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A B S T R A C T   

Background and aims: Sodium [18F]fluoride (Na [18F]F) positron emission tomography imaging allows detailed 
visualization of early arterial micro-calcifications. This study aims to investigate atherosclerosis manifested by 
micro-calcification, macro-calcification, and aortic stiffness in patients with type 2 diabetes mellitus (T2DM) 
with and without albuminuria and severely decreased kidney function. 
Methods: A cohort was stratified in four groups (N = 10 per group), based on KDIGO categories (G1-5 A1-3). G1- 
2A1 non-diabetic controls (median [IQR] estimated glomerular filtration rate (eGFR) in mL/min/1.73 m2 91 
[81–104]), G1-2A1 with T2DM (eGFR 87 [84–93], and albumin-creatinin-ratio (ACR) in mg/mmol 0.35 
[0.25–0.75]), G1-2A3 with T2DM (eGFR 85 [60–103], and ACR 74 [62–122], and G4A3 with T2DM (eGFR 19 
[13-27] and ACR 131 [59–304]). 
Results: Na [18F]F femoral artery grading score differed significantly in the groups with the highest Na [18F]F 
activity in A3 groups with T2DM (G1-2A3 with T2DM 228 [100–446] and G4A3 with T2DM 198 [113–578]) 
from the lowest groups of the G1-2A1 with T2DM (33 [0–93]) and in G1-2A1 non-diabetic controls (75 [0–200], 
p = 0.001). Aortic Na [18F]F activity and femoral artery computed tomography (CT)-assessed macro-calcification 
was increased in G4A3 with T2DM compared with G1-2A1 with T2DM (47.5 [33.8–73.8] vs. 17.5 [8.8–27.5] (p 
= 0.006) and 291 [170–511] vs. 12.2 [1.41–44.3] mg (p = 0.032), respectively). Carotid-femoral pulse wave 
velocity (PWV)-assessed aortic stiffness was significantly higher in both A3 groups with T2DM compared with 
G1-2A1 with T2DM (11.15 and 12.35 vs. 8.86 m/s, respectively (p = 0.009)). 
Conclusions: This study indicates that the presence of severely increased albuminuria in patients with T2DM is 
cross-sectionally associated with subclinical arterial disease in terms of micro-calcification and aortic stiffness. 
Additional decrease in kidney function was associated with advanced macro-calcifications.   

1. Introduction 

In patients with type 2 diabetes mellitus (T2DM), hyperglycaemia 

and glycaemic fluctuations result in premature vascular ageing, 
including arterial calcification, which might develop into cardiovascular 
diseases (CVD) [1,2]. Premature vascular ageing is even more 
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pronounced in patients with diabetic kidney disease as a result of 
extracellular matrix deposition, elevated phosphate levels, uremic 
milieu, or a combination of these [3–5]. It is well established that 
decreased kidney function due to diabetic kidney disease leads to 
widespread calcifications [6]. Next to a decreased kidney function as 
marker of chronic kidney disease (CKD), the presence of albuminuria, as 
clinical marker of glomerular filtration impairment, is independently 
associated with CVD [7–9]. Moreover, kidney function and albuminuria, 
classified in Kidney Disease: Improving Global Outcomes (KDIGO) cat-
egories, are independent risk factors for all-cause mortality and 
CVD-mortality in patients with T2DM [6]. The presence of albuminuria, 
even with a preserved kidney function, is a well-known risk factor for the 
progression of kidney disease and cardiovascular outcomes [10–12]. 
But, whether albuminuria in patients with T2DM and a preserved kidney 
function could serve as early clinical sign and intervention target of 
subclinical, potentially reversible, atherosclerosis is still unclear. 

Detection of subclinical atherosclerosis is a major challenge due to 
the absence of clinical CVD symptoms. These premature stages of arte-
rial wall abnormalities, such as micro-calcifications, may allow for 
preventive therapy and, therefore, inhibit further development in clin-
ically manifest CVD. One of the reversible endpoints of CVD develop-
ment is aortic stiffness which can be measured with, for instance, B- 
mode carotid ultrasound-assessed intima-media thickness (IMT), pulse 
pressure measurements and pulse wave velocity (PWV) [13]. PWV 
provides an index of aortic stiffness and underlying atherosclerosis [14]. 
Next to a decreased glomerular filtration rate (GFR), increased 
albumin-to-creatinine ratio (ACR), reflecting albuminuria, is a signifi-
cant predictor for increased PWV in patients with T2DM [15]. 

While advanced macro-calcifications can be easily observed with 
computed tomography (CT), sodium [18F]fluoride (Na [18F]F) molecu-
lar positron emission tomography (PET) imaging allows for detailed 
visualization and quantification of early active micro-calcifications in 
the arterial wall [16,17]. This may then allow for the selection of pa-
tients that could benefit from preventive therapy. Since it is unknown 
whether albuminuria is associated with increased subclinical athero-
sclerosis, the aim of this study is to investigate whether albuminuria 
coincides with harbingers of arterial disease. Non-invasive diagnostic 
modalities such as CT, Na [18F]F PET and PWV serve as markers of 
arterial disease by measuring macro-calcification, micro-calcification, 
and aortic stiffness, respectively. 

2. Patients and methods 

2.1. Study design 

This single center, cross-sectional, observational, case-control study 
was performed in compliance with the principles of the Declaration of 
Helsinki. All patients gave written informed consent. The study protocol 
was reviewed and approved by the Institutional Review Board of the 
University Medical Center Groningen (UMCG, Research Register num-
ber: 201800548, METc number 2018.456 [for patients with T2DM], 
Research Register number 202000855 [for G1-2A1 non-diabetic 
controls]). 

