

arteries [15, 16]. Using the acquired image of the

calibration phantom, FM was determined from the
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Fig. 2 Image of the calibration phantom is shown (a) along

with an example of a calibration curve showing the

relationship between iodine mass (mg) and measured inte-

grated gray levels (b)
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slope (DM/DG) of the regression line that correlates

the known iodine masses (M) with the measured

integrated gray levels (G) (see Fig. 2b). A correction

for the magnification differences between the heart

and the calibration phantom placed on the pig’s thorax

was also required. The expression for FM is

FM ¼
DM

DG

D2
H

D2
C

; ð6Þ

where DH is the X-ray source-to-heart distance and

DC is the source-to-calibration distance. DC was

determined from an image of the 4 markers on the

calibration phantom. DH was assumed to be less than

DC by 5 cm, which was the approximate distance

from the heart to the sternum and the left side of the

chest wall.

Regional lumen volume measurements were made

by drawing different arterial ROIs corresponding to

arterial segments between bifurcation points on the

main trunk of the LAD coronary artery. Figure 3 shows

an example of the arterial ROI superimposed over the

LAD coronary artery. The arterial tree was divided into

1–6 segments where the branches with visible overlap

were not used. Regional lumen volume measurements

were made from the 6 different crowns. The regional

volume measurements were made down to an arterial

diameter of *0.5 mm, which is close to the limiting

spatial resolution of the angiographic system. This

required an ROI around the visible arterial tree so the

effect of the myocardial blush on the densitometry

signal and the calculated arterial lumen volume was

minimal. The in vivo validation of the technique to

measure arterial lumen volume using coronary arteri-

ography has previously been reported [17].

Regional blood flow measurement

Flow measurements were made using a first pass

analysis technique, which models the arterial volume

compartment supplied by a major coronary artery as a

reservoir with a single input. The model does not require

any assumptions regarding the internal structure of the

arterial volume compartment or the nature of the exit

conduits. Instead, the necessary assumptions are that (1)

the flow measurement is performed before the contrast

material begins to exit the volume compartment (which

includes microvessels) and (2) the input contrast

concentration is known during the flow measurement

period. Figure 4 shows a coronary arteriogram with a

global ROI used for blood flow measurement. A global

ROI, which includes the myocardial blush, is particu-

larly important for flow measurement at hyperemia

where the transit time within the epicardial arteries is

relatively short. An arterial ROI (see Fig. 3) is adequate

for flow measurement at baseline but will underestimate

the flow at hyperemia.

The measured volume difference (DVa) and the

known time between subsequent images (Dt) were

used to calculate absolute volumetric blood flow:

Q ¼ DVa=Dt ð7Þ
The in vivo validation of the coronary blood flow

measurement technique using a transit time flow

probe has previously been reported [15, 16, 23].

Regional arterial length measurement

The casted hearts were imaged using a cone-beam

computed tomography (CT) system to measure arte-

rial length. The cone-beam CT system was imple-

mented using a CsI amorphous-Si digital flat-panel

detector (PaxScan 4030A, Varian Medical Systems), a

high precision motor (Kollmorgen Goldline direct

drive rotary), and a conventional X-ray tube (0.6 and

1.2 mm focal spot sizes). The entire system was

Fig. 3 Coronary angiogram with an arterial ROI superim-

posed over the LAD coronary artery for lumen volume

measurement

Int J Cardiovasc Imaging (2012) 28:1–11 5
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mounted on an optical bench. The flat panel has a total

available coverage of 40 9 30 cm and a pixel size of

194 9 194 lm. The reconstruction voxel size was

200 9 200 9 200 lm3. The casted hearts were then

placed on a rotating platform and 180 dual-energy

projections were acquired. Dual-energy subtraction

was applied to suppress tissue contrast and isolate

blood vessel features. Images were reconstructed

with commercially available software designed for

cone-beam reconstruction using a modified Feldkam

algorithm (Exxim COBRA). The reconstructed CT

volumes have a dimension of 515 9 512 9 512 voxels,

where each voxel is encoded by 16 bits.

After acquiring and reconstructing the images,

numerous post-acquisition image processing tech-

niques were used to determine crown length [18, 19].

Briefly, the process begins with differentiating

between voxels belonging to the myocardium versus

those belonging to the arterial branches. The extracted

arterial voxels were then used to determine crown

volume. The extracted arterial branches were then

thinned until only their skeletal centerlines remained.

These centerlines were used to calculate crown length

[18, 19]. In order to ensure there was a uniform

terminal diameter vessel, segments with diameters

smaller than 0.7 mm were removed. An example of the

3-D reconstructed coronary arteries is shown in Fig. 5.

