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BACKGROUND: Type 2 diabetes (T2D) is associated with an increased risk of left ventricular dysfunction after aortic valve 
replacement (AVR) in patients with severe aortic stenosis (AS). Persistent impairments in myocardial energetics and 
myocardial blood flow (MBF) may underpin this observation. Using phosphorus magnetic resonance spectroscopy and 
cardiovascular magnetic resonance, this study tested the hypothesis that patients with severe AS and T2D (AS-T2D) would 
have impaired myocardial energetics as reflected by the phosphocreatine to ATP ratio (PCr/ATP) and vasodilator stress MBF 
compared with patients with AS without T2D (AS-noT2D), and that these differences would persist after AVR.

METHODS: Ninety-five patients with severe AS without coronary artery disease awaiting AVR (30 AS-T2D and 65 AS-
noT2D) were recruited (mean, 71 years of age [95% CI, 69, 73]; 34 [37%] women). Thirty demographically matched healthy 
volunteers (HVs) and 30 patients with T2D without AS (T2D controls) were controls. One month before and 6 months 
after AVR, cardiac PCr/ATP, adenosine stress MBF, global longitudinal strain, NT-proBNP (N-terminal pro-B-type natriuretic 
peptide), and 6-minute walk distance were assessed in patients with AS. T2D controls underwent identical assessments at 
baseline and 6-month follow-up. HVs were assessed once and did not undergo 6-minute walk testing.

RESULTS: Compared with HVs, patients with AS (AS-T2D and AS-noT2D combined) showed impairment in PCr/ATP (mean 
[95% CI]; HVs, 2.15 [1.89, 2.34]; AS, 1.66 [1.56, 1.75]; P<0.0001) and vasodilator stress MBF (HVs, 2.11 mL min g [1.89, 
2.34]; AS, 1.54 mL min g [1.41, 1.66]; P<0.0001) before AVR. Before AVR, within the AS group, patients with AS-T2D had 
worse PCr/ATP (AS-noT2D, 1.74 [1.62, 1.86]; AS-T2D, 1.44 [1.32, 1.56]; P=0.002) and vasodilator stress MBF (AS-noT2D, 
1.67 mL min g [1.5, 1.84]; AS-T2D, 1.25 mL min g [1.22, 1.38]; P=0.001) compared with patients with AS-noT2D. Before 
AVR, patients with AS-T2D also had worse PCr/ATP (AS-T2D, 1.44 [1.30, 1.60]; T2D controls, 1.66 [1.56, 1.75]; P=0.04) 
and vasodilator stress MBF (AS-T2D, 1.25 mL min g [1.10, 1.41]; T2D controls, 1.54 mL min g [1.41, 1.66]; P=0.001) 
compared with T2D controls at baseline. After AVR, PCr/ATP normalized in patients with AS-noT2D, whereas patients with 
AS-T2D showed no improvements (AS-noT2D, 2.11 [1.79, 2.43]; AS-T2D, 1.30 [1.07, 1.53]; P=0.0006). Vasodilator stress 
MBF improved in both AS groups after AVR, but this remained lower in patients with AS-T2D (AS-noT2D, 1.80 mL min 
g [1.59, 2.0]; AS-T2D, 1.48 mL min g [1.29, 1.66]; P=0.03). There were no longer differences in PCr/ATP (AS-T2D, 1.44 
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[1.30, 1.60]; T2D controls, 1.51 [1.34, 1.53]; P=0.12) or vasodilator stress MBF (AS-T2D, 1.48 mL min g [1.29, 1.66]; T2D 
controls, 1.60 mL min g [1.34, 1.86]; P=0.82) between patients with AS-T2D after AVR and T2D controls at follow-up. 
Whereas global longitudinal strain, 6-minute walk distance, and NT-proBNP all improved after AVR in patients with AS-
noT2D, no improvement in these assessments was observed in patients with AS-T2D.

CONCLUSIONS: Among patients with severe AS, those with T2D demonstrate persistent abnormalities in myocardial PCr/
ATP, vasodilator stress MBF, and cardiac contractile function after AVR; AVR effectively normalizes myocardial PCr/ATP, 
vasodilator stress MBF, and cardiac contractile function in patients without T2D.

Key Words: aortic valve stenosis ◼ diabetes mellitus, type 2 ◼ magnetic resonance imaging ◼ myocardial blood flow

Type 2 diabetes (T2D) is present in 22% to 36% 
of patients with severe aortic stenosis (AS).1–4 
Compared with patients with AS without T2D (AS-

noT2D), patients with AS and T2D (AS-T2D) have higher 
cardiovascular morbidity and mortality rates after aortic 
valve replacement (AVR).4–8 AS and T2D share common 
cardiac features of adverse remodeling, abnormal ener-
getics, and reduction in vasodilator stress myocardial 
blood flow (MBF).9–12 These abnormalities may underpin 
the adverse prognosis observed in patients with AS-T2D.

The relative concentration of phosphocreatine to 
adenosine triphosphate (PCr/ATP) can be measured 
noninvasively in the myocardium using 31P magnetic 
resonance spectroscopy (31P-MRS).13 This provides a 
sensitive indicator of the myocardial energetic state, 

reflecting the balance between energy production 
and use. Cardiovascular magnetic resonance imaging 
(CMR) is the reference standard for assessment of the 
myocardial remodeling observed in AS, including left 
ventricular (LV) volumes, mass, and wall thickness as 
well as changes in systolic function.1 CMR also provides 
assessment of myocardial fibrosis using late gadolinium 
enhancement (LGE) and T1 mapping techniques, which 
provide powerful prognostic information in patients with 

Clinical Perspective

What Is New?
•	 Patients with severe aortic stenosis (AS) and type 

2 diabetes (T2D) show greater impairments in myo-
cardial phosphocreatine to ATP ratio, vasodilator 
stress myocardial blood flow, and global longitudi-
nal strain compared with patients with severe AS 
without diabetes and compared with patients with 
T2D without AS.

•	 Aortic valve replacement leads to significant 
improvements in cardiac remodeling, myocardial 
phosphocreatine to ATP ratio, vasodilator stress 
myocardial blood flow, global longitudinal strain, 
and 6-minute walk distance in patients with severe 
AS alone; in contrast, patients with severe AS 
and T2D display persistent impairments in these 
assessments.

What Are the Clinical Implications?
•	 In patients with severe AS and T2D, the efficacy of 

aortic valve replacement for severe AS is attenu-
ated in reversing preexisting myocardial abnormali-
ties present before the valve replacement, which 
may be a plausible mechanism for the adverse 
prognosis after aortic valve replacement in patients 
with T2D and AS.

Nonstandard Abbreviations and Acronyms

AS	 aortic stenosis
AS-noT2D	� aortic stenosis without type 2 

diabetes
AS-T2D	 aortic stenosis with type 2 diabetes
AVR	 aortic valve replacement
BMI	 body mass index
CAD	 coronary artery disease
CMR	� cardiovascular magnetic resonance 

imaging
ECV	 extracellular volume
GLS	 global longitudinal strain
HbA1c	 glycated hemoglobin
HOMA-IR	� homeostatic model assessment for 

insulin resistance
HVs	 healthy volunteers
LGE	 late gadolinium enhancement
LV	 left ventricular
MBF	 myocardial blood flow
MPR	 myocardial perfusion reserve
MRS	 magnetic resonance spectroscopy
NT-proBNP	� N-terminal pro-B-type natriuretic 

peptide
PCr/ATP	� relative concentration of  

phosphocreatine to adenosine 
triphosphate

SAVR	 surgical aortic valve replacement
T2D	 type 2 diabetes
TAVR	 transcatheter aortic valve replacement
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AS undergoing AVR.1,14 CMR perfusion mapping allows 
pixel-wise quantification of perfusion indices at rest and 
pharmacologic stress, including MBF in mL min g and 
myocardial perfusion reserve (MPR).15

In this prospective study, 31P-MRS, CMR, and 6-min-
ute walk tests were performed before and after AVR 
in patients with severe symptomatic AS with T2D and 
patients with severe symptomatic AS who did not have 
T2D. Two control populations were also recruited. Par-
ticipants with T2D who did not have AS (T2D controls) 
underwent identical assessments at baseline and 6 
months later, and demographically matched healthy vol-
unteers (HVs) underwent 31P-MRS and CMR at a single 
time point. This study tested the hypothesis that patients 
with severe AS and T2D (AS-T2D) would have impaired 
myocardial energetics as reflected by the PCr/ATP ratio 
and vasodilator stress MBF compared with patients with 
severe AS but no T2D (AS-noT2D) and that these differ-
ences would persist after AVR.

METHODS
Study Design and Oversight
This single-center, longitudinal, prospective cohort study complied 
with the Declaration of Helsinki and was approved by the National 
Research Ethics Committee (reference 18/YH/0168 for the AS 
cohorts and reference 18/YH/0168 for HVs with overweight or 
obesity and longitudinal data of T2D controls). The study was 
cofunded by the Wellcome Trust (grant 207726/Z/17/Z) and 
Diabetes UK (18/0005870). The data will be shared on reason-
able request to the corresponding author.

Participants
Adult patients with severe AS who had been referred for surgi-
cal AVR (SAVR) or transcatheter AVR (TAVR) were eligible for 
inclusion. The diagnosis of severe AS was made on the basis 
of peak aortic forward flow velocity of >4 m/s on valve clinic 
echocardiography according to current cardiovascular society 
guidelines.16,17 Ninety-five participants with severe symptomatic 
AS awaiting AVR were prospectively recruited: 65 had severe 
AS in isolation, and 30 had severe AS-T2D. Data collection was 
completed between April 2019 and April 2022. Patients with 
AS-T2D had an established T2D diagnosis according to World 
Health Organization criteria and were free from known diabe-
tes complications.18 Fifteen HVs with normal body weight and 
15 overweight HVs were recruited to serve as healthy control 
cohorts. Fifteen normal-weight and 15 overweight patients 
with T2D without a history of cardiovascular comorbidities 
were recruited as a T2D control cohort. All participants for all 
study cohorts provided written informed consent in line with 
National Research Ethics Committee requirements (reference 
18/YH/0168 for the AS cohorts and reference 18/YH/0168 
for HVs with overweight or obesity and controls with T2D).

Controls with and without T2D were contemporary partici-
pants and were recruited from primary care general practices 
in Yorkshire, UK. Electronic health records were screened to 
assess potential eligibility by primary care physicians. Potentially 

eligible controls with T2D and healthy controls were then sent 
study information by postal mail and invited to contact research 
investigators to discuss study participation.

Potentially suitable patients with severe AS were pre-
screened from AVR waiting lists (SAVR or TAVR) at the Leeds 
Teaching Hospitals NHS Trust, UK. These SAVR and TAVR 
lists were reviewed once weekly for new additions. Hospital 
electronic health records were screened to assess potential 
eligibility. Potentially eligible patients with AS were invited for 
a research visit by postal mail (Figure 1). Patients with AS with 
and without T2D were matched for median surgical risk scores, 
AS severity, and frailty scores.

Patients with AS underwent CMR, 31P-MRS, and 6-minute 
walk test within 1 month before AVR. Six months after AVR, 
the surviving participants were invited for repeat assessments. 
Patients were followed for a median of 13 months after AVR for 
clinical outcomes by hospital electronic health records. T2D con-
trols underwent identical assessments at baseline and 6 months 
later; normal-weight and overweight healthy controls were 
assessed once and did not undergo 6-minute walk testing. The 
clinical outcomes were monitored only for the patients with AS.

