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Advances in CT systems and postprocessing in the past
decade have enabled the use of CT for comprehensive
assessment of anatomic stenosis and its hemodynamic sig-
nificance for myocardial perfusion within a single nonin-
vasive examination (1,2). Dynamic CT perfusion (CTP)
with dual-source CT allows quantitative assessment of
myocardial perfusion with the maximal upslope method
using commercially available software (3). Quantitative es-
timation of regional stress myocardial blood flow (MBF)
obtained with dual-source dynamic CTP using the maxi-
mal upslope method (MBF_.) has been shown to be ef-
fective for detecting hemodynamically significant coronary
artery disease (CAD) (4-6). However, quantification of
MBF with dual-source dynamic CTP has not yet been
clinically validated.

Absolute MBF can be quantified with PET in millili-
ters per minute per gram. In particular, oxygen 15-labeled
water (PO-water) PET is the most accurate method for

quantifying absolute MBF because "O-water is a metabol-
ically inert, freely diffusible tracer with a 100% extraction
fraction over a wide range of blood flows (7). Previous O-
water PET studies have demonstrated that MBF during
vasodilator stress is 35 mL/min/g in healthy individuals
(8,9). Quantitative "O-water PET provides high diag-
nostic performance for predicting CAD. A previous inter-
national multicenter study demonstrated that sensitivity,
specificity, and accuracy of stress MBF,, .. for detecting sig-
nificant CAD were 89%, 84%, and 86%, respectively, at
a per-patient level, using optimal cutoff values of 2.3 mL/
min/g (10). Recent studies have shown that global stress
MBF has important prognostic implications for the risk
stratification of patients suspected of having CAD (11,12).

Previous studies of dynamic CTP using the maximal
upslope method reported stress MBF of 0.9-1.7 mlL/
min/g in normal myocardium (4-6,13). The upper limit
of this range is substantially lower than that obtained in
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Abbreviations

ATP = adenosine triphosphate, CAD = coronary artery disease,
CCTA = coronary CT angiography, CTP = CT perfusion, E =
extraction fraction, ICC = intraclass correlation coeficient, LoA

= limits of agreement, MBF = myocardial blood flow, MBF . =
CT-derived MBE MBE_ = MBF__ after correction with the
fitting curve, MBF,.. = PET-derived MBE

Summary

True myocardial blood flow can be accurately estimated from dy-
namic dual-source CT perfusion data using a correction method that
is based on contrast kinetics in the myocardium.

Key Points

= Maximal upslope analysis of CT perfusion (CTP) underestimated
myocardial blood flow (MBF) compared with oxygen 15-labeled
water (O-water) PET (1.24 mL/min/g * 0.28 vs 2.51 mL/min/g
+0.89, P <.001).

= In a validation group, use of the correction method more accurate-
ly estimated MBF with CTP (2.64 mL/min/g % 1.94 [corrected]
vs 2.67 mL/min/g £ 1.87 [“O-water PET], P = .88).

» MBF with CTP corrected with the relationship equation showed
excellent agreement with true MBF with "O-water PET in a sepa-
rate group (intraclass correlation coefficient = 0.93).
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previous "O-water PET studies, and therefore CT may have
underestimated stress MBE According to the results of a previ-
ous study, the underestimation is because MBF . is not a true
MBE but rather a blood-to-myocardium transfer constant (ie,
K1) (14). If true MBF could be obtained with MBF_, CTP
using the maximal upslope method and commercially available
software might allow comparison of the MBF values determined
with different modalities such as CT and PET and might pro-
vide prognostic information. In the single-tissue compartment
model, K1 is related to extraction fraction (E) and MBE and
E is dependent on MBF (generalized Renkin-Crone equation)
(15-17). Therefore, after the relationship between “O-water
PET—derived true MBF (MBF ) and MBF ., (ie, K1) has been
determined, MBF . can be converted to true MBE.

The objectives of this study were to determine the fitting
curve based on a generalized Renkin-Crone model that can con-
vert MBF ., to true MBF (MBF . ), using MBF
erence, and to validate the accuracy of MBF
with MBF . in a separate set of participants.