2.2. Study population 

Potential eligible participants with T2DM were selected from the 
department of Internal Medicine of the UMCG and the Martini Hospital 
Groningen, and from the department of Nuclear Medicine and Molecular 
Imaging of the UMCG. Participants from the UMCG were selected using 
the electronic patient health records by selecting applicable character-
istics. In addition, a database with patients with T2DM from the Martini 
Hospital Groningen was used for screening and selection of participants. 
Preserved kidney function, with eGFR >60 mL/min/1.73 m2 was 
expressed as G1-2 and severely decreased kidney function, with eGFR 
15–29 mL/min/1.73 m2 was expressed as G4, based on KDIGO 

international guidelines [18]. Also according to these guidelines, no 
albuminuria (KDIGO A1) was defined as ACR <3 mg/mmol, moderate 
albuminuria (A2) as ACR 3–30 mg/mmol and severely increased albu-
minuria (A3) as ACR >30 mg/mmol [18]. G1-2A1 non-diabetic controls 
and patients with T2DM aged between 18 and 80 years were included. 
Participants were age- and sex-matched for four study groups: 1) G1-2A1 
non-diabetic controls, 2) G1-2A1 patients with T2DM, 3) G1-2A3 pa-
tients with T2DM, and 4) G4A3 patients with T2DM (eGFR 15–30 
mL/min/1.73 m2). Patients on renal replacement therapy were excluded 
to eliminate the influence of dialysis. T2DM was defined according to 
the criteria formulated by the American Diabetes Association [19]; 
fasting plasma glucose ≥7.0 mmol/L (≥126 mg/dL) and/or a random 
plasma glucose ≥11.1 mmol/L (200 mg/dL) and/or a hemoglobin A1C 
(HbA1C) ≥6.5% (≥48 mmol/L). 

Exclusion criteria for all participants were T1DM (characterized by 
the World Health Organization as deficient insulin production and daily 
administration of insulin required), clinically significant liver disease 
such as (non-)alcoholic fatty liver disease or liver fibrosis, pregnancy or 
breastfeeding, active bone malignancy in the six months before inclu-
sion, disorders affecting the bone metabolism (e.g. Paget’s disease), 
uncontrolled hypertension (systolic blood pressure >200 mmHg), his-
tory of recent (in previous 12 months) CVD defined as stable coronary 
artery disease or acute coronary syndrome, stroke or transient ischemic 
attack, or peripheral artery disease. G1-2A1 non-diabetic controls were 
considered eligible when the above-mentioned exclusion criteria, 
T2DM, history of chemotherapy and metastasis were not present. 

2.2.1. Clinical and laboratory assessments 
The following clinical data were collected: age, sex, medical history, 

drug use, cardiovascular history, and smoking habits. As a marker of 
kidney function eGFR was calculated using the CKD-EPI formula and 
expressed in mL/min/1.73 m2 [20]. Morning blood samples were ob-
tained from all patients with T2DM after at least 6 h of overnight fasting 
and plasma glucose, insulin, HbA1C, lipid profile (total cholesterol, HDL, 
LDL, triglycerides, calcium, and phosphate were measured using routine 
automated assays. Insulin resistance (IR) was estimated with two 
methods; 1) with the HOMA-IR: fasting insulin * fasting glucose/22.5 
[21], and 2) with triglycerides/HDL cholesterol ratio [22]. 

2.3. Arterial stiffness 

Pulse pressure was calculated as the difference between systolic 
blood pressure and diastolic blood pressure values [14]. Aortic stiffness 
was non-invasively assessed in patients with T2DM as SphygmoCor 
PWV, but not in the G1-2A1 non-diabetic controls since they were 
included retrospectively. The SphygmoCor PWV method was described 
in more detail elsewhere [23,24]. In brief, pressure waves were 
measured between the left carotid artery (proximal) and left femoral 
artery (distal). The distance and transit time between these two points 
was determined in relation to the R wave of the electrocardiogram (in 
m/s). 

2.4. PET/CT imaging 

Total body Na [18F]F PET/CT scans were performed on a Biograph 
Vision scanner (Siemens Healthineers, Erlangen, Germany). Patients 
with T2DM were administered an intravenous injection of 2.0 MBq/kg 
Na [18F]F 90 min before imaging (defined dose for the current study) 
and G1-2A1 non-diabetic controls 3.0 MBq/kg Na [18F]F 60 min before 
imaging (clinical protocol). We accepted these differences between the 
clinical protocol and study protocol since a previously performed study 
showed that Na [18F]F activity in the arterial wall and blood pool was 
similar at 45 and 90 min acquisition and did not improve when the PET 
scans were performed 180 min after contrast injection [25]. A contin-
uous breathing low-dose CT (80–120 kV, 20–35 mAs, and adjacent 5 mm 
slices) was performed for visualization of anatomical structures and 
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calcification assessment, and used as an attenuation correction map. PET 
acquisitions were obtained with 2–3 min per bed position in 3D setting. 
Images were reconstructed according to the European Association of 
Nuclear Medicine guidelines [26], using EARL settings and a 
time-of-flight iterative reconstruction method (3 iterations, 21 subsets, 
and voxel size of 3.18 × 3.18 × 2 mm) with point spread function 
correction. Images were corrected for random coincidences, scatter, and 
attenuation and were smoothed with a Gaussian filter with 6.5 mm full 
width at half maximum. Images were reformatted into axial, coronal, 
and sagittal views, and reviewed using the software provided by the 
manufacturer (Syngo.Via, Siemens Healthineers, Erlangen, Germany). 

