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The diagnostic work-up of patients with chest pain sug-
gestive of coronary artery disease (CAD) at presentation 

is typically oriented toward the detection of a hemody-
namically relevant obstructive stenosis, which serves as 
the basis for further treatment decisions, such as coronary 
intervention. However, a considerable number of patients 
who have angina and signs of ischemia at presentation do 
not have significant obstructive disease, as defined by 50% 
or greater diameter stenosis detected at invasive coronary 

angiography (ICA) (1). Initially, such observations were ex-
plained as false-positive results, but an elevated risk of ad-
verse events has been repeatedly demonstrated in these pa-
tients as compared with participants in reference cohorts, 
suggesting that this condition, ischemia and no obstructive 
stenosis (INOCA), should not be considered benign (1–4). 
In addition, recurrent angina after successful percutaneous 
coronary intervention remains a clinically relevant issue oc-
curring in a non-negligible percentage of patients (5). As a 
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Background: CT allows evaluation of atherosclerosis, coronary stenosis, and myocardial ischemia. Data on the characterization of 
ischemia and no obstructive stenosis (INOCA) at CT remain limited.

Purpose: This was an observational study to describe the prevalence of INOCA defined at coronary CT angiography with CT per-
fusion imaging and associated clinical and atherosclerotic characteristics. The analysis was also performed for the combination of 
invasive coronary angiography (ICA) and SPECT as a secondary aim.

Materials and Methods: The prospective CORE320 study (ClinicalTrials.gov: NCT00934037) enrolled participants between November 
2009 and July 2011 who were symptomatic and referred for clinically indicated ICA. Participants underwent CT angiography, rest-
adenosine stress CT perfusion, and rest-stress SPECT prior to ICA. For this ancillary study, the following three phenotypes were 
considered, using either CT angiography/CT perfusion or ICA/SPECT data: (a) participants with obstructive (50%) stenosis, 
(b) participants with no obstructive stenosis but ischemia (ie, INOCA) on the basis of abnormal perfusion imaging results, and (c) 
participants with no obstructive stenosis and normal perfusion imaging results. Clinical characteristics and CT angiography athero-
sclerotic plaque measures were compared by using the Pearson x2 or Wilcoxon rank-sum test.

Results: A total of 381 participants (mean age, 62 years [interquartile range, 56–68 years]; 129 [34%] women) were evaluated. A 
total of 31 (27%) of 115 participants without obstructive (50%) stenosis at CT angiography had abnormal CT perfusion find-
ings. The corresponding value for ICA/SPECT was 45 (30%) of 151. The prevalence of INOCA was 31 (8%) of 381 (95% confi-
dence interval [CI]: 5%, 11%) with CT angiography/CT perfusion and 45 (12%) of 381 (95% CI: 9%, 15%) with ICA/SPECT. 
Participants with CT-defined INOCA had greater total atheroma volume (118 vs 60 mm3, P = .008), more positive remodeling 
(13% vs 1%, P = .006), and greater low-attenuation atheroma volume (20 vs 10 mm3, P = .007) than participants with no obstruc-
tive stenosis and no ischemia. Comparisons for ICA/SPECT showed similar trends.

Conclusion: In CORE320, ischemia and no obstructive stenosis (INOCA) prevalence was 8% and 12% at CT angiography/CT per-
fusion and invasive coronary angiography/SPECT, respectively. Participants with INOCA had greater atherosclerotic burden and 
more adverse plaque features at CT compared with those with no obstructive stenosis and no ischemia.
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result, there is an emerging notion that the current diagnostic 
paradigm centered on the flow-limiting obstructive stenosis is 
incomplete and may fail to sufficiently recognize other clinically 
relevant pathophysiologic phenotypes of CAD (6). Indeed, be-
yond focal obstructive epicardial disease, diffuse nonobstructive 
atherosclerosis and microvascular disease may also contribute in 
varying degrees to myocardial ischemia, symptom development, 
and impaired prognosis (3,4,6,7).

Noninvasively, phenotypes beyond obstructive stenosis may be 
characterized by using CT (8), as the combination of coronary 
CT angiography and CT perfusion allows characterization of ath-
erosclerotic plaque, coronary stenosis, and myocardial ischemia in 
a single examination. However, data characterizing INOCA with 
CT remain limited. In the CORE320 trial, all participants under-
went both CT angiography and CT perfusion in addition to ICA 
and SPECT, regardless of stenosis severity (9). Although SPECT 
has lower diagnostic power for ischemia detection than CT perfu-
sion imaging (10,11), the combination of ICA and SPECT re-
mains far more commonly used to define CAD. The CORE320 
study, performed in a heterogeneous and multinational high-risk 
cohort, enrolled only patients with typical or atypical angina pec-
toris or angina-equivalent symptoms suspected to be caused by 
ischemic heart disease. Most patients, including those without 
and those with a previous history of CAD, presented with chest 
pain and had been referred for ICA by their attending physician at 
the time of study enrollment. Thus, the CORE320 study offers a 
unique opportunity to provide data on the prevalence and charac-
terization of different CAD phenotypes (9,12).

