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Association Between Type 2 Diabetes and
Changes in Myocardial Structure, Contractile
Function, Energetics, and Blood Flow Before and
Atter Aortic Valve Replacement in Patients With
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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% Cl, 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% ClI]; HVs, 2.15 [1.89, 2.34]; AS, 1.66 [1.56, 1.75]; ~<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]; A<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, 1.66]; 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]; £=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]; A=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 [1.69, 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, 1.63]; 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/
ATR, 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

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.

of patients with severe aortic stenosis (AS)."™
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).*® AS and T2D share common
cardiac features of adverse remodeling, abnormal ener-
getics, and reduction in vasodilator stress myocardial
blood flow (MBF).2~"2 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 °'P magnetic
resonance spectroscopy (*'P-MRS)."® This provides a
sensitive indicator of the myocardial energetic state,

Type 2 diabetes (T2D) is present in 22% to 36%
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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

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." CMR also provides
assessment of myocardial fibrosis using late gadolinium
enhancement (LGE) and T1 mapping techniques, which
provide powerful prognostic information in patients with
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AS undergoing AVR."'* 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)."

In this prospective study, *'P-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 ®'P-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 207726/2/17/Z7) 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.’®'” 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.® 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
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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, 3'P-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 m?),
permanent atrial fibrillation, known heart failure or reduced LV
ejection fraction (EF; <60%), 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 m?), 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,
{-hydroxybutyrate, and NT-proBNP (N-terminal pro-B-type
natriuretic peptide) levels.

Surgical Risk Scores and Frailty Scores

Both Euro Score Il 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.

Circulation. 2023;148:1138-11563. DOI: 10.1161/CIRCULATIONAHA.122.063444
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Assessed for eligibility:

All patients with established severe AS listed
for AVR at Leeds Teaching Hospitals NHS
Trust between 2019 and 2022
(n=415)

4| 3. Significant renal impairment (ie,

Exclusion criteria (n=229):

1. Coronary artery disease (ie, >50%
luminal stenosis requiring
revascularization; n=63)

2. Known HF or reduced LVSD (ie, EF
<60%; n=60)

eGFR<30mL-min-m?; n=9)
4. More than mild AR or other moderate or
above valve pathology (n=78)
5. Contraindication to CMR imaging (n=11)
6. Infective endocarditis (n=8)

Eligible patients with severe AS with and without established T2D (n=186)

v

AS with T2D (n=41)

* Declined to participate (n=6)

e Excluded other reasons (n=5)
o Incompatible body habitus for CMR (n=4)
o Previously unknown metallic FB (n=1)

AS without T2D (n=145)

+ Declined to participate (n=18)
* Not approached due to completed recruitment
(n=62)

Final AS with T2D cohort pre-AVR

Final AS without T2D cohort pre-AVR

(n=30)

(n=65)

Final AS with T2D 6 months after AVR (n=20)
e Death (n=3)
e PPM(n=3)
e Did not tolerate 2™ scan (n=1)
e Declined to attend visit 2 (n=3)

Final AS without T2D 6 months after AVR (n=45)
s« Death (n=1)
¢ PPM (n=3)
e Did not tolerate 2" scan (n=6)
¢ Did not proceed to AVR (n=1)
* Declined to attend visit 2 (n=9)

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.

1P Magnetic Resonance Spectroscopy

SIP-MRS was performed to assess myocardial PCr/ATP ratio
from a voxel placed in the midventricular septum, with patients
lying supine and a ®'P transmitter/receiver cardiac coil (Rapid
Biomedical GmbH) placed over the heart on a 30 T magnetic
resonance imaging system (Prisma; Siemens) as previously
described.’® 3'P-MRS is not licensed for scanning patients with
a pacemaker; therefore, patients who required a pacemaker

Circulation. 2023;148:1138-1153. DOI: 10.1161/CIRCULATIONAHA.122.063444

implantation after AVR underwent repeat CMR but not repeat
S'P-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.
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Figure 2. Multiparametric scan protocol.

Cardiac °'P 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.