2.5. Image analyses 

The PET/CT scans were analyzed blinded to patient characteristics 
and clinical information by decoding the scans with an anonymous study 
number and scan date. 

2.6. Na [18F]F analysis 

Two scores were used in the Na [18F]F PET analysis: the grading 
score and the target-to-background ratio (TBR). First, the femoral artery 
and aortic grading scores were obtained following the vasculitis grading 
score [27]. In short, for the femoral arteries a standardized 0–3 grading 
system was used as follows: 0 = no activity (≤adjacent muscle tissue), 1 
= low-grade activity (<femur), 2 = intermediate-grade activity 
(=femur), 3 = high-grade activity (>femur), as shown in Fig. 1. This 
grade was multiplied by the length of the arterial positivity (in % of the 
total upper leg length). The scores of the left and right femoral arteries 
were summed up to a ‘femoral artery grading score’. Since Na [18F]F 
activity in the spine is substantially higher than aortic uptake, the spine 
is, in contrast to the femur, not valid to compare aortic activity with. 
Therefore the ‘aortic grading score’ was scored as the total length of the 
arterial positivity (% from aortic arch until the aortic bifurcation). 

Besides the femoral artery and aortic grading scoring, Na [18F]F 
activity in the abdominal aorta and iliac artery was assigned by drawing 
volumes of interest around the walls of the abdominal aorta (from most 
caudal renal artery branch until the aortic bifurcation) and both iliac 
trajectories (common iliac artery and external iliac artery until ileo- 
femoral ligament). Within these volumes, mean standardized uptake 
value (SUVmean) was calculated using Affinity 2.0 (Hermes Medical 
Solutions). SUVmean values were corrected for background by dividing 
the SUVmean by the averaged SUVmean value of two volumes of interest in 
the mid-lumen blood pool of the inferior caval vein and expressed as 
target-to-background ratio (TBR). For the iliac trajectories a meanTBR 
was calculated by averaging TBR of the left and right iliac trajectory. 
Femoral artery grading score and TBR measurements of the abdominal 
aorta and iliac trajectories were analyzed twice, by two trained ob-
servers (MR and JKES). No significant differences in PET imaging results 

were found between observers, expressed as intraclass correlation co-
efficient (ICC); the interobserver reproducibility of the femoral artery 
grading score was 0.38. ICC of Na [18F]F abdominal aorta TBR was 0.70 
and ICC of and Na [18F]F iliac trajectories meanTBR was 0.02. 

2.7. CT-analysis 

CT-assessed arterial macro-calcifications were analyzed using two 
methods: a semi-quantitative score and quantitative measurements. The 
semi-quantitative score was rated based on the most calcified slice in ten 
arteries in four individual segments: carotid arteries (2x) (segment 1), 
ascending aorta and aortic arch (segment 2), descending and abdominal 
aorta (segment 3), and iliac (2x) and femoral arteries (2x) (segment 4), 
using the Rominger method [28]. With this method, a calcified plaque 
(CP) score between 0 and 4 was assigned for the burden of arterial wall 
calcification (0: no plaque, 1: CP <10%, 2: CP 10–25%, 3: CP 25–50%, 4: 
CP >50%). To calculate a total CP score for the arterial tree, the scores of 
all 10 arteries were summed up and expressed as totalCpscore with a 
maximum of 40. 

The amount of CT-assessed macro-calcifications was quantified as 
mass (in mg), volume (in mm3) and Agatston score using Aquarius 
iNtuition viewer Version 4.4.13.P6 (TeraRecon, Durham, NC, USA). The 
thresholds for arterial macro-calcifications were set at 147, 130, and 120 
Hounsfield units (HU) for tube voltages of 100, 120 and 140 kVp, 
respectively, according to literature and the mass calibration was set at 
0.84 [29,30]. Macro-calcification plaques were selected in the earlier 
mentioned ten arteries and quantified. CT-assessed macro-calcification 
data were expressed as ‘CT mass/volume/Agatston score in the femoral 
arteries’ and ‘CT mass/volume/Agatston score in 10 arteries of the total 
aortic tree’ (including the earlier mentioned ten arteries of four 
segments). 

2.8. Statistical analyses 

Discrete variables are presented as numbers with a percentage of 
total. Quantitative variables with a non-skewed distribution are pre-
sented as mean ± standard deviation (SD) and skewed distributed as 
median with interquartile range [IQR]. One-way ANOVA with post-hoc 
t-tests or Kruskal-Wallis with post-hoc Mann-Whitney U tests were 
performed to test differences between groups. Interobserver PET mea-
surements were assessed with One Way Random absolute agreement 
single measures ICC Reliability Analysis. Post-hoc Cohen’s effect size 
was calculated between groups based on mean and SD. All statistical 
analyses were performed with IBM Statistical Package for Social Sci-
ences (SPSS) version 23. p < 0.05 was considered as significant. 

Fig. 1. Femoral artery grading score (0–3) of sodium [18F]fluoride (Na [18F]F) activity in categories. 
For the grading scoring a standardized 0-to-3 grading system was used as following: 0 = no activity (≤adjacent muscle tissue), 1 = low-grade activity (<femur), 2 =
intermediate-grade activity (=femur), 3 = high-grade activity (>femur) [27]. 
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3. Results 

3.1. Patient characteristics 

In total, 40 participants were included in this study, consisting of 30 
patients with T2DM and 10 G1-2A1 non-diabetic controls. Triglycerides 
and triglyceride/HDL ratio were significantly higher in G4A3 with 
T2DM compared with G1-2A1 with T2DM (2.87 [1.78–5.25] mmol/L vs. 
1.49 [1.35–1.69] mmol/L (p = 0.025) and 2.9 [1.6–7.7] vs. 1.4 [1.0–1.7] 
(p = 0.028), respectively). G1-2A1 with T2DM showed a significantly 
lower HbA11C compared with G1-2A3 with T2DM (52 [44–56] vs. 73 
[54–82] mmol/mol (p = 0.019), but no other differences in patient 
characteristics were found between groups, as demonstrated in Table 1. 

