
Open access 

  1Dattani A, et al. Open Heart 2023;10:e002441. doi:10.1136/openhrt-2023-002441

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ openhrt- 2023- 002441).

To cite: Dattani A, Brady EM, 
Alfuhied A, et al. Impact of 
diabetes on remodelling, 
microvascular function and 
exercise capacity in aortic 
stenosis. Open Heart 
2023;10:e002441. doi:10.1136/
openhrt-2023-002441

Received 31 July 2023
Accepted 4 August 2023

For numbered affiliations see 
end of article.

Correspondence to
Prof Gerry P McCann;  gpm12@ 
leicester. ac. uk

Impact of diabetes on remodelling, 
microvascular function and exercise 
capacity in aortic stenosis

Abhishek Dattani    ,1 Emer M Brady,1 Aseel Alfuhied,1 Gaurav S Gulsin    ,1 
Christopher D Steadman,1,2 Jian L Yeo,1 Saadia Aslam    ,1 Marko Banovic    ,3 
Michael Jerosch- Herold,4 Hui Xue,5 Peter Kellman,5 Philippe Costet,6 
Mary Ellen Cvijic,6 Lei Zhao,6 Christina Ebert,6 Laura Liu,6 Kushan Gunawardhana,6 
David Gordon,6 Ching- Pin Chang,6 J Ranjit Arnold,1 Thomas Yates,7 Damian Kelly,8 
Kai Hogrefe,9 Dana Dawson,10 John Greenwood    ,11,12 Leong L Ng,1 
Anvesha Singh,1 Gerry P McCann    1

Valvular heart disease

© Author(s) (or their 
employer(s)) 2023. Re- use 
permitted under CC BY. 
Published by BMJ.

ABSTRACT
Objective To characterise cardiac remodelling, exercise 
capacity and fibroinflammatory biomarkers in patients 
with aortic stenosis (AS) with and without diabetes, and 
assess the impact of diabetes on outcomes.
Methods Patients with moderate or severe AS with 
and without diabetes underwent echocardiography, 
stress cardiovascular magnetic resonance (CMR), 
cardiopulmonary exercise testing and plasma biomarker 
analysis. Primary endpoint for survival analysis was 
a composite of cardiovascular mortality, myocardial 
infarction, hospitalisation with heart failure, syncope or 
arrhythmia. Secondary endpoint was all- cause death.
Results Diabetes (n=56) and non- diabetes groups 
(n=198) were well matched for age, sex, ethnicity, blood 
pressure and severity of AS. The diabetes group had higher 
body mass index, lower estimated glomerular filtration 
rate and higher rates of hypertension, hyperlipidaemia 
and symptoms of AS. Biventricular volumes and systolic 
function were similar, but the diabetes group had 
higher extracellular volume fraction (25.9%±3.1% vs 
24.8%±2.4%, p=0.020), lower myocardial perfusion 
reserve (2.02±0.75 vs 2.34±0.68, p=0.046) and 
lower percentage predicted peak oxygen consumption 
(68%±21% vs 77%±17%, p=0.002) compared with the 
non- diabetes group. Higher levels of renin (log

10renin: 
3.27±0.59 vs 2.82±0.69 pg/mL, p<0.001) were found 
in diabetes. Multivariable Cox regression analysis 
showed diabetes was not associated with cardiovascular 
outcomes, but was independently associated with all- 
cause mortality (HR 2.04, 95% CI 1.05 to 4.00; p=0.037).
Conclusions In patients with moderate- to- severe AS, 
diabetes is associated with reduced exercise capacity, 
increased diffuse myocardial fibrosis and microvascular 
dysfunction, but not cardiovascular events despite a small 
increase in mortality.

INTRODUCTION
Aortic stenosis (AS) is the most common valve 
disease requiring treatment in the developed 
world. Severe AS causes cardiac remodelling 

which leads to diastolic dysfunction, myocar-
dial fibrosis and microvascular dysfunction, 
with poor prognosis without intervention.1

Diabetes is more common in patients with 
AS, and AS occurs more frequently in people 
with diabetes. Coexisting diabetes accelerates 
the progression of AS and is a determinant 
of poor outcomes in these patients.1 Despite 
this link, there is a poor understanding of the 
cardiovascular impact of diabetes in patients 
with AS.

