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Myocardial perfusion and oxygenation are
impaired during stress in severe aortic stenosis
and correlate with impaired energetics and
subclinical left ventricular dysfunction
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Abstract

Background: Left ventricular (LV) hypertrophy in aortic stenosis (AS) is characterized by reduced myocardial
perfusion reserve due to coronary microvascular dysfunction. However, whether this hypoperfusion leads to tissue
deoxygenation is unknown. We aimed to assess myocardial oxygenation in severe AS without obstructive coronary
artery disease, and to investigate its association with myocardial energetics and function.

Methods: Twenty-eight patients with isolated severe AS and 15 controls underwent cardiovascular magnetic resonance
(CMR) for assessment of perfusion (myocardial perfusion reserve index-MPRI) and oxygenation (blood-oxygen level
dependent-BOLD signal intensity-SI change) during adenosine stress. LV circumferential strain and phosphocreatine/
adenosine triphosphate (PCr/ATP) ratios were assessed using tagging CMR and 31P MR spectroscopy, respectively.

Results: AS patients had reduced MPRI (1.1 ± 0.3 vs. controls 1.7 ± 0.3, p < 0.001) and BOLD SI change during stress
(5.1 ± 8.9% vs. controls 18.2 ± 10.1%, p = 0.001), as well as reduced PCr/ATP (1.45 ± 0.21 vs. 2.00 ± 0.25, p < 0.001) and LV
strain (−16.4 ± 2.7% vs. controls −21.3 ± 1.9%, p < 0.001). Both perfusion reserve and oxygenation showed positive
correlations with energetics and LV strain. Furthermore, impaired energetics correlated with reduced strain. Eight
months post aortic valve replacement (AVR) (n = 14), perfusion (MPRI 1.6 ± 0.5), oxygenation (BOLD SI change 15.6 ±
7.0%), energetics (PCr/ATP 1.86 ± 0.48) and circumferential strain (−19.4 ± 2.5%) improved significantly.

Conclusions: Severe AS is characterized by impaired perfusion reserve and oxygenation which are related to the
degree of derangement in energetics and associated LV dysfunction. These changes are reversible on relief of pressure
overload and hypertrophy regression. Strategies aimed at improving oxygen demand–supply balance to preserve
myocardial energetics and LV function are promising future therapies.
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Background
Aortic valve stenosis (AS) is characterized by pressure
overload left ventricular hypertrophy (LVH) and im-
paired myocardial perfusion reserve [1]. This has been
shown by a variety of imaging modalities such as posi-
tron emission tomography (PET) [2] and cardiovascular
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magnetic resonance (CMR) [3]. In the absence of signifi-
cant coronary stenoses, this finding is indicative of
microvascular dysfunction, but it remains unclear
whether the hypoperfusion seen in severe AS leads to
myocardial tissue deoxygenation and, thus, ischemia
during stress. Such knowledge is important as myocar-
dial tissue hypoxia may play a significant pathophysio-
logical role in the natural history of AS contributing to
the development of LV dysfunction.
CMR provides the unprecedented capability to assess

myocardial perfusion and oxygenation in the same
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setting during vasodilator stress [4]. Assessment of myo-
cardial perfusion reserve during vasodilator stress follow-
ing the first pass of a gadolinium-based contrast agent
is an established CMR technique [5,6]. Oxygenation-
sensitive CMR can non-invasively assess myocardial tissue
oxygenation without the need for exogenous contrast by
measuring blood-oxygen level-dependent (BOLD) signal
intensity (SI) differences, which reflect deoxygenated
hemoglobin concentration during adenosine stress [7-10].
Oxygenation measurements using BOLD CMR have been
shown to be proportional to changes in coronary sinus
oxygen saturation, [7] and are affected in patients with
microvascular dysfunction as well [9]. Thus, compared to
perfusion, myocardial oxygenation may be a superior par-
ameter reflecting more directly the imbalance between
oxygen demand and supply that characterizes ischemia.
Previous studies have shown that the hypertrophied

heart such as in AS shows impaired myocardial energet-
ics demonstrated by a reduced ratio of phosphocreatine
to adenosine triphosphate (PCr/ATP) [11,12]. However
the relationship between oxygenation and myocardial
energy metabolism in AS has not been investigated yet.
31P magnetic resonance (MR) spectroscopy is a noninva-
sive technique that can be used to study myocardial en-
ergy metabolism in vivo.
Therefore, the purpose of the present study was to

comprehensively assess coronary microvascular status in
patients with severe AS and no obstructive CAD by asses-
sing myocardial perfusion and oxygenation during adeno-
sine stress. We hypothesized that tissue oxygenation and
perfusion during stress are impaired in severe AS and
correlate with myocardial energy metabolism and LV
contractile function. We also hypothesized that these
abnormalities are restored after aortic valve replacement
(AVR). If our hypotheses are proven true, it would suggest
a central role of myocardial ischemia in patients with severe
AS despite the absence of epicardial coronary stenoses.