Native T1 maps were acquired in 3 short-axis slices, using
a breath-held modified look-locker inversion recovery acquisi-
tion as previously described?® 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 ug kg'min for a minimum of 3 minutes accord-
ing to hemodynamic and symptomatic response, as previously
described.?® 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 *'P-MRS and CMR Data

All *"P-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."®

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

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.?!

Left atrial volume and EF were calculated using the biplane
area-length method in the horizontal and vertical long axes as pre-
viously described.?' Strain measurements were performed using
cvi4?2 Tissue Tracking from the short axis images and the long
axis views. Peak diastolic strain rate and global longitudinal strain
(GLS) were measured.?' T1 maps and extracellular volume (ECV)
were analyzed using cvi42 software as previously described.”®

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.?? Late gadolinium hyperen-
hancement was defined as areas of signal intensity 26 SDs
from normal myocardium and was expressed as the percent-
age of LV mass, quantified in a blinded fashion.

1142 October 10, 2023

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 1.71x0.28 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 ¢ 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,
1.8920.68 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 *’'P-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

Circulation. 2023;148:1138-11563. DOI: 10.1161/CIRCULATIONAHA.122.063444
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group, with 80% power at a 5% significance level on a 2-tailed
paired ttest. 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% Cls as appropriate. Categorical data are pre-
sented as numbers and percentages and compared with the
Pearson 2 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 ttest 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 ttests 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 Cls 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 (156 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]; ”<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]; A~<0.0001), and reduced
6-minute walk distance (T2D controls, mean, 455 meters
[95% ClI, 412, 499] versus AS, mean, 386 meters [95%
Cl, 360, 412]; P=0.01). Compared with T2D controls,
patients with AS-T2D showed no significant differences
in BMI or HbA1c level (Table b).