Cardiovascular magnetic resonance 
imaging (CMR) can assess early changes in 
AS and diabetes. Cardiopulmonary exercise 
testing (CPET) provides important prognostic 
information in heart failure and exercise 
testing is recommended to guide treatment 
decisions in asymptomatic severe AS.2 
Adverse profiles of plasma fibroinflammatory 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Coexisting diabetes has a detrimental impact on 
outcomes in patients with aortic stenosis (AS), but 
detailed phenotyping of diabetes in AS versus AS 
alone has not been well described.

WHAT THIS STUDY ADDS
 ⇒ Diabetes was associated with greater diffuse 
myocardial fibrosis, worse microvascular function, 
poorer exercise capacity and higher renin levels. 
Over a median follow- up of 6.9 years, multivariable 
analysis showed diabetes was not associated with 
increased cardiovascular events.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Further large- scale studies could help better under-
stand the impact of these distinct differences seen 
in AS patients with coexisting diabetes and assess 
the excess mortality seen in these patients.
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biomarkers have been shown in a range of conditions 
including AS and diabetes,3 4 but their role in patients 
with AS who have diabetes remains poorly characterised. 
The multiparametric capabilities of CMR together with 
CPET and fibroinflammatory biomarkers could yield new 
insights into the impact of diabetes in AS.

In this study, we sought to: (1) determine the differ-
ences in cardiac remodelling, exercise capacity and 
cardiovascular fibroinflammatory biomarkers in patients 
with moderate- to- severe AS with and without diabetes 
and (2) confirm the impact of diabetes on outcomes in 
AS. We hypothesised that AS patients with diabetes will 
have more adverse cardiac remodelling and worse clin-
ical outcomes compared with those without diabetes.

METHODS
Study design and participants
This is a secondary analysis of multicentre data pooled 
from three observational studies in the UK (two previously 
published5 6 and one ongoing: NCT03883490). Adults 
with either moderate or severe AS (two or more of: aortic 
valve area <1.5 cm2, peak velocity >3.0 m/s or mean pres-
sure gradient >25 mm Hg) were prospectively recruited 
between 2009 and 2021. Exclusion criteria included 
other severe valve disease, atrial fibrillation or other 
significant arrhythmia, any contraindication to CMR or 
an estimated glomerular filtration rate (eGFR)<30 mL/
min/1.73 m2. The core dataset included a transthoracic 
echocardiogram (TTE) and contrast- enhanced CMR 
such that all participants included in this analysis had 
these investigations performed. All participants provided 
written informed consent. Diabetes status was defined 
by a known history or a glycated haemoglobin (HbA1c) 
≥6.5%.

Blood sampling
Blood sampling was performed at time of recruitment 
and included haematocrit, renal function, high- sensitivity 
troponin I and N- terminal pro B- type natriuretic peptide. 
A subset of asymptomatic participants with moderate or 
severe AS had plasma stored for the quantification of 
circulating biomarkers, which was performed as a batch 
analysis at the end of the study using a bead- based multi-
plex assay on a Luminex platform (Bristol Myers Squibb, 
New Jersey, USA) as previously described.7 This consisted 
of 49 biomarkers known to be associated with myocardial 
injury and hypertrophy, fibrosis, atrial stretch, inflamma-
tion, oxidative stress, and renal and endothelial dysfunc-
tion (online supplemental table 1).

Cardiopulmonary exercise testing
Exercise capacity was assessed using an incremental 
symptom- limited CPET using a bicycle ergometer with a 
1 min ramp protocol as previously described.5 Percentage 
predicted peak oxygen consumption (VO2) was calcu-
lated using the Wasserman/Hansen equation.

Transthoracic echocardiography
TTE was performed with a Vivid 7 (GE Healthcare, 
Waukesha, Wisconsin) or iE33b system (Phillips Medical 
Systems, Best, Netherlands) using a standardised 
protocol. Image acquisition and reporting was under-
taken as per the American Society of Echocardiography 
guidelines.

