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A B S T R A C T   

Introduction: Fracture risk is elevated in type 2 diabetes (T2D) despite normal or even high bone mineral density 
(BMD). Microvascular disease (MVD) is a diabetic complication, but also associated with other diseases, for 
example chronic kidney disease. We hypothesize that increased fracture risk in T2D could be due to increased 
cortical porosity (Ct.Po) driven by expansion of the vascular network in MVD. The purpose of this study was to 
investigate associations of T2D and MVD with cortical microstructure and intracortical vessel parameters. 
Methods: The study group consisted of 75 participants (38 with T2D and 37 without T2D). High-resolution pe
ripheral quantitative CT (HR-pQCT) and dynamic contrast-enhanced MRI (DCE-MRI) of the ultra-distal tibia 
were performed to assess cortical bone and intracortical vessels (outcomes). MVD was defined as ≥1 manifes
tation including neuropathy, nephropathy, or retinopathy based on clinical exams in all participants. Adjusted 
means of outcomes were compared between groups with/without T2D or between participants with/without 
MVD in both groups using linear regression models adjusting for age, sex, BMI, and T2D as applicable. 
Results: MVD was found in 21 (55 %) participants with T2D and in 9 (24 %) participants without T2D. In T2D, 
cortical pore diameter (Ct.Po.Dm) and diameter distribution (Ct.Po.Dm.SD) were significantly higher by 14.6 μm 
(3.6 %, 95 % confidence interval [CI]: 2.70, 26.5 μm, p = 0.017) and by 8.73 μm (4.8 %, CI: 0.79, 16.7 μm, p =
0.032), respectively. In MVD, but not in T2D, cortical porosity was significantly higher by 2.25 % (relative in
crease = 12.9 %, CI: 0.53, 3.97 %, p = 0.011) and cortical BMD (Ct.BMD) was significantly lower by − 43.6 mg/ 
cm3 (2.6 %, CI: − 77.4, − 9.81 mg/cm3, p = 0.012). In T2D, vessel volume and vessel diameter were significantly 
higher by 0.02 mm3 (13.3 %, CI: 0.004, 0.04 mm3, p = 0.017) and 15.4 μm (2.9 %, CI: 0.42, 30.4 μm, p = 0.044), 
respectively. In MVD, vessel density was significantly higher by 0.11 mm− 3 (17.8 %, CI: 0.01, 0.21 mm− 3, p =
0.033) and vessel volume and diameter were significantly lower by − 0.02 mm3 (13.7 %, CI: − 0.04, − 0.004 mm3, 
p = 0.015) and − 14.6 μm (2.8 %, CI: − 29.1, − 0.11 μm, p = 0.048), respectively. 
Conclusions: The presence of MVD, rather than T2D, was associated with increased cortical porosity. Increased 
porosity in MVD was coupled with a larger number of smaller vessels, which could indicate upregulation of 
neovascularization triggered by ischemia. It is unclear why higher variability and average diameters of pores in 
T2D were accompanied by larger vessels.   
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1. Introduction 

Type 2 diabetes (T2D) is a global health burden with approximately 
462 million persons affected worldwide in 2017 and high prevalence, 
particularly in developed countries (Khan et al., 2020). T2D is charac
terized by hyperglycemia that can lead to micro- and macrovascular 
complications; of those, retinopathy, nephropathy, neuropathy can be 
summarized as microvascular disease (MVD) (Khosla et al., 2021). MVD 
is also associated with other diseases that affect bone, such as chronic 
kidney disease (CKD) and alcoholism for example. Skeletal fragility has 
been recently acknowledged as a diabetic complication in addition to 
these vascular complications. While BMD is preserved or even increased 
in T2D (Bonds et al., 2006; Ma et al., 2012), evidence indicates that bone 
structure and material properties may be altered and thus could lead to 
increased fracture risk (Napoli et al., 2017). A proposed structural 
alteration associated with T2D is increased cortical porosity (Ct.Po), 
which is strongly associated with decreased bone strength (McCalden 
et al., 1993) and independently predicts fracture risk, as shown in 
postmenopausal women without diabetes (Bala et al., 2014). The largest 
cohort study to date reported higher Ct.Po. with T2D but only at the 
tibia, not the radius (Samelson et al., 2018). Other smaller studies have 
found increased porosity in T2D at the radius (Burghardt et al., 2010a) 
or the tibia (Farr et al., 2014; Shanbhogue et al., 2016) or at neither 
location (Patsch et al., 2013). Some results suggest that increased 
cortical porosity is primarily found in T2D with MVD, which could 
explain the inconsistent results (Shanbhogue et al., 2016; Samakkarn
thai et al., 2020). Recently, Samakkarnthai et at. found higher Ct.Po in 
the tibia in T2D patients with clinically significant peripheral vascular 
disease (assessed using transcutaneous oxygen tension) compared to 
controls (Samakkarnthai et al., 2020). 