Diabetes and Severe Aortic Stenosis

Table 1. Clinical and Biochemical Characteristics of Patients
With AS With and Without T2D
AS without T2D | AS with T2D
Variables (n=65) (n=30) P value
Age, y 71 (89, 74) 70 (67, 74) 0.77
Female 25 (38) 9 (30) 0.21
BMI, kg/m? 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 (128, 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, 5.6 (4.4, 6.7) 4.2 (3.9, 4.6) 0.002*
mmol/L
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, 0.14 (0.09,0.18) | 0.17 (0.10, 0.24) | 0.02*
mmol/L
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 83 (78, 88) 83 (76, 90) 0.95
gradient, mm Hg
Duration severe AS, | 8 (7, 10) 10 (6, 14) 0.5
months
(Continued)
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Table 1. Continued Table 2. Clinical and Biochemical Characteristics, CMR,
and 31P-MRS Comparisons Between Patients With AS and
E AS without T2D | AS with T2D Health VqunteersF:?.efore AVR
= Variables (n=65) (n=30) P value v
(79
(7 Bicuspid AV 17 (27) 4(13) 0.2 Healthy volun- | Patients with
= STS 88 (0.66-1.3 7 (0.7-1.2 8 teers severe AS
— score 088(066-1.35) | 097 (0.7-1.2) | O. Variables (n=30) (n=95) P value
= _ —
= EuroScore |l 0.89 (0.72-1.22) | 1.03 (0.7-1.3) 0.24 Age,y 69 (67, 71) 71 (69, 73) 0.33
= Rockwood score 2.1 (1.9, 2.4) 2.2 (2.0, 2.3) 0.81
o Female 12 (40) 35 (37) 0.56
Charlson 3.7 (3.4, 4.0) 45 (4.1,4.9) 0.002*
Comorbidity Index BMI, kg/m? 27 (26, 28) 29 (28, 30) 0.12
NYHA class Heart rate, bpm 65 (61, 69) 71 (68, 74) 0.02*
| 10 (16) 4(13) 0.92 Systolic BP, mm Hg 134 (129, 139) 132 (128,136) | 0.32
I 41 (64) 18 (60) 0.67 Diastolic BP, mm Hg | 76 (74, 79) 76 (74, 78) 0.88
Il 10 (16) 8 (27) 0.06 Creatinine, pmol/L 72 (69, 76) 78 (75, 82) 0.08
v 0 0 - Hemoglobin, g/L 149 (146, 151) | 141 (138,144) | 0.002*
6-minute walk test, | 396 (365,436) | 360 (306,415) | 0.14 Hematocrit, I/L 0.45 (0.44,0.47) | 0.43 (0.43,0.44) | 0.1
meters
Total cholesterol, 5.2 (4.9, 5.6) 5.1 (4.4, 5.9) 0.89
Normally distributed continuous variables are expressed as mean and 95% ClI mmol/L
(n, n), nonparametric continuous variables are expressed as median (interquar— N
tile range), and categorical variables are expressed as count (%). ACEi indicates HOL, mmol/L 170518 1501416 003
angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; AS, LDL, mmol/L 3.0 (2.6, 3.3) 2.7 (2.4, 2.9) 0.05
aortic stenosis; ASA, acetylsalicylic acid; AV, aortic valve; BMI, body mass index; Tl ” L
BP, blood pressure; CCB, calcium channel blocker; DOAC, direct oral anticoag- rglycendes, mmo 1401.2,1.6) 15(1.3,1.7) 069
ulant; DPP4i, dipeptidyl peptidase-4 inhibitor; FFA, free fatty acids; GLP-1RA, HbA1c, mmol/mol 38 (37, 39) 43 (41, 45) 0.02*
glucagon-like peptide-1 receptor agonist; HbA1c, glycated hemoglobin; HDL, .
high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin Glucose, mmol/L 5(4,5) 6(67) 0.08
resistance; LDL, low-density lipoprotein; NT-proBNP, N-terminal pro-B-type na- Insulin, pmol/L 48 (35-60) 76 (59-93) 0.1
triuretic peptide; NYHA, New York Heart Association; PAF, paroxysmal atrial fibril- -
lation; SGLT2i, sodium-glucose cotransporter-2 inhibitor; STS, Society of Thoracic HOMA-IR, molar units | 1.5 (1.0-2.0) 2.8 (2.0-3.6) 0.17
Surgeons; T2D, type 2 diabetes; TIA, transient ischemic attack; TTE, transthoracic FFA, mmol/L 0.48 (0.44,0.51) | 0.52 (0.47,0.56) | 0.85
echocardiogram; and Vmax, peak aortic forward flow velocity.
“Significant. NT-proBNP, ng/L 53 (35-68) 381 (185-1404) | <0.0001*
6-minute walk test, - 386 (360, 412) -
Among the patients with AS, those with T2D had meters
higher BMI and fasting glucose and HbA1c levels than CMR and 'P-MRS findings
patients without T2D (Table 1). Therea were no signifi- LV EDV indexed to | 75 (69, 87) 84 (78, 90) 0.15
. . . 2
cant differences in blood pressure or resting heart rate BSA, mL/m
between the 2 groups. A higher proportion of patients LVESVindexed to | 27 (25, 30) 33 (28,37) 0.64
) . : BSA, mL/m?
with AS-T2D were receiving statin treatment compared e
with those without T2D, and they consequently had LV mass, g 101(92,110) | 154 (144,165 | <0.0001*
lower total and low-density lipoprotein cholesterol levels. LV mass index, g/m* | 53 (49, 58) 78 (74,82) <0.0001*
Preoperative 6-minute walk distance and plasma NT- LV mass to LV EDV, | 0.70 (0.64, 0.75) | 0.98 (0.93, 1.04) | <0.0001*
proBNP levels did not differ significantly between the g/mlL
patients with AS who did and did not have T2D. LV stroke volume, | 92 (84, 99) 97 (93, 102) 0.2
mL
. . g SVi, mL/m? 49 (45, 52) 49 (46, 57) 0.69
Cardiac *'P-MRS and CMR Findings
LV ejection frac- 64 (63, 65) 63 (60, 65) 0.69
Pre-AVR Assessments tion, %
Compared with HVs, patients with AS (with and without LV maximal wall 10 (9, 11) 14 (13, 14) <0.0001*
T2D) had LV concentric hypertrophy with higher LV maxi- thickness, mm
mal wall thickness and mass index (Table 2). Whereas RV EDV indexed to | 81 (74, 87) 79 (75, 83) 0.47
they showed impaired GLS values (HVs, mean, —19% BSA, mL/m*
[95% ClI, 15, 19] versus AS, mean, —12% [95% ClI, 11, RV ESV indexed to | 32 (28, 35) 36 (33, 39) 0.14
13]; ”<0.0001), there was no significant difference in LV BSA, mL/m®
volumes, EF, or peak diastolic strain rate between patients RV stroke volume, | 64 (50, 78) 83 (79, 88) 0.03*
with AS and HVs. Patients with AS also demonstrated im- mb
pairment in cardiac PCr/ATP (HVs, mean, 2.15 [95% CI, RV efecton 64 (59,63 85 (53, 57) 0.0004*
raction, %
1.89, 2.34] versus AS, mean, 1.66 [95% Cl, 1.566, 1.75];
P<0.0001), global stress MBF (HVs, mean, 2.11 mLmin-g LA biplane ESV, mL | 59 (50, 67) 97 (87,107) <0.0001
[95% ClI, 1.89, 2.34] versus AS, mean, 1.54 mLming (Continued)
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Table 2. Continued