Cardiovascular MR
Participants underwent adenosine- stress CMR imaging 
using either a 1.5- Tesla or 3- Tesla platform as previ-
ously described.5 6 In brief, long- axis and short- axis cine 
imaging of the whole heart was obtained using a balanced 
steady state free precession technique and retrospec-
tive electrocardiographic gating. Perfusion imaging was 
performed for three slices (basal, mid and apical) at rest 
and during pharmacological stress using 140–210 µg/kg/
min of intravenous adenosine infused for 3–5 min and a 
gadolinium- based contrast agent for which either Magne-
vist (Bayer Healthcare, Germany), Gadovist (Bayer 
Pharma AG, Germany) or Dotarem (Guerbet, France) 
was used. Late gadolinium enhancement (LGE) imaging 
was performed using a segmented approach at least 
10 min following final contrast injection. T1 mapping 
was available in a subset of participants, all of which were 
scanned at 3- Tesla, for whom a precontrast and postcon-
trast T1 map was performed at the mid- left ventricular 
(LV) level using a modified inversion recovery Look- 
Locker technique.

Image analysis
All image analysis was performed at a core lab in Leicester, 
UK with blinding to participant details. TTE images were 
analysed by an accredited cardiac sonographer using an 
Xcelera (Philips, Best, The Netherlands) workstation. 
Diastolic dysfunction grading was assessed using interna-
tional recommendations.8

CMR image quantitative analysis was performed in 
batch analysis by a single observer (AD) using cvi42 (V. 
5.10.1, Circle Cardiovascular Imaging, Calgary, Canada) 
with methods detailed in online supplemental material.

Clinical follow-up
Outcome data were obtained from electronic health 
records with blinding to diabetes status and a minimum 
follow- up of 1 year. The primary endpoint was a composite 
of cardiovascular death (as defined by diagnosis on death 
certificate), myocardial infarction, hospitalisation with 
heart failure (requiring intravenous treatment), syncope 
or any significant arrhythmia (including significant atri-
oventricular block or tachyarrhythmia), with outcome 
definitions as previously described in the literature.9 
A secondary endpoint of all- cause mortality was also 
assessed.

Statistical analysis
Baseline characteristics were compared using an 
independent t- test, Mann- Whitney U test or χ2 test 
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as appropriate. Imaging parameters were compared 
between groups using analysis of covariance (ANCOVA) 
with age, sex, ethnicity, systolic blood pressure, eGFR, 
body mass index and aortic valve mean pressure gradient 
as covariates. The key outcome from CPET was percentage 
predicted peak VO2 and, therefore, comparison of CPET 
variables was adjusted for systolic blood pressure, eGFR 
and aortic valve mean pressure gradient. A sensitivity 
analysis excluding participants with HbA1c values within 
the pre- diabetes range (6.0%–6.4%) was also performed. 
Plasma biomarker data were initially cleaned and treated 
as either continuous variables or dichotomised into ‘high’ 
and ‘low’ where appropriate as detailed in online supple-
mental material. Between- group comparison of plasma 
biomarkers was corrected for multiple testing using the 
Benjamini- Hochberg method with a false discovery rate 
of 0.05.10

Clinical outcome data
Kaplan- Meier curves were generated and log- rank test and 
HRs were used to assess differences in outcomes by diabetes 
status. Given the importance of aortic valve replacement, 
separate analyses were also performed using Kaplan- Meier 
curves stratified by the presence and absence of valve 
replacement. Cox regression with key clinical characteristics 
(age, aortic valve replacement, aortic valve mean pressure 
gradient and diabetes status) was conducted to produce a 
baseline model with further models generated using key 
imaging parameters and fibroinflammatory markers.

A p<0.05 was considered statistically significant 
throughout. Descriptive statistics, ANCOVA and survival 
curves were performed using SPSS Statistics (V.28.0, 
IBM). Graphs were generated using GraphPad Prism 
(V.9.0.0, San Diego, California, USA).

Figure 1 Study flow diagram. Summary of study enrolment, exclusions and number of participants in each group. Created 
with BioRender.com. CMR, cardiovascular MRI.
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Patient and public involvement
Patient and public involvement was undertaken during 
the design of the original studies which have been used 
as part of this study. Lay members of the public were part 
of study steering committees.