Results

Stem flow-crown volume relationship

Figure 6 shows the relationship between stem hyper-

emic flow and the corresponding crown lumen volume

using densitometry. The stem hyperemic flow (Q) and

the associated crown lumen volume (V) were related

by Q = 115.2 V3/4 (r = 0.97, SEE = 10.2 ml/min,

N = 33). The standard error of estimate (SEE) of the

regression line was calculated to be 10.2 ml/min.

Figure 7 shows the relationship between stem hyper-

emic flow and the corresponding crown lumen volume

where hyperemic blood flow was measured using

densitometry and lumen volume was measured using

cone-beam CT data. The stem hyperemic flow and

the associated crown lumen volume were related by

Q = 109.3 V3/4 (r = 0.99, SEE = 7.3 ml/min, N = 18).

These results are in agreement with the prediction

from Eq. 3. Table 2 shows the stem hyperemic blood

flow, angiographic crown lumen volume, CT crown

lumen volume and CT crown arterial length for the

different animals and selected crowns.

Stem flow-crown length relationship

Figure 8 shows the relationship between stem hyper-

emic flow measured using densitometry and the

corresponding crown length measured using cone-

beam CT. The stem hyperemic flow and the associ-

ated crown length (L) were related by Q = 2.2 L

Fig. 4 Coronary angiogram with a global ROI superimposed

over the LAD coronary artery for blood flow measurement

Fig. 5 3-D reconstruction of coronary arteries using cone-

beam CT data from a casted heart

6 Int J Cardiovasc Imaging (2012) 28:1–11
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(r = 0.99, SEE = 5.5 ml/min, N = 18). This result

is in agreement with the prediction from Eq. 1.

Discussions

There have been significant advances in the ability

to assess myocardial blood flow using radionuclide

imaging techniques. Conventional single photon

perfusion imaging techniques that use either a planar

or a single photon emission computed tomography

(SPECT) permits only relative measurement of

regional blood flow under stress conditions or at rest.

However, these techniques cannot quantify the abso-

lute myocardial perfusion. Previous studies have
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Fig. 6 Correlation of stem hyperemic blood flow and normal-

ized crown lumen volume raised to the power of �.

Densitometry was used to measure both blood flow and lumen

volume. All crown volumes were normalized to a crown lumen

volume of 1 ml (Vref = 1 ml, see Eq. 3)
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ized crown lumen raised to the power of �. Densitometry was

used to measure blood flow and cone-beam CT was used to

measure lumen volume. All crown volumes were normalized to

a crown lumen volume of 1 ml (Vref = 1 ml, see Eq. 3)

Table 2 Stem hyperemic blood flow, angiographic crown

lumen volume (Volumeangio), CT crown lumen volume (Vol-

umeCT) and CT crown arterial length (LengthCT) for different

selected crowns are shown for all the animals

Animal Flow

(ml/min)

VolumeAngio

(ml)

VolumeCT

(ml)

LengthCT

(cm)

1 125.4 0.65 1.01 45.6

1 84.3 0.38 0.69 34.7

1 27.4 0.10 0.16 7.3

1 15.3 0.05 0.10 5.8

1 7.3 0.02 0.02 2.3

1 4.1 0.01 0.03 2.0

1 1.6 0.004 0.03 1.3

2 133.5 0.92 1.00 51.1

2 103.5 0.66 0.47 34.1

2 79.2 0.53 0.43 30.8

2 22.7 0.06 0.07 6.0

2 4.7 0.02 0.03 2.4

3 182.1 1.1 1.09 56.3

3 136.0 0.87 0.79 43.4

3 34.8 0.13 0.16 9.0

3 16.4 0.05 0.05 3.8

3 6.2 0.02 0.05 2.4

3 3.4 0.007 0.01 1.4

4 132.2 0.79

4 101.9 0.66

4 93.4 0.59

5 100.1 0.59

5 86.7 0.49

6 162.8 0.93

6 158.6 0.81

6 120.6 0.71

7 154.1 0.85

8 123.1 0.59

9 110.0 0.69

9 74.9 0.49

10 119.4 0.59

10 95.4 0.42

10 73.3 0.31
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described [36, 37] a method for quantifying absolute

regional myocardial perfusion after intravenous injec-

tion of nitrogen-13 (N-13) ammonia and rapid

sequential imaging by positron emission tomography

(PET). Although PET offers unique clinical capabil-

ities such as assessment of myocardial viability and

perfusion, in this era of cost containment it is difficult

to predict the rapid growth of such a complex and

expensive technology. It seems more likely that PET

will continue to be primarily an investigative tool.