Methods
Study population
Thirty-four patients with isolated severe AS were pro-
spectively recruited from the Oxford University Hospital
National Health Service Trust. Six patients were ex-
cluded (1 had HCM, 1 had poor LV function, 1 had se-
vere claustrophobia and 3 were unable to undergo
adenosine stress). Of the 28 patients, 3 patients were
asymptomatic and 25 had at least one of typical symp-
toms consistent with severe aortic valve stenosis (angina,
breathlessness or syncope). All patients had undergone
invasive coronary angiography, showing unobstructed
epicardial coronary arteries. Selection criteria included
an aortic valve area of ≤1.0 cm2, peak gradient of
64 mmHg without other significant valvular pathology
based on clinical reports of echo performed as part of
routine clinical evaluation, systolic blood pressure (BP)
<160 mmHg and diastolic BP <90 mmHg. Patients who
had LVEF <50%, contraindications to MR imaging,
glomerular filtration rate <60 ml/min, underlying cardio-
myopathy, previous myocardial infarction, coronary
revascularization or previous cardiac surgery were ex-
cluded. Of the 25 AS patients (symptomatic) who under-
went AVR, 14 were rescanned 8 months after AVR.
Eleven patients did not have a follow-up scan (2 died
perioperatively, 1 had pacemaker implantation, 5 were
lost to follow-up and 3 did not consent for a repeat
CMR). Fifteen healthy volunteers (defined by no history
of heart disease, diabetes, hypertension or high choles-
terol, not taking any medications, normal physical exam-
ination and electrocardiogram) served as controls.

Study protocol
All subjects underwent baseline CMR scanning on a 3
Tesla MR system (TIM Trio; Siemens Healthcare, Erlangen,
Germany) within 4–6 weeks of the routine clinical echo-
cardiogram. Fasting venous blood was drawn for blood
glucose and lipid profile. All subjects gave their informed
consent to participate in the study which was approved by
the National Research Ethics Service Committee South
Central - Berkshire.

Cardiac magnetic resonance protocol
Study participants were instructed to avoid caffeine-
containing food and drinks for at least 24 hours prior to
CMR. Cine imaging was performed using standard
methods [13]. Strain imaging was performed using myocar-
dial tagging sequence as previously described [14]. A short-
axis image at the mid ventricular level was acquired. 31P
MR spectroscopy was performed to obtain the PCr/ATP
ratio from a voxel placed in the midventricular septum,
with the subjects lying prone with their heart over the
centre of the 31P heart/liver coil in the iso-centre of the
magnet as previously described [15].
BOLD and stress perfusion CMR were performed as

previously described [16,17]. Briefly, adenosine (140 μg/kg/
min) was infused for at least 3 minutes, followed by acquisi-
tion of a single mid-ventricular slice (identical to the one
acquired at rest) of BOLD image. Then stress perfusion
imaging was performed immediately after stress BOLD
imaging, using a bolus a gadolinium-based contrast
(Gadodiamide, Omniscan; GEHealthcare) at a dose of
0.03 mmol/kg followed by a saline flush. After discontinu-
ing adenosine, rest perfusion images were acquired 20 mi-
nutes after the stress study to allow sufficient time for
contrast washout. Furthermore, after rest perfusion im-
aging, an additional bolus of 0.1 mmol/kg gadodiamide was
administered (total dose: 0.16 mmol/kg) for late gadolinium
enhancement (LGE) imaging. The LGE images were
acquired as previously described [18].



Table 1 Baseline characteristics of patients and normal
controls

Severe AS
(n = 28)

Normal
controls
(n = 15)

P value

Age (years) 69 ± 10 63 ± 4 0.01

Male, n (%) 21 (75) 8 (53) 0.16

Body mass index (kg/m2) 28 ± 5 27 ± 4 0.41

Systolic blood pressure (mmHg) 134 ± 17 131 ± 11 0.52

Diastolic blood pressure (mmHg) 75 ± 9 76 ± 9 0.52

Heart rate (bpm) 66 ± 10 62 ± 9 0.18

Peak aortic valve gradient (mmHg)* 82 ± 14 −

Symptoms, n (%)

Asymptomatic 3 (11) −

Dyspnoea 18 (64) −

Angina 8 (29) −

Syncope 1 (<1) −

Past medical history, n (%)

Hypertension 11 (39%) −

Dyslipidaemia 7 (25%) −

Diabetes 5 (18%) −

Medications, n (%)

Aspirin 11 (39) −

Metformin 5 (18) −

ACE-I/ARB-II 8 (29) −

Beta-blockers 5 (18) −

Statin 13 (46) −

Biochemical (mmol/L)

Blood glucose 5.5 ± 1.7 5.1 ± 0.9 0.36

Total cholesterol 4.6 ± 1.0 5.5 ± 0.6 0.013

Triglycerides 1.2 ± 0.8 1.0 ± 0.3 0.58

High-density lipoprotein 1.4 ± 0.4 1.5 ± 0.4 0.83

Values are mean ± SD or percentages. ACE indicates angiotensin-converting
enzyme-inhibitors; ARB, Angiotensin-receptor antagonist-II. *Based on
echocardiographic measurement.
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Cardiac magnetic resonance data analysis
Analysis of cardiac volumes, function and mass was per-
formed as previously described [13]. All analyses were
performed in a blinded fashion. Aortic valve area was
measured from direct planimetry during aortic valve
cine CMR. Information on the peak aortic valve gradient
was obtained from the clinical echocardiogram per-
formed during work-up for AVR. LV circumferential
strain was analysed by using CIM-Tag software (Auckland,
New Zealand) [19]. 31P MRS post processing analysis was
performed as previously described [15].
BOLD analysis was performed as described previously