Exclusion Criteria
Participants were excluded if they had known previous myocar-
dial infarction, previous coronary artery bypass grafting, angio-
plasty, flow-limiting coronary artery disease (CAD), chronic 
obstructive lung disease, asthma, tobacco smoking, more than 
mild bystander valve disease, substantial kidney dysfunction 
(estimated glomerular filtration rate <30 mL min 1.73 m2), 
permanent atrial fibrillation, known heart failure or reduced LV 
ejection fraction (EF; <50%), cardiomyopathy (on the basis of 
infiltrative diseases [eg, amyloidosis], accumulation diseases 
[eg, hemochromatosis, Fabry disease], or hypertrophic cardio-
myopathy), or any contraindication to CMR scanning. Because 
the research protocol included a 6-minute walk test, potential 
participants with mechanical or permanent mobility issues were 
also excluded. All patients listed for AVR had flow-limiting CAD 
excluded by invasive angiography and previous myocardial 
infarction excluded by LGE imaging.

Exclusion criteria for T2D controls and healthy controls were 
known CAD, cardiac surgery, tobacco smoking, amyloidosis, 
permanent atrial fibrillation, more than mild forms of other heart 
valve disease, kidney dysfunction (estimated glomerular filtra-
tion rate <30 mL·min·1.73 m2), or contraindications to CMR.

Anthropometric Measurements
Height and weight were recorded, and body mass index (BMI) 
was calculated. Blood pressure was recorded after the par-
ticipant was seated for >10 minutes. A 12-lead ECG was 
recorded. A fasting blood sample was taken for assessments 
of full blood count, estimated glomerular filtration rate, lipid pro-
file, and glycated hemoglobin (HbA1c), insulin, free fatty acid, 
β-hydroxybutyrate, and NT-proBNP (N-terminal pro-B-type 
natriuretic peptide) levels.

Surgical Risk Scores and Frailty Scores
Both Euro Score II and the Society of Thoracic Surgeons risk 
scores were recorded. As validated measures of frailty and 
comorbidity, both the Rockwood Frailty Score and the Charlson 
Comorbidity Index were recorded.
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31P Magnetic Resonance Spectroscopy 
31P-MRS was performed to assess myocardial PCr/ATP ratio 
from a voxel placed in the midventricular septum, with patients 
lying supine and a 31P transmitter/receiver cardiac coil (Rapid 
Biomedical GmbH) placed over the heart on a 3.0 T magnetic 
resonance imaging system (Prisma; Siemens) as previously 
described.19 31P-MRS is not licensed for scanning patients with 
a pacemaker; therefore, patients who required a pacemaker 

implantation after AVR underwent repeat CMR but not repeat 
31P-MRS.

Cardiovascular Magnetic Resonance
The CMR protocol (Figure 2) consisted of cine imaging using a 
steady-state free precession sequence, native precontrast and 
postcontrast T1 mapping, stress and rest perfusion, and LGE 
imaging.

Figure 1. Consort flow diagram demonstrating the recruitment pathway for study patients with AS.
AR indicates atrial regurgitation; AS, aortic stenosis; AVR, aortic valve replacement; CMR, cardiovascular magnetic resonance imaging; EF, ejection 
fraction; eGFR, estimated glomerular filtration rate; FB, foreign body; HF, heart failure; LVSD, left ventricular systolic dysfunction; NHS, National 
Health Service; T2D, type 2 diabetes.
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Native T1 maps were acquired in 3 short-axis slices, using 
a breath-held modified look-locker inversion recovery acquisi-
tion as previously described.20 Postcontrast T1 mapping was 
performed using the same approach 15 minutes after the last 
contrast injection.

Perfusion imaging used free-breathing, motion-corrected 
automated in-line perfusion mapping. Adenosine was infused 
at a rate of 140 µg kg·min for a minimum of 3 minutes accord-
ing to hemodynamic and symptomatic response, as previously 
described.20 Two trained cardiologists with advanced life sup-
port training monitored the patients during adenosine stress 
imaging. Adenosine stress was tolerated well by all patients 
during the stress perfusion studies. LGE was performed using 
a phase-sensitive inversion recovery sequence >8 minutes 
after contrast administration.

Quantitative Analysis of 31P-MRS and CMR Data
All 31P-MRS and CMR postprocessing analyses (except for the 
perfusion mapping) were performed off﻿﻿line. Image analysis was 
conducted blind to the study groups (ie, analyzed in batches 
after the end of each 4-monthly scanning window). Perfusion 
mapping used artificial intelligence (Gadgetron framework) for 
instantaneous quantification of perfusion indices rest/stress 
MBF and MPR.15

31P-MRS analysis was performed off﻿﻿line by N.J. using soft-
ware within MATLAB version R2012a (MathWorks) as previ-
ously described.19

CMR image analysis was performed by N.J., and scan 
contours were subsequently reviewed by E.L., also blinded to 
participant details, using cvi42 software (Circle Cardiovascular 
Imaging). Images for biventricular volumes, function, and LV 
maximal wall thickness were analyzed as previously described.21

Left atrial volume and EF were calculated using the biplane 
area-length method in the horizontal and vertical long axes as pre-
viously described.21 Strain measurements were performed using 
cvi42 Tissue Tracking from the short axis images and the long 
axis views. Peak diastolic strain rate and global longitudinal strain 
(GLS) were measured.21 T1 maps and extracellular volume (ECV) 
were analyzed using cvi42 software as previously described.19

The LV short axis stack of images was first assessed visually 
for presence of late gadolinium hyperenhancement, followed 
by quantification when late gadolinium hyperenhancement was 
present, as previously described.22 Late gadolinium hyperen-
hancement was defined as areas of signal intensity ≥5 SDs 
from normal myocardium and was expressed as the percent-
age of LV mass, quantified in a blinded fashion.

Six-Minute Walk Test
Participants were instructed to walk along a 30-meter corridor 
and cover the maximum achievable distance in 6 minutes under 
the supervision of study investigators with medical training and 
with experience in conducting the test. At the end of 6 minutes, 
participants were asked to stop, and the distance walked was 
measured in meters.

Clinical Outcomes
Patients were followed for a median of 13 months after AVR for 
clinical outcomes using electronic health records. The clinical 
event rates for cardiovascular mortality after AVR and separately 
the clinical event rates for a composite of all-cause mortality, 
myocardial infarction, infective endocarditis, and heart failure hos-
pitalization were assessed. For the composite clinical end point, 
all time-to-event analyses were made based on the first relevant 
unrefuted event (ie, an event of a particular type was included in 
the analysis if it had been confirmed in the health care notes).

Sample Size
A priori sample size calculations were performed based on pilot 
data (myocardial PCr/ATP ratio and vasodilator stress MBF) 
obtained from 10 patients with severe AS (5 with and 5 without 
T2D). These pilot study assessments showed a mean±SD myo-
cardial PCr/ATP ratio of 1.33±0.25 in patients with AS-T2D 
versus 1.71±0.28 in patients with AS-noT2D. On the basis of 
these pilot data for the 2 groups, a minimum of 18 patients was 
needed to be recruited (9 per group) to detect a significant 
difference in myocardial PCr/ATP ratio between patients with 
severe AS with and without T2D with 90% power at a 5% sig-
nificance level on a 2-sample t test (calculations performed on 
ClinCalc.com software). A second sample size calculation was 
performed for comparisons of vasodilator stress MBF between 
the 2 groups (AS-T2D, 1.28±0.66 mL min g versus AS-noT2D, 
1.89±0.68 mL min g). On the basis of these pilot data for the 2 
groups, a minimum of 50 patients was needed to be recruited 
(25 per group) to detect a significant difference in the vasodi-
lator stress MBF myocardial PCr/ATP ratio between patients 
with severe AS with and without T2D with 90% power at a 5% 
significance level on a 2-sample t test (calculations performed 
on ClinCalc.com software). A third sample size calculation 
showed that 25 patients with AS-noT2D were needed to com-
plete the study and undergo repeat 31P-MRS assessments to 
detect a modest 13% improvement in the myocardial PCr/ATP 
ratio after AVR based on the pre-AVR pilot data obtained in this 

Figure 2. Multiparametric scan protocol.
Cardiac 31P magnetic resonance spectroscopy (MRS) was followed by cardiovascular magnetic resonance imaging, which included cine imaging, 
native precontrast, and native postcontrast T1 mapping; adenosine stress perfusion imaging; and late gadolinium enhancement (LGE) imaging. SA 
indicates short axis.
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group, with 80% power at a 5% significance level on a 2-tailed 
paired t test. These targets were achieved in this study. In addi-
tion to these prespecified comparisons in the myocardial PCr/
ATP ratio and vasodilator stress MBF, other analyses were per-
formed with due allowance for their exploratory nature. Power 
calculations were not performed for the exploratory end points.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 
software (version 9.0.0). All data were checked for normal-
ity using the Shapiro-Wilk test and presented as mean or 
median with 95% CIs as appropriate. Categorical data are pre-
sented as numbers and percentages and compared with the 
Pearson χ2 test. Comparisons between >2 groups were per-
formed by 1-way ANOVA with post hoc Bonferroni corrections. 
Differences in nonparametric variables were assessed using a 
Kruskal-Wallis test. The Student t test was used for comparison 
of normally distributed data sets, and the Mann-Whitney U test 
was used for nonparametric tests for which data were obtained 
for only 2 groups. Bivariate correlations were performed using 
the Pearson or Spearman method, as appropriate. Changes 
between pre-AVR and post-AVR visits were compared using 
paired Student t tests for continuous variables and the Wilcoxon 
test for nonparametric tests. A 2-sided P value of <0.05 was 
applied as indicating threshold of significance.

A 2-sided log-rank test was used to calculate average event 
rate ratios and CIs over a median period of 13 months.

RESULTS
Participant Demographic and Clinical 
Characteristics
Between May 2019 and April 2022, 95 patients with se-
vere AS (30 with and 65 without T2D) who were sched-
uled for TAVR or SAVR were recruited. Demographic, 
clinical, valvular, and biochemical data for patients with 
AS are shown in Table 1. Thirty HVs (15 normal weight 
and 15 overweight) and 30 patients with T2D (15 nor-
mal weight and 15 overweight) without AS were controls 
(Tables 2 and 3). There were no significant differences in 
age or sex distributions across study groups.

Compared with HVs, patients with AS had a higher 
BMI, with elevated fasting glucose, HbA1c, and HOMA-
IR (homeostatic model assessment for insulin resistance) 
levels (Table  2). NT-proBNP levels (median and inter-
quartile range) were also significantly higher in patients 
with AS (HVs, 42 ng/L [35–66] versus AS, 381 ng/L 
[185–1404]; P<0.0001). Compared with T2D controls, 
patients with AS showed no significant differences in 
BMI, but had lower HbA1c levels (Table 3), higher NT-
proBNP levels (T2D controls, 89 ng/L [33–142] versus 
AS, 381 ng/L [185–1404]; P<0.0001), and reduced 
6-minute walk distance (T2D controls, mean, 455 meters 
[95% CI, 412, 499] versus AS, mean, 386 meters [95% 
CI, 360, 412]; P=0.01). Compared with T2D controls, 
patients with AS-T2D showed no significant differences 
in BMI or HbA1c level (Table 5).