The aim of the current observational analysis was to describe 
the prevalence of INOCA defined at CT angiography with CT 
perfusion and associated clinical and atherosclerotic characteristics 
in the CORE320 study cohort. The analysis was also performed 
for the combination of ICA and SPECT as a secondary aim.

Materials and Methods

CORE320 Study Design and Study Population
The current analysis is an ancillary analysis of data from the 
CORE320 trial, a prospective, multicenter, multinational, diag-
nostic study (www.clinicaltrials.gov: NCT00934037) with par-
ticipants enrolled from November 2009 to July 2011 at 16 sites 
(13 academic centers and three private hospitals) in eight coun-
tries. The study protocol was approved by central and local in-
stitutional review boards at each of the 16 institutions, and writ-
ten informed consent was obtained from all participants. In the 
United States, Health Insurance Portability and Accountability 
Act approval was obtained as part of the central approval process. 
CORE320 evaluated the diagnostic accuracy of combined CT 
angiography and adenosine stress CT perfusion performed by 
using a 320 3 0.5-mm detector row system (Aquilion ONE; 
Canon Medical Systems, Otawara, Japan) against the combined 
reference standard of ICA and SPECT myocardial perfusion im-
aging results to identify patients with flow-limiting CAD. The 
study design, methods, and diagnostic and prognostic results 
have been reported previously, including the primary analysis of 
CORE320 (9,11–16). We now report on the prevalence of IN-
OCA and associated clinical and atherosclerotic characteristics. 
The CORE320 study was funded by Canon (formerly Toshiba) 
Medical Systems. The study funder had no role in study design, 
data accrual, data analysis, or manuscript preparation. J.D.S. 
and C.S. are employees of Canon Medical Systems but did not 
control any data. All data were reconstructed, processed, inter-
preted, and/or analyzed by blinded core laboratories.

All participants included in the primary analysis of CORE320 
(9) were also included in the current analysis, resulting in a to-
tal of 381 participants. Briefly, patients 45–85 years of age who 
were referred for clinically indicated ICA for suspected or known 
CAD and who were able to provide written informed consent 
were enrolled. Detailed exclusion criteria are described in Ap-
pendix E1 (online). The study enrolled and analyzed all partici-
pants regardless of calcium score and presence of stents. Detailed 
descriptions of the CORE320 design and methods have been 
published elsewhere (12,14).

Data Analysis
Details regarding data handling and analyses have been de-
scribed previously (13). All studies were analyzed by indepen-
dent core laboratories blinded to other data. The following two 
imaging combinations were used: (a) coronary angiography 
and perfusion imaging with CT (CT angiography/CT perfu-
sion) and (b) invasive coronary angiography and SPECT per-
fusion imaging (ICA/SPECT).

For vessel-based analysis, the degree of stenosis at CT angiog-
raphy was analyzed visually per vessel by using the following cat-
egories: 0% stenosis (normal coronary arteries), 1%–29% steno-
sis, 30%–49% stenosis, 50%–69% stenosis, and 70% or greater 
stenosis. The degree of stenosis at ICA was analyzed quantita-
tively per vessel by using the same categories. CT perfusion and 
SPECT data were read by using a 13-segment model. A summed 
stress score of 2 or greater was used to define the presence of 
abnormal perfusion in a vascular territory at CT perfusion. At 

Abbreviations
CAD = coronary artery disease, ICA = invasive coronary angiography, 
INOCA = ischemia and no obstructive stenosis, IQR = interquartile 
range

Summary
The combination of coronary CT angiography and CT myocardial 
perfusion provides a promising opportunity for detailed and nonin-
vasive coronary artery disease phenotyping, including characteriza-
tion of ischemia without obstructive stenosis.