Apparent density of cortical bone contributes approximately 4 times 
exponentially more to bone stiffness compared to apparent density of 
trabecular bone (Schaffler and Burr, 1988), which motivates our 
particular interest in Ct.Po. Understanding the biological drivers of 
pathological pore development is key to prevention and treatment 
strategies. Furthermore, fracture risk assessment can be improved by a 
deeper understanding of the pathomechanisms behind skeletal fragility 
in T2D. Increased Ct.Po is introduced by a remodeling imbalance upon 
intracortical canals and the endocortical surface lining as typically seen 
in Menopause (Ramchand and Seeman, 2018). Previous imaging studies 
have advanced the knowledge, but – so far – no study has been able to 
elucidate the biological mechanisms driving Ct.Po. The vascular system, 
as one of the primary contents of pore space (Garita et al., 2021), could 
be involved in a pathological process that leads to pore expansion. This 
process would require resorption of cortical bone for vascular canals. 

Combining dynamic contrast-enhanced MRI (DCE-MRI) data with 
HR-pQCT data, we have previously developed a multimodal imaging 
technique to visualize vessel-filled pores within cortical bone in the tibia 
(Wu et al., 2019). We applied this multimodal imaging technique to the 
distal tibia of participants with and without T2D, who were examined 
for presence of MVD. We hypothesize that ambiguous results for Ct.Po in 
T2D patients are due to heterogeneous prevalence of MVD in this pop
ulation. The purpose of this study was to investigate the relationship of 
T2D and MVD with cortical microstructure and intracortical vessel 
characteristics, both assessed in the same anatomic location. Insofar, we 
aimed to test the assumptions that  

1) T2D is associated with cortical bone/vessel parameters or  
2) MVD is associated with cortical bone/vessel parameters independent 

of T2D status. 

2. Materials and methods 

2.1. Study participants 

All study participants were enrolled as part of an ongoing 

longitudinal study starting in 2017 that investigates the progression and 
etiology of Ct.Po in diabetic bone disease. This study represents a cross- 
section at baseline of this cohort that is followed for 5 years. This HIPAA 
compliant study was approved by the UC San Francisco (UCSF) insti
tutional review board (study number: 16-20196). All participants gave 
written informed consent. The study’s sample size was calculated based 
on preliminary data for longitudinal change in Ct.Po in T2D and age- and 
sex-matched healthy controls (n = 20 subjects per group required to 
detect a significantly greater increase in Ct.Po in T2D vs. control with a 
power of 93 % and α = 0.05). Participants were recruited from the 
community, primarily through flyers posted in primary care clinics, or 
from the UCSF diabetes clinic (only participants with T2D). Participants 
with T2D were exposure-matched by frequency of age and sex to par
ticipants without diabetes. Enrollment was concluded with n = 38 in the 
T2D group and n = 38 matched participants without diabetes to account 
for possible drop-out and to allow detection of changes in sub-groups. 
After participants passed initial eligibility screening all clinical exams 
and imaging procedures were performed within a 2-week period. Clin
ical data including height and weight to calculate body mass index 
(BMI), current blood tests for creatinine and glycated hemoglobin 
(HbA1c), and information about use of diabetes medications were 
collected. Glomerular filtration rate (GFR) was estimated using the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. 