Table 1.  Clinical and Biochemical Characteristics of Patients 
With AS With and Without T2D

Variables 
AS without T2D 
(n=65) 

AS with T2D 
(n=30) P value 

Age, y 71 (69, 74) 70 (67, 74) 0.77

Female 25 (38) 9 (30) 0.21

BMI, kg/m2 27 (26, 28) 31 (29, 33) 0.0003*

Diabetes duration, y — 8 (6, 10) —

Cardiovascular history

 � Stroke/TIA 4 (6) 2 (1) 0.90

 � PAF 7 (11) 3 (10) 0.70

 � Hypertension 19 (29) 9 (30) 0.86

 � Hyperlipidemia 17 (27) 12 (40) 0.75

Heart rate, bpm 72 (69, 75) 69 (63, 74) 0.40*

Systolic BP, mm Hg 132 (128, 137) 131 (123, 139) 0.81

Diastolic BP, mm Hg 77 (75, 79) 73 (70, 77) 0.06

Creatinine, mg/dL 0.87 (0.83, 0.92) 0.92 (0.85, 1.0) 0.39

Hemoglobin, mg/dL 14.3 (13.9, 14.7) 13.6 (13.1, 14.2) 0.05

Hematocrit, L/L 0.44 (0.43, 0.46) 0.42 (0.41, 0.43) 0.01*

Total cholesterol, 
mmol/L

5.6 (4.4, 6.7) 4.2 (3.9, 4.6) 0.002*

 � HDL 1.6 (1.5, 1.7) 1.3 (1.1, 1.4) 0.001*

 � LDL 2.9 (2.6, 3.2) 2.2 (1.9, 2.5) 0.01*

 � Triglycerides 1.4 (1.2, 1.5) 1.9 (1.4, 2.4) 0.05

HbA1c, mmol/mol 38 (37, 38) 56 (50, 61) <0.0001*

Glucose, mmol/L 5 (4, 5) 8 (7, 10) <0.0001*

Insulin, pmol/L 38 (24–65) 86 (47–145) 0.0005*

HOMA-IR, molar units 1.31 (0.6–2.17) 3.28 (1.77–6.16) 0.0007*

FFA, mmol/L 0.53 (0.46, 0.6) 0.51 (0.42, 0.59) 0.78

D-3-hydroxybutyrate, 
mmol/L

0.14 (0.09, 0.18) 0.17 (0.10, 0.24) 0.02*

NT-proBNP, ng/L 377 (181–2039) 404 (201–1019) 0.99

Medications

 � ACEi 5 (8) 13 (43) 0.0001*

 � ARB 11 (17) 3 (11) 0.46

 � Beta-blocker 17 (27) 14 (46) 0.09

 � CCB 16 (25) 11 (36) 0.15

 � Loop diuretic 10 (16) 10 (33) 0.28

 � Statin 26 (41) 25 (83) 0.0001*

 � ASA 18 (28) 11 (37) 0.5

 � DOAC 12 (19) 3 (10) 0.14

 � Metformin — 16 (59) —

 � Sulfonylurea — 6 (22) —

 � DPP4i — 3 (15) —

 � GLP-1RA — 0 —

 � SGLT2i — 3 (11) —

AS clinical details

 � TTE Vmax, m/s 4.5 (4.4, 4.7) 4.5 (4.3, 4.7) 0.95

 � Maximal pressure 
gradient, mm Hg

83 (78, 88) 83 (76, 90) 0.95

 � Duration severe AS, 
months

8 (7, 10) 10 (6, 14) 0.5

(Continued )
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Among the patients with AS, those with T2D had 
higher BMI and fasting glucose and HbA1c levels than 
patients without T2D (Table 1). Therea  were no signifi-
cant differences in blood pressure or resting heart rate 
between the 2 groups. A higher proportion of patients 
with AS-T2D were receiving statin treatment compared 
with those without T2D, and they consequently had 
lower total and low-density lipoprotein cholesterol levels. 
Preoperative 6-minute walk distance and plasma NT-
proBNP levels did not differ significantly between the 
patients with AS who did and did not have T2D.

Cardiac 31P-MRS and CMR Findings
Pre-AVR Assessments
Compared with HVs, patients with AS (with and without 
T2D) had LV concentric hypertrophy with higher LV maxi-
mal wall thickness and mass index (Table  2). Whereas 
they showed impaired GLS values (HVs, mean, −19% 
[95% CI, 15, 19] versus AS, mean, −12% [95% CI, 11, 
13]; P<0.0001), there was no significant difference in LV 
volumes, EF, or peak diastolic strain rate between patients 
with AS and HVs. Patients with AS also demonstrated im-
pairment in cardiac PCr/ATP (HVs, mean, 2.15 [95% CI, 
1.89, 2.34] versus AS, mean, 1.66 [95% CI, 1.56, 1.75]; 
P<0.0001), global stress MBF (HVs, mean, 2.11 mL·min·g 
[95% CI, 1.89, 2.34] versus AS, mean, 1.54 mL·min·g 

Variables 
AS without T2D 
(n=65) 

AS with T2D 
(n=30) P value 

 � Bicuspid AV 17 (27) 4 (13) 0.2

 � STS score 0.88 (0.66–1.35) 0.97 (0.7–1.2) 0.8

 � EuroScore II 0.89 (0.72–1.22) 1.03 (0.7–1.3) 0.24

 � Rockwood score 2.1 (1.9, 2.4) 2.2 (2.0, 2.3) 0.81

 � Charlson  
Comorbidity Index

3.7 (3.4, 4.0) 4.5 (4.1, 4.9) 0.002*

 � NYHA class

  �  I 10 (16) 4 (13) 0.92

  �  II 41 (64) 18 (60) 0.67

  �  III 10 (16) 8 (27) 0.06

  �  IV 0 0 —

 � 6-minute walk test, 
meters

396 (365, 436) 360 (306, 415) 0.14

Normally distributed continuous variables are expressed as mean and 95% CI 
(n, n), nonparametric continuous variables are expressed as median (interquar-
tile range), and categorical variables are expressed as count (%). ACEi indicates 
angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; AS, 
aortic stenosis; ASA, acetylsalicylic acid; AV, aortic valve; BMI, body mass index; 
BP, blood pressure; CCB, calcium channel blocker; DOAC, direct oral anticoag-
ulant; DPP4i, dipeptidyl peptidase-4 inhibitor; FFA, free fatty acids; GLP-1RA, 
glucagon-like peptide-1 receptor agonist; HbA1c, glycated hemoglobin; HDL, 
high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin 
resistance; LDL, low-density lipoprotein; NT-proBNP, N-terminal pro-B-type na-
triuretic peptide; NYHA, New York Heart Association; PAF, paroxysmal atrial fibril-
lation; SGLT2i, sodium-glucose cotransporter-2 inhibitor; STS, Society of Thoracic 
Surgeons; T2D, type 2 diabetes; TIA, transient ischemic attack; TTE, transthoracic 
echocardiogram; and Vmax, peak aortic forward flow velocity.

*Significant.

Table 1.  Continued Table 2.  Clinical and Biochemical Characteristics, CMR, 
and 31P-MRS Comparisons Between Patients With AS and 
Healthy Volunteers Before AVR

Variables 

Healthy volun-
teers 
(n=30) 

Patients with 
severe AS 
(n=95) P value 

Age, y 69 (67, 71) 71 (69, 73) 0.33

Female 12 (40) 35 (37) 0.56

BMI, kg/m2 27 (26, 28) 29 (28, 30) 0.12

Heart rate, bpm 65 (61, 69) 71 (68, 74) 0.02*

Systolic BP, mm Hg 134 (129, 139) 132 (128, 136) 0.32

Diastolic BP, mm Hg 76 (74, 79) 76 (74, 78) 0.88

Creatinine, μmol/L 72 (69, 76) 78 (75, 82) 0.08

Hemoglobin, g/L 149 (146, 151) 141 (138, 144) 0.002*

Hematocrit, l/L 0.45 (0.44, 0.47) 0.43 (0.43, 0.44) 0.1

Total cholesterol, 
mmol/L

5.2 (4.9, 5.6) 5.1 (4.4, 5.9) 0.89

HDL, mmol/L 1.7 (1.5, 1.8) 1.5 (1.4, 1.6) 0.03*

LDL, mmol/L 3.0 (2.6, 3.3) 2.7 (2.4, 2.9) 0.05

Triglycerides, mmol/L 1.4 (1.2, 1.6) 1.5 (1.3, 1.7) 0.69

HbA1c, mmol/mol 38 (37, 39) 43 (41, 45) 0.02*

Glucose, mmol/L 5 (4, 5) 6 (6, 7) 0.03*

Insulin, pmol/L 48 (35–60) 76 (59–93) 0.1

HOMA-IR, molar units 1.5 (1.0–2.0) 2.8 (2.0–3.6) 0.17

FFA, mmol/L 0.48 (0.44, 0.51) 0.52 (0.47, 0.56) 0.85

NT-proBNP, ng/L 53 (35–68) 381 (185–1404) <0.0001*

6-minute walk test, 
meters

— 386 (360, 412) —

CMR and 31P-MRS findings

 � LV EDV indexed to 
BSA, mL/m2

75 (69, 87) 84 (78, 90) 0.15

 � LV ESV indexed to 
BSA, mL/m2

27 (25, 30) 33 (28, 37) 0.64

 � LV mass, g 101 (92, 110) 154 (144, 165) <0.0001*

 � LV mass index, g/m2 53 (49, 58) 78 (74, 82) <0.0001*

 � LV mass to LV EDV, 
g/mL

0.70 (0.64, 0.75) 0.98 (0.93, 1.04) <0.0001*

 � LV stroke volume, 
mL

92 (84, 99) 97 (93, 102) 0.2

 � SVi, mL/m2 49 (45, 52) 49 (46, 57) 0.69

 � LV ejection frac-
tion, %

64 (63, 65) 63 (60, 65) 0.69

 � LV maximal wall 
thickness, mm

10 (9, 11) 14 (13, 14) <0.0001*

 � RV EDV indexed to 
BSA, mL/m2

81 (74, 87) 79 (75, 83) 0.47

 � RV ESV indexed to 
BSA, mL/m2

32 (28, 35) 36 (33, 39) 0.14

 � RV stroke volume, 
mL

64 (50, 78) 83 (79, 88) 0.03*

 � RV ejection  
fraction, %

64 (59, 63) 55 (53, 57) 0.0004*

 � LA biplane ESV, mL 59 (50, 67) 97 (87, 107) <0.0001*

(Continued )
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[95% CI, 1.41, 1.66], P<0.0001), and MPR (HVs, mean, 
3.8 [95% CI, 2.3, 5.3] versus AS, mean, 2.2 [95% CI, 2.0, 
2.4]; P<0.0001) compared with HVs. Seventy-eight pa-
tients with AS (82%) had noninfarct myocardial scar on 
LGE imaging, with an average myocardial scar burden 
comprising 3.4% (95% CI, 2.8, 4.0) of the LV. This was 
not observed in any of the HVs. Patients with AS also 
showed a higher myocardial native T1 and ECV fraction 
as markers of myocardial fibrosis (Table 2).

Compared with T2D controls at baseline, patients with 
AS had higher LV end-diastolic volumes, maximal wall 
thickness, and mass index (Table 3). There was no dif-
ference in EF or peak diastolic strain rate (Table 3), but 
patients with AS demonstrated worse GLS values (AS, 
mean, −12% [95% CI, 11, 13] versus T2D controls, 
mean, −17% [95% CI, 15, 18]; P<0.0001). There were 
no significant differences in baseline cardiac PCr/ATP 
(AS, mean, 1.62 [95% CI, 1.49, 1.76] versus T2D controls, 
mean, 1.66 [95% CI, 1.56, 1.75]; P=0.93), stress MBF 
(AS, mean, 1.74 [95% CI, 1.48, 2.0] versus T2D controls, 
mean, 1.54 [95% CI, 1.41, 1.66] mL·min·g; P=0.18), or 
MPR (AS, mean, 2.4 [95% CI, 2.2, 2.6] versus T2D con-
trols, mean, 2.2 [95% CI, 2.0, 2.4]; P=0.09) between the 

patients with AS and T2D controls. Patients with AS dem-
onstrated more myocardial scarring (more LGE, higher 
ECV fraction, and native T1 measurements; Table 3).