Healthy volun- Patients with
teers severe AS
Variables (n=30) (n=95) P value
Biplane LAEF, % 60 (56, 65) 43 (39, 47) <0.0001*

Peak longitudinal 0.81 (0.73,0.89) | 0.77 (0.71,0.84) | 0.25

diastolic strain

rate, s'

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

strain, =%

Mean native T1, ms | 1178 (1147, 1241 (1223, 0.0007*
1209) 1259)

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

volume, %

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% ClI
(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 ¢ test for normally distributed data sets and Mann-Whitney
U test for nonparametric tests. AVR indicates aortic valve replacement; BMI, body
mass index; BF, 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.

[95% CI, 1.41, 1.66], /<<0.0001), and MPR (HVs, mean,
3.8[95% ClI, 2.3, 5.3] versus AS, mean, 2.2 [95% Cl, 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% Cl, 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% ClI, 15, 18]; ”<0.0001). There were
no significant differences in baseline cardiac PCr/ATP
(AS, mean, 1.62 [95% Cl, 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% ClI, 1.48, 2.0] versus T2D controls,
mean, 1.54 [95% Cl, 1.41, 1.66] mL'min-g; P=0.18), or
MPR (AS, mean, 2.4 [95% Cl, 2.2, 2.6] versus T2D con-
trols, mean, 2.2 [95% Cl, 2.0, 2.4]; P=0.09) between the
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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~' [95% Cl, 0.74, 0.92] ver-
sus AS-T2D, mean, 0.66 s~' [95% Cl, 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% ClI, 1.32, 1.66]; £=0.002; Figure 3C),
vasodilator stress MBF (AS-noT2D, mean, 1.67 [95% Cl,
1.5, 1.84] versus AS-T2D, mean, 1.25 [95% Cl, 1.22, 1.38]
mL:min-g; P=0.001; Figure 3D), and MPR values (AS-
noT2D, mean, 2.4 [95% Cl, 2.2, 2.7] versus AS-T2D, mean,
1.8 [95% Cl, 1.6, 2.0]; A=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% ClI, 1.30,
1.60] versus T2D controls, mean, 1.66 [95% ClI, 1.56,
1.75]; P=0.04), vasodilator stress MBF (AS-T2D, mean,
1.25 mL'min-g [95% ClI, 1.10, 1.41] versus T2D controls,
mean, 1.74 mL'min-g [95% Cl, 1.48, 2.0]; P=0.004), and
MPR (AS-T2D, mean, 1.8 [95% Cl, 1.6, 2.0] versus T2D
controls, mean, 2.2 [95% ClI, 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 b).