Key Results
 n In a high-risk symptomatic cohort referred for invasive coronary 

angiography, 27% of participants without significant stenosis at 
coronary CT angiography showed downstream perfusion defects 
at CT myocardial perfusion indicative of ischemia and no obstruc-
tive stenosis (INOCA), resulting in an overall prevalence of 8%.

 n Participants with CT-defined INOCA had greater total atheroma 
volume (118 vs 60 mm3, P = .008), more positive remodeling (13% 
vs 1%, P = .006), and greater low-attenuation atheroma volume (20 
vs 10 mm3, P = .007) than participants with normal perfusion at 
CT perfusion and no significant stenosis at CT angiography.

 n These results suggest that patients with INOCA should be treated 
medically not only to control angina pectoris but also to forestall 
progression of atherosclerosis.
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Results

Study Cohort
All participants included in the primary analysis of CORE320 
data (9) were also included in the current analysis, resulting 
in a total of 381 participants. Baseline characteristics can be 
found in Table 1.

Relationship between Degree of Stenosis and Perfusion on a 
Vessel Basis
In total, 1143 coronary arteries and corresponding vascular terri-
tories were available for analysis. The relationship between degree 
of stenosis and percentage of corresponding vascular territories 
with normal perfusion is illustrated in Figure 1 for the combina-
tions CT angiography/CT perfusion and ICA/SPECT. The like-
lihood of normal myocardial perfusion decreases with increasing 
degree of luminal narrowing. In the intermediate ranges of ste-
nosis (30%–50% and 50%–70% luminal narrowing), rates of 
normal perfusion were lower for the combination of CT angiog-
raphy/CT perfusion than for ICA/SPECT. Results on a binary 
level (50% stenosis) were as follows: Among the 578 coronary 
arteries with 50% or greater stenosis at CT angiography, abnor-
mal perfusion at CT perfusion was observed in 404 (70%) of 

SPECT, abnormal perfusion was defined as a summed stress 
score of 1 or greater.

For patient-level analysis, participants with at least one ste-
nosis of 50% or greater were categorized as having obstructive 
CAD. Participants without obstructive CAD (,50% stenosis) 
were further divided into participants with and those without 
evidence of ischemia. In addition, the number of participants 
with completely normal coronary arteries (defined as 0% lumi-
nal narrowing) yet abnormal perfusion was recorded.

The following three distinct phenotypes were con-
structed on a patient basis as described above: participants 
with 50% or greater stenosis at angiography were classified 
as having obstructive stenosis, participants without obstruc-
tive stenosis but with ischemia on the basis of abnormal 
perfusion imaging results were classified as having INOCA, 
and participants without obstructive stenosis and normal 
perfusion imaging results were classified as having normal or 
near-normal results. These phenotypes were constructed by 
using the combinations CT angiography/CT perfusion and 
ICA/SPECT separately.

Clinical and atherosclerotic plaque characteristics of par-
ticipants with INOCA were investigated. To describe the 
extent of atherosclerosis, Agatston calcium score, number of 
vessels with plaque, number of segments with plaque, per-
centage atheroma volume, total atheroma volume, low-atten-
uation (lipid/necrotic core) atheroma volume, maximum le-
sion length, and positive remodeling were determined at CT 
angiography, as described in Appendix E1 (online) (16,17).

Two-year outcome data were collected as described in Ap-
pendix E1 (online) (15).

Statistical Analysis
Participants’ baseline data were summarized by using medians 
and interquartile ranges for continuous variables and frequen-
cies and percentages for categorical variables. For vessel-level 
observations, 95% confidence intervals were calculated from 
a generalized estimating equation model that accounted for 
within-patient clustering of vessels but assumed the vessels to 
be independent. For patient-level descriptions, this adjustment 
was not necessary.

The prevalence of INOCA was compared between the 
two combinations (CT angiography/CT perfusion and 
ICA/SPECT) by using the McNemar test. Clinical and ath-
erosclerotic plaque characteristics were compared according 
to CT-based phenotypes (INOCA vs normal or near-normal 
findings and INOCA vs obstructive stenosis) by using the 
Pearson x2 or Wilcoxon rank-sum test, as appropriate. Per 
clinical characteristics, the proportion of INOCA between 
exposure groups was compared by using x2 tests. For the 
vessel-based analysis, the test of difference in INOCA pro-
portion was adjusted for repeated measurements by using 
generalized estimating equation models. The analyses were 
repeated for the phenotypes based on ICA/SPECT. All anal-
yses were performed by using SAS, version 9.4 for Windows 
(SAS Institute, Cary, NC). All statistical analyses were per-
formed by the CORE320 Statistical Core Laboratory at the 
Johns Hopkins Bloomberg School of Public Health.