Materials and Methods

Participants

oy a8 a ref-

compared

CT-corrected

This prospective, single-center study was approved by the insti-
tutional review board in our institution (reference no. 2466),
and written informed consent for participation in the study
was given by all participants. The inclusion criteria were (a)
participants suspected or known to have CAD and (4) age of
45-85 years. The exclusion criteria were (2) participants with
contraindication to iodinated contrast agents or adenosine tri-

phosphate (ATP), (4) participants with persistent atrial fibrilla-

tion, and (¢) participants with acute chest pain or unstable gen-
eral condition. Stress CTP and O-water PET were performed
in 36 participants at a median interval of 51 days (interquar-
tile range, 30—73 days) between January 2014 and December
2018. Stress CTP was performed before O-water PET in all
participants. After excluding one participant who underwent
a revascularization procedure and one who changed medica-
tion between the two scans, 34 participants (27 men and seven
women; mean age, 70 years = 8) were randomly assigned to
cither a pilot group (7 = 17), to determine the fitting curve that
can convert MBF .. to MBF . using MBF,, as a refer-
ence, or a validation group (7 = 17), to validate MBF ..
against MBF . (Fig 1). All participants refrained from caffeine
intake 24 hours before stress CTP and YO-water PET (18).
No participants received medication suppressing maximal re-
sponses to ATP-mediated vasodilator stress, such as theoph-
ylline (19). Heart rate, electrocardiogram, and blood pressure
were monitored during the examinations.

CT Protocol and Quantification of MBF

CT examinations were performed using dual-source CT scan-
ners (SOMATOM Definition Flash or SOMATOM Force;
Siemens Healthineers). The CT protocol comprised stress dy-
namic CTD, followed by coronary CT angiography (CCTA)
and CT delayed enhancement (2,4,20,21) (Fig 2). Contrast
agent and ATP administration, image acquisition methods,
and image analysis for CT examinations are explained in Ap-
pendix E2 (supplement). For stress dynamic CTD briefly,
MBEF_.. was calculated from the maximum upslope of the
time-attenuation curves for every voxel using commercially
available software (syngo.via; Siemens Healthineers). The MB-
F.. values in 16 segments (ie, the American Heart Associa-
tion model’s 17 segments except for the apex) were obtained
from the MBF . map.

*O-Water PET Protocol and Quantification of MBF,

BO-water PET was performed at rest and during vasodilator
stress using a PET/CT scanner (Discovery PET/CT 690 VCT;
GE Medical Systems). Acquisition methods and image analysis
are explained in Appendix E3 (supplement). Stress MBF was
measured by a standard single-tissue compartment model with
correction for perfusable tissue fraction on the American Heart
Association 17-segment model.
Formula for Calculation of MBF_, . and Validation of
MBF against MBF,__.

CT-Corrected
Segments out of the scan range on the dynamic CTP images
(20) and segments with a thickness of less than 5 mm (22,23)
were excluded from the analysis.

In the pilot group, the correlations between the permeabil-
ity—surface-area product values of iodinated contrast medium and
MBE, were determined from MBF . and MBF _ using linear
analysis, and parameters a and 3 were estimated using Equations
(E8)—(E10) in Appendix E1 (supplement) (15-17). In the pilot
group, segments in which MBF - was less than MBF . were ex-

cluded from analysis because the Renkin-Crone equation (Eq [E9]
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36 patients who underwent stress dynamic
CTP and '3O-water PET

Revascularization
or change of medication
between the two scans (n=2)

[ Randomly assigned ]

Pilot group

Validation group
(n=17)

(n=17)

Determine the accuracy of
corrected (MBF o ecieq) and
PET

Determine the fitting equation
for MBF - and MBFpy

Figure 1: Ovenview of the study design including participant selection pro-
tocol. CTP = CT perfusion, MBF = myocardial blood flow, MBF , = CT-derived
MBF, MBF_ = corected MBF_, MBF,_ = PET-derived MBF, "O-water =

oxygen 15-labeled water.

in Appendix E1 [supplement]) does not allow that MBF . can
be less than MBF ... The relationship between E and MBF, - was
determined by substituting the simple linear correlation between
permeability—surface-area product and MBF obtained by the lin-
ear regression analysis into the generalized Renkin-Crone equation
(Eq [E11] in Appendix E1 [supplement]).