RESULTS
Baseline characteristics
A total of 254 participants (figure 1 and online supple-
mental figure 1) were included in this analysis and 
stratified into two groups according to diabetes status: 
diabetes (n=56) and non- diabetes (n=198). Baseline 
characteristics are presented in table 1. The groups were 
well matched for age, sex, ethnicity, blood pressure and 
severity of AS. The diabetes group had higher body mass 
index and HbA1c level, lower eGFR and were more likely 
to have a history of hypertension, hyperlipidaemia and 
symptoms of AS.

Imaging data
Key imaging data are presented in table 2. The diabetes 
group had a higher E/A ratio compared with non- diabetes 
but e’ and E:e’ ratio were similar between groups. There 
was no significant difference in diastolic function grading 
between the diabetes and non- diabetes groups.

On CMR, LV volumes were similar between the groups. 
There was no difference in LV mass, systolic and diastolic 
function or patterns of LGE between the groups. Extra-
cellular volume fraction (ECV) was available in 148 partic-
ipants (33 diabetes and 115 non- diabetes) and showed 
that the diabetes group had more diffuse fibrosis (ECV: 
25.9%±3.1% vs 24.8%±2.4%, p=0.020). After exclusions, 
myocardial perfusion reserve (MPR) was assessed in 175 
participants (31 diabetes, 144 non- diabetes) and demon-
strated worse microvascular function (MPR: 2.02±0.75 
vs 2.34±0.68, p=0.046) in the diabetes group compared 
with the non- diabetes group. Consistent findings in key 
imaging variables were demonstrated during sensitivity 
analysis with exclusion of participants with pre- diabetes 
(online supplemental table 2), although differences in 
ECV no longer reached statistical significance.

CPET data
CPET was undertaken in 219 participants (table 2). 
Patients with diabetes had lower percentage predicted 
peak VO2 (68%±21% vs 77%±17%, p=0.002), peak work 
load (90±34 vs 110±40 watts, p=0.006) and exercise dura-
tion (8.1±2.1 vs 8.9±2.3 min, p=0.050) compared with 
non- diabetes. Sensitivity analysis excluding participants 
with pre- diabetes showed consistent findings (online 
supplemental table 2).

Biomarkers
Higher levels of matrix metalloproteinase- 7 (log10M-
MP- 7: 3.00±0.55 vs 2.78±0.55 pg/mL, p=0.046) and renin 
(log10renin: 3.27±0.59 vs 2.82±0.69 pg/mL, p<0.001), and 
greater proportion of patients with high levels of growth 
differentiation factor- 15 (59% vs 37%, p=0.019) and 
tumour necrosis factor- receptor 2 (56% vs 34%, p=0.019) 
were seen in patients with diabetes compared with those 
without (figure 2, online supplemental tables 3 and 4). 
On correction for multiple comparisons, only renin 
remained significantly different between the two groups.

Table 1 Baseline characteristics comparing aortic stenosis 
participants with and without diabetes

Diabetes 
(n=56)

Non- diabetes 
(n=198)

P 
value

Age 70 (63–75) 69 (61–75) 0.361

Sex, n (%) male 44 (79) 149 (75) 0.608

Ethnicity, n (%) white 53 (95) 195 (99) 0.095

Height, m 1.68±0.10 1.70±0.09 0.121

Weight, kg 85.3±17.4 81.8±14.7 0.133

Body mass index, kg/m2 30.1±5.2 28.0±4.2 0.003

Systolic blood pressure, mm Hg 146±21 142±22 0.287

Diastolic blood pressure, mm Hg 75±12 77±10 0.146

Heart rate, bpm 72±14 69±11 0.128

HbA1c, mmol/mol 51±11 38±4 <0.001

HbA1c, % 6.8±1.0 5.7±0.4 <0.001

Medical history

  Hypertension, n (%) 45 (80) 101 (51) <0.001

  Hyperlipidaemia, n (%) 35 (63) 85 (43) 0.010

  Smoking history, n (%) 33 (59) 110 (56) 0.653

  Ischaemic heart disease, n (%) 26 (46) 77 (39) 0.310

  Severe AS, n (%) 48 (86) 155 (78) 0.220

  Symptomatic AS, n (%) 22 (39) 50 (25) 0.040

Medications

  ACEi/ARB, n (%) 38 (68) 69 (35) <0.001

  Beta blocker, n (%) 24 (43) 64 (33) 0.158

  Diuretic, n (%) 24 (43) 47 (24) 0.006

  Statin, n (%) 50 (89) 109 (56) <0.001

Bloods and valve severity

  eGFR, mL/min/1.73 m2 71 (60–87) 81 (66–96) 0.022

  NTproBNP, pmol/L 104 (39–
257)