[16]. In brief, myocardial SI was measured after manu-
ally tracing the endocardial and epicardial contours. The
mid-ventricular short-axis BOLD image was divided into
6 segments. Mean signal intensities were calculated for
resting and stress conditions by averaging signal mea-
surements from images during rest and adenosine stress,
respectively.
For perfusion analysis, briefly, 3 contours (epicardial,

endocardial and LV blood pool) were drawn on a single
image and propagated throughout the perfusion series.
The myocardium was divided into segments based on
the American Heart Association (AHA) segmentation
model. SI versus time curves were generated and nor-
malized to the LV blood pool upslope. Myocardial perfu-
sion reserve index (MPRI) was defined as the ratio of
stress to rest relative upslope [20].
LGE was only deemed to be present when the area of

contrast enhancement could be seen in both phase-
swapped images and in a cross-cut long-axis image. LGE
quantification was performed using cmr42 software (ver-
sion 4.0, Circle Cardiovascular Imaging). The full-width-
half-maximum (FWHM) technique was used to quantify
fibrosis as previously described [21]. Fibrosis volume
was expressed as the LGE mass (g) and also as a per-
centage of total myocardial mass.

Statistical analysis
All data are expressed as mean ± standard deviation and
checked for normality using Kolmogorov–Smirnov test.
Categorical data are presented as numbers and percent-
ages. Comparisons between the 2 groups were performed
by Student t-test. The chi-square test or Fisher’s exact test
was used to compare discrete data as appropriate. Bivari-
ate correlations were performed using Pearson’s or
Spearman’s method as appropriate. Comparisons between
pre- and post-AVR measurements in AS patients were
performed with two-tailed paired t-test. Comparisons be-
tween AS patients and controls at baseline and post-AVR
were performed using independent Student t-test or
Mann–Whitney U test as appropriate. A P-value <0.05
was considered significant. All statistical analyses were
performed with IBM SPSS Statistics, version 20.
Results
Baseline study characteristics
Demographic, clinical, echocardiographic and biochem-
ical data are shown in Table 1. All AS patients had both
AVA of ≤1.0 cm2 and peak gradient of ≥64 mmHg
based on echocardiogram performed as part of routine
clinical evaluation. The AS patients were slightly older
than the healthy volunteers but numerically the differ-
ence was small (69 vs. 63 years). There were no signifi-
cant differences in gender, body mass index, BP and
pulse rate between AS patients and normal controls.
Blood glucose and lipid parameters were also similar in
both groups.



Mahmod et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:29 Page 4 of 9
http://jcmr-online.com/content/16/1/29
Assessment of left ventricular mass, function, myocardial
fibrosis and energetics
The CMR results are summarized in Table 2. As ex-
pected, AS patients had significant LVH, reduced cir-
cumferential strain, high normal LVEF and reduced PCr/
ATP ratio when compared to the controls. LGE imaging
demonstrated that myocardial fibrosis was prevalent in
AS (79%) and none was found in the normal controls.
There was patchy mid-wall enhancement pattern affect-
ing predominantly the basal inferior and inferolateral
wall. None of the AS patients had any evidence of previ-
ous myocardial infarction on LGE imaging. By using the
FWHM method for LGE quantification, the burden of
LV fibrosis was high in AS, 33.2 g (17.1-61.8) or 19.7 ±
11.0% of total LV mass.

Assessment of myocardial perfusion reserve and
oxygenation under adenosine stress
During adenosine stress, there were equivalent rises in
rate pressure product (RPP) in both AS patients and
controls; baseline RPP 8.6 ± 1.6×103 (beats/min).mmHg
in AS vs 8.0 ± 1.5×103 (beats/min).mmHg in controls,
p = 0.27 and stress RPP 11.2 ± 2.5×103 (beats/min).mmHg
in AS vs 11.7 ± 2.6×103 (beats/min).mmHg in controls,
p = 0.55. Confirming previous CMR and PET studies [2,3],
myocardial perfusion reserve was significantly reduced in
AS patients compared to the healthy controls. Import-
antly, we now report that oxygenation is also substantially
reduced in AS patients compared to normal controls, as
shown in Table 2 and Figure 1.
Table 2 CMR results in AS patients vs. normal controls

Aortic
stenosis
(n = 28)

Normal
(n = 15)

