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A B S T R A C T

In the absence of disease impacting the coronary arteries or myocardium, there exists a linear relationship be-
tween vessel volume and myocardial mass to ensure balanced distribution of blood supply. This balance may be
disturbed in diseases of either the coronary artery tree, the myocardium, or both. However, in contemporary
evaluation the coronary artery anatomy and myocardium are assessed separately. Recently the coronary lumen
volume to myocardial mass ratio (V/M), measured noninvasively using coronary computed tomography angi-
ography (CTCA), has emerged as an integrated measure of myocardial blood supply and demand in vivo. This has
the potential to yield new insights into diseases where this balance is altered, thus impacting clinical diagnoses
and management.

In this review, we outline the scientific methodology underpinning CTCA-derived measurement of V/M. We
describe recent studies describing alterations in V/M across a range of cardiovascular conditions, including
coronary artery disease, cardiomyopathies and coronary microvascular dysfunction. Lastly, we highlight areas of
unmet research need and future directions, where V/M may further enhance our understanding of the patho-
physiology of cardiovascular disease.
1. Introduction

A fundamental principle of biology describes that increasedmetabolic
demands must be matched by increased blood supply.1 In cardiac phys-
iology, the amount of myocardium subtended by the coronary arterial
tree drives adaptive changes in the feeding vascular bed until the calibers
of the coronary arteries are adequate to supply the requisite blood flow.
The volume of the coronary vessels therefore relates to the extent of
subtended myocardium.1
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In patients with chronic coronary artery disease (CAD), progressive
reductions in coronary lumen volume by atherosclerosis potentiates a
mismatch between coronary blood supply and myocardial oxygen de-
mand, forming the basis for the clinical symptoms and sequela associated
with myocardial ischemia.2 Non-invasive functional tests such as
myocardial perfusion imaging can quantify myocardial ischemia,
although without directly visualising the coronary anatomy.3

Conversely, invasive coronary angiography (ICA) can provide a detailed
assessment of epicardial coronary geometry, but as an anatomical test
may overlook diffuse atherosclerotic plaque burden and ascribes little
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List of abbreviations

CAD coronary artery disease
CTCA coronary computed tomography angiography
FFR fractional flow reserve
HCM hypertrophic cardiomyopathy
ICA invasive coronary angiography
INOCA ischemia and no obstructive coronary artery disease
LV left ventricle
MBF myocardial blood flow
MI myocardial infarction
MVA microvascular angina
PET positron emission tomography
STEMI ST elevation myocardial infarction
V/M coronary artery lumen volume to myocardial mass
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significance to visually “mild” luminal narrowing even when this sub-
tends a large proportion of the total myocardium.

With the advent of physiology guided assessment using invasive
fractional flow reserve (FFR), it is increasingly evident that stenosis
severity alone is not enough to identify hemodynamically significant
CAD, with mismatch observed in up to a 1/3 of lesions.4,5 The absence of
stenotic CAD on ICA may fail to appreciate the impact of diffuse
atherosclerotic plaque burden on epicardial vasodilatory capacity.6,7

Furthermore, patients with isolated microvascular dysfunction in the
absence of CAD can also present with angina and abnormalities in
myocardial perfusion.8 This had led to increasing recognition for the
need of an integrated assessment of physiological supply versus demand.
Coronary artery lumen volume to myocardial mass ratio (V/M) bridges
the gap between the epicardial coronary arteries and underlying
myocardium, providing insights into the ability of the coronary arteries
to adequately match myocardial demand.

Computed tomography coronary angiography (CTCA) is uniquely
capable for non-invasive measurement of V/M. A standard CTCA acqui-
sition offers the ability to extract both a detailed patient-specific three-
dimensional model of the coronary geometry and an accurate volumetric
assessment of left ventricular (LV) mass.9,10 In this review, we describe
early studies identifying V/M via invasive assessment followed by sub-
sequent development of techniques to derive V/M from CTCA. This is
followed by an appraisal of recent clinical studies utilising CTCA-derived
V/M across a range of cardiovascular conditions including CAD, car-
diomyopathies and coronary microvascular dysfunction. Lastly, we
highlight areas of unmet research need and future directions, where V/M
may further enhance our understanding of the pathophysiology of car-
diovascular diseases.

