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Although coronary microvascular disease is now a well-recognized entity that is associated with
significant morbidity and mortality, current non-invasive strategies cannot differentiate
between coronary microvascular disease (CMD) and obstructive epicardial stenosis. While the
evaluation of intramyocardial blood volume as a surrogate measure for microvascular health
may have limited sensitivity in early-stage disease, this strategy does enable the diagnosis of
CMD in the presence of concurrent epicardial disease, bringing us one step further toward
improving the management of this disease. Herein, we discuss the advantages and limitations of
current non-invasive measures of CMD and the need for further investment in bringing these
technologies to the bedside.
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Atherosclerotic plaque can develop in the large

epicardial arteries, leading to the development of

ischemic heart disease (IHD), a major cause of death

worldwide.1 Although the diagnosis and treatment of

epicardial coronary stenosis remain the primary focus of

IHD management, patients with IHD may also have

concurrent damage to the inner lining of the tiny

coronary arteries that constitute the coronary microcir-

culation, resulting in spasm and decreased myocardial

blood flow.2-4 Recent studies have shown that patients

who have coronary microvascular disease (CMD) with

and without significant obstructive epicardial disease are

at increased risk for cardiac-related morbidity and

mortality.5,6 Due to the lack of robust and accurate non-

invasive measures to evaluate CMD in the presence of

concurrent epicardial stenosis, CMD remains an under-

diagnosed and under-treated disease.7

Because of the need for exquisite spatial resolution

to visualize this tiny complex vascular network, avail-

able invasive and non-invasive strategies cannot directly

evaluate the human coronary microcirculation in vivo.

Instead, these techniques indirectly measure parameters

that are dependent on the functional integrity of the

microcirculation. Several invasive (e.g., Doppler-

derived coronary flow reserve and index of microcir-

culatory resistance) and non-invasive strategies (e.g.,

myocardial flow reserve by PET, Echo, and MRI)8-11

have been employed to study the coronary microcircu-

lation. Compared to non-invasive strategies, the major

limitations of invasive approaches include the following:

(1) exposure to potential complications of invasive

angiography, (2) limited ability to serially measure

CMD for therapeutic monitoring, and (3) the need for

sequential interrogation of each main coronary artery
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segment to provide a complete evaluation for CMD,

which is rarely performed. Catheter-based measures,

however, can account for the presence of concurrent

epicardial stenosis, which can affect the coronary

microcirculation and remain the major limitation for

non-invasive approaches. Finally, most invasive and

non-invasive approaches require the administration of a

stress agent, which poses additional risk and limits

throughput.

The work byMohy-ud-Din et al12 addresses the need

to find an accurate and reliable non-invasive index that

can not only quantify the health of coronary microvas-

culature, but can also differentiate between CMD and

significant epicardial stenosis. The investigators based

their study on the presumption that the measurement of

resting intramyocardial blood volume (IMBV) reflects

the health of the microcirculation. The strength of this

premise relies on findings from previous studies

demonstrating that the primary site of auto-regulation

occurs in the coronary microcirculation,13 which con-

tributes to IMBV through arteriolar dilation and capillary

recruitment. If microvascular function becomes

impaired, auto-regulation will be adversely affected,

thereby, blunting IMBV. This hypothesis was tested in a

previous study by Wu et al,14 who measured changes in

IMBV using computed tomography performed in dogs

under controlled hemodynamic conditions at rest, in the

presence and absence of significant epicardial stenosis,

and after various degrees of microembolization.

Although the study demonstrated that changes in IMBV

under resting conditions paralleled changes in the

microcirculation after embolization even in the presence

of significant large vessel flow obstruction, a decrease in

IMBV was only noted after 50% of the microcirculation

was blocked, questioning the sensitivity of IMBV for

detecting more modest decreases (\50%) in the micro-

circulation. However, given the lack of non-invasive

measures that can diagnose CMD in the presence of

obstructive epicardial disease, using IMBV may be the

best and only alternative.