We included postmenopausal women and men with an age of 50–70 
years and a bone mineral density of 0 ≥ T-score > − 2.5 assessed by DXA 
(n = 20 subjects excluded after eligibility screening with DXA). We 
excluded older subjects because at this age there is a significant increase 
of osteoporosis-related cortical bone loss. Likewise, we wanted to 
exclude osteoporotic subjects (T-score ≤ − 2.5). Participants with T2D 
had a diagnosis for >3 years as defined by the American Diabetes As
sociation, which includes either receiving pharmacological treatment 
for 3 or more years or HbA1c of ≥6.5 for 3 or more years in the case of no 
pharmacological treatment (only diet control). We excluded persons 
with a history of metabolic bone disease or intake of bone active drugs 
including bisphosphonates or teriparatide (no use in the last year or for 
>12 months ever), calcitonin or thiazolidinedione (current use), pred
nisolone >5 mg per day or the equivalent glucocorticoid for >10 days in 
the last 3 months, and thyroid hormone replacement with current thy
roid stimulating hormone (TSH) <0.1 mIU/l. Furthermore, patients with 
chronic gastrointestinal disease (including inflammatory bowel disease, 
celiac disease, or other malabsorptive disease including short-gut syn
drome), hepatic impairment (known cirrhosis or if transaminase levels 
3-fold above normal limit), or persons with current alcohol consumption 
>3 drinks/day, current illicit drug use, trauma or surgery near radius or 
tibia imaging sites, and with immobilization for >1 week in the previous 
6 months were excluded. Additionally, all participants were required to 
have an estimated GFR ≥40 ml/min/1.73 m2 and no conditions that 
precluded undergoing MRI (including BMI >40 kg/m2 as these subjects 
will exceed weight and size limitations of the MRI scanner). 

2.2. Clinical examination of vascular health 

All participants were clinically examined for presence of neuropathy, 
nephropathy, and retinopathy. Examiners were blinded to the T2D sta
tus of participants. For assessment of neuropathy, the 10 g Semmes- 
Weinstein monofilament and a 128 Hz tuning fork were used to eval
uate the perception of vibration and loss of protective sensation, 
respectively. The monofilament and tuning fork were applied at the first 
to fifth metatarsal head and first phalanx, and the tuning fork was 
additionally applied to the medial malleolus of both feet. Loss of 
perception/sensation at ≥1 site was defined as neuropathy. Nephropa
thy was evaluated analyzing a spot urine sample. Urine albumin-to- 
creatinine ratio ≥ 30 μg/mg was considered increased urinary albu
min excretion, a marker for the development of nephropathy (American 
Diabetes Association, 2013). A board-certified expert ophthalmologist 
(JMS) assessed the presence/extent of retinopathy in fundus 
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photographs (Maamari et al., 2014). Non-proliferative and proliferative 
diabetic retinopathy were summarized as diabetic retinopathy. MVD 
was defined as presence of at least one organ manifestation (skin 
sensation, eye, or kidney). 

2.3. High-resolution peripheral quantitative computed tomography 

HR-pQCT of the ultra-distal tibia was performed using a XtremeCT 
scanner (Scanco Medical AG, Brüttisellen, Switzerland). The scan pro
tocol was set to the manufacturer’s standard in-vivo parameters (tube 
voltage 60 kVp, tube current 900 mA, isotropic nominal resolution 82 
μm, exposure 3 μSv per scan). The non-dominant lower leg was scanned 
with a fixed scan region starting 37.5 mm proximal to the joint line and 
extending 9.02 mm proximally (110 slices). The contralateral side was 
scanned if participants reported a history of fracture on the non- 
dominant leg. The root mean square coefficient of variation (RMSCV) 
values of HR-pQCT outcomes are <1.4 % for densitometric parameters 
and 1.3 % to 8.9 % for structural parameters (Bonaretti et al., 2017). 
Image quality was evaluated for motion artifacts immediately after 
acquisition using the manufacturer’s qualitative grading scheme (Pialat 
et al., 2012) to ensure adequate quality (grades 1 to 3). Acquisition was 
repeated if necessary to achieve adequate quality. 