73 (21–226) 0.121

  hsTnI, pg/mL 6.4 (4.1–
10.7)

5.5 (3.3–10.1) 0.414

  AV peak velocity, m/s 4.0±0.6 4.0±0.6 0.732

  AV maximum pressure 
gradient, mm Hg

67±20 65±21 0.696

  AV mean pressure gradient, 
mm Hg

38±12 39±14 0.936

  AV area, cm2 0.96±0.34 1.05±0.30 0.055

Data presented as mean (SD), median (IQR) or number (%) as 
appropriate.
ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; AS, 
aortic stenosis; AV, aortic valve; eGFR, estimated glomerular 
filtration rate; HbA1c, glycated haemoglobin; hsTnI, High 
sensitivity troponin I; NTproBNP, N- terminal pro- B- type 
natriuretic peptide.
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Outcomes
Aortic valve replacement was undertaken in 89% of the 
diabetes group and 83% of the non- diabetes group. 
Composite outcome data were available in 204 (80%) 
participants. Over a median follow- up of 6.9 years (range 
1–15.7 years), 59 (29%) participants reached the primary 
composite endpoint comprising 17 (41%) of the diabetes 
group compared with 42 (26%) of the non- diabetes 
group (log- rank p=0.102; HR 1.60; 95% CI 0.91 to 2.82; 
figure 3). On assessment of participants stratified by 
the presence (composite endpoint reached: 16 (46%) 
diabetes, 36 (29%) non- diabetes) or absence (composite 
endpoint reached: 1 (17%) diabetes, 6 (16%) non- 
diabetes) of aortic valve replacement, similar findings of 
no significant difference were shown between those with 
diabetes compared with those without diabetes (with 
valve replacement: log- rank p=0.117, HR 1.60, 95% CI 
0.89 to 2.90; without valve replacement: log- rank p=0.999, 
HR 0.998, 95% CI 0.120 to 8.305).

Cox regression model analysis demonstrated diabetes 
was not independently associated with this composite 
outcome whereas age and the presence of LGE and aortic 
valve replacement were associated factors (table 3). The 
addition of MPR or ECV did not improve the model 
and neither did the addition of key fibroinflammatory 
markers (online supplemental table 5).

Data for the secondary outcome were available in 
220 participants. Thirty- eight (17%) participants died, 
comprising 14 (30%) of the diabetes group and 24 
(14%) of the non- diabetes group (log- rank p=0.019, 
HR 2.17, 95% CI 1.12 to 4.21; figure 3). Stratification 
based on the presence (secondary endpoint reached: 
11 (27%) diabetes, 17 (13%) non- diabetes) or absence 

Table 2 Comparison of imaging and exercise testing 
between diabetes and non- diabetes groups

Diabetes
(n=56)

Non- diabetes
(n=198) P value

Echocardiography*

E/A ratio 0.91±0.36 0.87±0.28 0.047

Septal e’ (cm/s) 6.8±4.2 6.4±3.4 0.090

Lateral e’ (cm/s) 7.7±3.2 7.9±2.9 0.282

E:e’ ratio 13.2±5.6 11.3±4.4 0.176

Diastolic function, n (%)     0.169†

  Normal 32 (57) 134 (68)

  Grade I/indeterminate 22 (39) 57 (29)

  Grade II/III 2 (4) 7 (4)

CMR*

  LV EDVi (mL/m) 88±25 90±21 0.316

  LV ESVi (mL/m) 29±17 27±11 0.451

  LV EF (%) 68±11 70±7 0.129

  LVMi (g/m) 97±22 95±24 0.658

  LVM/EDV (g/mL) 1.14±0.24 1.07±0.22 0.226

  LV GCS (%) 17.0±3.4 18.2±3.1 0.090

  LV GLS (%) 14.0±3.5 14.5±2.7 0.758

  LV circumferential 
PEDSR (s-1)