3.2. Albuminuria and arterial disease 

3.2.1. Aortic stiffness 
PWV was 1.3 times higher in G1-2A3 with T2DM and 1.4 times 

higher in G4A3 with T2DM compared with G1-2A1 with T2DM 
(respectively 11.15 [9.45–14.34] (p = 0.036) and 12.35 [11.19–14.53] 
(p = 0.001) vs. 8.86 [7.79–9.70] m/s, as shown in Table 2 and Fig. 2A). A 
trend (p = 0.084 in Kruskal-Wallis test) of higher pulse pressures was 
found in both A3 groups with T2DM compared with G1-2A1 with T2DM 
(67 [57–71] and 72 [58–86] vs. 57 [51–65] mmHg, as shown in Table 2). 

3.2.2. Arterial Na [18F]F-assessed micro-calcification 
The femoral artery grading score was significantly increased in both 

A3 groups with T2DM (228 [100–446] G1-2A3 with T2DM, and 198 
[113–578] in G4A3 with T2DM vs. 75 [0–200] in G1-2A1 non-diabetic 
controls, and 33 [0–93] in G1-2A1 with T2DM (p = 0.001)), as shown in 
Fig. 2B and visualized in Fig. 3. Additionally, the between-group tests of 
the femoral artery grading score showed a significant difference be-
tween G1-2A1 with T2DM and G1-2A3 with T2DM (p = 0.002), with a 
6.9 times higher score for G1-2A3 with T2DM. The femoral artery 
grading score showed a trend towards significance in favor of A3 with 
T2DM compared with G1-2A1 non-diabetic controls (p = 0.052). No 
difference was found between G1-2A1 with T2DM and G1-2A1 non- 
diabetic controls (p = 0.218). 

Aortic grading score was significantly higher in G4A3 patients with 
T2DM compared with those with G1-2A1 with T2DM and G1-2A3 with 
T2DM (47.5 [33.8–73.8] vs. 17.5 [8.8–27.5] (p = 0.006) and 25 [10–36] 
(p = 0.034), respectively). Na [18F]F TBR of the abdominal aorta and 
meanTBR of iliac trajectory did not differ between groups. 

3.3. Arterial CT-assessed macro-calcification 

CT-assessed macro-calcification mass, volume, and Agatston scores 
in the femoral arteries were increased in G4A3 patients with T2DM 
compared with G1-2A1 patients with T2DM, as shown in Table 2. In 
contrast, semi-quantitative CT-assessed macro-calcifications in femoral 
arteries and total aortic tree did not differ between the four groups. 

4. Discussion 

In the last decade Na [18F]F was demonstrated to be of additional 
value in the clinical assessment of atherosclerotic microcalcification. 
Here we investigated whether albuminuria coincides with harbingers of 
arterial disease using PWV and micro- and macrocalcification Na [18F]F 
PET/CT imaging. This study demonstrates that microcalcification 
markers were significantly increased in patients with T2DM with pre-
served kidney function having severe albuminuria (G1-2A3) when 
compared to patients with T2DM with preserved kidney function 
without albuminuria (G1-2A1). In patients with T2DM patients with 
severely decreased GFR (G4A3), Na [18F]F activity in the aorta and 
macro-calcification in the femoral arteries is increased. These data 
support our hypothesis that albuminuria is a predictor of the presence of 
subclinical arterial disease. 

Albuminuria is a well-known risk factor in relation to early onset 
CVD, although the pathophysiological mechanisms are not fully un-
derstood [31]. We do not observe increased aortic Na [18F]F activity in 
G1-2A3 patients with T2DM which might be explained by the difference 
in composition of the arterial wall, when comparing the aorta with the 
femoral arteries. The aorta is an elastic artery, containing a relatively 
high amount of elastin and less smooth muscle cells, in comparison with 
the femoral arteries, which contain mainly smooth muscle cells [32]. We 
therefore suggest that albuminuria is a proxy for early muscular (i.e., 

Table 1 
Clinical characteristics of the study populations.  

Total N = 40, 
Per group N = 10 

G1-2A1 non-diabetic controls G1-2A1 with T2DM G1-2A3 with T2DM G4A3 with T2DM p-value 

Age (years) 71 [64–73] 69 [64–74] 61 [52–67] 72 [67–76]  
Men (%) 7 (70) 7 (70) 5 (50) 6 (60)  
Diabetes duration (years)  5.0 [4.8–11] 19 [12–24] 23 [13–30] p = 0.009a,b 