Table 1: Clinical Characteristics of the Study Population  
(n = 381)

Characteristic Value
Age (y)* 62 (56–68)
Age  60 years 226 (59)
No. of men/no. of women 252 (66)/129 (34)
Race
 White 213 (56)
 Black 40 (10)
 Asian 123 (32)
 Other 5 (1)
BMI (kg/m2)* 27 (24–30)
Obesity (BMI  30 kg/m2) 97 (25)
Hypertension 297 (78)
Diabetes 131 (34)
Dyslipidemia 254 (68)
Current smoker 64 (18)
Family history of CAD 162 (45)
Canadian angina classification available 289 (76)
 Class 0–2 271 (94)
 Class 3–4 18 (6)
Canadian angina classification unavailable 92 (24)
Diamond-Forrester risk score
 Low 8 (2)
 Intermediate 255 (67)
 High 118 (31)
Previous cerebrovascular accident 12 (3)

Note.—Unless otherwise specified, data are numbers of partici-
pants, with percentages in parentheses. BMI = body mass index, 
CAD = coronary artery disease.
* Data are medians, with interquartile ranges in parentheses.
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Clinical Characteristics of INOCA
Comparisons of the clinical characteristics between partici-
pants defined as having normal or near-normal results (with-
out  50% stenosis and no ischemia) and INOCA, as well as 
between participants with obstructive stenosis and those with 
INOCA, are provided in Table E1 (online) (for CT angiogra-
phy/CT perfusion) and Table E2 (online) (for ICA/SPECT). 
In Figure 4 (CT angiography/CT perfusion) the distribution 
of the three phenotypes is plotted in relation to the presence 
or absence of several clinical characteristics, and the propor-
tion of INOCA is compared between exposure groups. For the 
combination of CT angiography/CT perfusion, no significant 
differences in the proportion of INOCA in relation to the pres-
ence or absence of clinical characteristics were found, although 
a twofold increase in presentation with INOCA (12%) was 
observed in women as compared with men (6%, P = .07). A 
trend toward younger age was also seen. On a vessel level (Fig 
E1 [online]), no difference in the proportion of patent arteries 
associated with perfusion defects was seen. Findings with ICA/
SPECT are provided in Figures E2 and E3 (both online). The 
proportion of participants with INOCA was significantly dif-
ferent in relation to race and the presence of obesity.

Atherosclerotic Plaque Characteristics of INOCA
Comparison of atherosclerotic plaque characteristics (de-
termined at CT angiography) between participants defined 
as having normal or near-normal findings (without  50% 

578 corresponding vascu-
lar territories. At the same 
time, however, abnormal 
perfusion was also ob-
served in 141 (25%) of 
the 565 coronary artery 
territories without ste-
nosis of 50% or greater. 
For the combination of 
ICA and SPECT, find-
ings were comparable, 
with slightly lower rates 
of abnormal perfusion. 
Among the 464 coronary 
arteries with stenosis of 
50% or greater at ICA, 
abnormal perfusion was 
observed in 263 (57%) of 
464 corresponding vascu-
lar territories. In the 679 
coronary arteries without 
stenosis of 50% or greater 
at ICA, abnormal perfu-
sion at SPECT was ob-
served in 115 (17%) of 
679 territories.

Prevalence of INOCA
Clinical case examples 
of participants with IN-
OCA are provided in Figures 2 and 3 from participants without 
and participants with a previous history of CAD, respectively.

Obstructive stenosis (50%) was absent at CT angiography 
in 115 (30%) of 381 participants. Abnormal perfusion at CT 
perfusion was observed in 31 (27%) of these 115 participants. 
Accordingly, the prevalence of INOCA was 31 (8%) of 381  
(95% confidence interval: 5%, 11%) in the entire cohort on the 
basis of CT data. A defect at CT perfusion without obstructive 
stenosis in the corresponding coronary artery was also seen in 
68 participants with at least one obstructive (50%) stenosis at 
CT angiography and corresponding defect at CT perfusion. The 
prevalence of abnormal perfusion in the absence of any athero-
sclerosis (defined as 0% stenosis at CT) was very low and was 
observed in only nine (2%) of all 381 participants.

Obstructive (50%) stenosis was absent at ICA in 151 
(40%) of 381 participants. With the combination of ICA/
SPECT, INOCA was seen in 45 (30%) of 151 participants 
without obstructive (50%) stenosis, with a prevalence of 45 
(12%) of 381 (95% confidence interval: 9%, 15%) in the overall 
cohort. Similar to CT angiography/CT perfusion, at SPECT, 
the prevalence of abnormal perfusion in the absence of any ath-
erosclerosis visible at ICA (0% stenosis) was very low (2% [eight 
of 381 participants]).