The present study set out to ascertain the feasibility

of accurately quantifying IMBV in vivo using 99mTc-

RBC SPECT/CT imaging, in order to establish a non-

invasive imaging methodology to assess myocardial

microcirculatory function independent of co-existing

epicardial disease. This strategy, however, can result in

an overestimation IMBV. Because there is a higher RBC

tracer concentration within the blood pool than the

adjacent myocardium, spill-in activity from partial vol-

ume effect, scatter, and respiratory/cardiac motion can

cause an increase in the calculated IMBV. The authors

have addressed these technical limitations by imple-

menting the following corrections to these physical and

physiological degradation factors: (1) cardiac gating

(CG), (2) attenuation correction (AC), (3) scatter cor-

rection (SC), (4) dual cardiorespiratory gating (DG), and

(5) partial volume correction (PVC). The authors

approached the implementation of correction factors

systematically by applying the following five combina-

tions during end diastolic and end systolic acquisition

phases: (1) CG, (2) CG ? AC, (3) CG ? AC ? SC, (4)

DG ? AC ? SC, (5) DG ? AC ? SC ? PVC. IMBV

estimates adjusted by each correction scheme were then

compared to a designated gold standard using the Stu-

dent’s t test, linear regression analysis, and quantitative

agreement using Bland-Altman analysis.

In their study, 12 female beagle dogs (10.8 ± 1.0 kg)

were scanned using a Cadmium Zinc Telluride (CZT)

detector. Six of the twelve canine hearts were used to

validate the new IMBV quantification methodology

through a comparison with ex vivo microCT imaging of

the explanted casted hearts (e.g., ‘‘the gold standard’’).

IMBV was calculated as the fraction of 99mTc-RBC

uptake in the myocardium over the tracer uptake in the

left ventricular blood pool. In addition to resting IMBV,

cycle-dependent change in IMBV was calculated as a

percentage of the difference of IMBV during diastole and

systole over the total IMBV during diastole. Although the

IMBV ex vivo SPECT/CT measurements consistently

overestimated the resting IMBV calculation made by the

respective microCT images, IMBV measured by SPECT/

CT was highly correlated with IMBV measured by the

microCT, especially using SPECT/CT images that were

adjusted with the full correction scheme (e.g., DG ?

AC ? SC ? PVC). Upon visual inspection, the full

correction scheme provided images with a much higher

resolution and improved functional boundaries, primarily

due to the addition of a correction for partial volume

effects using the proposed Yang approach.15 Bland-Alt-

man analysis demonstrated that the full correction

scheme significantly reduced the positive bias in the

estimation of IMBV. In contrast to resting IMBV, cycle-

dependent changes in IMBV were consistently underes-

timated compared to the microCT IMBV calculation.

Again, Bland-Altman analysis demonstrated most agree-

ment with the full correction scheme through successful

mitigation of negative bias when applied to SPECT/CT

IMBV. Based on these results, the authors have suc-

cessfully demonstrated the feasibility of in vivo IMBV

quantification using 99mTc-RBC SPECT/CT imaging.

Of note, the most significant improvement in the

accuracy of IMBV quantification resulted from the

addition of the PVC factor.16,17 PVC was performed

using co-registered and phase-matched SPECT, con-

trast-enhanced CT, and attenuation mapping. The data

were applied through the iterative Yang approach with

high-resolution re-sliced ROI’s of the myocardium,

blood pool, lung, liver, and background, and with
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boundary tissue fraction thresholds.12,18 Ultimately,