1.1. Early studies with invasive coronary angiography

The notion of assessing CAD in tandem with subtended myocardial
masswas considered in early studies using ICA. In thefirst of these, cardiac
catheterization was employed to measure the area of the proximal right
and left coronary arteries, with ventriculography for calculation of
myocardialmass.11 In 27 subjects (6with normal coronary arteries, 9with
minor CAD, 10with valvular heart disease and 2with cardiomyopathy), a
linear increase in coronary artery areawith LVmasswas observed, posited
to be an adaptive response to maintain adequate perfusion of hypertro-
phied myocardium. Although the small sample size did not permit com-
parison of the patients with various cardiac conditions, it highlighted that
there exists a close relationship between coronary artery andmyocardium
dimensions. A subsequent study compared patients with (n ¼ 17) and
without (n ¼ 12) evident CAD on ICA using quantitative coronary angi-
ography to determine the ratio of coronary artery lumen area, branch
lengths and branching patterns, to regional myocardial mass.12 Patients
199
with angiographically normal coronary arteries had a proportional in-
crease in coronary lumen area and regional myocardial mass. By contrast,
in patients with CAD there was a 30–50% relative reduction in coronary
artery lumen area to regional myocardial mass, highlighting a phenome-
non of disproportionate vascular insufficiency in this group.12 Haskell
et al. also demonstrated the importance of physical activity on coronary
vascular health and subsequent luminal dimensions.13 Physically active
individuals had a significantly greater capacity to vasodilate their coro-
nary arteries compared to sedentary individuals,13 underscoring the
importance of non-atherosclerotic contributors to V/M. Invasive ap-
proaches to V/M calculation are limited by basic 2-dimensional angio-
graphicmeasures of coronary artery area andmyocardialmasswith a high
degree of error.14,15 The rapid advancement of CTCA and its ability to
provide accurate 3-dimensional evaluation of cardiac anatomy has since
made the non-invasive assessment of the V/M ratio both feasible and
advantageous, obfuscating the requirement for ICA in calculation.

2. Scientific rationale and methodology

The relationship of CT-derived coronary luminal volume to coronary
flow is fundamentally based on allometric scaling laws.16 Allometric
scaling is a universally observed logarithmic relationship linking size and
function in life science and describes the variation of biological param-
eters with scale.17 Coronary luminal volume demonstrates a proportional
relationship to coronary flow and a strong linear relationship to
myocardial mass, a concept that has been validated in both animal and
human studies.1,18 These scientific principles form the basis for the
overarching hypothesis that patients with low V/M ratio are at higher
risk of ischemia under stress conditions due to inadequate coronary
supply for a given myocardial tissue demand. In more specific detail,
patients with low V/M are potentially characterised by 1) larger resting
pressure gradients due to increased epicardial resistance despite normal
resting flow, 2) lower FFR values, and 3) lower hyperemic perfusion as
compared to patients with high V/M.

The V/M ratio can be readily computed from a standard CTCA
(Fig. 1). First, the coronary artery luminal boundaries are extracted, i.e.
segmented, from the CTCA image. This involves deep learning based
centreline and lumen boundary image analysis methods to tracing the
vessel paths of epicardial coronary arteries down to approximately 1 mm
in diameter extracted from the image data19 and is processed within a
matter of minutes, although semi-automated luminal segmentation using
standard CT image processing software is also feasible.20 Once the vessel
tree centreline tree is obtained, the coronary luminal boundary can be
segmented and ‘V’, the volume inside the coronary luminal surface can
be calculated. Second, the LV myocardial mass, M, is calculated. The LV
myocardial volume is segmented (area x slice thickness) from cardiac CT
images. The LVmyocardial volume is subsequently converted to LVmass,
M, by multiplying with an assumed constant tissue density of myocardial
tissue density (1.05 g/cc). Finally, the V/M ratio is calculated by dividing
the coronary artery luminal volume by the LV myocardial mass. It should
be noted that the computation of the coronary artery luminal volume is
dependent on the image analysis methods used to segment the coronary
arteries and the extent of the tree that is resolved. The first-generation
V/M algorithms utilized image segmentation methods that derived the
coronary luminal volume as a combination of the segmented epicardial
vasculature in addition to the volume of a synthetic tree simulating the
microvasculature.21 Consequently, this early methodology reported
higher values for V/M.21 Refinement of the V/M quantification method
subsequently removed such mathematical construction of the microvas-
culature and is based solely on the CT-derived epicardial coronary lumen
volume extracted from vessels >1 mm in size.19

3. Clinical evidence to date

The linear relationship between vessel volume and myocardial mass
may be disturbed in disease of the coronary artery tree (such as



