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Abstract
Background: Cardiac Rubidium-82 (82Rb) positron emission tomography/computed 
tomography (PET/CT) provides a measure of the myocardial blood flow and the myo-
cardial flow reserve, which reflects the function of both large epicardial arteries and 
the myocardial microcirculation. Knowledge on changes in the myocardial microvas-
cular function over time is lacking.
Methods: In this cohort study, we recruited 60 persons with type 2 diabetes and 30 
non-diabetic controls, in 2013; all free of overt cardiovascular disease. All under-
went a cardiac 82Rb PET/CT scan. In 2019, all survivors (n = 82) were invited for 
a repeated cardiac 82Rb PET/CT scan using the same protocol, and 29 with type 2 
diabetes and 19 controls participated.
Results: Median duration between visits was 6.2 years (IQR: 6.1–6.3). In the total 
cohort, the mean age was 66.4 years (SD: 9.3) and 33% were females.
The myocardial flow reserve was lower in persons with type 2 diabetes compared 
to controls (p  =  0.002) but there was no temporal change in the myocardial flow 
reserve in participants with type 2 diabetes: mean change: −0.22 (95% CI: −0.47 to 
0.02) nor in controls: −0.12 (−0.49 to 0.25) or when comparing type 2 diabetes to 
controls: mean difference: −0.10 (95% CI: −0.52 to 0.31). The temporal reduction in 
stress-induced myocardial blood flow did not differ within the groups but was more 
pronounced in type 2 diabetes compared to controls: mean difference: −0.30 (95% 
CI: −0.55 to −0.04).
Conclusion: The myocardial microvascular function was impaired in persons with 
type 2 diabetes compared to controls but did not change significantly in either of the 
groups when evaluated over 6 years.
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1 |  INTRODUCTION

Major advances in non-invasive imaging enable the investi-
gation of the cardiac microcirculation. Quantitative cardiac 
positron emission tomography (PET) allows measurement of 
the myocardial blood flow (MBF) at rest and during phar-
macologically induced hyperaemic conditions (stress). The 
ratio between the two is termed the myocardial flow reserve 
(MFR). A lower MFR can be a consequence of increased 
MBF at rest, a reduction in MBF during stress or both. Factors 
that increase the myocardial oxygen demand will increase the 
MBF at rest, whereas MBF during stress may be reduced be-
cause of diffuse atherosclerosis in the large epicardial arteries 
or dysfunction of the myocardial microcirculation.1

Measures of the myocardial microvascular function may 
provide additional and independent risk information beyond 
the extent of coronary atherosclerosis. The predictive value 
of the MFR has been evaluated for mortality in persons with 
diabetes (type 1 and type 2) referred for Rubidium-82 (82Rb) 
PET myocardial perfusion scan due to chest pain and/or dys-
pnoea. The study demonstrated that impaired MFR (<1.6) 
was associated with a higher rate of cardiac death.2

As cardiac PET is often performed in combination with 
computed tomography (CT), it is also possible to estimate 
the coronary artery calcium score (CACS), a specific marker 
of the total atherosclerotic burden. Extensive prognostic data 
on CACS are available. Also, in asymptomatic persons with 
type 2 diabetes, CACS has been demonstrated as a strong 
predictor of cardiovascular events with the capacity to en-
hance prediction beyond established risk factors.3,4

In 2013–2014, we examined the prevalence of myocardial 
microvascular dysfunction and coronary artery calcification 
evaluated by cardiac 82Rb PET/CT myocardial perfusion scan 
in 60 persons with type 2 diabetes and in 30 healthy controls, 
all free of overt cardiovascular disease. We demonstrated an 
impaired myocardial microvascular function and a higher cor-
onary artery calcification in the persons with type 2 diabetes 
compared to the healthy controls, and in the persons with type 
2 diabetes and albuminuria compared to normoalbuminuria.5

However, knowledge on changes in myocardial microvas-
cular function over time is lacking in persons with type 2 di-
abetes as well as in the general population.

Therefore, in the present study, we re-examined these par-
ticipants with the aim to determine the changes over 6 years 
in myocardial microvascular function.