Insulin use (%)  0 100 100 p < 0.001a,b 

Statin use (%)  7 (70) 6 (60) 6 (60) p = 0.870 
Anti-hypertensive drug use (%)  7 (70) 10 (100) 9 (90) p = 0.114 
Estimated Glomerular Filtration Rate (mL/min/1.73m2) 91 [81–104]* 87 [84–93] 85 [60–103] 19 [13–27]  
Albumin-Creatinine Ratio (mg/mmol)  0.35 [0.25–0.75] 74 [62–122] 131 [59–304]  
Body Mass Index (kg/m3)  31.3 ± 3.7 31.0 ± 5.3 35.4 ± 4.5 p = 0.089 
Smoking (%)  2(20) 2(20) 1(10) p = 0.212 
Calcium (mmol/L)  2.38 ± 0.05 2.37 ± 0.11 2.31 ± 0.10 p = 0.279 
Phosphate (mmol/L)  0.95 ± 0.21 0.92 ± 0.16 1.25 ± 0.41 p = 0.100 
Cholesterol (mmol/L)  4.15 [3.68–5.10] 5.10 [3.38–5.85] 4.40 [3.55–5.53] p = 0.814 
HDL cholesterol (mmol/L)  1.10 [0.98–1.33] 0.95 [0.80–1.23] 0.90 [0.68–1.13] p = 0.135 
LDL cholesterol (mmol/L)  2.99 ± 1.02 2.71 ± 1.15 2.35 ± 0.84 p = 0.497 
Triglycerides (mmol/L)  1.49 [1.35–1.69] 1.94 [1.03–4.38] 2.87 [1.78–5.25] p = 0.029a 

HbA1C (mmol/mol)  52 [44–56] 73 [54–82] 65 [48–75] p = 0.032b 

HOMA-insulin resistance  5.13 [3.68–12.80] 12.45 [7.78–23.08]◦ 13.69 [7.89–29.10] p = 0.058 
Triglycerides/HDL ratio  1.4 [1.0–1.7] 2.3 [0.9–5.1] 2.9 [1.6–7.7] p = 0.032a 

Clinical characteristics of four sub groups: G1-2A1 non-diabetic controls (controls without diabetes or albuminuria), G1-2A1 patients with type 2 diabetes mellitus 
(T2DM), G1-2A3 patients with T2DM and severely increased albuminuria, and G4A3 patients with T2DM, severely increased albuminuria and severely decreased 
kidney function. Values are N (percentage of the group), mean ± standard deviation or median [and interquartile range]. *N = 8, ◦N = 9. HDL = High-Density Li-
poprotein, LDL = Low-Density Lipoprotein. Additional Mann-Whitney U tests with p < 0.05. 

a = G4A3 with T2DM vs. G1-2A1 with T2DM. 
b = G1-2A3 with T2DM vs. G1-2A1 with T2DM. 
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tunica media) micro-calcification in the tunica media of the arterial 
wall. Except for a single report from 2015 [33], increased activity of Na 
[18F]F in the femoral arteries in patients with severely decreased kidney 
function or T2DM was not demonstrated before. Our results have clinical 
implications since media sclerosis is irreversible in an advanced stage, 
which underlines the importance of targeting albuminuria to prevent the 
progression from micro-calcification to macro-calcification with its 
corresponding increased morbidity and mortality. 

Although clinical studies with Na [18F]F in patients with T2DM are 
limited, our results are in line with other studies. Na [18F]F activity in 
femoral arteries was found to be associated with several modifiable 
cardiovascular risk factors such as total cholesterol, triglycerides, HbA1C 
in patients with T2DM and calcified plaque burden, and peripheral 
arterial disease in patients at high risk for CVD [34–36]. Furthermore, it 
has been reported that Na [18F]F activity in femoral arteries was asso-
ciated with lower limb restenosis after percutaneous transluminal an-
gioplasty [36]. Recently it was demonstrated that coronary artery Na 
[18F]F uptake predicts the progression of calcifications in patients with 
diabetes [37]. 

Albuminuria was defined both as an indicator and a contributor to 
impaired endothelial function, and albuminuria reduction was 

associated with fewer cardiovascular and kidney disease outcomes, in-
dependent of other treatment effects [31,38]. Furthermore, in the last 
decade it was demonstrated that low-sodium diet, renin angiotensin 
aldosterone system (RAAS) inhibitors and sodium-glucose cotransporter 
2 (SGLT2) inhibitors decrease albuminuria and progression of CKD and 
possibly confer independent prevention of CVD [31,39,40]. Our results 
are in line with these intervention studies stressing the importance of 
targeting albuminuria in high-risk patients with T2DM and demon-
strating the tight relation between albuminuria and the vascular pa-
thology early in the process. 

The PWV-assessed aortic stiffness is increased in the A3 groups, but 
not in the G1-2A1 patients with T2DM. This suggests that albuminuria 
also affects the aortic wall. It has also been shown that PWV is associated 
with peripheral arterial stenosis severity, indicating that it is a marker of 
systemic arterial disease [41]. While PWV provides information about 
systemic arterial disease, local atherosclerosis (e.g. IMT) can be 
measured with B-mode ultrasound [13]. IMT, PWV and pulse pressure 
measurements, however, do not provide information about the athero-
genic molecular processes in the arterial wall. This suggests that aortic 
stiffness is increased in an early phase of the development of arterial 
calcification, when micro-calcification deposits are present, stiffening 

Table 2 
Markers of arterial disease in the study populations.  