Among patients with AS, there was no significant dif-
ference in LV volumes, mass index, or maximal wall thick-
ness between those with and without T2D (Table 4). There 
was no difference in EF (Table 4) or GLS (Figure 3B), but 
patients with T2D demonstrated an impairment in peak dia-
stolic strain rate (Figure 3A) compared with those without 
T2D (AS-noT2D, mean, 0.83 s−1 [95% CI, 0.74, 0.92] ver-
sus AS-T2D, mean, 0.66 s−1 [95% CI, 0.57, 0.75]; P=0.01). 
Patients with T2D also had lower cardiac PCr/ATP (AS-
noT2D, mean, 1.74 [95% CI, 1.62, 1.86] versus AS-T2D, 
mean, 1.44 [95% CI, 1.32, 1.56]; P=0.002; Figure  3C), 
vasodilator stress MBF (AS-noT2D, mean, 1.67 [95% CI, 
1.5, 1.84] versus AS-T2D, mean, 1.25 [95% CI, 1.22, 1.38] 
mL·min·g; P=0.001; Figure  3D), and MPR values (AS-
noT2D, mean, 2.4 [95% CI, 2.2, 2.7] versus AS-T2D, mean, 
1.8 [95% CI, 1.6, 2.0]; P=0.02). There was no difference in 
any of the markers of myocardial fibrosis between patients 
with AS who did and did not have T2D (Table 3).

Compared with T2D controls at baseline, patients with 
AS-T2D had higher LV end-diastolic volumes, maximal 
wall thickness, and mass index (Table 5). There was no 
difference in EF, but patients with AS-T2D demonstrated 
worse peak diastolic strain rate and GLS values than con-
trols with T2D (Table 5). Patients with AS-T2D had lower 
cardiac PCr/ATP (AS-T2D, mean, 1.44 [95% CI, 1.30, 
1.60] versus T2D controls, mean, 1.66 [95% CI, 1.56, 
1.75]; P=0.04), vasodilator stress MBF (AS-T2D, mean, 
1.25 mL·min·g [95% CI, 1.10, 1.41] versus T2D controls, 
mean, 1.74 mL·min·g [95% CI, 1.48, 2.0]; P=0.004), and 
MPR (AS-T2D, mean, 1.8 [95% CI, 1.6, 2.0] versus T2D 
controls, mean, 2.2 [95% CI, 2.0, 2.4]; P=0.0007) than 
T2D controls. T2D controls demonstrated no significant 
myocardial scarring on LGE and had significantly lower 
ECV fraction and native T1 measurements than patients 
with AS-T2D (Table 5).

Subgroup analyses with the control groups stratified 
by BMI suggested no confounding effect of obesity in 
the observed differences between patients with AS and 
the control groups, or between patients with and without 
T2D (Tables S1 through S3).

Six Months After AVR
Similar proportions of patients with AS who did and who 
did not have T2D underwent TAVR (23% versus 25%, 
respectively) or SAVR (77% versus 75%, respectively). 
Six months after AVR, peak aortic valve velocities and 
mean gradients were similar in the 2 groups (Table 4).

After AVR, patients without T2D demonstrated 
clear reverse remodeling with reductions in LV mass 
index compared with pre-AVR measurements (pre-
AVR AS-noT2D, mean, 76 g/m2 [95% CI, 71, 80] ver-
sus post-AVR AS-noT2D, mean, 61 g/m2 [95% CI, 56, 
67]; P=0.0002). By contrast, patients with T2D did not 

Variables 

Healthy volun-
teers 
(n=30) 

Patients with 
severe AS 
(n=95) P value 

 � Biplane LAEF, % 60 (56, 65) 43 (39, 47) <0.0001*

 � Peak longitudinal 
diastolic strain 
rate, s−1

0.81 (0.73, 0.89) 0.77 (0.71, 0.84) 0.25

 � Global longitudinal 
strain, −%

16 (15, 18) 12 (11, 13) <0.0001*

 � Mean native T1, ms 1178 (1147, 
1209)

1241 (1223, 
1259)

0.0007*

 � Extracellular  
volume, %

24 (24, 25) 26 (25, 27) 0.03*

 � PCr/ATP ratio 2.15 (1.89, 2.34) 1.66 (1.56, 1.75) <0.0001*

 � Increase in RPP, % 24 (22, 30) 23 (19, 28) 0.44

 � Stress MBF, 
mL·min·g

2.11 (1.89, 2.34) 1.54 (1.41, 1.66) <0.0001*

 � Rest MBF, mL·min·g 0.69 (0.65, 0.75) 0.71 (0.67, 0.75) 0.51

 � MPR 3.5 (2.8, 4.1) 2.2 (2.0, 2.4) <0.0001*

Normally distributed continuous variables are expressed as mean and 95% CI 
(n, n), nonparametric continuous variables are expressed as median (interquartile 
range), and categorical variables are expressed as count (%). P signifies P value 
for comparisons between patients with severe aortic stenosis (AS) and healthy 
volunteers with Student t test for normally distributed data sets and Mann-Whitney 
U test for nonparametric tests. AVR indicates aortic valve replacement; BMI, body 
mass index; BP, blood pressure; BSA, body surface area; CMR, cardiovascular 
magnetic resonance imaging; EDV, end-diastolic volume; ESV, end-systolic volume; 
FFA, free fatty acids; HbA1c, glycemic hemoglobin; HDL, high-density lipoprotein; 
HOMA-IR, homeostatic model assessment of insulin resistance; LAEF, left atrial 
ejection fraction; LDL, low-density lipoprotein; LV, left ventricular; MBF, myocardial 
blood flow; MPR, myocardial perfusion reserve; MRS, magnetic resonance spec-
troscopy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PCr/ATP, relative 
concentration of phosphocreatine to adenosine triphosphate; RPP, rate pressure 
product; RV, right ventricle; and Svi, stroke volume indexed to body surface area.

*Significant.

Table 2.  Continued
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Table 3.  Pre-AVR and Post-AVR Comparisons of Clinical Characteristics, CMR, and 31P-MRS Findings Between Patients with 
AS and Controls with T2D at Baseline and at 6-Month Follow-Up

Variables 

Controls with T2D, 
baseline 
(n=30) 

Patients with AS, 
pre-AVR 
(n=95) P value 

Controls with T2D, 
6-month follow-up 
(n=30) 

Patients with AS, 
post-AVR 
(n=65) P value 

Age, y 66 (62, 70) 71 (69, 73) 0.12 66 (62, 70) 71 (68, 74) 0.15

Female 11 (37) 35 (37) 0.76 11 (37) 28 (40) 0.45

BMI, kg/m2 28 (26, 30) 29 (28, 30) 0.23 28 (26, 29) 28 (27, 30) 0.44

Heart rate, bpm 71 (67, 74) 67 (64, 71) 0.17 70 (63, 74) 65 (62, 71) 0.25

Systolic BP, mm Hg 128 (122, 135) 132 (128, 136) 0.34 129 (122, 136) 142 (135, 150) 0.007*

Diastolic BP, mm Hg 77 (74, 80) 76 (74, 78) 0.68 77 (74, 81) 79 (75, 82) 0.59

HbA1c, mmol/mol 60 (53, 66) 43 (41, 45) <0.0001* 56 (52, 60) 45 (41, 49) <0.0001*

NT-proBNP, ng/L 89 (33–142) 381 (185–1404) <0.0001* 71 (40–118) 275 (164–549) <0.0001*

6-minute walk test, 
meters

455 (412, 499) 386 (360, 412) 0.01* 479 (431, 527) 394 (359, 428) 0.005*

CMR and 31P-MRS findings

 � LV EDVi, mL/m2 66 (61, 72) 84 (78, 90) <0.0001* 67 (62, 73) 73 (69, 77) 0.18

 � LV ESVi, mL/m2 28 (23, 30) 33 (28, 37) 0.26 28 (25, 32) 28 (25, 31) 0.86

 � LV mass, g 94 (84, 104)) 154 (144, 165) <0.0001* 100 (91, 110) 129 (121, 138) <0.0001*

 � LV mass to LV EDV, 
g/mL

0.74 (0.68, 0.79) 0.98 (0.93, 1.04) <0.0001* 0.78 (0.73, 0.82) 0.91 (0.87, 0.96) 0.0001*

 � LV mass index, g/m2 48 (44, 52) 78 (74, 82) <0.0001* 51 (48, 55) 63 (59, 67) <0.0001*

 � LV maximal wall thick-
ness, mm

10 (10, 11) 14 (13, 14) <0.0001* 14 (13, 15) 14 (13, 14) 0.14

 � LV stroke volume, mL 77 (84, 99) 97 (93, 102) <0.0001 76 (67, 82) 89 (84, 93) 0.002*

 � LVEF, % 61 (58, 63) 63 (60, 65) 0.07 59 (56, 61) 63 (61, 65) 0.05

 � Global longitudinal 
strain, −%

17 (15, 18) 12 (11, 13) <0.0001* 19 (17, 21) 17 (16, 18) 0.14

 � RVEF, % 57 (54, 63) 55 (53, 57) 0.51 54 (52, 67) 55 (53, 57) 0.93

 � LA biplane ESV, mL 56 (48, 64) 97 (87, 107) <0.0001* 59 (52, 67) 90 (79, 100) <0.0001*

 � Biplane LAEF, % 53 (46, 60) 43 (39, 47) 0.01* 53 (47, 59) 42 (38, 47) 0.0005*

 � Peak diastolic strain 
rate, s−1

0.81 (0.72, 0.90) 0.77 (0.71, 0.84) 0.39 0.80 (0.71, 0.89) 0.68 (0.59, 0.76)  

 � Mean native T1, ms 1146 (1109, 1183) 1241 (1223, 1259) <0.0001* 1166 (1139, 1193) 1201 (1176, 12227) 0.19

 � ECV, % 23 (22, 24) 26 (25, 27) <0.0001 21 (19, 23) 27 (26, 28) <0.0001*

 � Scar percentage on 
LGE, %

— 3.4 (2.8, 4.0) — — 3.9 (2.8, 5.1) —

 � PCr/ATP ratio 1.62 (1.49, 1.76) 1.66 (1.56, 1.75) 0.93 1.51 (1.35, 1.67) 1.83 (1.57, 2.01) 0.12

MBF assessments

 � Stress MBF, mL·min·g 1.74 (1.48, 2.0) 1.54 (1.41, 1.66) 0.18 1.60 (1.34, 1.86) 1.74 (1.59, 1.88) 0.09

 � Rest MBF, mL·min·g 0.66 (0.61, 0.72) 0.71 (0.67, 0.75) 0.22 0.66 (0.62, 0.71) 0.65 (0.60, 0.69) 0.60

 � MPR 2.4 (2.2, 2.6) 2.2 (2.0, 2.4) 0.09 2.4 (2.1, 2.8) 2.6 (2.4, 2.8) 0.1

 � Increase in RPP, % 25 (21, 29) 23 (19, 28) 0.32 27 (24, 31) 25 (20, 28) 0.43

Normally distributed continuous variables are expressed as mean and 95% CI (n, n), nonparametric continuous variables are expressed as median (interquartile range), 
and categorical variables are expressed as count (%). P signifies P value for comparisons between patients with severe aortic stenosis (AS) before aortic valve replace-
ment (AVR) and controls with type 2 diabetes (T2D) at baseline, or for comparisons between patients with severe AS after AVR and controls with T2D at 6-month follow-
up with Student t test for normally distributed data sets and Mann-Whitney U test for nonparametric tests. BMI indicates body mass index; BP, blood pressure; CMR, 
cardiovascular magnetic resonance imaging; ECV, extracellular volume; EDV, end-diastolic volume; EDVi, end-diastolic volume index; ESV, end-systolic volume; ESVi, 
end-systolic volume index; HbA1c, glycemic hemoglobin; LAEF, left atrial ejection fraction; LGE, late gadolinium enhancement; LV, left ventricular; LVEF, left ventricular 
ejection fraction; MBF, myocardial blood flow; MPR, myocardial perfusion reserve; MRS, magnetic resonance spectroscopy; NT-proBNP, N-terminal pro-B-type natriuretic 
peptide; PCr/ATP, relative concentration of phosphocreatine to adenosine triphosphate; RPP, rate pressure product; and RVEF, right ventricular ejection fraction.