2 |  METHODS

2.1 | Study population

As previously described, in 2013–2014, we recruited 60 per-
sons with type 2 diabetes from the outpatient clinic at the 

Steno Diabetes Center Copenhagen, Denmark and 30 age- 
and sex-matched non-diabetic controls through newspaper 
advertisements. The persons with diabetes were stratified by 
albuminuria (≥30 mg/24 h; n = 30) and normoalbuminuria 
(<30 mg/24 h; n = 30). Participants were aged between 35 
and 80  years and free of overt cardiovascular disease. All 
participants underwent a cardiac 82Rb PET/CT myocardial 
perfusion scan and a comprehensive assessment of other car-
diovascular risk factors. Subjects were excluded if they had 
a history of coronary artery disease or other cardiovascular 
diseases, including stroke, uncontrolled arrhythmia, second- 
or third-degree atrioventricular block, sick sinus syndrome, 
clinic blood pressure >200/110 mmHg, kidney disease other 
than diabetic nephropathy, end-stage kidney disease, chronic 
obstructive pulmonary disease or asthma (defined as require-
ment of daily medical treatment) or if they were pregnant or 
lactating.

Survivors (n  =  82) were invited to this re-examination 
in 2019. In total, 48 eligible persons, 29 with type 2 diabe-
tes and 19 controls participated (response rate, 58.5%). The 
reasons for non-participation were intercurrent severe illness 
(n = 5), relocation (n = 1), none-responders (n = 8) or lack 
of interest (n = 20).

2.2 | Clinical measurements

Laboratory variables included HbA1c, lipid profile and 
plasma creatinine which were measured by standard methods 
and estimated glomerular filtration rate (eGFR) calculated by 
the CKD-EPI equation.6 Urine albumin-to-creatinine ratio 
(UACR) was measured in two morning urine samples by an 
enzyme immunoassay and calculated as the geometric mean 
of the two collections. Demographic characteristics, body 
mass index (kg/m2), smoking status and a detailed medical 
history along with information on medical treatment were 
obtained at the visit at Steno Diabetes Center Copenhagen. 
Clinic blood pressure was measured after a 10-minute rest, 
using an appropriately sized cuff, and the mean of three 
measurements was calculated.7 We also obtained a standard 
12-lead resting electrocardiogram (ECG).

All persons attending the outpatient clinic at Steno 
Diabetes Center Copenhagen have regular ophthalmology 
examinations (approximately every 1–2 years) where retinal 
photography is taken through a dilated pupil by certified eye 
nurses and the images are graded by the certified eye nurses 
under the supervision of an ophthalmologist. Overall grading 
is defined as the highest stage diagnosed in either eye. Data 
regarding grading are stored in local electronic medical re-
cords that we accessed for the purpose of this study.

All measurements were performed similarly at the base-
line and follow-up visit with the exception that albuminuria 
was measured in two 24-hour urine collections and estimated 
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as urinary albumin excretion rate (UAER) at the baseline 
visit.

2.3 | Cardiac PET/CT imaging

The cardiac 82Rb PET/CT myocardial perfusion scan was 
performed with similar equipment, protocol and analysed 
using identical software by the same single observer at the 
baseline and follow-up visit blinded to other characteristics.

The cardiac 82Rb PET/CT myocardial perfusion scans were 
performed using a hybrid PET/CT scan in 3D mode (Siemens 
Biograph mCT 128, Siemens, Munich, Germany) after ad-
ministration of 1,100  MBq 82Rb (CardioGen-82, Bracco 
Diagnostics). The scans were performed at rest and during 
stress after adenosine infusion at 140 μg/kg/min for 6 min to 
induce maximum myocardial hyperaemia. The MBF was auto-
matically calculated at rest and during stress using the Syngovia 
software (syngombf vb20a) with one-compartment tracer ki-
netic models for 82Rb and the extraction curve from Lortie et al.8 
Participants refrained from caffeine containing substances for 
at least 18 hours prior to the examination.

CACS was calculated as the sum of coronary artery 
calcium content in the three main coronary arteries by the 
method described by Agatston et al.9 using semi-automated 
commercially available software (Syngovia 4.0).

The study was performed in compliance with the 
Declaration of Helsinki. All participants gave informed 
written consent, and the study protocol was approved by the 
Research Ethics Committee (H-19024534).

2.4 | Statistics

All participants with a baseline and a follow-up cardiac 82Rb 
PET/CT myocardial perfusion scan were included in the anal-
ysis. Continuous normal distributed variables are presented 
as mean and standard deviation (SD), and the non-normal 
distributed variables as median and interquartile range (IQR). 
Categorical variables are summarized as percentages. The 
non-normal distributed variables, including the CACS, were 
log2 transformed before analyses. A value of 1 was added 
to the CACS before log2 transformation, since the unequal 
distribution included values of zero.

Unpaired-samples t-test and the χ2 or Fisher's exact test 
were applied to assess whether baseline risk factors dif-
fered between participants with and without a follow-up 
examination.