Total N = 40, 
Per group N = 10 

G1-2A1 non-diabetic controls G1-2A1 with T2DM G1-2A3 with T2DM G4A3 with T2DM p-value 

Pulse pressure (mmHg)  57 [51–65] 67 [57–71] 72 [58–86] p = 0.084 
PWV (m/s)  8.65 [7.79–9.70] 11.15 [9.45–14.34] 12.35 [11.19–14.53] p = 0.001a,b 

Femoral artery grading score (Na [18F]F) 75.0 [0.0–200.0] 32.5 [0.0–92.5] 227.5 [100.0–446.3] 197.5 [112.5–577.5] p = 0.001a,b 

Aortic grading score (Na [18F]F) 27.5 [10.0–50.0] 17.5 [8.8–27.5] 25.0 [10.0–36.3] 47.5 [33.8–73.8] p = 0.006a,c 

Na [18F]F TBR abdominal aorta 1.27 [1.06–1.82] 1.83 [1.47–1.96] 1.52 [1.31–1.70] 1.70 [1.47–2.03] p = 0.114 
Na [18F]F meanTBR iliac trajectories 1.16 [0.90–1.52] 1.49 [1.35–1.59] 1.30 [1.08–1.57] 1.49 [1.25–1.70] p = 0.226 
Semi-quantitative score totalCP 15.0 [7.0–22.8] 20.0 [7.5–24.5] 16.5 [11.8–22.0] 22.5 [14.5–27.8] p = 0.355 
Semi-quantitative score CP iliac and femoral arteries 7.5 [2.8–13.0] 9.0 [3.0–12.0] 9.0 [6.5–11.0] 10.5 [7.8–13.0] p = 0.452 
CT mass total aortic tree (mg) 2036 [319–4477] 711 [88–2188] 756 [96–2586] 2588 [742–3586] p = 0.317 
CT volume total aortic tree (mm3) 7146 [1008–16228] 3260 [500–8799] 2977 [499–11441] 10847 [3600–14811] p = 0.280 
CT Agatston score total aortic tree 8895 [1199–18953] 3625 [486–10573] 3447 [339–13328] 13093 [2965–16653] p = 0.289 
CT mass femoral arteries (mg) 37.0 [0.0–609.3] 12.2 [1.41–44.3] 23.6 [0.0–559.5] 291 [170–511] p = 0.024a 

CT volume femoral arteries (mm3) 97.9 [0.0–2452.0] 62.6 [10.8–675.8] 125.8 [0.0–2329.8] 1463 [1151–2776] p = 0.026a 

CT Agatston score femoral arteries 97.3 [0.0–2590.0] 46.5 [1.4–671.0] 105.6 [0.0–2774.0] 1304 [639–2456] p = 0.036 

Measurements of arterial disease in four sub groups: G1-2A1 non-diabetic controls (controls without diabetes or albuminuria), G1-2A1 patients with type 2 diabetes 
mellitus (T2DM), G1-2A3 patients with T2DM and severely increased albuminuria, and G4A3 patients with T2DM, severely increased albuminuria and severely 
decreased kidney function. PWV = pulse wave velocity, Na [18F]F = sodium [18F]fluoride, TBR = target to background ratio, CP = calcified plaque, CT = computed 
tomography. 
Additional Mann-Whitney U tests with p < 0.05. 

a
= G4A3 with T2DM vs. G1-2A1 with T2DM. 

b = G1-2A3 with T2DM vs. G1-2A1 with T2DM. 
c = G4A3 with T2DM vs. G1-2A3 with T2DM. 

Fig. 2. Patients with type 2 diabetes mellitus with 
severely increased albuminuria show increased pulse 
wave velocity and increased sodium [18F]fluoride (Na 
[18F]F) activity in femoral arteries. 
Carotid-femoral pulse wave velocity-assessed aortic 
stiffness was higher in patients with type 2 diabetes 
mellitus (T2DM) with severely increased albuminuria 
(albumin-creatinin ratio (ACR) > 30 mg/mmol, 
defined as KDIGO A3), and in A3 patients with T2DM 
severely decreased kidney function (estimated 
glomerular filtration rate (eGFR) mL/min/1.73 m2 

between 15 and 30, defined as KDIGO G4) compared 
with G1-2A1 patients with T2DM (A). Femoral artery 
grading was higher in G1-2A3 with T2DM and in 
G4A3 with T2DM compared with G1-2A1 patients 
with T2DM (B). G1-2A3 patients with T2DM showed 
an almost significant trend of increased computed 
tomography (CT)-assessed Agatston score in the 

femoral arteries compared with G1-2A1 patients with T2DM (C). Kruskal-Wallis tests were used to compare the multiple groups. If the Kruskal-Wallis test showed a 
significant difference, additional Mann-Whitney U tests were performed to test differences between groups. In (B), only p values below 0.05 were shown.   
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the arteries which then results in hypertension. 
In the current study we showed that G4A3 patients with T2DM 

showed increased CT-assessed femoral macro-calcifications. This is not 
found in G1-2A3 patients with T2DM. It is well-known that a decreased 
kidney function increases the risk for developing CVD [6]. However, the 
fact that the presence of albuminuria in patients with T2DM is associated 
with subclinical arterial disease (i.e., micro-calcification and aortic 
stiffness), but not advanced arterial disease (i.e. macro-calcifications), 
has not been shown before. The current study therefore supports the 
hypothesis that the presence of albuminuria is a proxy for subclinical, 
potentially reversible, atherosclerosis in patients with T2DM. 

This study has a few limitations that need to be addressed. Firstly, 
SUVmean measurements in femoral arteries were not possible because the 
LDCT anatomy had insufficient quality to detect the femoral arteries on 
PET/CT overlay images. Therefore, we used the grading scoring method 
to get a reliable value of Na [18F]F activity in femoral arteries. Secondly, 
no correction for statin use, or other drugs could be added because of the 
small sample size, even though statins may affect the correlations be-
tween cholesterol and arterial measurements. Finally, since this study 
was designed as a descriptive pilot study, no sample size calculations 
were performed in advance. A post-hoc Cohen’s effect size was calcu-
lated 1.5 between G1-2A1 patients compared with G1-2A3 patients and 
was 1.6 between G1-2A1 patients and G4A3 patients. 