P value

BOLD signal intensity change (%) 5.1 ± 8.9 18.2 ± 10.1 0.001

Myocardial perfusion
reserve index

1.1 ± 0.3 1.7 ± 0.3 <0.001

Circumferential strain (%) −16.4 ± 2.7 −21.3 ± 1.9 <0.001

PCr/ATP 1.45 ± 0.21 2.00 ± 0.25 <0.001

LV ejection fraction (%) 74 ± 6 69 ± 4 0.01

LV end-diastolic volume (ml) 142 ± 45 137 ± 33 0.73

LV end-systolic volume (ml) 37 ± 20 42 ± 12 0.43

LV mass index (g/m2) 95 ± 30 56 ± 13 <0.001

Aortic valve area (cm2) 0.84 ± 0.10 4.08 ± 0.73 <0.001

LGE present, n (%) 22 (79) - -

LGE volume when positive

Mass (g) 33.2 (17.1-61.8) - -

Percentage myocardium (%) 19.7 ± 11.0 - -

Values are mean ± SD, percentages or median (interquartile range). BOLD,
Blood oxygen level dependent; LV, Left ventricular; LGE, Late gadolinium
enhancement.
Relationships amongst oxygenation, perfusion, strain
and energetics
In line with previous studies, we found that MPRI had
an inverse correlation with LVMI (r = −0.61, p < 0.001),
presence of LGE (Rs = −0.61, p < 0.001) but not with
LGE volume or LGE%, and a positive correlation with
AVA (r = 0.45, p = 0.02) [2,3]. Furthermore, we also
found that impaired MPRI was associated with blunting
of myocardial oxygenation during vasodilator stress (r =
0.52, p = 0.001), impaired strain (r = −0.59, p < 0.001)
and reduced PCr/ATP (r = 0.63, p < 0.001) (Figure 2).
Similar to perfusion, BOLD SI change had an inverse
correlation with LVMI (r = −0.39, p = 0.02), circumferen-
tial strain (r = −0.51, p = 0.001) and a positive correlation
with PCr/ATP (r = 0.47, p = 0.003), but no significant
correlation with presence of LGE, LGE volume or LGE%.
We also found that PCr/ATP ratio inversely correlated
with strain (r = −0.75, p < 0.001). LGE volume (g) also in-
creased with increasing LVMI (r = 0.72, p < 0.001).

CMR and spectroscopy post AVR
Results are summarized in Table 3 with an example
shown in Figure 3. In accordance with previous studies,
we confirmed significant improvements in perfusion
[22], LV strain [23] and energetics [24] after AVR. We
have now shown that there was also significant improve-
ment in oxygenation post AVR with no significant differ-
ence between the post-AVR levels and normal controls.
Although LGE volume (g) reduced following AVR, LGE%
of myocardium was similar to the baseline level. Thus, ab-
normalities in perfusion, LV strain, energetics and oxygen-
ation were all reversible on relief of LV overload and
hypertrophy regression.
We further explored the data by comparing the base-

line characteristics, severity of AS and CMR findings of
the AS patients with (n = 14) and without follow-up (n =
11). Patients who did not have follow-up CMR were older
than those who had follow-up CMR after AVR (73 vs. 65
years), in which the 3 patients who had perioperative com-
plications (2 deaths and 1 pacemaker implantation) were
among the oldest in that group. The rest of the baseline
characteristics and severity of AS were similar in both
groups (results not shown). The CMR indices of patients
without follow-up CMR scan, in particular BOLD SI
change (5.0 ± 11.2%), MPRI (0.9 ± 0.2), circumferential
strain (−16.0 ± 3.3%), PCr/ATP ratio (1.43 ± 0.25), LVMI
(90 ± 27 g/m2), LVEF (74 ± 7%), LV mass (33.0 [18.5-
49.5]) and %LV mass (17.9 ± 6.8%) were also similar to
the CMR indices of the patients with follow-up scan,
all p > 0.05.

Discussion
There are two main findings of this study. First, we dem-
onstrated that significant impairment in myocardial



Figure 1 BOLD SI change and MPRI in AS patients when compared to normal controls. Error bars represent standard deviation.
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perfusion and oxygenation response to vasodilator stress
in severe AS patients and normal epicardial coronaries,
which correlate with the degree of impairment in myo-
cardial energetics and contractility. Second, following
AVR, alterations in myocardial perfusion and oxygen-
ation are reversible along with improvements in energet-
ics and circumferential strain.

Myocardial perfusion and oxygenation in AS
Microvascular dysfunction is a well-established phenome-
non in pressure-overload LVH [25]. This can be due to de-
creased capillary density per unit myocardium due to
inadequate growth of new vessels and extravascular com-
pression as a result of increased LV wall stress [25,26]. We
demonstrate that hypoperfusion seen is severe enough to
be translated into a significantly blunted myocardial oxy-
genation response to stress. Not surprisingly, our data
show that the degree of impairment in perfusion reserve
correlates with the extent of hypertrophy, aortic valve
stenosis and myocardial fibrosis.
In the absence of obstructive CAD, the hypertrophied

ventricle is vulnerable to ischemia especially under stress
[26]. This is thought to be the explanation why patients
with AS have symptoms of effort angina despite normal
epicardial coronary arteries [27]. Whether de-oxygenation
occurs as a consequence of impaired perfusion reserve
during stress in AS has never been demonstrated previ-
ously. Myocardial hypoperfusion does not always reflect
hypoxia as oxygen demand may vary in different patho-
physiologic states. For example, in hypertension, myocar-
dial oxygen utilization per unit LV weight is reduced in
the presence of LVH [28]. Cardiac hypertrophy is an
adaptive mechanism in response to pressure overload, to
normalize increased wall stress according to the Law of
Laplace [29]. Our group recently demonstrated that dis-
sociation between myocardial perfusion and oxygenation
can exist [9,16,30]. Impaired stress perfusion can be com-
patible with normal oxygenation when myocardial oxygen
demand is down-regulated such as in hibernation [9,16],
and stress oxygenation can be reduced in spite of normal
perfusion, when the oxygen demand is increased such as
in HCM gene carriers [30]. Our current study now shows
that, in the context of AS, perfusion and oxygenation dur-
ing stress are closely associated, and both are impaired.
This is in line with observations in patients with LVH due
to long-standing hypertension [31]. We also showed that
both perfusion and oxygenation impairments in AS
showed significant associations with the degree of LVH.
Conversely, there was no significant relationship between
oxygenation and fibrosis, which is expected because scar
tissue has negligible oxygen requirements.