Fig. 1. Methodology for computing V/M ratio. Computed tomography coronary angiography (CTCA) data is used to compute the epicardial lumen volume subsequent
to extracting the centerline of the coronary arteries and then segmenting the luminal surface along the vessel paths. The myocardial mass is calculated by first
extracting the left ventricular myocardial volume from the CCTA data and multiplying it by a constant tissue density of 1.05 g/cc.
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endothelial dysfunction, diffuse intimal thickening and/or arterioscle-
rosis), the myocardium (such as in aortic stenosis or hypertrophic
obstructive cardiomyopathy), or both, and may be influenced by blood
pressure, heart rate, hypoxia etc. Given that V/M ratio serves as an in-
tegrated measure of resting myocardial blood supply and demand in vivo,
it has the potential to yield new insights into diseases where this balance
is altered, thus impacting clinical diagnoses and management. With this
aim, several studies have explored V/M in disease states (Table 1).
Table 1
Key studies evaluating coronary lumen volume to myocardial mass ratio in various c

Study Subject group(s) N Age
(years)

Sex (%
female)

Taylor et al.,
JCCT, 201719

Stable CAD (stenosis �50% on
QCA)

238 64 38

Gaur et al.,
JACC: CVI,
201721

STEMI undergoing PCI
Stable CAD

60
254

61
64

17
36

Grover et al.,
JCCT, 201771

MVA
Controls
Groups matched for BMI, CV risk
factors, physical activity and
atherosclerotic burden.

30
32

55
61

92
91

Sellers et al.,
JCCT, 201840

HCM (hypertrophy distribution:
19% apical, 75% septal, 3%
concentric, 3% mixed)
Controls (matched for BMI, CV risk
factors and plaque burden)

37
37

57
58

27
35

Van Diemen
et al., JCCT,
201933

Stable CAD (overall prevalence
103/431 (24%) obstructive
coronary lesions)

152 58 39

Fairbairn et al.,
JACC: CVI,
202029

Stable CAD 4737 66 34

Ihdayhid et al.,
JCCT, 202054

Suspected CAD:
South Asians
Caucasians
East Asians
Groups matched for BMI and
diabetes.

100
100
100

58
59
59

49
49
49

Abbreviations: BMI ¼ body mass index; CAD ¼ coronary artery disease; CV
HCM ¼ hypertrophic cardiomyopathy; ICA ¼ invasive coronary angiography; JACC:
JCCT ¼ Journal of Cardiovascular Computed Tomography; MVA ¼ microvascular an
angiography; STEMI ¼ ST-segment elevation myocardial infarction; V/M ¼ coronary
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3.1. Epicardial coronary artery disease

Chronic CAD may cause a syndrome of recurrent angina pectoris,
typically occurring due to flow-limiting lesions and is the archetypal state
of supply-demand mismatch in myocardial perfusion.22 There is a
well-recognised discordance between the anatomical severity of coronary
stenosis and the presence of ischemia or physiological significance,4,5

which is particularly relevant for intermediate stenoses estimated to be
ardiovascular disease populations.

Assessment(s) Key findings

FFRCT and QCA. Patients with low V/M ratio (<18.57 mm3/g) had greater
diameter stenosis, higher total plaque volume and lower FFRCT

than those with high V/M.
V/M independently associated with FFR �0.80.

FFRCT and ICA. V/M ratio lower in STEMI vs. stable CAD patients (53 vs.
65 mm3/g, p ¼ 0.009).
Baseline V/M ratio lowest in subset (n ¼ 8) who required
unplanned ICA within 12 months.

FFRCT V/M ratio lower in MVA vs. controls (25.6 � 5.9 vs.
30.0 � 6.5 mm3/g, p ¼ 0.007).
V/M ratio predominantly driven by lower left coronary lumen
volume in MVA vs. controls (1117 � 80 vs. 1750 � 98 mm3,
p < 0.001).

FFRCT V/M ratio lower in HCM vs. controls (23.8 � 5.9 vs.
26.5 � 5.3 mm3/g p ¼ 0.0026).
Lowest V/M ratio in those with septal HCM (22.4 � 5.1 mm3/g).

SPECT, PET,
FFRCT and ICA.

Greater proportion of patients with V/M below median had
abnormal hyperemic MBF and lower FFRCT.