Changes between the two visits were calculated using 
paired-samples t-tests for continuous variable and the 
McNemar's test for categorical variable. Group-wise compar-
ison of changes between visits for participants with diabetes 
and controls was calculated using unpaired samples t-test and 

χ2 test or Fisher's exact test, as appropriate. Analysis of cova-
riance was applied to compare changes between visits among 
the participants with type 2 diabetes and the controls after 
adjustment for sex, baseline age, systolic blood pressure, 
eGFR and UAER. Analyses of MFR and MBF at rest and 
during stress were additionally adjusted for baseline heart 
rate. Owing to bias by indication, we did not include vari-
ables for medical treatment. Moreover, total cholesterol was 
not included because the participants with diabetes had lower 
levels than controls, likely due to lipid-lowering treatment.

Unadjusted and adjusted linear regression models were 
applied to ascertain the baseline characteristics or the change 
in risk factors between examinations that were associated 
with changes in myocardial microvascular function and 
CACS between the two visits in the total population. The ad-
justment included sex, baseline age, HbA1c, systolic blood 
pressure, eGFR, UAER and heart rate, as appropriate.

In all the analyses, the model assumptions were 
ascertained.

We performed a post-hoc power calculation to estimate 
the smallest effect size that we were able to detect given the 
sample size of 29 participants with type 2 diabetes and 19 
controls. Achieving a power of 0.80 and an alpha of 0.05 and 
with the assumption of a standard deviation in delta MFR of 
0.64 and 0.77 in type 2 diabetes and controls, respectively; 
and of 0.69 in the total cohort, the smallest effect we could 
detect was a MFR change equal to 0.35 in the participants 
with type 2 diabetes and 0.53 in the controls; and a difference 
in MFR change equals to 0.59 when comparing the groups.

Two-sided p values < 0.05 were considered statistically 
significant. Statistical analyses were performed using R soft-
ware (Solexc5_2020).

3 |  RESULTS

The 48 participants with a follow-up examination had a 
higher eGFR (p = 0.04) and MFR (p < 0.001) and a lower 
CACS (p = 0.02) at the baseline examination compared to 
the 36 subjects who were known to be alive, but did not 
have a follow-up examination. The 48 participants were also 
younger (p = 0.001) and had a higher MFR (p = 0.02) than 
the participants who died before the follow-up examination. 
Table  1 presents the clinical characteristics at the baseline 
visit of participants with follow-up, without follow-up but 
known to be alive and the participants who died before fol-
low-up, stratified by type 2 diabetes and controls.

3.1 | Clinical characteristics

At follow-up, the total population of 29 participants with type 
2 diabetes and 19 controls had a mean age of 66.4 years (SD: 
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9.3) and 33% were females. The median duration of type 2 
diabetes was 18.3 years (IQR: 11.2–21.5). None were smok-
ers at the follow-up examination.

The median duration between examinations was 
6.2 years (IQR: 6.1–6.3). Clinical characteristics of the par-
ticipants at baseline and follow-up, for the type 2 diabetes 
and the control group, are presented in Table 2. Both groups 
had significantly lower LDL cholesterol, total cholesterol 
and triglycerides at follow-up compared to baseline. There 
was no significant change in level of albuminuria or in fre-
quency/grading of retinopathy during follow-up. However, 
four of the six participants with non-proliferative retinop-
athy, had progressed from mild to moderate non-prolifer-
ative retinopathy. These four participants remained in the 
category as simplex retinopathy, even though they had 
some progression. At follow-up, all the participants with 
type 2 diabetes were treated with dietary modifications and 
oral glucose-lowering medication, moreover 69% received 
insulin.

3.2 | Change in cardiac PET/CT 
measurements between visits

Figure  1 presents the cardiac PET/CT measurements at 
baseline and at follow-up. MFR was lower in persons with 
type 2 diabetes compared to controls at baseline and at 
follow-up (baseline: type 2 diabetes: mean 2.6 [SD: 0.7], 
controls: 3.3 [SD: 0.7], p = 0.002; and follow-up: type 2 
diabetes: 2.4 [SD: 0.6] controls: 3.2 [SD: 0.9], p = 0.002). 
However, change in MFR did not differ from baseline to 
follow-up in neither type 2 diabetes nor in controls (type 
2 diabetes: mean difference: −0.22 [95% CI: −0.47 to 
0.02] p = 0.08; controls: −0.12 [−0.49 to 0.25] p = 0.51) 
or between groups (mean difference: −0.10 [−0.52, 0.31] 
p = 0.64).