The proportion of participants with INOCA was not sig-
nificantly different between CT angiography/CT perfusion and 
ICA/SPECT, although the corresponding P value was borderline 
(P = .06).

Figure 1: Graph shows relationship between the degree of stenosis and percentage normal perfusion in the corresponding 
vascular territory using either the combination of CT angiography (CTA) and CT perfusion (CTP) (orange line) or invasive coronary 
angiography (ICA) and SPECT (blue line). The percentage normal perfusion decreases with increasing degree of luminal narrowing. 
For ICA/SPECT and CT angiography/CT perfusion, 83% and 75% of vessels, respectively, had normal perfusion for vessels with 
stenosis of , 50% narrowing. Error bars = 95% confidence intervals. n = Number of coronary vessels.
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Figure 2: Images in 64-year-old man who had typical angina at presentation, in combination with a high-risk profile 
(risk factors: hypertension, diabetes, former smoking, and a family history of coronary artery disease). (a) Diagnostic invasive 
coronary angiography showed completely normal coronary arteries and therefore could not provide an explanation for the 
patient’s chest pain. LCA = left coronary artery, RCA = right coronary artery. (b) SPECT findings were also read as normal. 
(Fig 2 continues).
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(Figure 2 (continued): The presence of significant stenoses was ruled out at (c) coronary CT angiography as well. LCx = left 
circumflex artery. However, a large, partially calcified plaque could be observed in the proximal left anterior descending (LAD) 
coronary artery with preserved lumen (see insert in c), indicating the presence of atherosclerosis without significant luminal nar-
rowing. In addition, (d) CT perfusion during rest and stress showed a small reversible defect in the anterior wall (arrows), indi-
cating the presence of ischemia. This case indicates how phenotyping with coronary CT angiography and myocardial CT per-
fusion allows noninvasive characterization of coronary artery disease by identifying nonobstructive atherosclerosis and ischemia.

stenosis and no ischemia) and INOCA, as well as between 
participants with obstructive stenosis and INOCA, are pro-
vided in Table 2 (CT angiography/CT perfusion) and Table 3 
(ICA/SPECT) and are illustrated in Figure 5 (for CT angiog-
raphy/CT perfusion) and Figure 6 (for ICA/SPECT).

Measures of atherosclerotic plaque burden were signifi-
cantly higher in participants with obstructive stenosis than in 
participants with INOCA. With regard to the angiographic 
characteristics in participants with CT-defined INOCA ver-
sus those in participants without INOCA at CT angiography/
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Figure 3: Images in 53-year old man with atypical angina after previous inferior myocardial infarction followed by percutaneous coronary inter-
vention with stent placement in the right coronary artery (RCA). Risk factors were hypertension and smoking. Normal coronary arteries were observed 
at (a) invasive coronary angiography, whereas (b) SPECT findings were positive. LAD = left anterior descending artery, LCx = left circumflex artery. 
(Fig 3 continues).

CT perfusion, total atherosclerotic burden and adverse plaque 
features such as positive remodeling and low-attenuation ath-
eroma volume were significantly elevated; however, these dif-
ferences were not as marked when compared with findings 
in participants with obstructive stenosis. Total atheroma vol-
ume was 118 mm3 (interquartile range [IQR], 62–166 mm3) 
in participants with INOCA versus 60 mm3 (IQR, 21–134 
mm3) in participants with normal or near-normal findings (P 
= .008) and was 363 mm3 (IQR, 232–578 mm3) in partici-
pants with obstructive stenosis (P , .0001). Similarly, low-at-
tenuation atheroma volume was 20 mm3 (IQR, 12–40 mm3) 
in participants with INOCA versus 10 mm3 (IQR, 3–26 
mm3) in participants with normal or near-normal findings  

(P = .007) and was 63 mm3 (IQR, 31–107 mm3) in partici-
pants with obstructive disease (P , .0001). Positive remodel-
ing was observed in one (1%) of 84 participants with normal 
or near-normal findings versus in four (13%) of 31 partici-
pants classified as having INOCA (P = .006). In 266 partici-
pants with obstructive disease, positive remodeling was ob-
served in 135 (51%) of participants (P , .0001 vs INOCA).