In conclusion, this study demonstrates that subclinical arterial dis-
ease, in terms of micro-calcification and aortic stiffness, is increased in 
G1-2A3 patients with T2DM. In those with additional, severely 
decreased, kidney function, also macro-calcifications are found. Since 
the development of CVD can potentially be inhibited early in the tra-
jectory of the disease, albuminuria might be an important target. Med-
ical drug interventions such as SGLT2 inhibitors, should be considered to 
be implemented in the treatment of patients with T2DM with albu-
minuria. Since arterial damage develops in an early phase of the disease, 
these interventions should be implemented before severe decreased 
kidney function occurs. 

Financial support 

This study was supported by Siemens Healthcare Nederland B.V. 
(Den Haag, the Netherlands). Siemens was not involved in the design of 
the study, collection of data, analysis and interpretation of data, man-
agement, writing of the report or the decision to submit the paper for 
publication. M.R. was supported by the MD/PhD program of the Grad-
uate School of Medical Sciences (GSMS) - UMCG. 

Author contributions 

M.R. collected, analysed, interpreted data, and wrote the manu-
script, J.K.E.S. collected, analysed, interpreted data, conceived and 
designed the study and reviewed the manuscript critically for intellec-
tual content, C.A.V.K., M.H.B., P.R.D., and K.H. defined the study 
participant groups, included participants and reviewed the manuscript 
critically for intellectual content, G.D.P., M.J.W.G., and G.L. designed 
the technical methods and analysed, interpreted data, conceived and 
designed the study and reviewed the manuscript critically for intellec-
tual content. H.H.B., R.A.P., and J.L.H. conceived and designed the 
study and reviewed the manuscript critically for intellectual content, D. 
J.M. collected, analysed, interpreted data, conceived and designed the 
study and reviewed the manuscript critically for intellectual content. M. 
R. and R.H.J.A.S. are the guarantors of this work and, as such, had full 
access to all the data in the study and take responsibility for the 2 
integrity of the data and the accuracy of the data analysis. All authors 
approved the final version. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We wish to thank the study participants. 

References 

[1] J.R. Ryder, E. Northrop, K.D. Rudser, A.S. Kelly, Z. Gao, P.R. Khoury, et al., 
Accelerated early vascular aging among adolescents with obesity and/or type 2 
diabetes mellitus, J. Am. Heart Assoc. 9 (2020), e014891. 

[2] J. Goodfellow, M.W. Ramsey, L.A. Luddington, C.J. Jones, P.A. Coates, F. Dunstan, 
et al., Endothelium and inelastic arteries: an early marker of vascular dysfunction 
in non-insulin dependent diabetes, BMJ 312 (1996) 744–745. 

[3] N.J. Paloian, C.M. Giachelli, A current understanding of vascular calcification in 
CKD, Am. J. Physiol. Ren. Physiol. 307 (2014) 891. 

[4] M. Briet, P. Boutouyrie, S. Laurent, G.M. London, Arterial stiffness and pulse 
pressure in CKD and ESRD, Kidney Int. 82 (2012) 388–400. 

[5] W.B. Kannel, D.L. McGee, Diabetes and cardiovascular risk factors: the 
Framingham study, Circulation 59 (1979) 8–13. 

[6] A.J. Cox, F.C. Hsu, J.J. Carr, B.I. Freedman, D.W. Bowden, Glomerular filtration 
rate and albuminuria predict mortality independently from coronary artery 
calcified plaque in the Diabetes Heart Study, Cardiovasc. Diabetol. 12 (2013) 68. 

Fig. 3. Patients with type 2 diabetes mellitus with severely increased albuminuria show increased sodium [18F] fluoride (Na [18F]F) activity in femoral arteries. 
Femoral artery grading scoring of Na [18F]F activity of the four different groups. First row: ten G1-2A1 non-diabetic controls, second row: ten G1-2A1 patients with 
type 2 diabetes mellitus (T2DM), third row: ten G1-2A3 patients with T2DM, fourth row: ten G4A3 patients with T2DM. 

M. Reijrink et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0021-9150(23)05106-7/sref1
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref1
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref1
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref2
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref2
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref2
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref3
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref3
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref4
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref4
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref5
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref5
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref6
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref6
http://refhub.elsevier.com/S0021-9150(23)05106-7/sref6


Atherosclerosis xxx (xxxx) xxx

7

[7] B.I. Freedman, C.D. Langefeld, K.K. Lohman, D.W. Bowden, J.J. Carr, S.S. Rich, et 
al., Relationship between albuminuria and cardiovascular disease in Type 2 
diabetes, J. Am. Soc. Nephrol. 16 (2005) 2156–2161. 

[8] A.P. DeFilippis, H.J. Kramer, R. Katz, N.D. Wong, A.G. Bertoni, J. Carr, et al., 
Association between coronary artery calcification progression and 
microalbuminuria: the MESA study, JACC Cardiovasc Imaging 3 (2010) 595–604. 

[9] H.C. Gerstein, J.F. Mann, Q. Yi, B. Zinman, S.F. Dinneen, B. Hoogwerf, et al., 
Albuminuria and risk of cardiovascular events, death, and heart failure in diabetic 
and nondiabetic individuals, JAMA 286 (2001) 421–426. 

[10] H.H. Parving, F. Persson, P. Rossing, Microalbuminuria: a parameter that has 
changed diabetes care, Diabetes Res. Clin. Pract. 107 (2015) 1–8. 

[11] H.J. Lambers Heerspink, R.T. Gansevoort, Albuminuria is an appropriate 
therapeutic target in patients with CKD: the pro view, Clin. J. Am. Soc. Nephrol. 10 
(2015) 1079–1088. 