The participants with type 2 diabetes had a higher MBF 
at rest and a lower MBF during stress compared to the con-
trols, albeit this difference was only significant for resting 
MBF at the baseline visit (type 2 diabetes: mean 1.2 [SD: 

T A B L E  1  Clinical characteristics at the baseline visit of participants with follow-up, without follow-up but alive and participants who died 
before follow-up

Diabetes Controls

Characteristics
With follow-up 
(n = 29)

Without follow-up, but 
known to be alive (n = 25) Dead (n = 6)

p, with follow-up vs. 
without but alive

p, with follow-up 
vs dead With follow-up (n = 19)

Without follow-up but 
known to be alive (n = 9) Dead (n = 2)

p, with follow-up vs. without 
but alive

p, with follow-up vs 
dead

Female (%) 27.6 40.0 33.3 0.39 1.0 42.1 44.4 0.0 1.0 —

Age (years) 60.7 (9.6) 64.6 (7.7) 69.9 (4.6) 0.10 0.003 59.4 (9.2) 59.3 (12.1) 66.7 (7.8) 0.97 0.40

Body mass index (kg/
m2)

31.4 (5.0) 32.0 (4.1) 30.4 (4.0) 0.62 0.58 24.1 (3.4) 25.6 (3.6) 25.4 (0.8) 0.18 0.21

Systolic blood pressure 
(mmHg)

138.1 (16.3) 140.7 (20.0) 135.0 (15.0) 0.60 0.66 124.5 (13.1) 137.9 (23.4) 142.5 (13.4) 0.14 0.29

Diastolic blood pressure 
(mmHg)

80.5 (10.0) 82.5 (9.2) 71.8 (9.9) 0.44 0.09 74 (7.8) 82.3 (11.9) 85.5 (7.8) 0.08 0.26

HbA1c (mmol/mol) 53 (10) 60 (12) 52 (10) 0.03 0.79 36 (2) 37 (2) 35 (1) 0.11 0.24

HbA1c (%) 7.0 (0.9) 7.6 (1.1) 6.9 (0.9) 0.03 0.79 5.4 (0.2) 5.5 (0.2) 5.3 (0.1) 0.11 0.24

LDL cholesterol 
(mmol/l)

2.3 (0.8) 2.2 (1.0) 1.6 (0.7) 0.69 0.08 3.2 (0.7) 3.8 (0.6) 3.7 (0.3) 0.03 0.14

Total cholesterol 
(mmol/l)

4.4 (0.9) 4.3 (0.9) 3.9 (0.8) 0.89 0.21 5.4 (0.8) 5.7 (0.7) 5.9 (0.3) 0.34 0.17

eGFR (ml min−1 
1.73 m−2)

81.1 (21.5) 73.1 (25.6) 64.2 (26.4) 0.23 0.19 87.6 (11.1) 73.1 (11.5) 80.3 (20.2) 0.007 0.70

Urinary albumin 
excretion rate 
(mg/24 h)

27.3 [6.5, 135.6] 31.0 [6.0, 151.0] 37.0 [16.4, 462.1] 0.91 0.44 5.5 [5.0, 6.3] 8.7 [4.9, 10.8] 16.3 [14.0, 19.1] 0.34 0.16

Current smokers (%) 20.7 20.0 50.0 1.0 0.16 15.8 11.1 0.0 1.0 —

Myocardial flow reserve 2.6 (0.7) 2.2 (0.8) 1.5 (0.4) 0.02 0.0003 3.3 (0.7) 2.6 (0.4) 2.9 (1.2) 0.001 0.70

Coronary artery calcium 
score

180 [22, 275] 388 [41, 1025] 167 [150, 1379] 0.11 0.35 0 [0, 54] 81 [0, 205] 296 [220, 372] 0.08 0.32

Data are %, mean (SD), geometric mean [IQR] (urinary albumin excretion rate) or median [IQR] (coronary artery calcium score). eGFR estimated glomerular 
filtration rate. p values for difference between participants with and without follow-up examination were calculated using unpaired samples t-test, the χ2 test 
or Fisher's exact test, as appropriate.
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0.3], controls: mean 1.0 [SD: 0.2], p  =  0.001). Changes 
in MBF at rest and during stress did not differ from base-
line to follow-up within the groups, although MBF during 
stress appeared to decline in type 2 diabetes, albeit not 
significant. When comparing type 2 diabetes to controls, 
we found a significant decline in MBF during stress in the 
participants with type 2 diabetes (mean difference: −0.30 
[95% CI: −0.55 to −0.04] p  =  0.02), and this difference 
remained significant after adjustment for sex, baseline 
age, systolic blood pressure, eGFR, UAER and heart rate 
(p  =  0.01). Change in MBF at rest was similar between 
groups (p = 0.29).