Statistical Analysis

The sample size (segments) was calculated using a Pearson cor-
relation coeflicient with an a probability of .05 and power of
0.80. We defined a null hypothesis as p = 0.55 as a criterion for
moderate correlation and an alternative hypothesis as p = 0.67
(24). Target sample size was 215 segments. Expecting an exclu-
sion rate of 20% at segmental level, 272 segments (17 partici-
pants) were required for each group. Continuous variables are
expressed as the mean * standard deviation, and categorical
variables are expressed as proportions. Student 7 test was used
to assess differences in continuous variables after examining
the normality of the data. The x? test was used to assess the
differences in proportion between categorical variables. In the
validation group, the relationship between MBF .. and MBF-
ppp and between MBE .
Pearson correlation coefficient and linear regression analysis.
The degree of agreement between MBF_. and MBF,,,
was evaluated according to the Bland-Altman method, percent

and MBF .. were assessed using

difference, intraclass correlation coefficient (ICC), and equiva-
lence test. The percent difference was defined as 100 X (differ-
ence of the tests)/(mean of the tests). The equivalence test was
performed using two one-sided 7 tests (25). The two one-sided
¢ tests are constructed for the null hypotheses that the true dif-
ference exceeds the equivalent criteria. If both tests reject (ie,
P < .05), the groups are considered practically equivalent. The
greatest of these P values was taken to evaluate the equivalence.
‘The equivalence criteria were (#) within 15% at the participant
level and (%) 30% at the vessel and segment levels according to
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Figure 2: Flowchart of image acquisition protocols. The CT protocol consisted
of stress dynamic CT perfusion (CTP), followed by coronary CT angiography
(CCTA) and CT delayed enhancement (CTDE). The PET protocol consisted of rest
and sfress examinations and helical CT for attenuation correction. In both proto-
cols, pharmacologic vasodilator stress was performed with intravenous infusion of
adenosine triphosphate (ATP; 0.16 mg/kg,/min).

the range of variability of the MBF = measurements in pre-
vious studies (26,27). All statistical analyses were performed
using JMP version 10 software (SAS Institute). Values of P less
than .05 were considered to indicate statistical significance.

Results

Participant Characteristics

There were no significant differences in sex, age, body mass
index, risk factors for CAD, smoking, medication, history of
CAD, coronary calcium score, number of diseased vessels at
CCTA, or Coronary Artery Disease Reporting and Data Sys-
tem score between the pilot and validation groups (Table).
No serious adverse reaction was recorded in any examination.
Heart rate increased with ATP administration from 66 beats
per minute = 10 (range, 50-90 beats per minute) to 79 beats
per minute = 12 (range, 59-100 beats per minute) at dynamic
CTP (P < .001) and from 69 beats per minute = 11 (range,
52-95 beats per minute) to 77 beats per minute = 12 (range,
55-100 beats per minute) at "O-water PET (2 < .001).

‘The dose-length product of dynamic CTE, CCTA, and CT
delayed enhancement was 270 mGy-cm = 78, 202 mGy-cm
+ 117,and 116 mGy-cm = 43, respectively; the effective dose
for the three techniques was 3.77 mSv = 1.10, 2.83 mSv =
1.64, and 1.62 mSv * 0.60, respectively.

Segments Excluded from MBF Analysis in the Pilot and
Validation Groups

In the pilot group, 26 of the 272 segments (9.6%) were ex-
cluded: 13 segments with a thickness of less than 5 mm (4.8%)
and 13 segments with an MBF, | less than MBF .. (4.8%). No
segment was out of the scan range.

In the validation group, 18 of the 272 segments (6.6%) were
excluded: 12 segments with a thickness of less than 5 mm (4.4%)
and six segments out of the scan range (2.2%).


http://radiology-cti.rsna.org

Participant Characteristics

Characteristic Pilot Group (= 17) Validation Group (z=17) P Value
No. of men 14 (82%) 13 (76%) .67

Mean *= SD 68.6 = 6.8 71.1 £ 9.0 .36

Interquartile range 62-74 70-76

Body mass index (kg/m?)