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/m? [95% CI, 71, 80] ver-
sus post-AVR AS-noT2D, mean, 61 g/m? [95% Cl, 56,
67]; P=0.0002). By contrast, patients with T2D did not
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Table 3. Pre-AVR and Post-AVR Comparisons of Clinical Characteristics, CMR, and 31P-MRS Findings Between Patients with

E AS and Controls with T2D at Baseline and at 6-Month Follow-Up
E Controls with T2D, Patients with AS, Controls with T2D, Patients with AS,
& baseline pre-AVR 6-month follow-up post-AVR
0= Variables (n=30) (n=95) P value (n=30) (n=65) P value
_gl Age,y 66 (62, 70) 71 (69, 73) 0.12 66 (62, 70) 71 (68, 74) 0.15
g Female 11 (37) 35 (37) 0.76 11 (37) 28 (40) 0.45
S BMI, kg/m? 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 (683, 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, 455 (412, 499) 386 (360, 412) 0.01* 479 (431, 527) 394 (359, 428) 0.005*
meters
CMR and *'P-MRS findings
LV EDVi, mL/m? 66 (61, 72) 84 (78, 90) <0.0001* 67 (62, 73) 73 (69, 77) 0.18
LV ESVi, mL/m? 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, 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*
g/mL
LV mass index, g/m? 48 (44, 52) 78 (74, 82) <0.0001* 51 (48, 55) 63 (59, 67) <0.0001*
LV maximal wall thick- | 10 (10, 11) 14 (18, 14) <0.0001* 14 (13, 15) 14 (13, 14) 0.14
ness, mm
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
Gilobal longitudinal 17 (15, 18) 12 (11,13) <0.0001* 19 (17, 21) 17 (16, 18) 0.14
strain, —%
RVEF, % 57 (54, 63) 55 (53, 57) 0.51 54 (52, 67) 55 (563, 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 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)
rate, s™'
Mean native T1, ms 1146 (1109, 1183) 1241 (1228, 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 - 3.4 (2.8, 4.0) - - 3.9 (2.8,5.1) -
LGE, %
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; BF, 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; RPR, rate pressure product; and RVEF, right ventricular ejection fraction.

*Significant.

1146  October 10,2023 Circulation. 2023;148:1138-11563. DOI: 10.1161/CIRCULATIONAHA.122.063444



Jex et al

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

Diabetes and Severe Aortic Stenosis

Pre-AVR Post-AVR

AS without T2D ( AS with T2D AS without T2D AS with T2D
Variable n=65) (n=30) P value (n=45) (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) 45 (4.3,4.7) 0.95 2.4 (2.2, 2.6) 2.4 (2.2,2.6) 0.50
Maximal pressure gradient, 83 (78, 88) 83 (76, 90) 0/95 13 (11, 16) 13 (11, 16) 0.88
mm Hg
LV EDVi, mL/m? 80 (74, 86) 92 (80, 105) 0.17 73 (68, 78) 74 (66, 83) 0.75
LV ESVi, mL/m? 32 (26, 37) 34 (27,41) 0.34 27 (28, 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, 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
g/mL
LV mass index, g/m? 76 (71, 80) 80 (72, 89) 0.99 61 (56, 67) 67 (59, 74) 0.36
LV maximal wall thickness, 14 (13, 14) 14 (13, 15) 0.99 14 (13, 15) 14 (13, 14) 0.19
mm
SVi, mL/m? 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 (62, 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*
_0/0
Peak longitudinal diastolic 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
strain rate, s™'
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% Cl or percentage or median (interquartile range). Psignifies Pvalue 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 ¢ 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/ATR, 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.

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

Circulation. 2023;148:1138-11563. DOI: 10.1161/CIRCULATIONAHA.122.063444

no T2D (AS-noT2D, mean, 2.11 [95% Cl, 1.79, 2.43] ver-
sus AS-T2D, mean, 1.30 [95% Cl, 1.07, 1.53]; ~=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% ClI, 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% Cl, 365, 436] versus
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Table 5. Pre-AVR and Post-AVR Comparisons of Clinical Characteristics and CMR and 31P-MRS Findings Between Patients