CACS was higher in persons with type 2 diabetes com-
pared to controls at baseline and at follow-up (baseline: type 
2 diabetes: median 180 [IQR: 22–275], controls: 0 [IQR: 
0–52] p = 0.003 and follow-up: type 2 diabetes: 560 [IQR: 
139–959], controls: 18 [IQR: 0–108] p < 0.001) (Figure 1), 
and CACS increased within both groups (type 2 diabetes: 
mean difference: 512 [95% CI: 282–741] p  <  0.001 and 

controls: 45 [95% CI: 10–81] p  =  0.015). Moreover, the 
increase was higher in persons with type 2 diabetes com-
pared to controls (mean difference: 469 [95% CI: 192–744] 
p = 0.002). This difference remained significant after adjust-
ment for sex, baseline age, systolic blood pressure, eGFR and 
UAER (p = 0.03).

3.3 | Variables correlated with changes 
in the cardiac PET/CT measurements

Overall, in the cohort, lower eGFR at baseline was associ-
ated with a more pronounced decline in MFR from baseline 
to follow-up (p = 0.03), but not after adjustment for sex, base-
line age, HbA1c, systolic blood pressure, UAER and heart rate 
(p = 0.11). Change in MFR was not associated with the dura-
tion of diabetes or with other risk factors at baseline or change 
in risk factors between examinations, and there was no associa-
tion between change in MFR and change in CACS (p = 0.88).

T A B L E  1  Clinical characteristics at the baseline visit of participants with follow-up, without follow-up but alive and participants who died 
before follow-up

Diabetes Controls

Characteristics
With follow-up 
(n = 29)

Without follow-up, but 
known to be alive (n = 25) Dead (n = 6)

p, with follow-up vs. 
without but alive

p, with follow-up 
vs dead With follow-up (n = 19)

Without follow-up but 
known to be alive (n = 9) Dead (n = 2)

p, with follow-up vs. without 
but alive

p, with follow-up vs 
dead

Female (%) 27.6 40.0 33.3 0.39 1.0 42.1 44.4 0.0 1.0 —

Age (years) 60.7 (9.6) 64.6 (7.7) 69.9 (4.6) 0.10 0.003 59.4 (9.2) 59.3 (12.1) 66.7 (7.8) 0.97 0.40

Body mass index (kg/
m2)

31.4 (5.0) 32.0 (4.1) 30.4 (4.0) 0.62 0.58 24.1 (3.4) 25.6 (3.6) 25.4 (0.8) 0.18 0.21

Systolic blood pressure 
(mmHg)

138.1 (16.3) 140.7 (20.0) 135.0 (15.0) 0.60 0.66 124.5 (13.1) 137.9 (23.4) 142.5 (13.4) 0.14 0.29

Diastolic blood pressure 
(mmHg)

80.5 (10.0) 82.5 (9.2) 71.8 (9.9) 0.44 0.09 74 (7.8) 82.3 (11.9) 85.5 (7.8) 0.08 0.26

HbA1c (mmol/mol) 53 (10) 60 (12) 52 (10) 0.03 0.79 36 (2) 37 (2) 35 (1) 0.11 0.24

HbA1c (%) 7.0 (0.9) 7.6 (1.1) 6.9 (0.9) 0.03 0.79 5.4 (0.2) 5.5 (0.2) 5.3 (0.1) 0.11 0.24

LDL cholesterol 
(mmol/l)

2.3 (0.8) 2.2 (1.0) 1.6 (0.7) 0.69 0.08 3.2 (0.7) 3.8 (0.6) 3.7 (0.3) 0.03 0.14

Total cholesterol 
(mmol/l)

4.4 (0.9) 4.3 (0.9) 3.9 (0.8) 0.89 0.21 5.4 (0.8) 5.7 (0.7) 5.9 (0.3) 0.34 0.17

eGFR (ml min−1 
1.73 m−2)

81.1 (21.5) 73.1 (25.6) 64.2 (26.4) 0.23 0.19 87.6 (11.1) 73.1 (11.5) 80.3 (20.2) 0.007 0.70

Urinary albumin 
excretion rate 
(mg/24 h)

27.3 [6.5, 135.6] 31.0 [6.0, 151.0] 37.0 [16.4, 462.1] 0.91 0.44 5.5 [5.0, 6.3] 8.7 [4.9, 10.8] 16.3 [14.0, 19.1] 0.34 0.16

Current smokers (%) 20.7 20.0 50.0 1.0 0.16 15.8 11.1 0.0 1.0 —

Myocardial flow reserve 2.6 (0.7) 2.2 (0.8) 1.5 (0.4) 0.02 0.0003 3.3 (0.7) 2.6 (0.4) 2.9 (1.2) 0.001 0.70