Median 22 25

Range 16.8-38.0 18.4-34.9

Hypertension 10 (59%) 13 (76%) 27

Diabetes 7 (41%) 11 (65%) 17

Smoking .15

Those with smoking history 4 (24%) 9 (53%)

Medication

B-blockers 5 (29%) 2 (12%) .20

Aspirin 9 (53%) 10 (59%) 73

Statin 8 (47%) 8 (47%) >.99

History of CAD

Prior PCI 5 (29%) 5 (29%) >.99

Coronary calcium score

Median 156 581

Range 10-6879 0-3357

No vessel disease 3 (18%) 2 (12%)

Two-vessel disease 2 (12%) 3 (18%)

CAD-RADS score .50

1 2 (12%) 1 (6%)
Table (continues)
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Table (continued): Participant Characteristics

Characteristic Pilot Group (= 17) Validation Group (z=17) P Value
2 2 (12%) 0 (0%)
3 3 (18%) 1 (6%)
4A 3 (18%) 5 (29%)
4B 3 (18%) 5 (29%)
5 4 (24%) 4 (24%)

ous coronary intervention, SD = standard deviation.

Note.—Except where otherwise noted, data are presented as the numbers of participants, with percentages in
parentheses. Student 7 test was used to assess differences in continuous variables. The X test was used to assess the
differences in proportion between categorical variables. ACE-I or ARB = angiotensin-converting enzyme inhibi-
tor or angiotensin II receptor blocker, CABD = coronary artery bypass graft, CAD = coronary artery disease,
CAD-RADS = Coronary Artery Disease Reporting and Data System, CTA = CT angiography, PCI = percutane-

Formula for Calculation of MBF_, . in the Pilot Group

The mean MBF_. . was 1.24 mL/min/g * 0.28, and mean
MBE, . was 2.51 mL/min/g % 0.89 in the pilot group at the

PET

segment level. The relationship between MBF .. and MBF, is

PET

shown in Figure 3. The parameters o (.11) and B (1.54) were
estimated from these data using Equations (E8)—(E10) (Ap-
pendix E1 [supplement]). The relationships between E, MB-
F., and MBF

CTeomeeed WeTE €xpressed as

(0,1 1IxMBF +1.54)
E = 1 —e MBF (1)5
1.54

MBE_, = (1 —0.90e MBF ) x MBF (2),

and
1.54MBF¢T
— 1.54
MBFCT—corrccred - Ehyrn (3)
or o[ 1:39¢ MBF
MBF! x Wi — 0
Accuracy of MBF . in the Validation Group

Before correction in the validation group, MBF . was under-
estimated compared with MBF_: Mean MBEF .. and MBF,__
were 1.24 mL/min/g = 0.33 and 2.67 mL/min/g = 1.87 at the
participant level (P = .002), 1.24 mL/min/g * 0.33 and 2.68
mL/min/g = 1.87 at the vessel level (P < .001), and 1.25 mL/
min/g * 0.36 and 2.70 mL/min/g = 1.93 at the segment level
(P < .001), respectively. After the correction using the relation-
ship obtained in the pilot group, no significant difference was
observed between MBF_. _ ~and MBF, . Mean MBF__
g Was 2.64 mL/min/g * 1.94 at the participant level (P =
.88), 2.66 mL/min/g * 1.93 at the vessel level (P = .85), and
2.70 mL/min/g * 2.02 at the segment level (P = .99) (Fig 4).
There was excellent linear correlation between MBF ..
and MBF _ at the participant level (y = 0.97x + 0.06, » = 0.93
[95% CI: 0.81, 0.97]; P < .001), vessel level (y = 0.96x + 0.09,
r=0.92 [95% CI: 0.87, 0.96]; P < .001), and segment level (y
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=0.94x + 0.16, »= 0.90 [95% CI: 0.87, 0.92]; P < .001). ICC
between MBE .. and MBF_ was 0.93 (95% CI: 0.82,
0.98), 0.93 (95% CI: 0.87, 0.96), and 0.90 (95% CI: 0.87,
0.92) at the participant, vessel, and segment levels, respectively
(Fig 5A).

Bland-Altman plots showed a mean difference between MB-
F ot omeed a0d MBE,of —=0.03 mL/min/g * 0.72 (95% limits
of agreement [LoA], —1.44 to 1.38 mL/min/g) at the participant
level, —0.02 mL/min/g = 0.74 (95% LoA, —1.48 to 1.44 mL/
min/g) at the vessel level, and 0.001 mL/min/g £ 0.90 (95%
LoA, —1.77 to 1.77) at the segment level (Fig 5B). The percent
difference between MBF . and MBF,  was —4% = 23,
—4% =+ 24, and —4% = 30, at the participant, vessel, and seg-
ment levels, respectively. Using the criteria based on "O-water
PET interstudy variability, MBF . demonstrated an equiv-
alence to MBF _ at the vessel (P = .02) and segment levels (P <
.001), but not at the participant level (P = .29). A representative
participant is presented in Figure 6.