At ICA/SPECT, measures of atherosclerotic plaque burden 
were also significantly higher in participants with obstructive 
stenosis than in participants with INOCA. No significant dif-
ferences were seen in atherosclerotic plaque characteristics be-
tween participants with ICA/SPECT-defined INOCA and par-
ticipants with normal or near-normal findings at ICA/SPECT.
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Outcome Data
A total of 379 participants (99.5%) had complete 2-year 
follow-up data. A major adverse cardiac event (49 late revas-
cularizations [.30 days after index coronary catheterization], 
five myocardial infarctions, one cardiac death, nine hospital-
izations for chest pain or congestive heart failure, and one ar-
rhythmia) occurred in 51 (13.5%) of 379 participants. When 
the combination of CT angiography and CT perfusion was 
used to classify participants as having normal or near-normal 
findings, INOCA, or obstructive disease, events occurred in 
one (1%) of 84 participants, one (3%) of 30 participants, and 
49 (18%) of 265 participants, respectively. For the combina-
tion of ICA and SPECT, these values were six (6%) of 105 
participants, one (2%) of 45 participants, and 44 (19%) of 
299 participants, respectively.

Discussion
With CT, ischemia and no obstructive stenosis (INOCA) 
can be accurately identified by using a single modality, but 
limited data are available. The primary aim of the current 
analysis was to describe the prevalence of INOCA defined by 
the combination of CT angiography with CT perfusion and 
its associated clinical and atherosclerotic plaque characteris-
tics in the CORE320 study. In this high-risk symptomatic 
cohort referred for invasive coronary angiography (ICA), 27% 
of participants without significant stenosis at CT angiogra-
phy showed downstream perfusion defects at CT perfusion, 

resulting in an INOCA prevalence of 8%. Participants with 
CT-defined INOCA had greater total atheroma volume (118 
vs 60 mm3, P = .008), more positive remodeling (13% vs 1%, 
P = .006), and greater low-attenuation atheroma volume (20 
vs 10 mm3, P = .007) than participants without perfusion 
abnormalities at CT perfusion and no significant stenosis at 
CT angiography.

As a first step, we explored the relationship between the 
degree of stenosis and perfusion on a per-vessel basis. The 
overall shape of the curve resembled original experimental 
findings relating coronary stenosis to downstream myocardial 
ischemia. This pattern has been repeatedly observed since, 
with hyperemic flow abnormalities already occurring in the 
presence of limited luminal narrowing, and graded reduction 
in perfusion with more severe lesions (18). Data describing 
the relationship between degree of stenosis and perfusion at 
CT angiography/CT perfusion in humans are scarce. Inter-
estingly, rates of normal perfusion in the presence of signifi-
cant stenosis were lower for CT perfusion than for SPECT, re-
affirming that SPECT may be less sensitive for detecting small 
reductions in blood flow in association with moderate steno-
ses (11,19). Although at present it is less commonly used, the 
combination of CT angiography and CT perfusion can poten-
tially be a more sensitive and fully noninvasive method to as-
sess CAD. Overall, the ICA/SPECT-based analysis produced 
comparable but less informative results in our study, likely be-
cause of the lower diagnostic power of SPECT (11,19).

Figure 3: (continued). (c) Coronary CT angiography showed patency of the coronary stent and minimal plaque without any significant stenosis, 
in agreement with invasive coronary angiography findings. At (d) CT perfusion, a defect corresponding to the LAD territory could be observed dur-
ing stress but not during rest, indicating ischemia. Also, a defect during rest in the RCA territory could be observed, corresponding to the previous 
myocardial infarction.
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Figure 4: Bar graphs show percentages of participants whose findings were classified as either normal or near normal and who had ischemia and no obstructive ste-
nosis (INOCA) at CT angiography/CT perfusion, grouped according to clinical characteristic. P values compare the proportion of INOCA between exposure groups. 
BMI = body mass index.

Depending on the combination used, abnormal perfu-
sion was observed in 27%–30% of participants without ob-
structive stenosis, similar to findings in previous studies using 
other diagnostic methods (19). Accordingly, in this high-risk 
symptomatic cohort that was referred for ICA and in which 
obstructive disease was highly prevalent, CT angiography/CT 
perfusion- or ICA/SPECT-defined INOCA occurred in 8%–
12% of participants. Female sex and diabetes have been typi-
cally linked to nonobstructive patterns of CAD and a higher 
frequency of INOCA. In CORE320, obstructive disease was 
commonly seen in men and was less frequently seen in women, 
in line with previous reports (1,20). However, in the absence of 
significant stenosis, not only were normal findings seen more 
often in women than in men but also a twofold increase in pre-
sentation with INOCA, which was of borderline significance. 
Indeed, the notion of a female-specific CAD phenotype that 
involves a larger contribution of diffuse nonobstructive athero-
sclerosis and microvascular disease rather than focal obstructive 
stenosis is gaining acceptance (21). This highlights the need for 
evaluation of both the anatomic and functional extent of dis-
ease in CAD. Interestingly, on a per-vessel basis, no differences 
between men and women were seen. The proportion of vessels 