Coronary artery calcium 
score

180 [22, 275] 388 [41, 1025] 167 [150, 1379] 0.11 0.35 0 [0, 54] 81 [0, 205] 296 [220, 372] 0.08 0.32

Data are %, mean (SD), geometric mean [IQR] (urinary albumin excretion rate) or median [IQR] (coronary artery calcium score). eGFR estimated glomerular 
filtration rate. p values for difference between participants with and without follow-up examination were calculated using unpaired samples t-test, the χ2 test 
or Fisher's exact test, as appropriate.
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Participants with lower eGFR at baseline had a more 
pronounced reduction in MBF during stress (p  <  0.001). 
This association remained significant after adjustment for 
sex, baseline age, HbA1c, systolic blood pressure, UAER 
and heart rate (p  <  0.001). The temporal stress-induced 
reduction in MBF was also more pronounced with higher 
CACS at baseline (p = 0.02), but not after adjustment for 
other cardiovascular risk factors (p  =  0.11). There were 
no associations between change in MBF at rest and other 
risk factors at baseline or change in risk factors between 
examinations.

3.4 | Sensitivity analyses

Three participants with type 2 diabetes (10%) had undergone 
percutaneous coronary intervention and one participant with 
type 2 diabetes had a stroke between baseline and follow-
up examination. Two of the participants with percutaneous 
coronary intervention had a CV event and one participant 
had undergone the coronary intervention as a result of the 
cardiac PET/CT findings during the baseline examination. 
None of the controls had a CV event. To avoid the potential 
confounding effect of coronary intervention on the epicardial 

T A B L E  2  Clinical characteristics of participants at baseline and follow-up

Diabetes (n = 29) Controls (n = 19)

Characteristics Baseline Follow-up
p difference 
between visits Baseline Follow-up

p difference 
between visits

Female (%) 27.6 — — 42.1% — —

Age (years) 60.7 (9.6) 66.9 (9.5) — 59.4 (9.2) 65.6 (9.3) —

Body mass index (kg/m2) 31.4 (5.0) 31.1 (4.2) 0.32 24.1 (3.4) 25.1 (4.0) 0.002

Systolic blood pressure 
(mmHg)

138.1 (16.3) 142.8 (15.0) 0.08 124.5 (13.1) 128.5 (12.4) 0.05

Diastolic blood pressure 
(mmHg)

80.4 (10.0) 79.0 (9.1) 0.38 74 (7.8) 75.4 (5.8) 0.37

HbA1c (mmol/mol) 53 (10) 57 (14) 0.11 36 (2) 37 (2) 0.01

HbA1c (%) 7.0 (0.9) 7.4 (1.3) 0.11 5.4 (0.2) 5.5 (0.2) 0.01

LDL cholesterol (mmol/l) 2.3 (0.8) 1.7 (0.6) <0.001 3.2 (0.7) 2.6 (0.6) <0.001

Total cholesterol (mmol/l) 4.4 (0.9) 3.6 (0.7) <0.001 5.4 (0.8) 5.1 (0.8) 0.002

Triglyceride (mmol/l) 2.0 (1.0) 1.5 (0.6) 0.004 1.2 (0.5) 0.9 (0.4) 0.01

eGFR (ml min−1 1.73 m−2) 81.1 (21.5) 74.4 (23.4) <0.001 87.6 (11.1) 82.5 (10.4) 0.002

Urinary albumin excretion rate 
(mg/24 h)a 

27.3 [6.5, 145.0] 8.5 [4.5, 145.5] 0.18 5.5 [5.0, 6.5] 4.0 [3.0, 6.5] 0.02

Retinopathy: none/simplex/
proliferative (%)

69.0/20.7/10.3 69.0/20.7/10.3 1.0 0.0 0.0 —

Current smokers (%) 20.7 0.0 — 15.8 0.0 —

RAAS inhibition treatment 
(%)

86.2 86.2 1.0 0.0 5.3 —

Beta-blocker treatment (%) 10.3 6.9 0.20 0.0 5.3

Insulin treatment (%) 55.2 69.0 0.04 0.0 0.0 —

Metformin (%) 96.6 69.0 0.01 0.0 0.0 —

Dipeptidyl peptidase−4 
inhibitor (%)

10.3 13.8 1.0 0.0 0.0 —

Sulfonylureas (%) 3.4 3.4 1.0 0.0 0.0 —

SGLT2 inhibitor treatment 
(%)