Di on
In this study, we determined an equation representing the re-
lationship between MBF .. and MBF,,. that was based on the
generalized Renkin-Crone model in the pilot group. When

the correction equation was applied in the validation group,
L — PET”

Quantitative assessment of dual-source dynamic CTP en-
ables quantification of MBE However, the MBF value deter-
mined by CTP is influenced by the characteristics of the con-
trast medium (14). Most importantly, MBF quantified with
dual-source CTP and commercially available software (MBE )
is based on the rate of contrast enhancement in myocardial tissue
compared with that in the blood pool at the peak of blood con-
trast enhancement and equals K1, not true MBF (14). Because
E of contrast medium from capillary blood to the extracellular
space is less than 1.0, underestimation of MBF is inevitable. The
noncorrected CT perfusion measure (MBF ; ie, K1) was mark-
edly attenuated in higher MBF relative to "O-water PET in our
study. The underestimation of MBF ... in higher MBF depends
on characteristics of iodinated contrast medium as the perfu-
sion tracer. The underestimation of MBF . in higher MBF may

showed excellent agreement with MBF
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Figure 4:  MBF_ was significantly underestimated compared with MBF, |
obtained in the pilot group, no significant difference was observed between MBF

flow, MBF

CT-corrected

lead to discordance of the value of stress MBF value. However,
our correction method enables appropriate interpretation of the
absolute stress MBF derived from CTDT, allowing for the under-
standing of the implication of stress MBF between multiple mo-
dalidies, including O-water PET.

CT-corrected

= CT-derived MBF after correction with the fitting curve, MBF _ = CT-derived MBF, MBF,

at the participant, vessel, and segment levels, whereas with correction using the relationship

and MBF, ot the participant, vessel, or segment levels. MBF = myocardial blood

_PET-derived MBF.

PET =

In the current study, we first determined the fitting equation
that describes the relation between MBEF .. and MBF | by us-
ing the generalized Renkin-Crone model, employing PO-water
PET as the reference standard for MBE The E of iodinated con-
trast medium was described as E = 1 —0.90 exp (~1.54/MBF) in

rctirsna.org = Radiology: Cardiothoracic Imaging Volume 3: Number 5—2021


http://radiology-cti.rsna.org

Tokafui

H )
ml/min/g

A m/mine  Participant level
12 12

ICC 0.93 /
10 (95%C10.82-0.98) 0

Vessel level

ICC 0.93
(95%C1 0.87-0.96)

m/min/g - Segment level
/ 12
/ 10

1CC 0.90
(95%C1 0.87-0.92

<6 £ 6 g6
i 5 -}
S 4 s 4 = 4
, y =0.97x + 0.06 ° y=0.96x+0.09 y=094x+0.16
2 r=0.93 (95%C1 0.81-0.97) 2 £=0.92 (95%CI 0.87-0.96) 2 1 =0.90 (95%C1 0.87-0.92)
P <.001 P<.001 P <.001
0 0" 0 -
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
MBFpgr ml/min/g MBFper ml/min/g MBFpgr ml/min/g
. Participant level _ Vessel level _ Segment level
B ml/min/g ml/min/g ml/min/g
5 5 5
4 4
3 3
2 ° 2 oo®
s = g1 [ ‘Y | | | g
5] 3] S
50 g tar s 2 0 g - 3
S 4,0 “2e 4§ § *10 Z,0 4 6 8 ®el0 =
5 T VUV UV Y (VU Nmm— o o P ) S (] DG A
) -2
-3 -3 -3 .
4 4 -4
-5 A -5 & -5 A
T A 4 a0
verage ml/min/g LR ml/min/g ey ml/min/g
Figure 5:  (A) Intraclass correlation coefficients (ICCs) and correlations between MBF__ and MBF,, at the patient, vessel, and segment levels were excellent.