Relationships amongst myocardial perfusion/oxygenation,
energetics and contractility
Our results confirm the previous finding of reduced
PCr/ATP ratio in patients with severe AS [11,12]. We
now demonstrated that impaired perfusion reserve and
oxygenation correlate with impaired energetics and re-
duced circumferential strain. Impaired energetics is
likely to be due to microvascular dysfunction [24] or re-
duced total creatine [32], or both, as known to occur in
the hypertrophied heart. ATP is the direct energy fuel
for myocardial contraction whilst phosphocreatine is es-
sential for the transfer of high-energy phosphates from



Figure 2 Correlations between BOLD SI change and MPRI with PCr/ATP ratio (top panel) and circumferential strain (bottom panel).
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mitochondria to myofibrils. Whether the relationship be-
tween energetics and function in the hypertrophied and
failing heart is causal or coincidental is a highly complex
[33] and controversial [34], and our study cannot resolve
this.

Changes following aortic valve replacement
We showed that improvement in oxygenation 8 months
after AVR occurred in parallel with improvements in
stress perfusion [22], energetics [24] and LV strain [19].
This improvement in microcirculatory function after AVR
is most likely the result of a combination of both, relief of
mechanical obstruction with reduced LV wall stress, and
LVH regression [24,35]. Although there was significant
LGE volume reduction after AVR, LGE as a percentage of
myocardium did not change. It is likely that LGE reduc-
tion was related to LV mass regression as shown by posi-
tive correlation between LGE volume and LVMI in our
study. As gadolinium is confined to the extracellular
space, reduction in LGE may also indicate a reduction of
other elements of extracellular matrix and not due to col-
lagen reduction per se. Similarly, other studies have shown
no significant fibrosis regression post AVR using diffuse
equilibrium [36] and qualitative assessments [37].

Clinical implications
Our findings suggest that substantial microvascular dys-
function leading to myocardial tissue ischaemia during



Table 3 Cardiac MRI and spectroscopy before and after AVR

All AS patients
(n = 28)

Follow-up AS patients (n = 14) Controls

Pre AVR Post AVR

BOLD signal intensity change (%) 5.1 ± 8.9 5.1 ± 8.4 15.6 ± 7.0* 18.2 ± 10.1

Myocardial perfusion reserve index 1.1 ± 0.3 1.0 ± 0.4 1.6 ± 0.5* 1.7 ± 0.3

Circumferential strain (%) −16.4 ± 2.7 −16.3 ± 2.3 −19.4 ± 2.5* −21.3 ± 1.9

PCr/ATP 1.45 ± 0.21 1.42 ± 0.17 1.86 ± 0.48* 2.00 ± 0.25

Left ventricular mass index (g/m2) 95 ± 30 98 ± 31 69 ± 17† 56 ± 13

Left ventricular ejection fraction (%) 74 ± 7 76 ± 5 74 ± 5‡ 69 ± 4

LGE volume

Mass (g) 33.2 (17.1-61.8) 29.5 (16.7-54.2) 17.7 (15.1-33.9)** -

Percentage myocardium (%) 19.7 ± 11.0 18.1 ± 10.7 17.2 ± 10.8*** -

Values are mean ± SD or median (interquartile range). ATP indicates adenosine triphosphate; BOLD, Blood oxygen level-dependent; LGE, Late gadolinium enhancement;
PCr, Phosphocreatine.
*p < 0.05 vs pre AVR and >0.05 vs controls; †p < 0.05 vs pre AVR and controls; ‡p > 0.05 vs pre AVR and <0.05 vs controls; **p < 0.05 vs pre AVR; ***p > 0.05 vs
pre AVR.
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vasodilator stress is present in severe AS without epicar-
dial CAD. A reduced capacity to augment myocardial
oxygenation during stress may contribute to poor clin-
ical outcome, as prognosis rapidly deteriorates after de-
velopment of symptoms such as angina and the onset of
LV dysfunction. Oxygenation-sensitive CMR together
with MR-spectroscopy provide a comprehensive insight
Figure 3 Examples of BOLD imaging. From top to bottom panels, short-
and stress perfusion. From left to right, normal volunteer, a patient with se
(AVR). Note the circumferential perfusion defect in the AS patient pre AVR
into the pathophysiology of ischaemia and metabolic de-
rangements in AS patients. Importantly, our findings
suggest a potential new avenue for therapy targeted at
improving microcirculation and reducing oxygen de-
mand, e.g. nitrates [38], calcium antagonists and beta-
blockers, or metabolic agents to improve efficiency of
energy utilization e.g. perhexiline [39].
axis stress BOLD, schematic diagram of segmental BOLD SI change,
vere aortic stenosis (AS) before and after aortic valve replacement
(white arrows), which is no longer present after AVR.
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Study limitations
We included a small number of AS patients with dia-
betes, hypertension and dyslipidaemia, which may con-
tribute to myocardial perfusion abnormalities. However,
only patients with well-controlled diabetes and BP were
included and the few patients who had dyslipidaemia
were well treated by statin. It would be challenging to
recruit patients with severe AS without any of these con-
ditions which are very common in the elderly popula-
tion. However, the reversibility of our findings after AVR
strongly suggests that our findings were not due to con-
comitant diseases. Although the present BOLD tech-
nique only acquired a single mid-ventricular slice, this
should not affect the result as left ventricular hyper-
trophy in AS is general. Our study demonstrates proof
of concept, and confirmation of our findings in larger
scale studies is warranted.