0.67±0.19 0.71±0.24 0.999

  LV longitudinal PEDSR 
(s-1)

0.53±0.21 0.54±0.18 0.176

  RV EDVi (mL/m) 94±26 99±18 0.090

  RV ESVi (mL/m) 41±15 43±12 0.399

  RV EF (%) 57±7 57±7 0.559

  Maximum LAVi (mL/m) 43±14 43±16 0.303

  Maximum LAV/EDV 
ratio

0.50±0.14 0.49±0.16 0.809

  LA EF (%) 55±13 57±11 0.981

Presence of LGE, n (%) 32 (59) 102 (52) 0.346†

  Non- ischaemic 23 (43) 80 (41) 0.814†

  Infarction 9 (17) 21 (11) 0.233†

Native T1 (ms) 1172±83 1149±75 0.881

Extracellular volume (%) 25.9±3.1 24.8±2.4 0.020

Myocardial perfusion 
reserve

2.02±0.75 2.34±0.68 0.046

CPET‡

  CPET duration (s) 485±127 535±135 0.050

  Peak load (watts) 90±34 110±40 0.006

  Peak VO2 (mL/kg/min) 14.7±4.9 17.4±5.2 0.006

  Percentage predicted 
peak VO2 (%)

68±21 77±17 0.002

  Peak respiratory 
exchange ratio

1.12±0.16 1.11±0.13 0.494

  Peak heart rate 127±17 134±21 0.107

Continued

Diabetes
(n=56)

Non- diabetes
(n=198) P value

  Percentage predicted 
heart rate (%)

84±10 87±12 0.152

  Peak O2 pulse 9.6±3.4 10.7±3.0 0.075

Ventricular volumes and mass were indexed to height. Predicted 
peak VO2 calculated using the Wasserman/Hansen equation. 
Values presented as mean (SD) or n (%) as appropriate. CPET was 
performed on 219 participants (41 diabetes, 178 non- diabetes).
*ANCOVA adjusted for age, sex, ethnicity, systolic BP, eGFR, BMI 
and aortic valve mean pressure gradient.
†χ2 test.
‡ANCOVA adjusted for systolic BP, eGFR and aortic valve mean 
pressure gradient.
ANCOVA, analysis of covariance; BMI, body mass index; BP, 
blood pressure; CMR, cardiovascular MR; CPET, cardiopulmonary 
exercise testing; EDVi, indexed end- diastolic volume; EF, ejection 
fraction; eGFR, estimated glomerular filtration rate; ESVi, indexed 
end- systolic volume; GCS, global circumferential strain; GLS, 
global longitudinal strain; LAVi, indexed left atrial volume; LGE, 
late gadolinium enhancement; LV, left ventricle; LVMi, indexed left 
ventricular mass; PEDSR, peak early diastolic strain rate; RV, right 
ventricular; VO2, oxygen consumption.

Table 2 Continued
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(secondary endpoint reached: 3 (50%) diabetes, 7 
(19%) non- diabetes) of valve replacement demon-
strated similar findings in those with valve replacement 
(log- rank p=0.037, HR 2.21, 95% CI 1.03 to 4.72) but 
this did not reach significance in those without valve 
replacement (log- rank p=0.098, HR 2.98, 95% CI 0.77 
to 11.59).

Cox regression model analysis demonstrated that 
diabetes was independently associated with all- cause 
mortality (HR 2.04, 95% CI 1.05 to 4.00, p=0.037; table 3).

Sensitivity analysis excluding participants with pre- 
diabetes demonstrated consistent findings of no differ-
ence in composite endpoint (log- rank p=0.058, HR 1.76, 
95% CI 0.97 to 3.18) between the diabetes and non- 
diabetes groups, but the diabetes group were more likely 
to reach the secondary endpoint of all- cause death (log- 
rank p=0.029, HR 2.08, 95% CI 1.06 to 4.07).

DISCUSSION
In this cohort of moderate- severe AS patients who under-
went extensive phenotyping, we have demonstrated 
unique cardiovascular effects of diabetes in AS. Despite 
having similar AS severity, those with diabetes had more 
diffuse fibrosis, worse microvascular function and poorer 
exercise capacity.