FFRCT Females vs. males: lower coronary lumen volume (2548� 768 vs.
3226 � 977 mm3, p < 0.001), lower myocardial mass (100 � 23
vs. 133 � 30 g, p < 0.001) and higher V/M ratio (26.2 � 7.6 vs.
24.8 � 7.2 mm3/g, p < 0.001).
Low V/M independently associated FFRct, sex, stenosis severity
and multivessel disease.

FFRCT V/M ratio highest in East Asians (29.3 mm3/g) vs. Caucasians
(25.3 mm3/g) vs. South Asians (25.3 mm3/g), p < 0.001.

¼ cardiovascular; FFRCT ¼ fractional flow reserve computed tomography;
CVI ¼ Journal of the American College of Cardiology: Cardiovascular Imaging;
gina; PCI ¼ percutaneous coronary intervention; QCA ¼ quantitative coronary
lumen volume to myocardial mass.
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50–90% by visual assessment.23 The evaluation of ischemia or flow by
both non-invasive and invasive techniques remains central to guiding risk
stratification and clinical decision making.24 However, assessment of
ischemia alone does not explain which factors led to the supply and de-
mand imbalance (e.g. vascular tone, microvascular function, myocardial
demandandenvironmental factors).25 Thismay inpart explainwhynot all
patients with angina have demonstrable ischemia,26 and why there is
frequently a discordance between physiologically significance by invasive
FFR and anatomical significance on ICA.4,5

Anatomical assessment has the ability to discern atheroma but in the
presence of lower-grade or diffuse atherosclerosis may under-diagnose
ischemia. Functional testing may diagnose focal ischemia but has
reduced sensitivity for a global reduction in blood flow and cannot
identify atherosclerosis, which remains a key driver of cardiovascular
risk.27,28 Given that atheroma and ischemia may potentially be over-
looked by all tests, a test that incorporates measures of atherosclerotic
burden, lesion-specific ischemia and subtended myocardial mass is
desirable.

Several studies have examined the relationship between myocardial
demand and supply using the V/M ratio in patients with stable CAD
(Table 1). The first of these was a secondary analysis of the NeXt sTeps
(NXT) trial (NCT01757678)19 performed using the first-generation V/M
algorithms. In this study including 238 patients, those with a V/M ratio
below the median value of 18.57 mm3/g had greater overall diameter
stenosis by quantitative coronary angiography (38 vs. 31%, p < 0.001),
higher total plaque volume (593 vs. 392 mm3, p < 0.001), and lower
invasive FFR (0.80 vs. 0.87; p < 0.001) than those with V/M above the
median. In patients with non-obstructive CAD (diameter stenosis �50%
by quantitative coronary angiography, n¼ 202), the prevalence of vessel
specific FFR values� 0.80 was increased in patients with a low V/M ratio
(Fig. 2). Lastly, V/M ratio was associated with FFR�0.80 independent of
sex, BMI, stenosis severity and plaque characteristics.19 These findings
highlight the potential for the V/M ratio to improve the discrimination of
CAD physiological significance over traditional ICA and CTCA markers,
and potentially refine the risk stratification of ‘non-obstructive’ stenosis.

The largest study to date evaluating V/M in patients with chronic
CAD was the ADVANCE registry.29 In this group of 3110 symptomatic
patients with evidence of at least 30%-degree stenosis CAD, the mean
coronary epicardial lumen volume was 3003 mm3 and ranged from a
minimum of 493 mm3 to a maximum of 7891 mm3 with a median value
of 2873 mm3. The mean LV myocardial mass was 122 g and ranged from
Fig. 2. (a) Relationship between diameter stenosis (by quantitative coronary angiogra
with QCA diameter stenosis 50%. Lower values of V/M are associated with greate
infrequently associated with FFR �0.80 for vessels with 50% diameter stenosis by Q
correlation coefficient of 0.33 (p < 0.001). Reproduced with permission from Taylo
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a minimum of 55 g to a maximum of 357 g with a median value of 118 g.
Mean V/Mwas 25.2mm3/g and ranged from aminimum of 5.6 mm3/g to
a maximum of 62.5 mm3/g with a median value of 24.8 mm3/g (Fig. 3).

Fig. 4 shows two patients with low V/M, the first due to normal LV
mass but small epicardial coronary artery volume and the second with
normal epicardial coronary artery volume but high LV mass. In both
cases, the accompanying FFRCT results exhibit a gradual decline in value
along the length of the left anterior descending artery, ultimately falling
below 0.7. In both cases, the combination of epicardial disease and an
inadequate caliber vessel for the size of the myocardium results in
functional limitations to coronary artery blood flow.