Conclusions
In severe AS without epicardial CAD, there is blunted
oxygenation response to adenosine stress suggestive of
microvascular impairment, which correlates with impaired
energetics and subclinical LV dysfunction. Myocardial per-
fusion, oxygenation, energetics and contractility are re-
stored following AVR. Oxygenation-sensitive CMR
provides pathophysiologic insight, may become a helpful
diagnostic tool, and suggests novel strategies for therapy
in AS aimed at improving the oxygen demand/supply
balance.

Abbreviations
AS: Aortic stenosis; AVR: Aortic valve replacement; BOLD: Blood-oxygen level
dependent; CMR: Cardiovascular magnetic resonance; FWHM: Full width half
maximum; LGE: Late gadolinium enhancement; LVEF: Left ventricular ejection
fraction; LVH: Left ventricular hypertrophy; LVMI: Left ventricular mass index;
MPRI: Myocardial perfusion reserve index; PCr/ATP ratio: Phosphocreatine to
adenosine triphosphate ratio; SI: Signal intensity.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MM: contributed to the conception, design and coordination of the study,
substantially acquired and analyzed the data, performed statistical analysis
and drafted the manuscript; JMF and NP contributed to data acquisition and
critical revision of the manuscript; AL contributed to data analysis and critical
revision of the manuscript; SD, RDS, MP, RS, SW, MDR, HA have critically
revised the manuscript; SN and TDK participated in the conception and
design of the study and critically revised the manuscript. All authors read
and approved the final manuscript.

Acknowledgements
This work was supported by a British Heart Foundation project grant (PG/08/
101/26126). The authors acknowledge support from the National Institute for
Health Research Oxford Biomedical Research Centre Programme. Stefan
Neubauer also acknowledges support from the Oxford British Heart
Foundation Centre of Research Excellence. Masliza Mahmod was funded by
the National University of Malaysia and Ministry of Higher Education
Malaysia. We thank the nurses at the Pre-admission Cardiothoracic Clinic,
Oxford University Hospitals for their help with recruitment of patients.
Author details
1Division of Cardiovascular Medicine, Radcliffe Department of Medicine, John
Radcliffe Hospital, University of Oxford Centre for Clinical Magnetic
Resonance Research (OCMR), Oxford OX3 9DU, UK. 2Department of
Cardiothoracic Surgery, Oxford University Hospitals, Oxford OX3 9DU, UK.

Received: 21 January 2014 Accepted: 17 April 2014
Published: 29 April 2014

References
1. Irvine T, Kenny A. Aortic stenosis and angina with normal coronary

arteries: the role of coronary flow abnormalities. Heart. 1997; 78:213–4.
2. Rajappan K, Rimoldi OE, Dutka DP, Ariff B, Pennell DJ, Sheridan DJ, Camici

PG. Mechanisms of coronary microcirculatory dysfunction in patients
with aortic stenosis and angiographically normal coronary arteries.
Circulation. 2002; 105:470–6.

3. Steadman CD, Jerosch-Herold M, Grundy B, Rafelt S, Ng LL, Squire IB, Samani
NJ, McCann GP. Determinants and functional significance of myocardial
perfusion reserve in severe aortic stenosis. JACC Cardiovasc Imaging. 2012;
5:182–9.

4. Friedrich MG, Karamitsos TD. Oxygenation-sensitive cardiovascular
magnetic resonance. J Cardiovasc Magn Reson. 2013; 15:43.

5. Wong DT, Leung MC, Das R, Liew GY, Williams K, Dundon BK, Molaee P, Teo
KS, Meredith IT, Worthley MI, Worthley SG. Diagnostic accuracy of
adenosine stress cardiovascular magnetic resonance following acute
ST-segment elevation myocardial infarction post primary angioplasty.
J Cardiovasc Magn Reson. 2011; 13:62.

6. Greenwood JP, Maredia N, Younger JF, Brown JM, Nixon J, Everett CC,
Bijsterveld P, Ridgway JP, Radjenovic A, Dickinson CJ, Ball SG, Plein S.
Cardiovascular magnetic resonance and single-photon emission
computed tomography for diagnosis of coronary heart disease
(CE-MARC): a prospective trial. Lancet. 2012; 379:453–60.

7. Vohringer M, Flewitt JA, Green JD, Dharmakumar R, Wang J Jr, Tyberg JV,
Friedrich MG. Oxygenation-sensitive CMR for assessing vasodilator-induced
changes of myocardial oxygenation. J Cardiovasc Magn Reson. 2010; 12:20.