0.0 38.0 — 0.0 0.0 —

GLP−1 receptor agonist 
treatment (%)

0.0 55.1 — 0.0 0.0 —

Lipid-lowering treatment (%) 93.1 93.1 1.0 0.0 10.5 —

Data are %, mean (SD) or geometric mean [IQR]. eGFR: estimated glomerular filtration rate, SGLT2: sodium-glucose co-transporter-2, GLP-1: Glucagon Like Peptide 
1, RAAS: renin–angiotensin–aldosterone system.
p values for changes between visits were calculated using paired-samples t-tests for continuous variable and the McNemar's test for categorical variable.
aUrinary albumin creatinine rate (mg/g) for the follow-up visit. 
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arteries between visits, we performed a sensitivity analysis 
excluding the three participants who had coronary interven-
tion between the visits. Results were confirmatory.

As a sensitivity analysis, we also performed additional 
adjustment for baseline total cholesterol in the comparison 
between participants with type 2 diabetes and controls for the 
changes in CACS between visits, which attenuated our find-
ings slightly (p = 0.07).

4 |  DISCUSSION

We re-examined 29 persons with type 2 diabetes and 19 con-
trols with cardiac PET/CT myocardial perfusion scan to gain 
knowledge on changes in myocardial microvascular function 
over 6 years. The main findings were as follows: (a) the MFR 
did not change significantly in either of the two groups; (b) the 
MBF during stress declined more during the follow-up period 
in persons with type 2 diabetes compared to the controls; (c) 
lower baseline eGFR was associated with a more pronounced 

stress-induced blood flow reduction and a decline in the MFR 
and (d) higher increase in CACS was associated with a more 
pronounced blood flow reduction during stress.

We could not demonstrate significant changes in any of 
the groups, and only the blood flow reduction during stress 
was more pronounced in the presence of type 2 diabetes. We 
speculate that this could indicate that significant changes in 
myocardial microvascular function occur earlier during the 
natural history of diabetes, as the baseline MFR in the per-
sons with type 2 diabetes, with a median diabetes duration of 
12.2 years (IQR: 5.1–14.9), was already significantly reduced 
compared to the controls at the baseline visit.5 Moreover, the 
change in myocardial microvascular function might develop 
slower than expected, at least with the modern treatment, and 
the time span of 6 years may be too short to detect significant 
changes. In addition, other markers of microvascular dam-
age (urine albumin excretion rate and diabetic retinopathy) 
did not exacerbate either in our study and participants were 
well treated (Table  1), although we might have been able 
to detect progression in retinopathy if the grading had been 

F I G U R E  1  PET/CT measurements at baseline and follow-up. The myocardial flow reserve and the myocardial blood flow at rest and during 
stress are presented as mean with standard derivation and the coronary artery calcium score is presented as median with interquartile range. P values 
for changes between visits were calculated using paired-samples t-tests and group-wise comparison of changes between visits for participants with 
diabetes and controls was calculated using unpaired samples t-test. Analysis of covariance was applied for the group-wise comparison to adjust 
for sex, baseline age, systolic blood pressure, estimated glomerular filtration rate and urinary albumin excretion rate. Analyses of myocardial flow 
reserve and the myocardial blood flow at rest and during stress were additionally adjusted for baseline heart rate. [Colour figure can be viewed at 
wileyonlinelibrary.com]

Coronary artery calcium score

Stress myocardial blood flow

Myocardial flow reserve

Resting myocardial blood flow Stress myocardial blood flowffResting myocardial blood flow

www.wileyonlinelibrary.com
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more detailed. So, despite our findings with lack of change 
in the myocardial microvascular function over time were un-
expected, it is in consistence, as neither of our microvascular 
outcomes changed. Other explanations for these distinct find-
ings are the smaller sample size and bias related to selective 
follow-up, as discussed later.

A recent study suggested that reduced MFR in type 2 di-
abetes is caused by a combination of increased coronary per-
fusion at rest and decreased maximal perfusion during stress, 
evaluated by cardiac magnetic resonance.10 In line with this, 
we found that the persons with type 2 diabetes had a signifi-
cantly higher resting myocardial flow at the baseline examina-
tion when compared to the controls, and a similar trend was 
shown 6 years later at the re-examination. During follow-up, 
a more pronounced reduction in stress-induced MBF was 
observed in persons with type 2 diabetes compared to con-
trols, suggesting that persons with type 2 diabetes over time 
develop progressive attenuation of stress-induced increase in 
MBF, signifying progression in myocardial microvascular 
dysfunction. The literature examining the prognostic signifi-
cance of a reduced MBF during stress is conflicting.11-13