*Significant.
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demonstrate significant improvements in LV mass index 
(Table  4). LVEF remained normal in both groups, with 
no change observed in either group after AVR. Patients 
without T2D demonstrated improvements in GLS that 
were not observed in those with T2D (Figure 3B). The 
peak diastolic strain rate remained normal in patients 
without T2D (Figure 3A), whereas it remained impaired 
with no improvement in patients with T2D.

Cardiac PCr/ATP improved to normal levels after AVR in 
patients without T2D but did not change in those with T2D. 
Therefore, cardiac PCr/ATP remained significantly lower in 
patients with AS-T2D compared with patients with AS but 

no T2D (AS-noT2D, mean, 2.11 [95% CI, 1.79, 2.43] ver-
sus AS-T2D, mean, 1.30 [95% CI, 1.07, 1.53]; P=0.0006).

Vasodilator stress MBF improved in both groups after 
AVR but remained significantly lower in patients with T2D 
than in those without (AS-noT2D, mean, 1.80 mL·min·g 
[95% CI, 1.59, 2.0] versus AS-T2D, mean, 1.48 mL·min·g 
[95% CI, 1.29, 1.66]; P=0.03). No change in myocardial 
fibrosis assessments (LGE%, native T1, ECV fraction) 
was observed in either group after AVR (Table 4).

After AVR, patients without T2D demonstrated an 
improvement in 6-minute walking distance (pre-AVR AS-
noT2D, mean, 396 meters [95% CI, 365, 436] versus 

Table 4.  CMR and 31P-MRS Findings in Patients With AS With and Without T2D Before and After AVR

Variable 

Pre-AVR Post-AVR

AS without T2D (
n=65) 

AS with T2D 
 (n=30) P value 

AS without T2D 
 (n=45) 

AS with T2D 
 (n=20) P value 

NT-proBNP, ng/L 377 (181–2039) 404 (201–1019) 0.99 302 (210–652) 333 (121–809) 0.96

6-minute walk test, meters 360 (306, 415) 434 (398, 472) 0.14 434 (398, 472) 331 (267, 393) 0.002*

Vmax, m/s 4.5 (4.4, 4.7) 4.5 (4.3, 4.7) 0.95 2.4 (2.2, 2.6) 2.4 (2.2, 2.6) 0.50

Maximal pressure gradient, 
mm Hg

83 (78, 88) 83 (76, 90) 0/95 13 (11, 16) 13 (11, 16) 0.88

LV EDVi, mL/m2 80 (74, 86) 92 (80, 105) 0.17 73 (68, 78) 74 (66, 83) 0.75

LV ESVi, mL/m2 32 (26, 37) 34 (27, 41) 0.34 27 (23, 30) 32 (25, 39) 0.21

LV mass, g 146 (136, 157) 170 (148, 193) 0.44 125 (115, 135) 138 (117, 158) 0.29

LV mass to LV EDV ratio, 
g/mL

0.99 (0.92, 1.05) 0.98 (0.89, 1.1) 0.99 0.98 (0.89, 1.1) 0.93 (0.85, 0.99) 0.38

LV mass index, g/m2 76 (71, 80) 80 (72, 89) 0.99 61 (56, 67)  67 (59, 74) 0.36

LV maximal wall thickness, 
mm

14 (13, 14) 14 (13, 15) 0.99 14 (13, 15) 14 (13, 14) 0.19

SVi, mL/m2 49 (47, 51) 50 (46, 53) 0.06 47 (44, 50) 42 (38, 46) 0.04*

LVEF, % 64 (61, 67) 61 (57, 65) 0.31 64 (61, 67) 59 (53, 64) 0.10

RVEF, % 55 (52, 57) 55 (51, 59) 0.99 55 (52, 57) 55 (49, 61) 0.88

LA biplane ESV, mL 95 (81, 108) 101 (85, 118) 0.99 97 (80, 114) 96 (76, 115) 0.95

Biplane LAEF, % 45 (41, 50) 40 (33, 46) 0.26 44 (37, 51) 37 (29, 45) 0.39

Global longitudinal strain, 
−%

13 (12, 14) 10 (9, 12) 0.44 15 (13, 16) 11 (10, 13) 0.003*

Peak longitudinal diastolic 
strain rate, s−1

0.83 (0.74, 0.92) 0.66 (0.57, 0.75) 0.01* 0.82 (0.68, 0.97) 0.68 (0.59, 0.76) 0.11

Mean native T1, ms 1231 (1209, 1254) 1260 (1231, 1289) 0.38 1198 (1172, 1224) 1207 (1148, 1266) 0.72

ECV, % 26 (25, 27) 27 (25, 29) 0.35 26 (25, 27) 28 (26, 30) 0.06

Scar percentage on LGE, % 3.2 (2.5, 3.9) 3.8 (2.6, 5) 0.34 3.6 (2.1, 4.9) 4.7 (2.5, 6.9) 0.29

PCr/ATP ratio 1.74 (1.62, 1.86) 1.44 (1.32, 1.56) 0.002* 2.11 (1.79, 2.43) 1.30 (1.07, 1.53) 0.0004*

Increase in RPP, % 23 (17, 28) 25 (17, 32) 0.61 24 (18, 29) 25 (16, 34) 0.56

Stress MBF, mL·min·g 1.67 (1.5, 1.84) 1.25 (1.22, 1.38) 0.001* 1.80 (1.59, 2.01) 1.48 (1.29, 1.66) 0.04*

Rest MBF, mL·min·g 0.73 (0.68, 0.78) 0.68 (0.59, 0.75) 0.93 0.64 (0.60, 0.70) 0.65 (0.57, 0.73) 0.91

MPR 2.4 (2.2, 2.7) 1.8 (1.6, 2.0) 0.02* 2.7 (2.5, 3.0) 1.8 (1.6, 2.0) 0.02*

Values are mean with 95% CI or percentage or median (interquartile range). P signifies P value for comparisons between patients with severe aortic stenosis (AS) with 
and without type 2 diabetes (T2D) before aortic valve replacement (AVR) and after AVR between the 2 groups with t test for normally distributed data sets and Mann-
Whitney U test for nonparametric tests. CMR indicates cardiovascular magnetic resonance imaging; ECV, extracellular volume; EDV, end-diastolic volume; EDVi, end-
diastolic volume index; ESV, end-systolic volume; ESVi, end-systolic volume index; LAEF, left atrial ejection fraction; LGE, late gadolinium enhancement; LV, left ventricular; 
LVEF, left ventricular ejection fraction; MBF, myocardial blood flow; MPR, myocardial perfusion reserve; MRS, magnetic resonance spectroscopy; NT-proBNP, N-terminal 
pro-B-type natriuretic peptide; PCr/ATP, relative concentration of phosphocreatine to adenosine triphosphate; RPP, rate pressure product; RVEF, right ventricular ejection 
fraction; and SVi, stroke volume indexed to body surface area.

*Significant.
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post-AVR AS-noT2D, mean, 434 meters [95% CI, 398, 
472]; P=0.02) and a reduction in plasma NT-proBNP lev-
els (pre-AVR AS-noT2D, 377 ng/L [181–2039] versus 
post-AVR AS-noT2D, 302 ng/L [210–652]; P=0.04). 

Again, no improvement in these measures was observed 
in the patients with T2D (6-minute walking distance pre-
AVR AS-T2D, mean, 360 meters [95% CI, 306, 415] ver-
sus post-AVR AS-T2D, mean, 331 meters [95% CI, 267, 

Table 5.  Pre-AVR and Post-AVR Comparisons of Clinical Characteristics and CMR and 31P-MRS Findings Between Patients 
With AS-T2D and Controls With T2D at Baseline and at 6-Month Follow-Up

Variables 
Controls with T2D, 
baseline (n=30) 

Patients with AS-T2D, 
pre-AVR (n=30) P value 

Controls with T2D, 
6-month follow-up (n=30) 

Patients with AS-T2D, 
post-AVR (n= 20) P value 

Age, y 66 (62, 70) 70 (67, 74) 0.11 67 (63, 70) 72 (68, 76) 0.10

Female 11 (37) 9 (30) 0.38 11 (37) 7 (32) 0.76

BMI, kg/m2 28 (26, 30) 31 (29, 33) 0.08 28 (26, 29) 31 (29, 33) 0.06

Heart rate, bpm 71 (67, 74) 69 (63, 74) 0.97 70 (63, 74) 67 (61, 72) 0.19

Systolic BP, mm Hg 128 (122, 135) 131 (123, 139) 0.73 129 (122, 136) 137 (128, 147) 0.30

Diastolic BP, mm Hg 77 (74, 80) 73 (70, 77) 0.09 77 (74, 81) 74 (68, 80) 0.25

HbA1c, mmol/mol 60 (53, 66) 56 (50, 61) 0.33 56 (52, 60) 55 (48, 63) 0.52

NT-proBNP, ng/L 89 (33–142) 404 (201–1019) <0.0001* 71 (40–118) 333 (121–809) <0.0001*

6-minute walk test, meters 455 (412, 499) 396 (365, 426) 0.002* 479 (431, 527) 331 (267, 393) <0.0001*

CMR and 31P-MRS findings

 � LV EDVi, mL/m2 66 (61, 72) 92 (80, 105) 0.003* 67 (62, 73) 74 (66, 83) 0.14

 � LV ESVi, mL/m2 28 (23, 30) 34 (27, 41) 0.05 28 (25, 32) 32 (25, 39) 0.40

 � LV mass, g 94 (84, 104) 170 (148, 193) <0.0001* 100 (91, 110) 138 (117, 158) 0.0004*

 � LV mass to LV EDV, g/mL 0.74 (0.68, 0.79) 0.98 (0.9, 1.1) 0.001* 0.78 (0.73, 0.82) 0.93 (0.9, 1.0) 0.0003*

 � LV mass index, g/m2 48 (44, 52) 80 (72, 89) <0.0001* 51 (48, 55) 67 (59, 74) <0.0001*

 � LV maximal wall thickness, 
mm

10 (10, 11) 14 (13, 15) <0.0001* 10 (10, 11) 14 (13, 14) <0.0001*

 � SVi, mL/m2 45 (42, 49) 50 (46, 53) 0.23 43 (38, 48) 42 (38, 46) 0.88

 � LVEF, % 61 (58, 63) 61 (57, 65) 0.75 59 (56, 61) 59 (53, 64) 0.94

 � Global longitudinal strain, 
−%

17 (15, 18) 10 (9, 12) <0.0001* 19 (17, 21) 11 (9, 13) <0.0001*

 � RVEF, % 57 (54, 63) 55 (51, 59) 0.42 54 (52, 67) 55 (49, 61) 0.82

 � LA biplane ESV, mL 56 (48, 64) 101 (85, 118) <0.0001* 59 (52, 67) 96 (76, 115) <0.0001*

 � Biplane LAEF, % 53 (46, 60) 40 (33, 46) 0.01* 53 (47, 59) 37 (29, 45) 0.0005*

 � Peak diastolic strain rate, 
s−1

0.81 (0.72, 0.90) 0.66 (0.57, 0.74) 0.005* 0.80 (0.71, 0.89) 0.68 (0.60, 0.76) 0.009

 � Mean native T1, ms 1146 (1109, 1183) 1260 (1231, 1289) <0.0001* 1166 (1139, 1193) 1207 (1148, 1266) 0.14

 � ECV, % 23 (22, 24) 27 (25, 29) 0.0003* 21 (19, 23) 28 (27, 30 <0.0001*

 � Scar percentage on LGE, 
%

— 2.6 (1.8, 3.4) — — 4.7 (2.5, 7.0)  

 � PCr/ATP ratio 1.62 (1.49, 1.76) 1.44 (1.32, 1.56) 0.04* 1.51 (1.34, 1.67) 1.30 (1.11, 1.53) 0.12