8. Karamitsos TD, Arnold JR, Pegg TJ, Francis JM, Birks J, Jerosch-Herold M, Neubauer
S, Selvanayagam JB. Patients with syndrome X have normal transmural myo-
cardial perfusion and oxygenation: a 3-T cardiovascular magnetic resonance
imaging study. Circ Cardiovasc Imaging. 2012; 5:194–200.

9. Arnold JR, Karamitsos TD, Bhamra-Ariza P, Francis JM, Searle N, Robson MD,
Howells RK, Choudhury RP, Rimoldi OE, Camici PG, Banning AP, Neubauer S,
Jerosch-Herold M, Selvanayagam JB. Myocardial oxygenation in coronary
artery disease: insights from blood oxygen level-dependent magnetic
resonance imaging at 3 tesla. J Am Coll Cardiol. 2012; 59:1954–64.

10. Weinsaft JW, Spincemaille P. BOLD New directions in myocardial ischemia
imaging-myocardial oxygenation assessment by cardiac magnetic
resonance. J Am Coll Cardiol. 2012; 59:1965–7.

11. Conway MA, Allis J, Ouwerkerk R, Niioka T, Rajagopalan B, Radda GK.
Detection of low phosphocreatine to ATP ratio in failing hypertrophied
human myocardium by 31P magnetic resonance spectroscopy. Lancet.
1991; 338:973–6.

12. Neubauer S, Horn M, Pabst T, Harre K, Stromer H, Bertsch G, Sandstede J,
Ertl G, Hahn D, Kochsiek K. Cardiac high-energy phosphate metabolism in
patients with aortic valve disease assessed by 31P-magnetic resonance
spectroscopy. J Invest Med. 1997; 45:453–62.

13. Karamitsos TD, Hudsmith LE, Selvanayagam JB, Neubauer S, Francis JM.
Operator induced variability in left ventricular measurements with
cardiovascular magnetic resonance is improved after training.
J Cardiovasc Magn Reson. 2007; 9:777–83.

14. Stuber M, Spiegel MA, Fischer SE, Scheidegger MB, Danias PG, Pedersen EM,
Boesiger P. Single breath-hold slice-following CSPAMM myocardial
tagging. MAGMA. 1999; 9:85–91.

15. Tyler DJ, Emmanuel Y, Cochlin LE, Hudsmith LE, Holloway CJ, Neubauer S,
Clarke K, Robson MD. Reproducibility of 31P cardiac magnetic resonance
spectroscopy at 3 T. NMR Biomed. 2009; 22:405–13.

16. Karamitsos TD, Leccisotti L, Arnold JR, Recio-Mayoral A, Bhamra-Ariza P,
Howells RK, Searle N, Robson MD, Rimoldi OE, Camici PG, Neubauer S,
Selvanayagam JB. Relationship between regional myocardial oxygenation
and perfusion in patients with coronary artery disease: insights from car-
diovascular magnetic resonance and positron emission tomography. Circ
Cardiovasc Imaging. 2010; 3:32–40.



Mahmod et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:29 Page 9 of 9
http://jcmr-online.com/content/16/1/29
17. Selvanayagam JB, Jerosch-Herold M, Porto I, Sheridan D, Cheng AS, Petersen
SE, Searle N, Channon KM, Banning AP, Neubauer S. Resting myocardial
blood flow is impaired in hibernating myocardium: a magnetic
resonance study of quantitative perfusion assessment. Circulation. 2005;
112:3289–96.

18. Kellman P, Arai AE, McVeigh ER, Aletras AH. Phase-sensitive inversion
recovery for detecting myocardial infarction using gadolinium-delayed
hyperenhancement. Magn Reson Med. 2002; 47:372–83.

19. Mahmod M, Bull S, Suttie JJ, Pal N, Holloway C, Dass S, Myerson SG,
Schneider JE, de Silva R, Petrou M, Sayeed R, Westaby S, Clelland C, Francis
JM, Ashrafian H, Karamitsos TD, Neubauer S. Myocardial steatosis and left
ventricular contractile dysfunction in patients with severe aortic stenosis.
Circ Cardiovasc Imaging. 2013; 6:808–16.

20. Nagel E, Klein C, Paetsch I, Hettwer S, Schnackenburg B, Wegscheider K, Fleck
E. Magnetic resonance perfusion measurements for the noninvasive
detection of coronary artery disease. Circulation. 2003; 108:432–7.

21. Flett AS, Hasleton J, Cook C, Hausenloy D, Quarta G, Ariti C, Muthurangu V,
Moon JC. Evaluation of techniques for the quantification of myocardial
scar of differing etiology using cardiac magnetic resonance. JACC
Cardiovasc Imaging. 2011; 4:150–6.

22. Rajappan K, Rimoldi OE, Camici PG, Bellenger NG, Pennell DJ, Sheridan DJ.
Functional changes in coronary microcirculation after valve replacement
in patients with aortic stenosis. Circulation. 2003; 107:3170–5.

23. Delgado V, Tops LF, van Bommel RJ, van der Kley F, Marsan NA, Klautz RJ,
Versteegh MI, Holman ER, Schalij MJ, Bax JJ. Strain analysis in patients with
severe aortic stenosis and preserved left ventricular ejection fraction
undergoing surgical valve replacement. Eur Heart J. 2009; 30:3037–47.