At baseline, a lower MFR was associated with a higher 
UAER and a lower eGFR, although only the association with 
UAER was independent of other risk factors.5 At the re-ex-
amination, we could not demonstrate an association between 
changes in myocardial microvascular function and the base-
line level of UAER or the change in albuminuria between 
visits. However, a lower baseline eGFR was associated with 
a more pronounced stress-induced blood flow reduction and 
a decline in MFR. This suggests that lower renal function is 
associated with development of cardiac microvascular dys-
function, especially with an attenuated ability to increase the 
myocardial blood flow during stress. This unifies a possible 
pathogenesis between cardiovascular and renal disease, and 
lower renal function may represent a current determinant of 
progression of myocardial microvascular dysfunction.

At the baseline examination, a lower MFR was associated 
with higher CACS independent of other risk factors.5 At the 
re-examination, we demonstrated that a larger increase in CACS 
was associated with a greater myocardial blood flow reduction 
during hyperaemic conditions. This highlights the relation be-
tween coronary microvascular dysfunction and atherosclerosis 
in the epicardial arteries. However, we could not demonstrate 
an association between changes in MFR and CACS, suggesting 
that the increased atherosclerotic plaque burden in the coronary 
arteries was without haemodynamic significance and that the 
development of these functional and structural alterations might 
not be straightforward, and these measures might represent dif-
ferent pathophysiology and differences in time course and may 
thus provide complimentary prognostic information.

Notably, both groups had significantly lower LDL cholesterol, 
total cholesterol and triglycerides at follow-up compared to base-
line, although there were no changes in the proportion receiving 

lipid-lowering treatment among the participants with type 2 di-
abetes and only two controls started treatment after the baseline 
examination. We speculate that the drop in lipids among the type 2 
diabetes could be due to dose increase in lipid-lowering treatment 
between examinations, as 21% received a higher dose at the fol-
low-up examination; moreover, 34.5% of the participants had also 
changed treatment from one statin drug to another, and the drug 
efficacy might differ among statins. Additionally, 55.1% received 
glucagon-like peptide-1 receptor agonists at the follow-up exam-
ination, which has also been reported to reduce LDL cholesterol. 
Other explanations could be that the participants have become 
more compliant with their lipid-lowering treatment after partici-
pating in the first examination, since they were informed on the 
level of the coronary artery calcium score.

5 |  STRENGTHS AND 
LIMITATIONS

The strength of our study is the well-characterized cohort and 
the gold-standard measure of coronary microvascular function 
using cardiac 82Rb PET/CT myocardial perfusion scan, with 
similar equipment and protocol at both examinations. However, 
the results must be interpreted within the context of its potential 
limitations. First, the impact of selection bias. The persons who 
did not attend the re-examination were older, had lower kidney 
function and MFR and had higher CACS at baseline than the 
persons who participated. It is therefore possible that they had 
developed larger changes in myocardial microvascular function 
and coronary calcification, and non-participation may, conse-
quently, have weakened the true progression in the population. 
Also, the second measurement may not be so different from the 
first due to rather stable condition of other risk factors over the 
two timepoints. Moreover, the limited sample size at the re-ex-
amination increases the likelihood of type II errors. Based on our 
post-hoc power calculation, we were able to detect a change in 
MFR of 0.35 in the participants with type 2 diabetes and of 0.53 
in the controls; moreover, we could detect a difference in MFR 
change of 0.59 between groups. Consequently, we cannot reject 
the possibility of a smaller change. Larger prospective studies 
with a longer follow-up are therefore needed.

6 |  CONCLUSION

The myocardial microvascular function was impaired in per-
sons with type 2 diabetes compared to controls but did not 
change significantly in either of the groups when evaluated 
over 6 years. Impaired renal function may represent a risk 
factor for progression of myocardial microvascular dysfunc-
tion. Progression in coronary atherosclerosis was higher in 
persons with type 2 diabetes than controls and related to 
changes in myocardial blood flow during stress.
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9 |  NOVELTY STATEMENT

What is already known?

• The myocardial microvascular function may provide addi-
tional and independent risk information beyond the extent 
of coronary atherosclerosis.

What this study has found?

When evaluated over 6 years:

• The myocardial microvascular function did not change sig-
nificantly in persons with type 2 diabetes or in controls.

• The myocardial blood flow reduction during induced hyper-
aemic conditions was more pronounced in the presence of 
diabetes.

What are the clinical implications of the study?

• Persons with type 2 diabetes develop progressive attenua-
tion in myocardial blood flow during induced hyperaemic 

conditions, signifying progression in myocardial micro-
vascular dysfunction.
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