To our knowledge, only one other study has directly 
evaluated the impact of diabetes on CV structure/func-
tion in AS. Lee et al11 showed worse diastolic function 
and more diffuse interstitial fibrosis in their diabetes 
group compared with non- diabetes. They also demon-
strated an elevation of a range of biomarkers involved 
with inflammation and the modulation of extracellular 
matrix in diabetes. A significant limitation was that study 
groups were not age matched and there were two sepa-
rate cohorts for imaging and biomarkers. Furthermore, 
their study lacked stress- perfusion CMR or CPET for 

Figure 2 Key differences in biomarkers between the diabetes and non- diabetes groups. Diabetes was associated with higher 
levels of Renin and MMP- 7 compared with the non- diabetes group, and a greater proportion of patients with diabetes had high 
levels of GDF- 15 and TNF- R2. *Not significantly different following correction for multiple testing. GDF- 15, growth differentiation 
factor- 15, MMP- 7, matrix metalloproteinase- 7, TNF- R2, tumour necrosis factor- receptor 2.
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which we have been able to demonstrate novel important 
differences.

Fibrosis, microvascular function and cardiac remodelling
ECV is a surrogate for diffuse interstitial fibrosis. In 
diabetes alone, ECV has been shown to be higher 
compared with controls and ECV is associated with heart 
failure hospitalisation and mortality.12 Indeed, ECV has 
been associated with markers of disease severity and 
all- cause mortality in patients with AS, even after aortic 
valve replacement.13 We found a small increase in diffuse 
fibrosis in the diabetes group with AS which is consistent 
with a previous study that examined preoperative LV 

biopsies, although in a much smaller sample size (n=16 
with diabetes),14 as well as in the study by Lee et al.11 In 
diabetes, the mechanism of cardiac fibrosis is complex 
but may be related to changes in fibroinflammatory 
markers (such as transforming growth factor or matrix 
metalloproteinases)15 which may lead to the deposition 
of collagen within the extracellular matrix. This can 
cause increased myocardial stiffness which could help 
drive the myocardial hypertrophic response from being 
adaptive to decompensation1 and contribute to micro-
vascular dysfunction. In our analysis, however, only renin 
remained significantly different between the groups once 

Figure 3 Outcome analysis. Kaplan- Meier curves showing event- free survival to a composite endpoint of cardiovascular 
death, heart failure hospitalisation, myocardial infarction, syncope or arrythmia (A) and overall survival (B) between patients with 
and without diabetes.
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correction for multiple comparisons was performed. 
Renin is known to play a role in myocardial stiffness and 
contributes to cardiac fibrosis via the renin–angiotensin–
aldosterone system.16 The lack of significant differences 
in other markers is surprising given the plethora of 
evidence suggesting increased fibroinflammatory markers 
in diabetes.4 The absence of a more adverse fibroinflam-
matory profile in this cohort may explain why a similar 
proportion of our diabetes group had LGE compared 
with the non- diabetes group even though diabetes is asso-
ciated with focal cardiac fibrosis as detected by LGE.17

MPR is a non- invasive method of assessing coronary 
microvascular dysfunction and is impaired in diabetes.18 
In patients without significant epicardial coronary 
disease, coronary microvascular dysfunction is associated 
with diastolic dysfunction and heart failure hospitalisa-
tion.19 In AS, MPR has been associated with onset of symp-
toms6 and ECV is independently associated with MPR.20 
Our findings of more diffuse fibrosis and worse micro-
vascular function in AS patients with diabetes compared 
with those without diabetes are in keeping with previous 
studies examining diabetes12 18 or AS.5 21 Importantly, 
diffuse fibrosis22 and microvascular dysfunction23 have 
been shown to be partially reversible with valve replace-
ment but whether specific improvement of these parame-
ters with targeted treatments leads to improved outcomes 
is unknown. MPR and ECV, however, did not help predict 
events in our cohort but this may be due to the fact that 
the vast majority of patients subsequently had aortic valve 
replacement.