having no obstructive stenosis yet abnormal downstream per-
fusion was equal, suggesting that while men may more often 
present with obstructive disease in at least one artery, the pat-
tern of a patent artery perfusing a compromised myocardial 
territory still frequently coexists. Such observations may ex-
plain recurrent angina despite successful revascularization and 
reaffirm the need for optimal medical therapy in symptomatic 
CAD. In addition, our study confirms previous findings that 
INOCA is associated with greater body mass index (22). Asian 
participants showed the highest rate of obstructive disease 
and were less often diagnosed with INOCA than white and 
black participants, consistent with findings in previous studies 
(20). Diabetes was not associated with INOCA in our study. 
This may have been due to the inclusion of sicker patients in 
CORE320 relative to other previous studies of patients with 
angina pectoris (1–4). At the same time, healthier participants 
with diabetes may have been selected because of the exclusion 
of participants with renal dysfunction, calculated creatinine 
clearance of less than 60 mL/min, and body mass index greater 
than 40 m/kg2.

Data on atherosclerotic plaque and ischemia in patients 
without significant stenosis are mostly lacking and represent 
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Table 2: Atherosclerotic Plaque Characteristics at CT Angiography per CT Angiography/CT Perfusion–defined Phenotype

Characteristic
Normal/Near-Normal  
Findings (n = 84) INOCA (n = 31) P Value*

Obstructive Stenosis  
(n = 266) P Value†

Agatston calcium score‡ 1 (0–12) 12 (0–116) .03 321 (111–800) ,.0001
Agatston calcium score category .08 ,.0001
 0 42 (50) 11 (35) 11 (4)
 1–10 18 (21) 4 (13) 11 (4)
 11–100 16 (19) 8 (26) 38 (14)
 101 8 (10) 8 (26) 205 (77)
Percentage atheroma volume‡ 1.2 (0.3–2.8) 1.9 (1.2–3.4) .04 7.7 (4.6–11.1) ,.0001
Total atheroma volume (mm3)‡ 60 (21–134) 118 (62–166) .008 363 (232–578) ,.0001
Low-attenuation atheroma volume (mm3)‡ 10 (3–26) 20 (12–40) .007 63 (31–107) ,.0001
Maximum lesion length (mm)‡ 0 (0–4) 3 (0–10) .02 16 (11–25) ,.0001
Positive remodeling 1 (1) 4 (13) .006 135 (51) ,.0001
No. of vessels with any plaque .86 ,.0001
 0 4 (5) 2 (6) 0
 1 5 (6) 3 (10) 1 (,1)
 2 7 (8) 3 (10) 4 (2)
 3 68 (81) 23 (74) 261 (98)
No. of segments with any plaque‡ 8 (6–12) 7 (4–9) .04 13 (11–15) ,.0001

Note.—Unless otherwise specified, data are numbers of participants, with percentages in parentheses. INOCA = ischemia and no obstruc-
tive stenosis.
* For the comparison between normal findings and INOCA.
† For the comparison between obstructive stenosis and INOCA.
‡ Data are medians, with interquartile ranges in parentheses.

Table 3: Atherosclerotic Plaque Characteristics at CT Angiography per ICA/SPECT-defined Phenotype

Characteristic
Normal/Near-Normal  
Findings (n = 106) INOCA (n = 45) P Value*

Obstructive Stenosis  
(n = 230) P Value†

Agatston calcium score‡ 7 (0–123) 3 (0–116) .55 353 (115–84) ,.0001
Agatston calcium score category .57 ,.0001
 0 37 (35) 19 (42) 8 (3)
 1–10 17 (16) 6 (13) 10 (4)
 11–100 23 (22) 8 (18) 31 (14)
 101 29 (27) 12 (27) 180 (79)
Percentage atheroma volume‡ 1.7 (0.4–3.7) 2.1 (0.8–4.1) .22 8.3 (5.0–11.3) ,.0001
Total atheroma volume (mm3) ‡ 86 (22–190) 123 (50–193) .20 376 (252–609) ,.0001
Low-attenuation atheroma volume (mm3)‡ 15 (4–39) 20 (10–39) .18 68 (37–111) ,.0001
Maximum lesion length (mm)‡ 0 (0–11) 1 (0–10) .71 17 (12–25) ,.0001
Positive remodeling 13 (12) 6 (13) .86 121 (53) ,.0001
No. of vessels with any plaque .02 ,.0001
 0 1 (1) 5 (11) 0
 1 5 (5) 3 (7) 1 (,1)
 2 5 (5) 4 (9) 5 (2)
 3 95 (90) 33 (73) 224 (97)
No. of segments with any plaque‡ 10 (7–13) 9 (4–12) .13 13 (11–15) ,.0001