E With AS-T2D and Controls With T2D at Baseline and at 6-Month Follow-Up
E Controls with T2D, | Patients with AS-T2D, Controls with T2D, Patients with AS-T2D,
] Variables baseline (n=30) pre-AVR (n=30) P value 6-month follow-up (n=30) | post-AVR (n= 20) P value
= Age, y 66 (62, 70) 70 (67, 74) 0.11 67 (63, 70) 72 (68, 76) 0.10
E Female 11 (37) 9 (30) 0.38 11 (37) 7 (32) 0.76
g BMI, kg/m? 28 (26, 30) 31 (29, 383) 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 (128, 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
HbA1 ¢, 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 *'P-MRS findings
LV EDVi, mL/m? 66 (61, 72) 92 (80, 105) 0.003* 67 (62, 73) 74 (66, 83) 0.14
LV ESVi, mL/m?2 28 (23, 30) 34 (27, 41) 0.05 28 (25, 32) 39 (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/m? 48 (44, 52) 80 (72, 89) <0.0001* | 51 (48, 55) 67 (59, 74) <0.0001*
LV maximal wall thickness, 10 (10, 11) 14 (18, 15) <0.0001* | 10 (10, 11) 14 (18, 14) <0.0001*
mm
SVi, mL/m? 45 (42, 49) 50 (46, 53) 0.23 43 (38, 48) 49 (38, 46) 0.88
LVEF, % 61 (58, 63) 61 (57, 65) 0.75 59 (56, 61) 59 (583, 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, 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
s
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 (1.1, 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% Cl (n, n), nonparametric continuous variables are expressed as median (interquartile range), and

categorical variables are expressed as count (%). Psignifies Pvalue 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; BF, 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-proBNF, 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.

post-AVR AS-noT2D, mean, 434 meters [95% Cl, 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]; A=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% Cl, 267,
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Figure 3. Differences in peak diastolic strain rate, global longitudinal strain, myocardial PCr/ATP ratio, and stress MBF
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between patients with AS both with and without T2D before and 6 months after AVR.
Differences in peak diastolic strain rate (s™'; 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).

Circulation. 2023;148:1138-11563. DOI: 10.1161/CIRCULATIONAHA.122.063444

October 10, 2023

1149

(—)
=
o
=
=
-
=
m
ow
m
==
=
()
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

Jex et al

Diabetes and Severe Aortic Stenosis

D 4 P=0.001
°
2 37 e 0
=4
E ° ® "o
= o0
E ° °
w o 2- L PY
m
2 aEEe e
:
@ v :#
n 1- 0.. [ ]
)
0 1 1
AS without T2D  AS with T2D
Pre-AVR

P=0.03

o 3- ®
=
= ®
£ o o
E 0020
w 2= ® o
0
w
2 .:....
= [ ] Y
n 1= [ ]
o
0 T T
AS without T2D AS with T2D
Post-AVR

Figure 3 Continued.

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]; ~=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~' [95% Cl, 0.60,
0.76] versus T2D controls, mean, 0.80 s~' [95% Cl, 0.71,
0.89]; P=0.009) and GLS values (AS-T2D, mean, —11%
[95% ClI, 9, 13] versus T2D controls, mean, —19% [95%
Cl, 17, 21]; ”<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% ClI, 1.30,
1.60] versus T2D controls, mean, 1.51 [95% ClI, 1.34,
1.53]; £~=0.12), vasodilator stress MBF (AS-T2D, mean,
1.48 mL'min-g [95% ClI, 1.29, 1.66] versus T2D controls,
mean, 1.60 mL'min-g [95% Cl, 1.34, 1.86]; P=0.82), or
MPR (AS-T2D, mean, 2.3 [95% Cl, 1.9, 2.8] versus T2D
controls, mean, 2.4 [95% Cl, 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
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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% ClI, 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% Cl, 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.25-25 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.”?*?¢ As T2D is associated with intrinsic
impairments in myocardial energy metabolism and coro-
nary microvascular function,2-% 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
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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,*® linked to con-
tractile dysfunction,®2¢ and a well-recognized complica-
tion of T2D'""? and severe AS®37 Previous studies have
demonstrated that there is restoration of myocardial PCr/
ATP ratio after AVR®% 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.® 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 pool2® 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.?® 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/
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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.*3" 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,'1:324041

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."'*? 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),*3#4 although it was better than
the control displayed by the average patient with T2D in
the United Kingdom (HbA1c 69 mmol/mol).*® 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 | 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.'?3726 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.
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