The cortical bone compartment was segmented using a semi
automated three-step algorithm implemented in a customized image 
processing language (IPL v.506a-ucsf, Scanco Medical AG) (Burghardt 
et al., 2010b). First, the periosteal and endosteal cortical boundaries 
were identified in an auto-contouring process and manually corrected if 
necessary. Then, pores within the cortical compartment were located. 
Finally, the cortical bone and the pore mask were combined into a final 
mask of the cortical compartment including pores. This mask was used 
to extract cortical bone parameters from HR-pQCT scans that comprised 
cortical thickness (Ct.Th, mm), cortical bone mineral density (Ct.BMD, 
mg HA/cm3), mean cortical pore diameter (Ct.Po.Dm, μm), cortical pore 
diameter distribution (Ct.Po.Dm.SD, μm), total cortical pore volume (Ct. 
Po.V, mm3), and cortical porosity (Ct.Po, unitless ratio %). 

Ct.Po.V, Ct.Po.Dm and Ct.Po.Dm.SD are direct voxel-based measures 
of the integral volume, average diameter and standard deviation 
(=diameter distribution) of the intracortical pores, whereas Ct.Po is a 
relative voxel-based measure of the volume of the intracortical pore 
space (=void volume) normalized by the sum of the pore and cortical 
bone volume (Burghardt et al., 2010b). Intracortical void volume that 
can be captured by HR-pQCT is considered to represent larger Haversian 
canals given that resolution is limited to approximately 100 μm. Least 
significant detectable change (calculated based on the root mean square 
coefficient of variation for repeat measurements) was 0.05 mm for Ct. 
Th, 14 mg HA/cm3 for Ct.BMD, 22 μm for Ct.Po.Dm, 17 μm for Ct.Po. 
Dm.SD, and 0.92 for Ct.Po in a population of 27 women with mean 
age 61 years (Burghardt et al., 2010b). 

2.4. Dynamic contrast-enhanced magnetic resonance imaging 

Cortical pore content was assessed by DCE-MRI (Wu et al., 2019) 
performed on a clinical 3 T Discovery MR750w scanner (GE Healthcare, 
Waukesha, WI, USA) using a sixteen-channel flex coil (In-Vivo Corpo
ration, Gainesville, FL, USA). Scan field-of-view (FOV) covered the ultra- 
distal HR-pQCT scan location, which centered 34.5 mm proximal from 
the tibiotarsal joint line. A 3D scan time series was acquired over 9 min 
using a spoiled gradient-recalled (SPGR) sequence with circular carte
sian under sampling (CIRCUS) for increased temporal resolution of 30 s 
(TR/TE 11.8–12.2 ms/4.1 ms, bandwidth ±125 kHz, flip angle 20◦, FOV 
12 × 9 cm2, matrix size 512 × 384, in-plane resolution 230 × 230 μm2, 
and total of 56 slices with thickness of 500 μm) (Liu et al., 2016). 
Intravenous gadolinium-based contrast agent (Gadavist, Bayer Health
care, Whippany, NJ, USA) was injected with a volume adapted to body 
weight (0.1 ml/kg) at a flow rate of 2 ml/s and 1 min delay after the start 
of the acquisition. 

2.5. Multimodal intracortical vessel detection 

Image analysis for calculation of vessel metrics was performed using 
a previously described in-house developed multi-step procedure 
including both DCE-MRI and HR-pQCT images (Wu et al., 2019). In 
brief, boundaries of the cortical compartment as well as intracortical 
pores were identified on HR-pQCT. DCE-MRI images at each time point 
were separately registered to the ultra-distal scan region of HR-pQCT by 
rigid transformation using FSL (Analysis Group, FMRIB, Oxford, UK) 
followed by modified demons registration (Vercauteren et al., 2009) to 
account for distortions in MRI images. Temporal smoothing was applied 
to registered MRI to reduce effects of mis-registration and MRI time 
series were normalized to the average of the first two scans. A Frangi 
filter was applied to the time series to enhance vessel structures (Frangi 
et al., 1998). To detect voxels representing vessels within the cortical 
compartment, 4 features in the enhancement curve were analyzed 
including the first component of principal component analysis (PCA), 
area under the curve (AUC), standard deviation of temporal intensity, 
and summation of absolute temporal intensity difference (SATID). All 
voxels within cortical bone were clustered using a 2-stage hierarchical k- 
means algorithm based on these 4 features (Arthur and Vassilvitskii, 
2006). Finally, a vessel connection algorithm was implemented to fill in 
discontinuities in the vessel mask (Wu et al., 2019). 