Note.—Unless otherwise specified, data are numbers of participants, with percentages in parentheses. ICA = invasive coronary angiogra-
phy, INOCA = ischemia and no obstructive stenosis.
* For the comparison between normal findings and INOCA.
† For the comparison between obstructive stenosis and INOCA.
‡ Data are medians, with interquartile ranges in parentheses.
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Figure 5: Percentile boxplots show Agatston calcium score, total atheroma volume, maximum lesion length, and low-attenuation atheroma volume according to CT an-
giography/CT perfusion phenotype. INOCA = ischemia and no obstructive stenosis.

an important knowledge gap, given that CT angiography is 
better positioned to characterize atherosclerotic burden and 
plaque composition than other noninvasive imaging modali-
ties or ICA (3). Importantly, patients with abnormal perfusion 
at presentation despite completely normal coronary arteries 
(graded as having 0% luminal narrowing) were uncommon 
and constituted only 2% of the entire study cohort. More-
over, as compared with patients without obstructive stenosis 
(but not necessarily pristine vessels) and patients with normal 
perfusion, increased atherosclerotic plaque burden was seen in 
patients with INOCA. Significantly greater atheroma volume 
was observed, including greater low-attenuation atheroma 
volume and modest calcifications, while positive remodeling 
was also more prevalent (23). Coronary atherosclerosis with a 
high frequency of positive remodeling, larger plaque burden, 
and low-attenuation plaque has been previously proposed as a 
key mediator of INOCA (6,24–26), and the current observa-
tions support the relation between myocardial ischemia and 
systemic atherosclerosis, even in the absence of flow-limiting 
stenosis. Interestingly, however, this increase in plaque burden 
in patients with INOCA as compared with patients without 
perfusion abnormalities was modest in comparison to the in-
crease observed in patients with obstructive lesions. Indeed, 
the pattern that emerges from this analysis is that the coronary 

arteries of patients with INOCA appear to be at an earlier stage 
of plaque formation than those in patients with obstructive 
CAD-associated angina at presentation. Whether this observa-
tion reflects plaque formation induced by microvascular ob-
struction remains to be explored in future studies (27).

This study had limitations. Patient-level analyses were 
performed by using three phenotypes, while theoretically 
more detailed combinations between the degree of stenosis 
and type of macroatherosclerosis and perfusion are possible. 
In some patients, perfusion defects at either CT perfusion 
or SPECT may have been artifacts. The current study used 
static CT perfusion and SPECT to assess the presence or 
absence of regional perfusion abnormalities before and dur-
ing stress-induced maximal vasodilation. In the absence of 
significant coronary obstruction, these abnormalities were 
interpreted as indirect measures of coronary microvascular 
dysfunction, which is clinically quantified by coronary flow 
reserve from PET. As a result, the number of patients with 
macro- or microvascular coronary dysfunction may have been 
underestimated. Evaluation of differences in myocardial tis-
sue attenuation could serve as a surrogate marker for diffusely 
reduced myocardial blood flow (28), while quantification of 
coronary flow reserve may be possible using dynamic CT 
perfusion (29). Long or serial lesions of moderate severity 
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Figure 6: Percentile boxplots show Agatston calcium score, total atheroma volume, maximum lesion length, and low-attenuation atheroma volume according to invasive 
coronary angiography/SPECT phenotype. INOCA = ischemia and no obstructive stenosis.

may also contribute to abnormal perfusion in the absence of 
significant obstruction (30). Future studies in larger cohorts 
incorporating novel CT technologies may provide additional 
insight on the potential of CT to help further differentiate 
CAD phenotypes and guide treatment strategies.

In conclusion, despite the increasing awareness that isch-
emia may also occur in the absence of significant stenosis, 
patients with ischemia and no obstructive stenosis remain at 
present both underrecognized and undertreated because of 
the prevailing focus on obstructive stenosis as the hallmark 
of coronary artery disease (CAD). Noninvasive imagers could 
play a crucial role in recognizing phenotypes beyond obstruc-
tive CAD and guide referring physicians in treatment deci-
sions. Evidence of atherosclerosis and ischemia in the absence 
of significant stenosis could provide an explanation for symp-
toms and trigger intensified medical therapy to treat angina 
and forestall further increase in atherosclerotic burden. The 
combination of CT angiography and CT perfusion provides 
a promising opportunity for such detailed and noninvasive 
CAD phenotyping.
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