Mohy-ud-Din, et al’s approach to image reconstruction

evaluated IMBV using a single ROI to correct for partial

volume effects over the entire myocardium. The authors

hypothesized that total IMBV would be decreased in

patients with microvascular dysfunction when compared

to patients with healthy microcirculation as a result of

microvascular rarefaction (e.g., reduced density of cap-

illaries) involving the entire myocardium.19,20

Challenging the potential application of the authors’

current strategy, recent literature has argued that IMBV

distribution rather than total IMBV differs significantly

between patients with and without CMD.21 In 2014,21

Behrenbeck et al published a case control study looking

at early changes in myocardial microcirculation in

asymptomatic patients with and without dyslipidemia

(n = 24 per group) using CT myocardial perfusion. To

overcome the challenge of inadequate spatial resolution

of CT to resolve the microvasculature, the authors

focused on the distribution of myocardial perfusion and

IMBV, taking a regional blood flow approach to quan-

tification. There were no significant differences between

the two groups in overall myocardial perfusion and total

IMBV. To assess regional distribution of IMBV,

Behrenbeck and colleagues employed a sub-ROI

scheme that they called a ‘‘nested ROI’’ (nROI) sam-

pling methodology in addition to the total myocardium

ROI. The nROI data showed a significant increase in

spatial heterogeneity in the ‘‘at risk’’ group when

compared to the control group. The increased spatial

heterogeneity is hypothesized to be an indication of

microvascular dysfunction. A subsequent study pub-

lished by the same group in 2015,22 using the same

techniques evaluated early changes in myocardial

microcirculation in patients with and without dilated

cardiomyopathy (n = 24 per group). Similar to the

results from their 2014 study, there was no difference

between the two groups in overall myocardial perfusion

and IMBV, but there were significantly differences in

spatial heterogeneity across sub-ROI regions in the

myocardium between patients with and without dilated

cardiomyopathy. In the defense of Mohy-ud-Din et al,12

it is possible that total IMBV is not sensitive enough to

detect early-stage disease, as suggested by previous

studies,14 and, thus could not detect CMD in these

asymptomatic patients. In the event that these patients

were at the primary stage of disease, there may still be

potential for total IMBV to serve as a valuable index for

symptomatic patients with more severe CMD.

Although Behrenbeck et al,21,22 may have slightly

different evidence at the moment regarding the value of

IMBV quantification and its ability to represent microcir-

culatory health when compared to the method proposed by

Mohy-ud-Din et al, they do agree that early changes in

IMBV can be used to glean valuable information regarding

microcirculatory function. With limited evidence to sup-

port either total IMBV versus spatial distribution of IMBV

as an index of microcirculatory health, the best way to

move forward is to focus on accumulating strong scientific

evidence. It would be interesting to see whether the tech-

nique proposed by Mohy-ud-Din et al can evaluate patients

with varying degrees of CMD in the absence and presence

of epicardial stenosis with good reproducibility and accu-

racy. Establishing resting IMBV and cycle-dependent

changes in IMBV as trusted indexes of myocardial

microcirculation would be an enormous step forward and

would pave the way for evaluating its prognostic value for

predicting adverse events as well as its ability to sequen-

tially monitor patients to evaluate novel treatment

strategies.

Despite the encouraging results from Mohy-ud-Din

et al, we have a long road ahead before these techniques

are used routinely in patients. Even established tech-

niques like invasive angiography that measure coronary

flow reserve or the index of microvascular resistance and

non-invasive techniques that evaluate myocardial blood

flow by PET, echo, and MRI are only performed at

specialized centers or used mainly for research purposes,

despite numerous studies establishing their utility in this

population. The reasons for this underutilization are

unclear. Perhaps most patients with suspected CMD

have concurrent epicardial stenosis, limiting the diag-

nostic accuracy for non-invasive techniques.

Alternatively, providers may choose a therapeutic trial

of beta-blockers or nitrates in lieu of a diagnostic test

because surgical intervention is not an option. Finally,

there may be a lack of awareness of this entity among

providers. Given strong evidence showing that CMD

adversely affects cardiovascular morbidity and mortal-

ity,5,6 there should be greater impetus to develop more

robust non-invasive imaging strategies in the near future

that can routinely diagnose and manage patients with

CMD in the clinical setting.
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