Surprisingly, little difference was seen in other 
measures of cardiac remodelling such as LV volumes, 
mass, LV mass/volume ratio, LV strain as well as left 
atrial and right ventricular volumes. We have previously 
demonstrated that people with diabetes have smaller LV 
volumes compared with controls.24 This analysis, as well 
as in the study by Lee et al, has shown similar LV volumes 
in AS patients with diabetes compared with those without 
diabetes. This surprising result may be because AS can 
lead to increased LV wall tension and a subsequent dila-
tation of the LV25 and thus counteract against the smaller 
LV cavity size often seen in diabetes. We saw minimal 
changes in diastolic function which may be due to similar 
age and severity of AS between groups.

Exercise capacity
The coexistence of diabetes and AS was associated with 
significant impairment of exercise capacity compared 
with the non- diabetes group. Both groups had a mean 
percentage predicted peak VO2 below the 85% reference 
range26 which is in agreement with previously known 
reduced exercise capacity in AS27 and in diabetes28 alone. 
However, given that peak VO2 is independently associ-
ated with survival in patients with AS,27 our finding of a 
12% lower mean percentage predicted peak VO2 in the 
diabetes group compared with the non- diabetes group is 
a key novel finding from this study and may reflect on the 
multisystemic impact of diabetes.Ta
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This reduction in exercise performance may be related 
to a range of biological alterations seen in diabetes such 
as disturbances in endothelium- mediated vasodilation 
which is responsible for exercise hyperaemia, microan-
giopathy leading to skeletal muscle dysfunction or auto-
nomic dysfunction resulting in an impaired chronotropic 
response during exercise.29 Peak heart rate, however, was 
not significantly different between our groups making the 
latter mechanism less likely in this cohort. MPR has been 
shown to be associated with exercise capacity in patients 
with diabetes18 and in patients with AS5 20 and may also 
partly explain the reduced exercise capacity seen in our 
diabetes group.

Outcomes in diabetes
Our data have shown that diabetes is not an independent 
predictor of cardiovascular mortality and cardiac events. 
However, these patients clearly do die earlier and our 
secondary outcome data showed that diabetes remains 
independently associated with all- cause mortality. That 
LGE was a significant factor in cardiovascular outcomes is 
not surprising and is consistent with previous findings.30 
The fact that valve replacement was positively associated 
with cardiac outcomes is likely because a large propor-
tion of our patients would have developed symptoms 
such as syncope and heart failure, which were part of 
our composite endpoint, and therefore went on to have 
a valve replacement. Indeed, valve replacement had a 
significant protective effect on all- cause death.

With a similar length of follow- up (median 6.3 years) 
compared with our study, Lee et al showed diabetes is 
significantly associated with outcomes (HR 1.88).11 Their 
events, however, were largely driven by all- cause death 
which would be somewhat consistent with our secondary 
outcome findings. Other groups have shown that diabetes 
increases the risk of non- cardiac deaths.31 Our findings, 
and those from other groups, show that diabetes does 
lead to a poorer prognosis in AS but this is likely driven 
by non- cardiovascular complications of diabetes, rather 
than due to the small impact we have seen on diffuse 
fibrosis and microvascular function.

Strengths and limitations
To our knowledge, this is the only study to assess the 
impact of diabetes on AS with the depth of phenotypic 
detail covering multimodality imaging together with 
CPET and plasma biomarkers in a single cohort. A 
limitation is the smaller number of participants under-
going CPET, plasma biomarkers, quantitative perfusion 
and ECV, but these data still represent one of the most 
comprehensive descriptions of this cohort in the litera-
ture. The data presented are a retrospective analysis of 
prospectively collected data for which the primary aim 
was not to evaluate the differences between the presence 
or absence of diabetes. Although the analysis was blinded 
to diabetes status, the data should be viewed as explora-
tory and hypothesis- generating.

Conclusion
In patients with moderate- severe AS, diabetes was asso-
ciated with a reduction in exercise capacity and perfu-
sion reserve and a small increase in diffuse fibrosis, but 
no increase in myocardial scar and minimal evidence 
of circulating fibroinflammatory biomarker activation. 
Furthermore, diabetes was not associated with increased 
cardiovascular events during a median follow- up of 6.9 
years, despite a small increase in mortality. Further large- 
scale research is needed to assess whether the excess 
mortality associated with diabetes in patients with AS is 
primarily related to non- cardiovascular deaths.
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