There have been developments in other imaging

modalities such as magnetic resonance imaging (MRI),

computed tomography (CT) and echocardiography in

efforts to develop a noninvasive screening technique to

assess myocardial perfusion. MRI is capable of

detecting indicators of coronary blood flow in large

vessels and myocardium using FLASH sequence

techniques. CT has also been used for assessing

myocardial perfusion after intravenous injection of

contrast material. Echocardiography, after intravenous

injection of microbubble contrast agent, is another

noninvasive imaging modality that has been used to

quantify myocardial perfusion. However, these alter-

native methods pose significant challenges and require

further development to be clinically useful [38].

The previously mentioned modalities are focused

on the important problem of developing a noninva-

sive screening technique to assess coronary artery

disease (CAD). However, it is of paramount impor-

tance to accurately assess the severity of coronary

artery stenosis after a patient has been referred to the

cardiac catheterization laboratory. This is especially

true in the case of an intermediate coronary lesion

where coronary arteriography cannot determine

whether the lesion caused the ischemia.

FFR, developed by Pijls et al., was introduced to

provide a physiological measurement of coronary

stenosis in the cardiac catheterization laboratory. FFR

is defined as a percentage of normal hyperemic flow

transmitted across the stenotic artery. FFR can be

derived by dividing the pressure distal to the stenosis

by the aortic pressure. The distal pressure is measured

by using a pressure-sensing wire that has been

advanced across the stenosis during cardiac catheter-

ization. Aortic pressure is simultaneously measured at

the catheter tip with a fluid filled pressure transducer.

Theoretically, a FFR value of 0.6 means the maximum

myocardial flow across the stenosis is only 60% of

what it should be without the stenosis. Likewise, a

FFR of 0.9 after coronary intervention means that the

maximum flow to the myocardium is 90% of a

completely normal vessel.

The concept of fractional flow reserve has been

thoroughly examined by both experimental and clin-

ical studies [39–41]. A non-ischemic threshold value

range of 0.75–0.80 has been prospectively confirmed

[39] and was compared to the non-invasive stress

testing [41, 42]. A FFR \ 0.75 was associated with

inducible ischemia (specificity, 100%), whereas a

value [0.80 indicated an absence of inducible ische-

mia in the majority of patients (sensitivity, 90%).

Although FFR is clinically reliable and useful, its

application requires inserting an angioplasty sensor

guide wire across the stenotic lesion and the potential

risks that entails. Therefore, it would be important if

angiographic image data could be used instead to

measure coronary blood flow and FFR because it

eliminates those risks.

Early densitometry techniques to measure coro-

nary artery cross-sectional area and blood flow using

angiographic image data were hampered by physical

and physiological limitations. The primary physical

limitation was the non-linearity in the image inten-

sifier television-based imaging chain. Early studies

using densitometry produced disappointing results

because no corrections were made for this. The major

cause of this non-linearity is the physical degradation

factors that include X-ray scatter and veiling glare

[35]. Currently, there are techniques available to

correct for the X-ray scatter and veiling glare
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Fig. 8 Correlation of stem hyperemic blood flow and crown

branch lengths. Densitometry was used to measure blood flow
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[43, 44]. These techniques can be used to address this

major physical limitation. Furthermore, new genera-

tions of flat panel detectors have substantially

improved the capability for quantitative analysis.

The veiling glare has been substantially reduced and

the pincushion distortion has been eliminated.

A physiological limitation for measuring coronary

artery blood flow and lumen volume has been the

unknown blood iodine concentration. We have shown

that power injection of contrast material can produce

an undiluted bolus of contrast in the arterial tree.

Therefore, the iodine concentration can be assumed

to be the same as the injected contrast material

[15, 16]. By addressing the physical and physiolog-

ical limitations, it is now possible to accurately

measure coronary blood flow and lumen volume

using densitometry [16, 17, 23].

A previously reported densitometry technique [16]

can be used to measure the maximum hyperemic

coronary blood flow through a stenotic artery. How-

ever, the reduction of hyperemic blood flow due to the

stenosis is not known. Previous studies have shown a

linear relationship amongst lumen volume, arterial

branch lengths and the associated myocardial mass

[18–21]. A previously reported simulation study has

also shown that coronary blood flow can be estimated

using the dependent arterial lumen volume or branch

lengths [24]. In this study, the correlation between

densitometry measured stem hyperemic flow (Q) and

crown lumen volume (V) for LAD shows (see Eq. 3) a

linear relationship between Q and V3/4 (see Fig. 6). In

densitometry, hyperemic blood flow and crown lumen

volume are measured using the same image data. In

order to eliminate the potential possibility of corre-

lated errors between densitometry derived lumen

volume and hyperemic blood flow, the measured

hyperemic blood flow was also correlated with CT

derived lumen volume (see Fig. 7). This was done for

the three animals where CT data was available from

the casted hearts. The results indicated that there is a

linear correlation between hyperemic blood flow and

lumen volume regardless of the method used for

lumen volume measurement.