Dashed line indicates line of best fit for linear regression. Solid line indicates line of identity. (B) Bland-Altman plots with 95% limits of agreement demonstrate agreement

between MBF

CT-corrected

and MBF,_. MBF = myocardial blood flow, MBF
the present study and E = 1 —0.904 exp (~1.203/MBF) (28) in
the previous study that employed O-water PET as the reference
standard for MBE, whereas in previous MRI studies, the E of
gadolinium-diethylenetriamine pentaacetic acid was described
as E=1-0.87 exp (-0.56/MBF) (17) and E = 1 — 0.892 exp
(-=0.964/MBF) (29). Thus, the extraction efficiency of iodinated
contrast medium is up to 1.1 to approximately 1.6 times higher
than gadolinium contrast medium for MBF from 0.5 to 3.0 mL/
min/g, which suggests that the property of iodinated contrast
medium as a perfusion tracer might provide a more accurate
MBF measurement than that of gadolinium contrast medium.
Considering that the molecular weight of CT and MRI contrast
media are similar, both are inert substances, and passive diffusion
is the dominant mechanism for influx from blood to tissue for
both, other factors, including the differences in the mechanism
of contrast effect and the nonlinearity between signal intensity
and contrast concentration in MRI, might affect the difference
of apparent extraction efficiency between iodinated and gado-
linium contrast medium.

After determining the correction equation in the pilot group,
the accuracy of MBF . was compared with MBF .
separate validation group. At the vessel level, there was a high lin-

ina

ear correlation and low bias, and some variance was noted. The
variance might be attributable to potential misregistration of the
segments between CTP and PO-water PET or to the relatively
long interval between CTP and O-water PET. Nevertheless,

Radiology: Cardiothoracic Imaging Volume 3: Number 5—-2021 = rcfirsna.org

= CT-derived MBF dfter correction with the fitting curve, MBF, = PET-derived MBF.

the percent difference between MBF,.. and MBF  in this
study was within the range of the variability of ’O-water MBF
measurement (26,27). In addition, the ICC between MBF_..
g And MBE . was close to that of intraobserver reproduc-
ibility of "O-water PET (0.92 vs 0.90-0.96 at the vessel level)
(27). Global stress MBF .. also showed excellent agreement
with global stress MBF . and had higher linear correlation and
smaller variance compared with vessel-based analysis. These re-
Cleomered A0

MBF ., both at the vessel and global levels. However, Bland-Alt-
man plots show the substantial variance between CT and PET
estimates of MBF at the segment levels. Therefore, the reliability
of segmental assessment of MBF with the quantitative perfusion
CT approach is to be improved and validated in further studies.
Most clinical evidence on dynamic CTP has been obtained
using dual-source CT and the dedicated perfusion quantifica-
tion software using maximal upslope model (4-6). However,

sults show an excellent agreement between MBF,

quantitative perfusion measure determined with dual-source
CTP has not been validated clinically yet. In the current study,
we validated the accuracy of MBF determined with dual-
source CTP using "O-water PET as the reference standard and
developed a mathematical correction method to obtain true
MBE This point is the most important clinical relevance in our
study. Thus far, there are two studies that have clinically vali-
dated MBF with dynamic CTP against myocardial perfusion
PET (28,30). However, in contrast to our study, both studies
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Figure 6:

MBFectcorecied | MBFper
(ml/min/g) (ml/min/g)
RCA 2.21 2.47
LAD 1.73 1.93
LCX 2.27 2.79
Global 1.98 2.37

myocardium

Images in a 7 2-year-old man with diabetes and hyperlipidemia. (A) Coronary CT angiographic image shows severe stenosis (red arrow) in the proximal

portion of the left anterior descending artery (LAD). Both the (B) MBF _, map and (€) MBF, map demonstrate similar distribution of abnormal perfusion in the anteroseptal
wall and apex corresponding fo the LAD stenosis. (D) The dynamic CT perfusion (CTP) images and fime-attenuation curve obtained with dynamic CTP are demonstrated.

AIF = arterial input function, LCX = left circumflex artery, MBF = myocardial blood flow, MBF ., = CT-derived MBF, MBF,

fiing curve, MBF,_ = PET-derived MBF, RCA = right coronary arfery.

employed the single-source large-coverage scanner. Moreover,
the blood flow models used in those studies were different from
the one used in our study. Kikuchi et al used curve fitting us-
ing the nonlinear least squares with the generalized Renkin-
Crone equation (28). Alessio et al used the two-compartment
exchange model (30). In contrast, maximal upslope model
with correction using the generalized Renkin-Crone equation
was used in our study. These technical differences in the type
of scanner and mathematical modeling may explain the differ-
ences between our study and others.