Myocardial blood flow (MBF) as measured by positron emission to-
mography (PET) or stress perfusion cardiovascular magnetic resonance
imaging is a well-established prognostic marker in patients with
CAD.30,31 As a potential measure of a mismatch between coronary ‘sup-
ply’ and myocardial ‘demand’, the relationship of V/M with MBF was
investigated in a substudy of the PACIFIC trial (Prospective Comparison
of Coronary CT Angiography, single-photon emission computed tomog-
raphy, PET, and Hybrid Imaging for the Diagnosis of Ischemic Heart
Disease Determined by Fractional Flow Reserve, NCT01521468).32 Pa-
tients with suspected CAD and preserved LV ejection fraction underwent
assessment with CTA and PET prior to ICA with invasive FFR. In total,
152 subjects were included comprising 431 epicardial coronary vessels.
There was a numerically lower vessel specific resting MBF in patients
with low versus high V/M (1.06 vs. 1.13 mL/min/g, respectively,
p ¼ 0.056), but no difference in vessel specific hyperemic MBF (3.27 vs.
3.51 mL/min/g, p ¼ 0.125) or coronary flow reserve (3.20 vs. 3.22,
p ¼ 0.806) between groups. However, a higher proportion of patients
with low V/M had vessel specific abnormal hyperemic MBF (categorised
as �2.30 mL/min/g) (34 vs. 19%, respectively, p ¼ 0.009) and invasive
FFR �0.80 (20 vs. 9%, respectively, p ¼ 0.004). A weak correlation was
observed between V/M and vessel specific (R ¼ 0.148, p ¼ 0.027) or
global (R ¼ 0.179, p ¼ 0.027) hyperemic MBF and global CFR
(R ¼ 0.163, p ¼ 0.045).33 The relationship of V/M with global resting
measures myocardial blood flow were not reported in this study. Future
iterations of the V/M technique which permit derivation of regional V/M
according to subtended coronary territory may potentially demonstrate
improved correlation with vessel specific measures of myocardial and
coronary blood flow and warrants further evaluation.18

In contrast to studies in stable CAD, only one has evaluated V/M in
patients in the setting of acute coronary syndrome.21 Sixty patients
phy, QCA) and measured FFR for low and high V/M. (b) FFR vs. V/M for lesions
r frequency of measured FFR values � 0.8, whereas higher values of V/M are
CA. A positive correlation between FFR and V/M was observed with a Pearson's
r et al. JCCT 2017(19).



Fig. 3. Histogram of V/M ratio among 3110 patients with symptoms concerning for coronary artery disease and atherosclerosis on CCTA included in the ADVANCE
registry. The median value of V/M was 24.8 mm3/g.

Fig. 4. Gradual decline in FFRCT along the length of vessels due to an inadequate relationship of physiological supply and demand. Top: A low coronary volume causes
low V/M. Bottom: A large myocardial mass causes low V/M.
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presenting with ST-elevation myocardial infarction (STEMI) treated with
primary percutaneous coronary intervention with residual CAD (�50%
stenosis) in at least one non-culprit artery were included. FFRCT was
performed at one month after STEMI and was compared to a cohort with
the stable CAD from the NXT trial. Median V/M was lower in patients
following STEMI compared to those with stable CAD (53 vs. 65 mm3/g,
p ¼ 0.009). Furthermore, median V/M was lower still (40 mm3/g) in
eight patients (13%) who underwent unplanned percutaneous coronary
intervention over 12 months of follow-up.21 Notably, the V/M values in
this study are higher than others reported in the prevailing literature, as
they utilized the first-generation V/M methodology which composed of
both the CTCA-derived epicardial lumen volume and the volume of a
synthetic tree simulating the microvasculature. Nevertheless, these
findings in small numbers are hypothesis generating and warrant further
investigation to determine the role of V/M in improving identification of
high-risk patients at on-going risk following MI.

From these studies in patients with CAD, it appears that V/M may be
an integrated measure of myocardial oxygen supply to demand, is asso-
ciated with invasive and non-invasive measures of FFR but not neces-
sarily vessel specific MBF and may provide additional risk-stratification
in patients with both stable CAD and recent acute coronary syndrome.