Vessel metrics that were extracted from DCE-MRI scans within the 
cortical bone compartment comprised vessel density (average vessel 
count per cortical bone volume, 1/mm3), average vessel volume (mm3), 
average vessel diameter (μm), vessel-pore ratio (ratio of total vessel 
count to total pore number, unitless ratio %), and vessel-pore volume 
fraction (ratio of total vessel volume to total pore volume, unitless ratio 
in %). Using this imaging technique tubular structures of 250 μm 
diameter could be measured with almost perfect accuracy (volume 
overlap ratio ~ 1), while diameters of 200 μm still showed fair overlap in 
a virtual phantom (Wu et al., 2019). Given this resolution smaller 
nutrient arteries in cortical bone could be visualized before they branch 
into smaller arterioles and even smaller capillaries contained within 
Haversian canals (Löffler et al., n.d.). 

2.6. Statistics 

Statistical analyses were performed using IBM SPSS Statistics 28 
(IBM, Armonk, NY) and the extension PROCESS v4.2 for moderation 
analysis (Hayes, 2022). Level of statistical significance was set at p <
0.05 for all tests. Proportions of categorical variables were compared 
using chi-square tests (i.e., sex, race, MVD manifestations). Means of 
population characteristics (ie, age, BMI, HbA1c, albumin-to-creatinine 
ratio) and means of outcomes (ie, Ct.Po, Ct.Po.V, Ct.Po.Dm, Ct.Po.Dm. 
SD, Ct.Th, Ct.BMD, vessel density, avg. vessel volume, avg. vessel 
diameter, vessel-pore ratio) were compared using student’s t-tests. 
Moreover, means of outcomes were compared using linear regression 
models adjusting for age, sex, and BMI, because these are factors known 
to influence bone outcomes (Cooper et al., 2007). 95 % confidence in
tervals (CIs) of differences in means were calculated. Our assumptions 
were tested in a stepwise approach. First, outcomes were compared 
between participants with and without T2D. Second, outcomes were 
compared between participants with and without MVD additionally 
adjusting for T2D status (to remove any effects of MVD on outcomes by a 
pathway through T2D). No correction for multiple comparisons to 
control Type I error rate was performed as we considered this study 
exploratory. 

Sensitivity analyses were performed on the subgroup of participants 
with T2D: 1) with adjustment for the use of diabetes medication, and 2) 
after excluding participants with CKD defined by a GFR <60 ml/min/ 
1.73 m2. Prior to the analysis in the subgroup of participants with T2D 
we ascertained the absence of a significant risk-difference modification 
by T2D on the effect of MVD on outcomes (Rothman et al., 2008). We 
adjusted only for the use of diabetes medications that have a known 
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effect on bone (Glucagon-like peptide-1 [GLP-1] receptor agonists, 
Dipeptidyl peptidase 4 [DPP-4] inhibitors, and insulin) (Elamir et al., 
2020). Of those, only GLP-1 receptor agonists showed a significant in
fluence on the models, but we decided not to include these results 
because there were only n = 3 participants using GLP-1 agonists. 

3. Results 

The study group consisted of a total of 75 participants (41 women) 
with a mean age of 61.8 ± 5.4 years. Of those, 38 were T2D participants 
and 37 were participants without diabetes. One participant without 
diabetes was excluded from analysis because of prediabetes (5.7 % <
HbA1c < 6.4 %). Vessel metrics of one participant without diabetes 
could not be analyzed due to motion artifacts in the DCE-MRI images. 
Participants with T2D had significantly higher HbA1c and BMI than 
participants without diabetes (both p < 0.05). We found stage 3 A (GFR 
45–59) CKD in four participants with T2D, of those, one had MVD. 
Overall, 30 participants (41 %) showed signs of MVD including 21 
participants with T2D (55 %) and 9 participants without diabetes (24 
%). Only two participants without diabetes had single intraretinal 
hemorrhages in the far peripheral retina that, as such, could not clearly 
be attributed to MVD and were regarded as incidental findings. De
mographics and more details about manifestations of MVD in the study 
groups are shown in Table 1. 