MBF assessments

 � Stress MBF, mL·min·g 1.74 (1.48, 2.0) 1.25 (1.12, 1.37) 0.004* 1.60 (1.34, 1.86) 1.48 (1.29, 1.66) 0.82

 � Rest MBF, mL·min·g 0.66 (0.61, 0.72) 0.67 (0.58, 0.76) 0.22 0.66 (0.62, 0.71) 0.65 (0.57, 0.74) 0.80

 � MPR 2.4 (2.2, 2.6) 1.8 (1.6, 2.0) 0.0007* 2.4 (2.1, 2.8) 2.3 (1.9, 2.8) 0.70

 � Increase in RPP, % 25 (21, 29) 25 (17, 32) 0.32 27 (24, 31) 25 (16, 30) 0.53

Normally distributed continuous variables are expressed as mean and 95% CI (n, n), nonparametric continuous variables are expressed as median (interquartile range), and 
categorical variables are expressed as count (%). P signifies P value for comparisons between patients with severe aortic stenosis (AS) before aortic valve replacement (AVR) 
and controls with type 2 diabetes (T2D) at baseline, or for comparisons between patients with severe AS after AVR and controls with T2D at 6-month follow-up with Student 
t test for normally distributed data sets and Mann-Whitney U test for nonparametric tests. BMI indicates body mass index; BP, blood pressure; CMR, cardiovascular mag-
netic resonance imaging; ECV, extracellular volume; EDV, end-diastolic volume; EDVi, end-diastolic volume index; ESV, end-systolic volume; ESVi, end-systolic volume index; 
HbA1c, glycemic hemoglobin; LAEF, left atrial ejection fraction; LGE, late gadolinium enhancement; LV, left ventricular; LVEF, left ventricular ejection fraction; MBF, myocardial 
blood flow; MPR, myocardial perfusion reserve; MRS, magnetic resonance spectroscopy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PCr/ATP, relative concentra-
tion of phosphocreatine to adenosine triphosphate; RPP, rate pressure product; RVEF, right ventricular ejection fraction; and SVi, stroke volume indexed to body surface area.

*Significant.
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Figure 3. Differences in peak diastolic strain rate, global longitudinal strain, myocardial PCr/ATP ratio, and stress MBF 
between patients with AS both with and without T2D before and 6 months after AVR.
Differences in peak diastolic strain rate (s−1; A), global longitudinal strain (−%; B), myocardial phosphocreatine to ATP ratio (PCr/ATP; C), and 
stress myocardial blood flow (MBF; D) between patients with aortic stenosis (AS) and type 2 diabetes (T2D) vs patients with AS without T2D 
before and 6 months after aortic valve replacement (AVR).
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393]; P=0.45; NT-proBNP levels pre-AVR AS-T2D, 404 
ng/L [221–1019] versus post-AVR AS-T2D, 333 ng/L 
[121–809]; P=0.17).

Comparisons between post-AVR assessments of 
all patients with AS versus controls with T2D at the 
6-month follow-up showed no significant differences in 
cardiac PCr/ATP or vasodilator stress MBF (Table  3). 
Compared with controls with T2D, patients with AS con-
tinued to show higher LV maximal wall thickness, mass 
index, and NT-proBNP levels, even after AVR (Table 3). 
The 6-minute walk distance also remained significantly 
shorter, although there was no difference in EF, GLS, or 
peak diastolic strain rate after AVR (Table 3).

Compared with T2D controls at 6-month follow-up, 
patients with AS-T2D continued to exhibit higher LV 
mass index, increased maximal wall thickness, more LGE, 
and higher ECV fraction 6 months after AVR (Table 5). 
Whereas there was still no difference in EF, patients 
with AS-T2D continued to demonstrate worse peak dia-
stolic strain rate (AS-T2D, mean, 0.68 s−1 [95% CI, 0.60, 
0.76] versus T2D controls, mean, 0.80 s−1 [95% CI, 0.71, 
0.89]; P=0.009) and GLS values (AS-T2D, mean, −11% 
[95% CI, 9, 13] versus T2D controls, mean, −19% [95% 
CI, 17, 21]; P<0.0001) after AVR compared with T2D 
controls. After AVR, there were no longer differences in 
cardiac PCr/ATP (AS-T2D, mean, 1.44 [95% CI, 1.30, 
1.60] versus T2D controls, mean, 1.51 [95% CI, 1.34, 
1.53]; P=0.12), vasodilator stress MBF (AS-T2D, mean, 
1.48 mL·min·g [95% CI, 1.29, 1.66] versus T2D controls, 
mean, 1.60 mL·min·g [95% CI, 1.34, 1.86]; P=0.82), or 
MPR (AS-T2D, mean, 2.3 [95% CI, 1.9, 2.8] versus T2D 
controls, mean, 2.4 [95% CI, 2.1, 2.8]; P=0.70) among 
patients with AS-T2D versus T2D controls.

Clinical Outcomes
This preliminary study was not designed to detect clinical 
outcome differences between patients with AS with and 

without T2D. However, participants were followed up for a 
median of 13 months (interquartile range, 10–26 months) 
after SAVR or TAVR. A total of 7 clinical events (a composite 
of all-cause death, heart failure hospitalization, infective en-
docarditis, and myocardial infarction [embolic event 1 week 
after AVR]) and 4 cardiovascular deaths were observed. 
There was a higher cumulative incidence of the compos-
ite end point in patients with AS who had T2D compared 
with those who did not (hazard ratio, 7.3 [95% CI, 1.2–45]; 
P=0.03; Table S4). There also appeared to be a higher inci-
dence of cardiovascular death in the AS-T2D group (hazard 
ratio, 7.6 [95% CI, 0.9–64]; P=0.04; Table S4).

DISCUSSION
Epidemiologic studies have shown that diabetes is asso-
ciated with LV dysfunction in patients with AS.23–25 More-
over, among patients with AS, those with diabetes were 
shown to have a 2-fold to 3-fold higher risk of death 
from heart failure, as well as a higher risk of sudden 
cardiac death.1,24,26 As T2D is associated with intrinsic 
impairments in myocardial energy metabolism and coro-
nary microvascular function,27–34 persistent deficits in the 
myocardial energetic state and abnormalities in MBF 
even after AVR may be implicated in this process.

In this prospective longitudinal cohort study, severe 
AS-associated impairments in myocardial PCr/ATP ratio, 
vasodilator stress MBF, and GLS were amplified in patients 
with severe AS-T2D, and only these patients showed 
impairment in diastolic function. Moreover, whereas AVR 
effectively reversed myocardial impairments in PCr/
ATP ratio, stress MBF, and GLS in patients without T2D, 
those with T2D demonstrated persistent impairments in 
myocardial PCr/ATP ratio, vasodilator stress MBF, GLS, 
and diastolic function, as well as continued limitations in 
exercise capacity after AVR. These findings suggest that 
post-AVR myocardial recovery is impaired in patients with 

Figure 3 Continued.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.063444
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ORIGINAL RESEARCH 
ARTICLE

Circulation. 2023;148:1138–1153. DOI: 10.1161/CIRCULATIONAHA.122.063444� October 10, 2023 1151

Jex et al Diabetes and Severe Aortic Stenosis

AS-T2D, and that these residual myocardial abnormalities 
may explain their adverse prognosis.

The comparisons between patients with AS-T2D pre-
AVR and T2D controls at baseline demonstrated that the 
combined effect of severe AS-T2D is associated with 
worse impairments in both myocardial PCr/ATP ratio 
and vasodilator stress MBF before the AVR compared 
with T2D in isolation. Moreover, the observation that 
there were no significant differences in myocardial PCr/
ATP ratio or vasodilator stress MBF between patients 
with AS-T2D 6 months after AVR compared with T2D 
controls at 6-month follow-up indicates that valve inter-
vention can only reverse impairments in myocardial ener-
getics and myocardial vasodilator stress MBF that are 
related to the AS. Impairments in myocardial PCr/ATP 
ratio or vasodilator stress MBF related to T2D remain, 
providing a possible explanation for the adverse progno-
sis observed in this group, as well as potential treatment 
targets for future therapeutic intervention.

Myocardial PCr/ATP Ratio
Myocardial energetic deficit, indicated by a decreased 
PCr/ATP ratio, is a predictor of mortality,35 linked to con-
tractile dysfunction,35,36 and a well-recognized complica-
tion of T2D11,12 and severe AS.9,37 Previous studies have 
demonstrated that there is restoration of myocardial PCr/
ATP ratio after AVR,9,37 consistent with the findings here 
in patients without T2D, who demonstrated a 21% rela-
tive increase in PCr/ATP ratio compared with pre-AVR 
measurements. However, this study has shown for the 
first time that the situation is different for patients with 
AS-T2D, who display no such improvements in the PCr/
ATP ratio after AVR. The study findings also suggest that 
myocardial PCr/ATP ratio reductions are intrinsic to T2D 
and detected even in the absence of AS or overweight 
or obesity, in line with previous studies.30 This study has 
also confirmed that the pressure overload imposed on the 
left ventricle in AS contributes to an energetic deficit, with 
patients with AS-noT2D also demonstrating reductions in 
PCr/ATP ratio (albeit to a lower degree than for patients 
with AS-T2D), which then improved to similar values to 
those seen in healthy controls after AVR. Relevant for the 
interpretation of the impairment in the myocardial PCr/
ATP ratio in patients with severe AS, LV hypertrophy in 
previous studies was shown to be associated with a de-
crease in the phosphocreatine pool.38 In turn, this might 
reduce the creatine kinase flux and therefore contribute to 
the reduction in the myocardial PCr/ATP ratio, as recently 
demonstrated in patients with severe AS.39 Supporting this 
notion, the current study showed improvements in myo-
cardial PCr/ATP ratio after AVR, in parallel with significant 
regression of LV mass in patients with severe AS-noT2D.

Although for patients with AS-noT2D, the post-AVR 
normalization of myocardial PCr/ATP was accompa-
nied by significant improvements in GLS, neither PCr/

ATP nor GLS improved in patients with AS-T2D. Taken 
together, these findings may suggest a potential link 
between energetics and contractile function in both AS 
groups, which is in line with the knowledge that myo-
cardial contraction is an energy-dependent process, with 
ATP required in systole for the power stoke of the actin–
myosin cross-bridges leading to muscle contraction.

Myocardial Blood Flow
In line with the findings from this study, previous studies 
tracking changes in perfusion in patients with AS showed 
that AVR is associated with restoration of MBF, with im-
proved microcirculatory function resulting from the relief 
of mechanical obstruction and LV mass regression with-
out accompanying substantial epicardial CAD.9,37 How-
ever, this study also shows that the combined effects of 
AS-T2D on MBF may result in lower vasodilator stress 
MBF and MPR before AVR. In the absence of substantial 
epicardial CAD, failure to increment MBF during acute 
increases in cardiac workload may be indicative of coro-
nary microvascular dysfunction, which has been shown 
previously in both T2D and severe AS.11,32,40,41

The findings from this study support the notion that 
vasodilator stress MBF and MPR reductions are also 
intrinsic to T2D and detected even in the absence of AS, 
in line with previous studies.11,42 However, these reduc-
tions in stress MBF were exacerbated by the combined 
presence of AS and T2D compared with either disease 
alone. This finding likely suggests a synergistic insult on 
the coronary microvasculature between AS and T2D.

Clinical Implications
Although the findings from this study suggest a mecha-
nistic link between T2D comorbidity and adverse clinical 
outcomes after AVR, studies are needed to rigorously 
examine the cause–effect relationship between T2D and 
adverse outcomes in patients with AS. If a causal link is 
proven, this may suggest that more intensive lifestyle and 
diabetes control strategies in patients with AS may pro-
tect the myocardium from the synergistic insults observed 
here with concomitant T2D and AS. Moreover, randomized 
controlled trials are warranted to investigate whether novel 
classes of glucose-lowering agents such as glucagon-like 
peptide-1 receptor agonists and sodium-glucose cotrans-
porter-2 inhibitors can improve myocardial health and 
clinical outcomes in patients with severe AS-T2D. Myocar-
dial energy metabolism and MBF appear to be promising 
surrogate end points to test the efficacy of such agents.