[12] H.L. Hillege, V. Fidler, G.F. Diercks, W.H. van Gilst, D. de Zeeuw, D.J. van 
Veldhuisen, et al., Urinary albumin excretion predicts cardiovascular and 
noncardiovascular mortality in general population, Circulation 106 (2002) 
1777–1782. 

[13] T. Nezu, N. Hosomi, S. Aoki, M. Matsumoto, Carotid intima-media thickness for 
atherosclerosis, J. Atherosclerosis Thromb. 23 (2016) 18–31. 

[14] B. Williams, G. Mancia, W. Spiering, E.A. Rosei, M. Azizi, M. Burnier, et al., ESC/ 
ESH guidelines for the management of arterial hypertension. The task force for the 
management of arterial hypertension of the European society of cardiology (ESC) 
and the European society of hypertension (ESH), G. Ital. Cardiol. 19 (2018) 
3S–73S, 2018. 

[15] A. Smith, J. Karalliedde, L. De Angelis, D. Goldsmith, G. Viberti, Aortic pulse wave 
velocity and albuminuria in patients with type 2 diabetes, J. Am. Soc. Nephrol. 16 
(2005) 1069–1075. 

[16] A. Irkle, A.T. Vesey, D.Y. Lewis, J.N. Skepper, J.L. Bird, M.R. Dweck, et al., 
Identifying active vascular microcalcification by (18)F-sodium fluoride positron 
emission tomography, Nat. Commun. 6 (2015) 7495. 

[17] R. Piri, O. Gerke, P.F. Høilund-Carlsen, Molecular imaging of carotid artery 
atherosclerosis with PET: a systematic review, Eur. J. Nucl. Med. Mol. Imag. 47 
(2020) 2016–2025. 

[18] A.S. Levey, K.U. Eckardt, N.M. Dorman, S.L. Christiansen, E.J. Hoorn, J. 
R. Ingelfinger, et al., Nomenclature for kidney function and disease: report of a 
kidney disease: improving global outcomes (KDIGO) consensus conference, Kidney 
Int. 97 (2020) 1117–1129. 

[19] American Diabetes Association, Standards of medical care in diabetes-2016 
abridged for primary care providers, Clin. Diabetes 34 (2016) 3–21. 

[20] A.S. Levey, L.A. Stevens, C.H. Schmid, Y.L. Zhang, A.F. Castro 3rd, H.I. Feldman, et 
al., A new equation to estimate glomerular filtration rate, Ann. Intern. Med. 150 
(2009) 604–612. 

[21] D.R. Matthews, J.P. Hosker, A.S. Rudenski, B.A. Naylor, D.F. Treacher, R.C. Turner, 
Homeostasis model assessment: insulin resistance and beta-cell function from 
fasting plasma glucose and insulin concentrations in man, Diabetologia 28 (1985) 
412–419. 

[22] R. Quispe, S.S. Martin, S.R. Jones, Triglycerides to high-density lipoprotein- 
cholesterol ratio, glycemic control and cardiovascular risk in obese patients with 
type 2 diabetes, Curr. Opin. Endocrinol. Diabetes Obes. 23 (2016) 150–156. 

[23] S.A. de Boer, M.C. Hovinga-de Boer, H.J. Heerspink, J.D. Lefrandt, A.M. van Roon, 
H.L. Lutgers, et al., Arterial stiffness is positively associated with 18F-fluorodeox-
yglucose positron emission tomography-assessed subclinical vascular inflammation 
in people with early type 2 diabetes, Diabetes Care 39 (2016) 1440–1447. 

[24] K. Cruickshank, L. Riste, S.G. Anderson, J.S. Wright, G. Dunn, R.G. Gosling, Aortic 
pulse-wave velocity and its relationship to mortality in diabetes and glucose 
intolerance: an integrated index of vascular function? Circulation 106 (2002) 
2085–2090. 

[25] B.A. Blomberg, A. Thomassen, R.A. Takx, M.H. Vilstrup, S. Hess, A.L. Nielsen, et 
al., Delayed sodium 18F-fluoride PET/CT imaging does not improve quantification 
of vascular calcification metabolism: results from the CAMONA study, J. Nucl. 
Cardiol. 21 (2014) 293–304. 

[26] R. Boellaard, R. Delgado-Bolton, W.J. Oyen, F. Giammarile, K. Tatsch, W. Eschner, 
et al., FDG PET/CT: EANM procedure guidelines for tumour imaging: version 2.0, 
Eur. J. Nucl. Med. Mol. Imag. 42 (2015) 328–354. 

[27] R.H.J.A. Slart, Writing group, Reviewer group, Members of EANM Cardiovascular, 
Members of EANM Infection & Inflammation, Members of Committees, SNMMI 
Cardiovascular, FDG-PET/CT(A) imaging in large vessel vasculitis and polymyalgia 
rheumatica: joint procedural recommendation of the EANM, SNMMI, and the PET 
Interest Group (PIG), and endorsed by the ASNC, Eur. J. Nucl. Med. Mol. Imag. 45 
(2018) 1250–1269. 

[28] A. Rominger, T. Saam, S. Wolpers, C.C. Cyran, M. Schmidt, S. Foerster, et al., 18F- 
FDG PET/CT identifies patients at risk for future vascular events in an otherwise 
asymptomatic cohort with neoplastic disease, J. Nucl. Med. 50 (2009) 1611–1620. 

[29] M. Marwan, C. Mettin, T. Pflederer, M. Seltmann, A. Schuhbäck, G. Muschiol, et al., 
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