3.2. Coronary microvascular dysfunction

Patients with angina and no obstructive coronary artery stenoses
account for half of patients with angina undergoing ICA.35 Amongst these
important subset are patients with microvascular angina (MVA), who
suffer symptoms of chest pain in the absence of flow-limiting CAD but
with objective evidence of myocardial ischemia and/or coronary
microvascular dysfunction25 V/M as an index of myocardial oxygen
supply-demand may provide non-invasive insight into microvascular
function from a standard CTCA acquisition. It is recognised that endo-
thelial dependent and independent mechanisms of vasodilation in the
microvasculature directly impact the vasodilatory capacity of epicardial
vessels and therefore the coronary luminal volume.36,37 In a cohort of
patients with primary MVA, V/M was significantly lower compared to
matched controls (25.6 � 5.9 vs. 30.0 � 6.5, p < 0.001).16 This was
driven predominantly by lower total coronary lumen volume in MVA
patients (2302 � 109 vs. 2978 � 134 mm3, p < 0.001), highlighting that
the vasodilatory capacity of the epicardial vessels (i.e coronary luminal
volume) is potentially related to microvascular function. Similarly, in the
V/M analysis of STEMI patients, the coronary luminal volume was
significantly lower compared to controls with stable CAD.21 Studies have
indicated that endothelial dysfunction can occur beyond the culprit ter-
ritory and also affect the remote myocardium with an impaired vasodi-
lator response observed up to 6 months following MI.38,39

3.3. Cardiomyopathy

Two studies have linked V/M with the pathophysiology of heart
muscle disease, both in the context of hypertrophic cardiomyopathy
(HCM) (Table 1). The first of these was a retrospective case-control
analysis comparing 37 HCM patients with 37 controls matched to age,
sex, cardiovascular risk factor and atherosclerotic plaque burden.40 Un-
surprisingly myocardial mass was greater in patients with HCM than
controls (176 � 84 vs 119 � 27 g, p < 0.001). Interestingly, whilst total
coronary artery luminal volume was also higher in HCM (4112 � 1139
vs. 3290 � 924 mm3, p < 0.001) with equal contribution from the right
and left coronary systems, these patients had lower overall V/M
(23.8 � 5.9 vs. 26.5 � 5.3 mm3, p-0.026) and lower nadir FFRCT values
(indicative of globally abnormal coronary physiology). The lowest V/M
was observed in those patients with a septal pattern of hypertrophy. It is
possible that the higher coronary luminal volume observed in HCM
represents a physiological adaptation attempting to meet the increased
myocardial oxygen demand of hypertrophied myocardium, albeit insuf-
ficiently in comparison to V/M in matched controls.41
203
The second study compared patients with primary (HCM, n¼ 55) and
secondary (hypertension or aortic stenosis, n ¼ 176) myocardial hyper-
trophy, to ascertain whether V/M could distinguish between causes of
LVH.42 In patients with secondary hypertrophy, V/M decreased propor-
tionally with increases in LV mass, whereas in HCM V/M was dispro-
portionately lower for any given LV mass. These observations could
indicate that the rate of myocyte hypertrophy in HCM exceeds the ca-
pacity for coronary artery remodelling and capillary angiogenesis, lead-
ing to relative increased myocardial oxygen supply-demand mismatch
compared to secondary hypertrophy. Alternatively, low V/M in HCM
may be the consequence of a higher burden of myocardial fibrosis and/or
extracellular matrix expansion, resulting in capillary rarefaction.

These early studies in HCM highlight the potential value of V/M in
patients with cardiomyopathy and there are a wealth of opportunities to
employ V/M in other cardiomyopathies. For example, in ischemic car-
diomyopathy, where V/M may elucidate mechanisms contributing to LV
dysfunction in the absence of focal obstructive CAD. In patientswith heart
failure andpreserved ejection fraction (HFpEF),who account for half of all
patients hospitalised with heart failure43,44 and which is commonly
accompanied by concentric LV hypertrophy and microvascular dysfunc-
tion/capillary rarefaction,45,46 it is possible that low V/M contributed to
myocardial fibrosis and hence diastolic dysfunction. Or in dilated car-
diomyopathy, in which microvascular dysfunction has been associated
with the degree of LV impairment and may therefore be an additional
adverse prognostic marker.47 These are undoubtedly avenues of enquiry
that will be explored once the utility of V/M is more widely recognised.

3.4. Sex and ethnic differences in V/M

The effects of sex and ethnicity on prevalence, severity and outcomes
of CAD,48,49 as well as upon cardiac geometry,50,51 are widely recog-
nised. Assessment of V/M presents a unique opportunity to provide an
assessment of the interplay between epicardial coronary arteries and the
myocardium in populations from different sex and ethnic backgrounds.