24. Beyerbacht HP, Lamb HJ, van der Laarse A, Vliegen HW, Leujes F, Hazekamp
MG, de Roos A, van der Wall EE. Aortic valve replacement in patients with
aortic valve stenosis improves myocardial metabolism and diastolic
function. Radiology. 2001; 219:637–43.

25. Marcus ML, Harrison DG, Chilian WM, Koyanagi S, Inou T, Tomanek RJ,
Martins JB, Eastham CL, Hiratzka LF. Alterations in the coronary circulation
in hypertrophied ventricles. Circulation. 1987; 75:I19–25.

26. Bache RJ, Dai XZ. Myocardial oxygen consumption during exercise in the
presence of left ventricular hypertrophy secondary to supravalvular
aortic stenosis. J Am Coll Cardiol. 1990; 15:1157–64.

27. Marcus ML, Doty DB, Hiratzka LF, Wright CB, Eastham CL. Decreased
coronary reserve: a mechanism for angina pectoris in patients with
aortic stenosis and normal coronary arteries. N Engl J Med. 1982;
307:1362–6.

28. Laine H, Katoh C, Luotolahti M, Yki-Jarvinen H, Kantola I, Jula A, Takala TO,
Ruotsalainen U, Iida H, Haaparanta M, Nuutila P, Knuuti J. Myocardial
oxygen consumption is unchanged but efficiency is reduced in patients
with essential hypertension and left ventricular hypertrophy. Circulation.
1999; 100:2425–30.

29. James MA, Saadeh AM, Jones JV. Wall stress and hypertension.
J Cardiovasc Risk. 2000; 7:187–90.

30. Karamitsos TD, Dass S, Suttie J, Sever E, Birks J, Holloway CJ, Robson MD,
Jerosch-Herold M, Watkins H, Neubauer S. Blunted myocardial oxygenation
response during vasodilator stress in patients with hypertrophic
cardiomyopathy. J Am Coll Cardiol. 2013; 61:1169–76.

31. Beache GM, Herzka DA, Boxerman JL, Post WS, Gupta SN, Faranesh AZ,
Solaiyappan M, Bottomley PA, Weiss JL, Shapiro EP, Hill MN. Attenuated
myocardial vasodilator response in patients with hypertensive
hypertrophy revealed by oxygenation-dependent magnetic resonance
imaging. Circulation. 2001; 104:1214–7.

32. Bessman SP, Carpenter CL. The creatine-creatine phosphate energy
shuttle. Annu Rev Biochem. 1985; 54:831–62.

33. Neubauer S. The failing heart–an engine out of fuel. N Engl J Med. 2007;
356:1140–51.

34. Lygate CA, Aksentijevic D, Dawson D, ten Hove M, Phillips D, de Bono JP,
Medway DJ, Sebag-Montefiore L, Hunyor I, Channon KM, Clarke K, Zervou S,
Watkins H, Balaban RS, Neubauer S. Living without creatine: unchanged
exercise capacity and response to chronic myocardial infarction in
creatine-deficient mice. Circ Res. 2013; 112:945–55.

35. Kenny A, Wisbey CR, Shapiro LM. Profiles of coronary blood flow velocity
in patients with aortic stenosis and the effect of valve replacement: a
transthoracic echocardiographic study. Br Heart J. 1994; 71:57–62.

36. Flett AS, Sado DM, Quarta G, Mirabel M, Pellerin D, Herrey AS, Hausenloy DJ,
Ariti C, Yap J, Kolvekar S, Taylor AM, Moon JC. Diffuse myocardial fibrosis
in severe aortic stenosis: an equilibrium contrast cardiovascular
magnetic resonance study. Eur Heart J Cardiovasc Imaging. 2012;
13:819–26.

37. Weidemann F, Herrmann S, Stork S, Niemann M, Frantz S, Lange V, Beer M,
Gattenlohner S, Voelker W, Ertl G, Strotmann JM. Impact of myocardial
fibrosis in patients with symptomatic severe aortic stenosis. Circulation.
2009; 120:577–84.

38. Perloff JG, Ronan JA Jr, Deleon AC Jr. The effect of nitroglycerine on left
ventricular wall tension in fixed orifice aortic stenosis. Circulation. 1965;
32:204–13.

39. Unger SA, Robinson MA, Horowitz JD. Perhexiline improves symptomatic
status in elderly patients with severe aortic stenosis. Aust N Z J Med.
1997; 27:24–8.

doi:10.1186/1532-429X-16-29
Cite this article as: Mahmod et al.: Myocardial perfusion and
oxygenation are impaired during stress in severe aortic stenosis and
correlate with impaired energetics and subclinical left ventricular
dysfunction. Journal of Cardiovascular Magnetic Resonance 2014 16:29.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	Study protocol
	Cardiac magnetic resonance protocol
	Cardiac magnetic resonance data analysis
	Statistical analysis

	Results
	Baseline study characteristics
	Assessment of left ventricular mass, function, myocardial fibrosis and energetics
	Assessment of myocardial perfusion reserve and oxygenation under adenosine stress
	Relationships amongst oxygenation, perfusion, strain and energetics
	CMR and spectroscopy post AVR

	Discussion
	Myocardial perfusion and oxygenation in AS
	Relationships amongst myocardial perfusion/oxygenation, energetics and contractility
	Changes following aortic valve replacement
	Clinical implications
	Study limitations

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