3.1. HR-pQCT cortical bone parameters 

Cortical bone parameters stratified by T2D status and the presence of 
MVD are depicted in Fig. 1 and shown in Supplemental Table 1 and 2, 
respectively. In a model adjusted for age, sex, and BMI, mean Ct.Po.Dm 
and Ct.Po.Dm.SD were significantly increased by 14.6 mm (3.6 %, CI: 
2.70, 26.5 mm, p = 0.017) and 8.73 mm (4.8 %, CI: 16.7, 0.79 mm, p =
0.032), respectively, in T2D participants compared to participants 
without diabetes. There was no significant difference between T2D and 
participants without diabetes for Ct.Po, Ct.Po.V, Ct.Th, and Ct.BMD. In 
contrast, in a model adjusted for age, sex, BMI, and T2D status, mean Ct. 
Po and Ct.Po.V were significantly increased by 2.25 % (relative increase 
= 12.9 %, CI: 0.53, 3.97 %, p = 0.011) and 24.2 mm3 (12.2 %, CI: 2.32, 
46.1 mm3, p = 0.031), respectively, in participants with MVD compared 
to those without. Mean Ct.BMD was significantly decreased by − 43.6 
mg/cm3 (2.6 %, CI: − 77.4, − 9.81 mg/cm3, p = 0.012) in MVD. There 
was no significant difference between participants with MVD and those 
without for Ct.Po.Dm, Ct.Po.Dm.SD, and Ct.Th. Investigating only the 
subgroup of T2D participants there were no significant differences be
tween those with/without MVD for any bone parameters (Supplemental 
Table 5). However, numerical differences showed the same direction
ality as for the entire group. After excluding participants with CKD (n =
4) all differences between participants with/without T2D (Ct.Po.Dm and 
Ct.Po.Dm.SD) and between participants with/without MVD (Ct.Po, Ct. 
Po.V, and Ct.BMD) remained statistically significant. 

3.2. DCE-MRI intracortical vessel metrics 

Vessel metrics stratified by T2D status and the presence of MVD are 
depicted in Fig. 2 and shown in Supplemental Table 3 and 4, respec
tively. In a model adjusted for age, sex, and BMI, mean vessel volume 
and vessel diameter were significantly increased by 0.02 mm3 (13.3 %, 
CI: 0.004, 0.04 mm3, p = 0.017) and 15.4 μm (2.9 %, CI: 0.42, 30.4 μm, 
p = 0.044), respectively, in T2D participants compared to participants 
without diabetes (Fig. 3). There was no significant difference between 
T2D participants and participants without diabetes for vessel density 
and vessel-pore ratio. In contrast, in a model adjusted for age, sex, BMI, 
and T2D status, mean vessel density was significantly increased by 0.11 
mm− 3 (17.8 %, CI: 0.01, 0.21 mm− 3, p = 0.033) in participants with 
MVD compared to those without (Figs. 3 and 4). Mean vessel volume 
and diameter were significantly decreased by − 0.02 mm3 (13.7 %, CI: 
− 0.04, − 0.004 mm3, p = 0.014) and by − 14.6 μm (2.8 %, CI: − 29.1, 
− 0.11 μm, p = 0.048), respectively, in MVD. Investigating only the 
subgroup of participants with T2D, significance was not reached for 
differences between those with/without MVD for any vessel parameters 
(Supplemental Table 5). However, numerical differences showed the 
same directionality as for the entire group. After excluding participants 
with CKD (n = 4) no significant differences in intracortical vessel metrics 
remained between participants with/without T2D or with/without 
MVD, respectively. 

4. Discussion 

In this study, cortical bone and intracortical vessel metrics were 
assessed at the tibia and compared between participants with and 
without T2D and with and without MVD, adjusting for age, sex, and 
BMI. We found T2D not to be associated with cortical porosity or 
intracortical vessel density. Instead, MVD was associated with higher 
cortical porosity and higher vessel density. 

The relationship between Ct.Po and MVD is in line with current ev
idence. A previous study found lower Ct.BMD, lower Ct.Th, and higher 
Ct.Po in the radius as well as a tendency towards higher Ct.Po in the tibia 
in subjects with T2D and MVD compared to healthy controls without 
diabetes (Shanbhogue et al., 2016). Moreover, T2D patients with 
transcutaneous oxygen tension ≤40 mmHg as a marker for MVD had 
significantly higher Ct.Po in the distal tibia compared to controls 

Table 1 
Characteristics of study population stratified by T2D status.   