In the largest study employing V/M to date, male (n ¼ 3134 [66%],
mean age 65.0 years) and female (n¼ 1603 [34%], mean age 68.3 years)
patients from the ADVANCE registry who underwent CTA with FFRCT

were compared to identify sex differences in coronary physiology and
microvascular disease.29 Despite their older age and higher overall
symptom burden, females had lower prevalence of obstructive CAD (65.5
vs. 74.7%, p< 0.001) and higher overall FFRCT (0.76 vs. 0.73, p< 0.001)
compared with males. Although both total coronary artery luminal vol-
ume (2548 vs. 3226 mm3, p < 0.001) and myocardial mass (99.5 vs.
133.2g, p < 0.001) were lower in females compared with males, overall
V/Mwas higher (26.2 vs. 24.8 mm3/g, p< 0.001), driven predominantly
by their relative lower LV mass. In multivariate regression analyses, fe-
male sex, stenosis severity, multivessel disease and FFRCT were inde-
pendently associated with V/M. Importantly, higher V/M was
independently associated with a reduced likelihood of revascularisation
within 90 days, which may explain lower rates of revascularisation in
females.29 The impact of sex differences in V/M on symptoms and
long-term cardiovascular outcomes warrants further investigation, in
particular conditions that promote adverse LV remodelling (e.g. hyper-
tension, obesity and diabetes) and disturb this balance, a reduction in
V/M may be a key driver of poorer cardiovascular outcomes in fe-
males52,53 by promoting a greater predisposition towards microvascular
dysfunction.

Similarly, Ihdayhid et al. undertook a comparison of V/M in 300
Caucasian, South Asian and East Asian patients with chest pain referred
for CTCA, who were well-matched for age-, sex-, cardiovascular risk
factors and atherosclerotic burden.54 Interestingly, the highest V/M was
observed in East Asians (29.2 mm3/g), a group who had the highest
overall total coronary luminal volume but similar indexed LV mass to
Caucasians. Although South Asians had the lowest overall coronary
luminal volumes, myocardial mass was also comparatively lower in this
group and overall V/M was similar to Caucasians (25.5 vs. 25.3,



Fig. 5. The future of assessing myocardial ischemic burden non-invasively. Left: The generation of microvascular networks to measure the impacted perfusion of the
myocardium. Right: Breakdown of myocardial mass and V/M per territory to assess vessel-specific health.
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p¼ 0.98). These findings may partly explain why, relative to Caucasians,
East Asians have lower observed cardiovascular risk whereas South
Asians are at higher risk (especially in the context of obesity, diabetes and
hypertension).55 Similar to what has been posited in females, it is
possible that diseases which drive LV remodelling and thereby increase
myocardial oxygen demand cause relatively reduced capillary density
and myocardial perfusion in the context of lower luminal volumes (i.e
‘coronary supply’) in South Asians.

The sex and ethnic differences in V/M may have implications for the
non-invasive estimation of coronary blood flow and therefore FFR
derived from CTCA. The estimation of coronary flow from CTCA is based
on allometric scaling laws, which describes the variation of biological
parameters with scale.1 The FFRCT technique derives resting coronary
blood flow from the allometric scaling of CT-derived LV mass (Coronary
Flow ∝ myocardial mass3/4). It is well established that sex-differences
exist, with both invasive and PET studies highlighting that women
have a higher resting myocardial flow compared to men.56,57 Indeed, this
higher resting flow per unit tissue for women vs men is predictable from a
¾ power scaling law, given the fact that women are, on average, smaller
than men and have a smaller sized heart. Overall given the diversity of
human biology; variations of allometric scaling within the human heart
in relation to age, sex, ethnicity and pathology may exist and their impact
on the accuracy of CT-derived coronary flow is as yet undefined. The
patient-specific characterisation of V/M may potentially allow for
improved modelling of coronary flow and therefore refine the diagnostic
accuracy of FFRCT.
3.5. Summary of clinical evidence to date

Although existing clinical studies are predominantly retrospective,
observational case-control analyses, they highlight the potential value of
V/M as an easily derived measure that may shed light on drivers of hy-
peremic pressure loss and angina in the absence of stenotic coronary
disease. In CAD, V/M correlates with invasive (FFR) and non-invasive
(FFRCT) markers of physiology, may be linked to quantitative MBF. In
patients with microvascular dysfunction, V/M may unmask contributory
mechanisms such as LV hypertrophy or reduced coronary luminal vol-
ume that could be targets for intervention. There is real potential for V/M
in elucidating supply-demand mismatch in patients with cardiomyopa-
thy, as has been elegantly demonstrated in hypertrophic cardiomyopa-
thy. And a relatively simple and intuitive metric as V/M may help
enhance our understanding of drivers of cardiovascular disease in pop-
ulations with heightened risk.