Limitations
This study had several limitations. Diabetes control was 
suboptimal for all T2D groups (patients with AS-T2D and 
T2D controls) in the study (average HbA1c 57 mmol/mol) 
compared with guideline-recommended HbA1c targets 
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(HbA1c <48 mmol/mol),43,44 although it was better than 
the control displayed by the average patient with T2D in 
the United Kingdom (HbA1c 69 mmol/mol).45 Because 
of the cross-sectional nature of the study, causality of the 
observed differences cannot be inferred, and the small 
sample recruited at a single site increases the risk of bias 
and type I error. Whereas obstructive coronary artery ste-
nosis was excluded using x-ray coronary angiography in 
all patients with AS, the control groups did not undergo 
anatomic coronary imaging. Substantial coronary artery 
disease was deemed to be unlikely in these asymptom-
atic cohorts, supported by their normal resting ECGs and 
the absence of myocardial infarction and regional stress 
perfusion defects on their imaging studies.

Although this study was powered to detect differ-
ences in imaging-assessed surrogate markers, it was not 
designed to detect clinical outcome differences between 
patients with AS with and without T2D. Indeed, with a 
relatively small number of events and a short duration of 
follow-up, the finding that the patients with AS-T2D expe-
rienced more clinical events should be interpreted with 
caution, although it is consistent with the established liter-
ature.1,23–26 A larger study with a longer follow-up duration 
will be required to confirm the significance of the observed 
clinical outcome differences. In addition, the complexity of 
the imaging protocol, in particular the MRS, may limit its 
widespread use. Larger multicenter studies are required to 
confirm our findings to establish the feasibility of the more 
widespread use of this approach and to investigate sub-
groups including patients undergoing TAVR versus SAVR.

Conclusions
Among patients with severe AS, those with T2D dem-
onstrate persistent abnormalities in myocardial PCr/ATP, 
vasodilator stress MBF, and cardiac contractile function 
after AVR, whereas AVR effectively normalizes myocar-
dial PCr/ATP, vasodilator stress MBF, and cardiac con-
tractile function in those without T2D.

ARTICLE INFORMATION
Received November 28, 2022; accepted August 15, 2023.

Affiliations 
University of Leeds, Multidisciplinary Cardiovascular Research Centre, and Biomed-
ical Imaging Science Department, Leeds Institute of Cardiovascular and Metabolic 
Medicine, Leeds, UK (N.J., J.P.G., R.M.C., A.C., S.T., S.K., M.G., A. McGrane, A. Mac-
cannell, M.C.-R., S.S., H.P., P.S., L.R., D.B., M.T.K., S.P., E.L.). Leeds Teaching Hospitals 
NHS Trust, Department of Cardiology, Leeds, UK (N.J., J.P.G., R.M.C., A.C., S.T., S.K., 
M.G., S.S., H.P., S.P., B.E., K.J., A.F., W.E., P. Kaul, P.S., M.T.K., E.L.). Oxford Centre for 
Clinical Magnetic Resonance Research (OCMR), RDM Cardiovascular Medicine, 
University of Oxford, UK (O.J.R., L.V.). National Heart, Lung, and Blood Institute, 
National Institutes of Health, Department of Health and Human Services, Bethesda, 
MD (H.X., P. Kellman). Department of Imaging Methods, Institute of Measurement 
Science, Slovak Academy of Sciences, Bratislava, Slovakia (L.V.). University of Edin-
burgh/BHF Centre for Cardiovascular Science, Edinburgh, UK (M.R.D.).

Sources of Funding 
The study was jointly supported by the Wellcome Trust (grant 221690/Z/20/Z) 
and Diabetes UK (grant 18/0005870). N. Jex receives support from Diabetes 

UK (grant 18/0005908, Diabetes UK PhD studentship). Dr Levelt acknowl-
edges support from the Wellcome Trust clinical career development fellowship 
(grant 221690/Z/20/Z), Diabetes UK (grant 18/0005870), and National In-
stitute for Health and Care Research, Leeds Biomedical Research Centre. Dr 
Valkovič is funded by a Sir Henry Dale fellowship, supported jointly by the Well-
come Trust and the Royal Society (221805/Z/20/Z), and also acknowledges 
the support of the Slovak Grant Agencies VEGA (2/0003/20) and APVV (19-
0032). Funding for open access charge was provided by the Wellcome Trust 
(grant 221690/Z/20/Z). The views expressed are those of the authors and not 
necessarily those of the National Health Service, the National Institute for Health 
and Care Research, or the Department of Health and Social Care.

Disclosures
None.

Supplemental Material
Expanded Methods and Results

Tables S1–S4

REFERENCES
	 1.	 Musa TA, Treibel TA, Vassiliou VS, Captur G, Singh A, Chin C, Dobson 

LE, Pica S, Loudon M, Malley T, et al. Myocardial scar and mortal-
ity in severe aortic stenosis. Circulation. 2018;138:1935–1947. doi: 
10.1161/CIRCULATIONAHA.117.032839

	 2.	 Makkar RR, Thourani VH, Mack MJ, Kodali SK, Kapadia S, Webb JG, Yoon 
S-H, Trento A, Svensson LG, Herrmann HC, et al; PARTNER 2 Investigators. 
Five-year outcomes of transcatheter or surgical aortic-valve replacement. N 
Engl J Med. 2020;382:799–809. doi: 10.1056/NEJMoa1910555

	 3.	 López-de-Andrés A, Perez-Farinos NA-O, de Miguel-Díez J, 
Hernández-Barrera V, Méndez-Bailón M, de Miguel-Yanes JM, 
Jiménez-García R. Impact of type 2 diabetes mellitus in the utilization and in-
hospital outcomes of surgical aortic valve replacement in Spain (2001-2015). 
Cardiovasc Diabetol. 2018;17:135. doi: 10.1186/s12933-018-0780-2

	 4.	 Halkos ME, Kilgo P, Lattouf OM, Puskas JD, Cooper WA, Guyton RA, 
Thourani VH. The effect of diabetes mellitus on in-hospital and long-term 
outcomes after heart valve operations. Ann Thorac Surg. 2010;90:124–
130. doi: 10.1016/j.athoracsur.2010.03.111

	 5.	 Auensen A, Hussain AI, Bendz B, Aaberge L, Falk RS, Walle-Hansen MM, 
Bye J, Andreassen J, Beitnes JO, Rein KA, et al. Morbidity outcomes af-
ter surgical aortic valve replacement. Open Heart. 2017;4:e000588. doi: 
10.1136/openhrt-2017-000588

	 6.	 Dimagli A, Sinha S, Caputo M, Angelini GD, Benedetto U. Trend in morbidity 
and mortality in surgical aortic valve replacement: a retrospective, observa-
tional, single-centre study. Interact Cardiovasc Thorac Surg. 2020;31:796–
802. doi: 10.1093/icvts/ivaa189

	 7.	 Anwaruddin S, Desai ND, Vemulapalli S, Marquis-Gravel G, Li Z, Kosinski A, 
Reardon MJ. Evaluating out-of-hospital 30-day mortality after transfemoral 
transcatheter aortic valve replacement: an STS/ACC TVT analysis. JACC 
Cardiovasc Interv. 2021;14:261–274. doi: 10.1016/j.jcin.2020.10.027

	 8.	 Malaisrie SC, McDonald E, Kruse J, Li Z, McGee EC Jr, Abicht TO, 
Russell H, McCarthy PM, Andrei AC. Mortality while waiting for aor-
tic valve replacement. Ann Thorac Surg. 2014;98:1564–1570. doi: 
10.1016/j.athoracsur.2014.06.040

	 9.	 Mahmod M, Francis JM, Pal N, Lewis A, Dass S, De Silva R, Petrou M, 
Sayeed R, Westaby S, Robson MD, et al. Myocardial perfusion and oxygen-
ation are impaired during stress in severe aortic stenosis and correlate with 
impaired energetics and subclinical left ventricular dysfunction. J Cardiovasc 
Magn Reson. 2014;16:29. doi: 10.1186/1532-429X-16-29

	10.	 Singh A, Greenwood JP, Berry C, Dawson DK, Hogrefe K, Kelly DJ, 
Dhakshinamurthy V, Lang CC, Khoo JP, Sprigings D, et al. Comparison of 
exercise testing and CMR measured myocardial perfusion reserve for pre-
dicting outcome in asymptomatic aortic stenosis: the Prognostic Importance 
of Microvascular Dysfunction in Aortic Stenosis (PRIMID AS) Study. Eur 
Heart J. 2017;38:1222–1229. doi: 10.1093/eurheartj/ehx001

	11.	 Levelt E, Rodgers CT, Clarke WT, Mahmod M, Ariga R, Francis JM, 
Liu A, Wijesurendra RS, Dass S, Sabharwal N, et al. Cardiac energet-
ics, oxygenation, and perfusion during increased workload in patients 
with type 2 diabetes mellitus. Eur Heart J. 2016;37:3461–3469. doi: 
10.1093/eurheartj/ehv442

	12.	 Levelt E, Mahmod M, Piechnik SK, Ariga R, Francis JM, Rodgers CT, Clarke 
WT, Sabharwal N, Schneider JE, Karamitsos TD, et al. Relationship between 
left ventricular structural and metabolic remodeling in type 2 diabetes. Dia-
betes. 2016;65:44–52. doi: 10.2337/db15-0627



ORIGINAL RESEARCH 
ARTICLE

Circulation. 2023;148:1138–1153. DOI: 10.1161/CIRCULATIONAHA.122.063444� October 10, 2023 1153

Jex et al Diabetes and Severe Aortic Stenosis

	13.	 Neubauer S. The failing heart: an engine out of fuel. N Engl J Med. 
2007;356:1140–1151. doi: 10.1056/nejmra063052

	14.	 Chin CWL, Everett RJ, Kwiecinski J, Vesey AT, Yeung E, Esson G, Jenkins 
W, Koo M, Mirsadraee S, White AC, et al. Myocardial fibrosis and cardiac de-
compensation in aortic stenosis. JACC Cardiovasc Imaging. 2017;10:1320–
1333. doi: 10.1016/j.jcmg.2016.10.007

	15.	 Kellman P, Hansen MS, Nielles-Vallespin S, Nickander J, Themudo R, 
Ugander M, Xue H. Myocardial perfusion cardiovascular magnetic reso-
nance: optimized dual sequence and reconstruction for quantification. J 
Cardiovasc Magn Reson. 2017;19:43. doi: 10.1186/s12968-017-0355-5

	16.	 Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, Fleisher LA, 
Jneid H, Mack MJ, McLeod CJ, O’Gara PT, et al. 2017 AHA/ACC focused 
update of the 2014 AHA/ACC guideline for the management of patients 
with valvular heart disease: a report of the American College of Cardiology/
American Heart Association task force on clinical practice guidelines. Circu-
lation. 2017;135:e1159–e1195. doi: 10.1161/CIR.0000000000000503

	 17.	 Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, 
Capodanno D, Conradi L, De Bonis M, De Paulis R, et al; ESC/EACTS Sci-
entific Document Group. 2021 ESC/EACTS guidelines for the management 
of valvular heart disease: developed by the task force for the management 
of valvular heart disease of the European Society of Cardiology (ESC) and 
the European Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J. 
2022;43:561–632. doi: 10.1093/eurheartj/ehab395

	18.	 Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes melli-
tus and its complications: part 1: diagnosis and classification of diabetes mellitus 
provisional report of a WHO consultation. Diabet Med. 1998;15:539–553. doi: 
10.1002/ (SICI)1096-9136 (199807)15:7<539::AID-DIA668>3.0.CO;2-S