The results of the correlation between stem

hyperemic flow and crown arterial lengths (L) (see

Eq. 1) show a linear relationship between Q and L

(see Fig. 8). Likewise, these correlations were done

for the three animals where CT data was available

from casted hearts.

The results from the current animal study agree

with our previous simulation results [24], indicating

that crown lumen volume and branch lengths can be

used to estimate the expected normal hyperemic blood

flow in the absence of a stenosis (see Figs. 6, 7, 8). It is

also possible to measure crown lumen volume [17]

and crown branch length [22] using coronary angiog-

raphy. Crown lumen volume can be easily measured

using the same single plane angiography images used

for volumetric blood flow measurement [15, 16, 23].

Lumen volume can be measured using an arterial ROI

(see Fig. 3). This process can potentially be automated

to make the lumen volume measurement available

immediately after image acquisition. On the other

hand, crown branch length measurement requires

biplane image acquisition and 3-D reconstruction of

the biplane images [22]. It also requires that the

terminal vessels have uniform diameters. Therefore,

the measured crown lengths using imaging modalities

with different spatial resolutions, such as angiography

and CT, can be different. Currently, the available 3-D

reconstruction algorithms of biplane images are time

consuming. Furthermore, it might be necessary to

image the arterial tree in more than two projections to

overcome the limitations manifested by vessel overlap

[45]. Therefore, it is expected that crown lumen

volume can potentially be more feasible for clinical

implementation.

Regional lumen volume and arterial branch lengths

were measured using casted hearts and cone-beam CT

(see Figs. 7, 8). It is also potentially possible to

measure these parameters using CT angiography,

since the image quality for this emerging technology

has been improving. This will make it possible to

estimate an expected hyperemic blood flow along the

coronary artery tree. The measured distal crown lumen

volume or branch lengths can alternatively be used to

estimate the regional myocardial mass at risk since

these parameters are interdependent [18–21].

Clinical implications and limitations

The clinical application of our technique has some

potential limitations. One potential limitation is that

flow measurements have to be made before contrast

material starts exiting the vascular bed. Also, diluted

contrast material cannot enter the vascular bed during

this time interval. However, since all the flow
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measurements in this study were made during the first

two cardiac cycles after the start of contrast injection,

it indicates that the LAD vascular bed empties out

slowly enough to allow for the flow measurements to

be performed.

Another potential limitation is the overlapping of

vascular beds from multiple vessels. This problem is

an inherent limitation of the projection nature of

radiographic images. However, it is possible to

choose an imaging projection that will minimize

potential errors.

This flow measurement technique has not been

tested when there is collateral blood flow present.

However, clinically, the situations most likely to

involve collateral flow are those in which lesion

severity has been reliably assessed by angiography

(e.g.[90%). For less severe stenosis in which angio-

graphic assessment is less reliable, the frequency of

appreciable collateral flow is markedly reduced.

Our current implementation of this technique

utilizes phase-matched time subtraction images dur-

ing a breath hold. The flow measurements can be

completed in approximately two cardiac cycles. This

reduces the possibility of motion misregistration

artifacts in comparison to other techniques that

require temporal subtraction images during *15–20

heart beats [46]. However, it is necessary to minimize

potential misregistration artifacts during image acqui-

sition. This requirement is similar to other imaging

modalities such as CT and MRI. Results from a

previous simulation [24] and this study have both

shown that a relationship exists between hyperemic

blood flow and crown lumen volume. A previous

report has shown that crown lumen volume can be

measured using single plane angiographic images

[17]. The results from this study show that the

measured crown lumen volume can be used to predict

the theoretical hyperemic blood flow into an arterial

tree of interest. Knowledge of this theoretical hyper-

emic blood flow can potentially be used to assess

stenosis severity by quantifying FFR in the cardiac

catheterization laboratory. FFR can potentially be

determined using angiographic image data by mea-

suring the hyperemic coronary blood flow through a

stenotic vessel and using the measured crown lumen

volume to predict the theoretical hyperemic blood

flow without a stenosis. Therefore, angiographic

images can be used to assess both anatomic and

hemodynamic significance of a stenosis.
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