4. Future directions

Although the theory of V/M is not new, the ability to accurately
quantify it on a non-invasive test is. This provides us with many potential
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avenues of future clinical use to improve the diagnosis, prognostication
and management of both non-obstructive and obstructive CAD and
complements the anatomical and functional information currently ob-
tained from CTCA, FFRCT and CT-myocardial perfusion. Ischemia with no
obstructive coronary artery disease (INOCA) is an increasingly recog-
nised condition related to coronary microvascular dysfunction and
spasm.8 INOCA is not without risk and is associated with adverse prog-
nosis, significant symptomatic limitation and impairment to quality of
life.58 Given the relationship of endothelial function with epicardial
coronary vasoreactivity37 and therefore luminal dimensions, CCTA in
combination with V/M data could provide further personalised risk
assessment for patients with no-evident or non-obstructive CAD.
Improved risk assessment could augment management strategies such as
intensifying existing treatments (low – high intensity statins), monitoring
the physiological response to pharmacotherapies (e.g. angiotensin con-
verting enzyme inhibitors) or improving patient selection and
cost-effectiveness for the use of expensive therapies (PCSK9 inhibitors).
Similarly, in patients with obstructive CAD, the integration of V/M with
other emerging CTCA metrics such as plaque morphology,59 FFRCT,60

wall shear stress61 and myocardial territory at risk,62 may also improve
the identification of patients that will receive the greatest benefit from a
revascularisation strategy as compared to medical therapy alone.

The reporting of V/M remains limited to being a per-patient measure
of total coronary luminal volume and total LV myocardial mass. Given
that disease states such as atherosclerosis and hypertension are systemic
processes, it is commonly understood that microvascular dysfunction
globally affects the myocardium.63 However, global measures of micro-
vascular dysfunction may fail to identify the increasingly recognised
variations in coronary flow, endothelial function and myocardial perfu-
sion that can exist within coronary territories.64,65 For example, a patient
with diffuse coronary atherosclerosis limited to the right coronary artery
may still have normal global coronary flow reserve, despite endothelial
dysfunction and reduced perfusion in the right coronary territory.
Therefore, as it stands, the global measure of V/M is limited in identi-
fying the regional heterogeneity of ‘vascular health’.

The ability to determine regional V/M has been limited by the lack of
validated CT techniques to quantify fractional myocardial mass in rela-
tion to patient-specific coronary anatomy. The essential step in estab-
lishing this relationship lies in efforts to validate the hypothesis of
myocardial mass being proportional to myocardial perfusion. Several
methods have been previously proposed, however are limited to studies
in animals or single-vessel human validation.66,67 More recently, Keu-
lards et al. invasively measured myocardial perfusion in all three major
coronary territories and demonstrated that there was a high agreement
with CT-derived fractional mass for the relative perfusion territory.18

These findings provide an important foundation for the development of
future techniques to quantify fractional myocardial mass and V/M. The
ability to appreciate regional differences in V/M may offer improved
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patient-specific diagnosis, risk stratification and disease monitoring
(Fig. 5).

Future modifications to V/M also extend to refining the quantification
of coronary luminal volume. Improvements in CTCA image quality with
routine nitroglycerin and heart-rate control, in addition to advances in
post-imaging data analysis have been important in optimizing the
calculation of coronary luminal volume.68 However, the spatial resolu-
tion of CTCA remains an intrinsic limitation and prohibits the complete
visualization of the coronary vasculature.19 Recently, algorithms have
been developed that allow for the generation of synthetic patient-specific
coronary vascular networks from the segmented epicardial vessels down
to the microvascular arterioles.69 This has significant potential to not
only improve the quantification of V/M but also advance the
non-invasive CT-modelling of coronary flow, microvascular function and
myocardial perfusion.70

5. Conclusion

Coronary volume to mass ratio is a promising investigational measure
providing insight into vascular health and mechanisms of abnormal
physiology. V/M has been investigated in a number of clinical scenarios
as highlighted in this review. With the concept established, future studies
will need to explore whether V/M is modifiable through alterations in
medical management and cardiac rehabilitation and whether improve-
ments in V/M are associated with improved clinical outcomes.
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