	19.	 Thirunavukarasu S, Jex N, Chowdhary A, Hassan IU, Straw S, Craven TP, 
Gorecka M, Broadbent D, Swoboda P, Witte KK, et al. Empagliflozin treat-
ment is associated with improvements in cardiac energetics and function 
and reductions in myocardial cellular volume in patients with type 2 diabe-
tes. Diabetes. 2021;70:2810–2822. doi: 10.2337/db21-0270

	20.	 Chowdhary A, Thirunavukarasu S, Jex N, Coles L, Bowers C, Sengupta A, 
Swoboda P, Witte K, Cubbon R, Xue H, et al. Coronary microvascular func-
tion and visceral adiposity in patients with normal body weight and type 2 
diabetes. Obesity. 2022;30:1079–1090. doi: 10.1002/oby.23413

	21.	 Gulsin GS, Swarbrick DJ, Hunt WH, Levelt E, Graham-Brown MPM, Parke 
KS, Wormleighton JV, Lai FY, Yates T, Wilmot EG, et al. Relation of aortic 
stiffness to left ventricular remodeling in younger adults with type 2 diabe-
tes. Diabetes. 2018;67:1395–1400. doi: 10.2337/db18-0112

	22.	 Jex N, Chowdhary A, Thirunavukarasu S, Procter H, Sengupta A, Natarajan 
P, Kotha S, Poenar A-M, Swoboda P, Xue H, et al. Coexistent diabetes is 
associated with the presence of adverse phenotypic features in patients 
with hypertrophic cardiomyopathy. Diabetes Care. 2022;45:1852–1862. 
doi: 10.2337/dc22-0083

	23.	 Falcão-Pires I, Hamdani N, Borbély A, Gavina C, Schalkwijk CG, van der Velden 
J, van Heerebeek L, Stienen GJM, Niessen HWM, Leite-Moreira AF, et al. Dia-
betes mellitus worsens diastolic left ventricular dysfunction in aortic stenosis 
through altered myocardial structure and cardiomyocyte stiffness. Circulation. 
2011;124:1151–1159. doi: 10.1161/CIRCULATIONAHA.111.025270

	24.	 Coisne A, Montaigne D, Ninni S, Lamblin N, Lemesle G, Delsart P, Filiot A, 
Andrey P, Balaye P, Butruille L, et al; VALVENOR investigators. Diabetes 
mellitus and cardiovascular mortality across the spectrum of aortic stenosis. 
Heart. 2022;108:1815–1821. doi: 10.1136/heartjnl-2022-320897

	25.	 Lindman BR, Arnold SV, Madrazo JA, Zajarias A, Johnson SN, Pérez JE, 
Mann DL. The adverse impact of diabetes mellitus on left ventricular re-
modeling and function in patients with severe aortic stenosis. Circ Heart Fail. 
2011;4:286–292. doi: 10.1161/CIRCHEARTFAILURE.110.960039

	26.	 Lancellotti P, Magne J, Dulgheru R, Clavel M-A, Donal E, Vannan MA, 
Chambers J, Rosenhek R, Habib G, Lloyd G, et al. Outcomes of patients 
with asymptomatic aortic stenosis followed up in heart valve clinics. JAMA 
Cardiol. 2018;3:1060–1068. doi: 10.1001/jamacardio.2018.3152

	 27.	 Taegtmeyer H, McNulty P, Young ME. Adaptation and maladaptation 
of the heart in diabetes: part I. Circulation. 2002;105:1727–1733. doi: 
10.1161/01.cir.0000012466.50373.e8

	28.	 Kaze AD, Santhanam P, Erqou S, Ahima RS, Bertoni A, Echouffo-Tcheugui 
JB. Microvascular disease and incident heart failure among individuals 
with type 2 diabetes mellitus. J Am Heart Assoc. 2021;10:e018998. doi: 
10.1161/JAHA.120.018998

	29.	 Levelt E, Rodgers CT, Clarke WT, Mahmod M, Ariga R, Francis JM, Liu A, 
Wijesurendra RS, Dass S, Sabharwal N, et al. Cardiac energetics, oxygenation, 
and perfusion during increased workload in patients with type 2 diabetes mel-
litus. Eur Heart J. 2016;37:3461–3469. doi: 10.1093/eurheartj/ehv442

	30.	 Levelt E, Pavlides M, Banerjee R, Mahmod M, Kelly C, Sellwood J, Ariga 
R, Thomas S, Francis J, Rodgers C, et al. Ectopic and visceral fat deposi-

tion in lean and obese patients with type 2 diabetes. J Am Coll Cardiol. 
2016;68:53–63. doi: 10.1016/j.jacc.2016.03.597

	31.	 Chowdhary A, Javed W, Thirunavukarasu S, Jex N, Kotha S, Kellman P, 
Swoboda P, Greenwood JP, Plein S, Levelt E. Cardiac adaptations to acute 
hemodynamic stress in function, perfusion, and energetics in type 2 diabe-
tes with overweight and obesity. Diabetes Care. 2022;45:e176–e178. doi: 
10.2337/dc22-0887

	32.	 Bagi Z, Koller A, Kaley G. Superoxide-NO interaction decreases flow- and 
agonist-induced dilations of coronary arterioles in type 2 diabetes mel-
litus. Am J Physiol Heart Circ Physiol. 2003;285:H1404–H1410. doi: 
10.1152/ajpheart.00235.2003

	33.	 Marwick TH, Gimelli A, Plein S, Bax JJ, Charron P, Delgado V, Donal E, 
Lancellotti P, Levelt E, Maurovich-Horvat P, et al. Multimodality imaging ap-
proach to left ventricular dysfunction in diabetes: an expert consensus doc-
ument from the European Association of Cardiovascular Imaging. Eur Heart 
J Cardiovasc Imaging. 2022;23:e62–e84. doi: 10.1093/ehjci/jeab220

	34.	 Rider OJ, Apps A, Miller JJJJ, Lau JYC, Lewis AJM, Peterzan MA, Dodd 
MS, Lau AZ, Trumper C, Gallagher FA, et al. Noninvasive in vivo as-
sessment of cardiac metabolism in the healthy and diabetic human 
heart using hyperpolarized 13C MRI. Circ Res. 2020;126:725–736. doi: 
10.1161/CIRCRESAHA.119.316260

	35.	 Neubauer S, Horn M, Cramer M, Harre K, Newell JB, Peters W, Pabst T, Ertl 
G, Hahn D, Ingwall JS, et al. Myocardial phosphocreatine-to-ATP ratio is 
a predictor of mortality in patients with dilated cardiomyopathy. Circulation. 
1997;96:2190–2196. doi: 10.1161/01.cir.96.7.2190

	36.	 Ingwall JS. Energy metabolism in heart failure and remodelling. Cardiovasc 
Res. 2009;81:412–419. doi: 10.1093/cvr/cvn301

	37.	 Beyerbacht HP, Lamb HJ, van der Laarse A, Vliegen HW, Leujes F, 
Hazekamp MG, de Roos A, van der Wall EE. Aortic valve replace-
ment in patients with aortic valve stenosis improves myocardial me-
tabolism and diastolic function. Radiology. 2001;219:637–643. doi: 
10.1148/radiology.219.3.r01jn25637

	38.	 Bottomley PA, Wu KC, Gerstenblith G, Schulman SP, Steinberg A, Weiss RG. 
Reduced myocardial creatine kinase flux in human myocardial infarction: 
an in vivo phosphorus magnetic resonance spectroscopy study. Circulation. 
2009;119:1918–1924. doi: 10.1161/CIRCULATIONAHA.108.823187

	39.	 Peterzan MA, Clarke WT, Lygate CA, Lake HA, Lau JYC, Miller 
JJ, Johnson E, Rayner JJ, Hundertmark MJ, Sayeed R, et al. Car-
diac energetics in patients with aortic stenosis and preserved ver-
sus reduced ejection fraction. Circulation. 2020;141:1971–1985. doi: 
10.1161/CIRCULATIONAHA.119.043450

	40.	 Cosson E, Pham I, Valensi P, Pariès J, Attali J-R, Nitenberg A. Impaired coro-
nary endothelium–dependent vasodilation is associated with microalbumin-
uria in patients with type 2 diabetes and angiographically normal coronary 
arteries. Diabetes Care. 2006;29:107–112. doi: 10.2337/diacare.29.1.107

	41.	 Masliza M, Stefan KP, Eylem L, Vanessa MF, Jane MF, Andrew L, Nikhil P, 
Sairia D, Houman A, Stefan N, et al. Adenosine stress native T1 mapping 
in severe aortic stenosis: evidence for a role of the intravascular compart-
ment on myocardial T1 values. J Cardiovasc Magn Reson. 2014;16:92. doi: 
10.1186/s12968-014-0092-y

	42.	 Murthy VL, Naya M, Foster CR, Gaber M, Hainer J, Klein J, Dorbala S, 
Blankstein R, Di Carli MF. Association between coronary vascular dysfunction 
and cardiac mortality in patients with and without diabetes mellitus. Circulation. 
2012;126:1858–1868. doi: 10.1161/CIRCULATIONAHA.112.120402

	43.	 American Diabetes Association Professional Practice Committee. 10. 
Cardiovascular disease and risk management: standards of medi-
cal care in diabetes: 2022. Diabetes Care. 2021;45:S144–S174. doi: 
10.2337/dc22-S010

	44.	 American Diabetes Association Professional Practice Committee. 6. Gly-
cemic targets: standards of medical care in diabetes: 2022. Diabetes Care. 
2021;45:S83–S96. doi: 10.2337/dc22-S006

	45.	 Guisasola FA, Mavros P, Nocea G, Alemao E, Alexander CM, Yin D. Glycaemic 
control among patients with type 2 diabetes mellitus in seven European coun-
tries: findings from the Real-Life Effectiveness and Care Patterns of Diabetes 
Management (RECAP-DM) study. Diabetes Obes Metab. 2008;10:8–15. doi: 
10.1111/j.1463-1326.2008.00881.x

	46.	 Nemchyna O, Soltani S, Solowjowa N, Schoenrath F, Hrytsyna Y, Unbehaun 
A, Kempfert J, Stein J, Knosalla C, Hagendorff A, et al. Validity of visual as-
sessment of aortic valve morphology in patients with aortic stenosis using 
two-dimensional echocardiography. Int J Cardiovasc Imaging. 2021;37:813–
823. doi: 10.1007/s10554-020-02048-4

	 47.	 Rayner JJ, Peterzan MA, Watson WD, Clarke WT, Neubauer S, Rodgers CT, 
Rider OJ. Myocardial energetics in obesity: enhanced ATP delivery through 
creatine kinase with blunted stress response. Circulation. 2020;141:1152–
1163. doi: 10.1161/CIRCULATIONAHA.119.042770


	Association Between Type 2 Diabetes and Changes in Myocardial Structure, Contractile Function, Energetics, and Blood Flow Before and After Aortic Valve Replacement in Patients With Severe Aortic Stenosis
	METHODS
	Study Design and Oversight
	Participants
	Exclusion Criteria
	Anthropometric Measurements
	Surgical Risk Scores and Frailty Scores
	31P Magnetic Resonance Spectroscopy 
	Cardiovascular Magnetic Resonance
	Quantitative Analysis of 31P-MRS and CMR Data
	Six-Minute Walk Test
	Clinical Outcomes
	Sample Size
	Statistical Analysis

	RESULTS
	Participant Demographic and Clinical Characteristics
	Cardiac 31P-MRS and CMR Findings
	Pre-AVR Assessments
	Six Months After AVR

	Clinical Outcomes

	DISCUSSION
	Myocardial PCr/ATP Ratio
	Myocardial Blood Flow
	Clinical Implications
	Limitations
	Conclusions

	ARTICLE INFORMATION
	Affiliations 
	Sources of Funding 
	Disclosures
	Supplemental Material

	REFERENCES