Recent PET studies have emphasized the value of global
stress MBF for the evaluation of prognosis in patients with CAD
(11,12). Bom et al (11) demonstrated that global stress MBF
with "O-water PET has prognostic value for predicting cardio-
vascular events independent of clinical characteristics in patients
with CAD. Farhad et al (12) revealed that global stress MBF
with rubidium 82 PET was an independent predictor of major
adverse cardiac events in patients with CAD, which provided
added value to the evaluation of regional ischemia using summed
difference score. In this regard, MBF_. _ could serve as an
alternative to cardiac PET for the risk stratification of patients
with suspected CAD. This is of potential clinical relevance be-
cause CT has wider availability and lower cost compared with
50-water PET, which requires an on-site cyclotron. However, it
is still lacking the evidence for the clinical value of global MBF
with CTP for the risk stratification of patients with CAD. The
value of MBF . for the risk stratification of patients with
CAD requires further investigation.

In 2017, Michallek and Dewey demonstrated the importance
of perfusion pattern of stress perfusion MR images in patients
with chronic ischemic heart disease (31). Compared with MBF
quantification, perfusion pattern analysis is another approach to

= CT-derived MBF dafter correction with the

CT-corrected

explore the usefulness of stress CTP. Pathophysiologic analysis
including quantification of perfusion patterns might have added
clinical values even in stress CTT. Further investigation is desir-
able to address this point.

There were some limitations in the present study. First, there
was a relatively long interval between the dynamic CTP and
BO-water PET studies due to scheduling problems concern-
ing scanner availability. However, none of the 34 participants
analyzed in this study experienced a cardiac event or under-
went a therapeutic intervention in the time between the two
studies. Second, we did not evaluate the diagnostic value of
our correction method in managing participants with CAD.
Further investigation is needed to assess the impact of stress
MBF_, . on diagnosis and value at different institutions
with larger populations. Third, in the pilot group, the segments
with MBF,.. lower than MBF ., were excluded from analysis
due to the restriction of the Renkin-Crone equation. This non-
physiologic phenomenon might be related to reproducibility
for measuring MBF .. So far, the test-retest reproducibility for
measuring MBF .. remains unknown. Further study is war-
ranted. However, a previous study (4) demonstrated the good
intra- and interobserver reproducibility for measuring MBF ..
(ICC 0f 0.934 and 0.913, respectively, at the vessel level) using
the same approach employed in our study. This may have an
influence in obtaining the equation that converts MBF ., to
true MBE However, the excellent agreement between MBF ..
womeere and MBF, . in the validation group suggests that the
influence will be negligibly small. Fourth, reproducibility was
not evaluated in this study. Further investigation will be re-
quired regarding the reproducibility of our correction method.
Fifth, there is a paucity of data at the lower range of MBE par-
ticularly less than 0.8 mL/min/g, limiting the ability to prove
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the validity of the Renkin-Crone formula at the lower range of
MBF in our study. However, stress MBF in the segments with
transmural infarct were all above 0.8 mL/min/g with *O-water
PET in this study. This is consistent with the result of a previ-
ous study using O-water PET, where the MBF of infarcted
myocardium was 0.82 mL/min/g * 0.21 at rest and 1.20 mL/
min/g % 0.45 at vasodilator stress (32), indicating that our ap-
proach has validity in a reasonable range of stress MBF even in
the segment with transmural infarct. Finally, the quantification
techniques and fitting curves may vary from system to system.
However, when a similar type of CT scanner and injection
protocol are employed, fitting curves are generally consistent.
Therefore, as long as the dual-source CT scanner, imaging pro-
tocol, and injection protocol of contrast medium employed in
this study are used, our quantification technique is applicable.
So far, to our knowledge, most of the previous dynamic CTP
studies employed the dual-source CT scanner, similar imaging
protocol, and contrast medium injection protocol as used in
our study. In this respect, our quantification method is readily
applicable to those widely used dual-source CT protocols.

The relationship between MBF_. and true MBF was de-
termined using O-water PET as the reference standard. The
new correction method, which was based on contrast kinetics
in the myocardium, enabled true MBF to be adequately esti-
mated from dynamic CTP data obtained with dual-source CT,
using commercially available software. Underestimation of MBF
has long been considered as an important limitation of dynamic
CTP with dual-source CT; however, our correction equation
may solve this problem and extend the clinical use of quantita-
tive perfusion CT.
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