All (n 
= 75) 

T2D (n 
= 38) 

No T2D 
(n = 37) 

T2D vs. no 
T2D, p-value 

Women, n (%) 41 (55 
%) 

20 (53 
%) 

21 (57 
%) 

0.720 

Race, n (%)    0.314  
• White or Caucasian 47 (63 

%) 
21 (55 
%) 

26 (70 
%) 

0.179  

• Asian 21 (28 
%) 

12 (32 
%) 

9 (24 %) 0.484  

• Black or African American 5 (7 %) 4 (11 
%) 

1 (3 %) 0.174  

• Hawaiian or other pacific 
islander 

1 (1 %) 1 (3 %) 0 –  

• Other non-white 1 (1 %) 0 1 (3 %) – 
Age, years, mean ± SD 61.8 ±

5.4 
61.5 ±
5.6 

62.0 ±
5.4 

0.639 

BMI, kg/m2, mean ± SD 26.6 ±
4.3 

28.1 ±
4.1 

25.1 ±
3.9 

0.002 

Duration of T2D, years, mean 
± SD 

– 11.3 ±
7.6 

– – 

HbA1c, %, median (IQR) 5.7 
(1.7) 

6.95 
(1.3) 

5.3 (0.3) <0.001 

Glomerular filtration rate, mL/ 
min/1.73 m2, mean ± SD 

88.3 ±
16.7 

85.3 ±
14.9 

91.4 ±
18.0 

0.109 

Albumin-creatinine ratio, %, 
median (IQR) 

8 (15) 12 (31) 4 (5) 0.979 

Microvascular disease, n (%) 30 (40 
%) 

21 (55 
%) 

9 (24 %) 0.024  

• Neuropathy 12 (16 
%) 

5 (13 
%) 

7 (19 %) –  

• Nephropathy 10 (13 
%) 

8 (21 
%) 

2 (5 %) –  

• Retinopathy 4 (5 %) 4 (11 
%) 

0 –  

• Neuropathy and 
retinopathy 

1 (1 %) 1 (3 %) 0 –  

• Nephropathy and 
retinopathy 

1 (1 %) 1 (3 %) 0 –  

• Neuropathy, nephropathy, 
and retinopathy 

2 (3 %) 2 (5 %) 0 – 

Statistically significant p-values are in bold. BMI = body mass index, HbA1c =
hemoglobin A1c. 
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(Samakkarnthai et al., 2020). A study of subjects with type 1 diabetes 
described higher Ct.Po in the tibia, but not in the radius, in the presence 
of neuropathy – one manifestation of MVD (Vilaca et al., 2021). Sensi
tivity analysis in the subgroup of T2D participants in this study showed 
similar tendencies for associations between MVD and Ct.Po, Ct.Po.V, 
and Ct.BMD, but they did not reach statistical significance presumably 
due to low statistical power. After excluding participants with mild CKD 
(n = 4, 1 with MVD / 3 without MVD) differences between participants 
with and without MVD remained significant (Ct.Po, Ct.Po.V, and Ct. 
BMD). CKD increases cortical porosity and fracture risk (McNerny and 
Nickolas, 2017). Due to the detrimental effects of CKD on cortical bone, 
the higher incidence of CKD in the non-MVD group may have masked an 
even larger effect of MVD on porosity. Moreover, we observed a mean 
HbA1c of 6.95 % in participants with T2D. In a similar way, good gly
cemic control in T2D could have masked more severe effects on bone 
vasculature and cortical properties. There are hints that cortical porosity 
in T2D is particularly increased in some patients (Wölfel et al., 2020). In 
line with these observations, we found two participants with T2D and 
MVD who showed approximately two-fold increased Ct.Po and Ct.Po.V 
compared to all other participants. 

Studies of cortical bone in T2D that did not evaluate MVD found 
more ambiguous results. In 1069 participants of the Framingham study, 
T2D was associated with lower Ct.BMD and higher Ct.Po in the tibia, but 
not in the radius (Samelson et al., 2018). A study of 18 T2D patients and 
18 age- and height-matched controls found a >2-fold increase in Ct.Po in 
the radius, but no other significant differences in cortical bone measures 
in the radius or tibia (Burghardt et al., 2010a). In an expanded study of 
80 women, the same group found significant deficits in cortical micro
structural and biomechanical parameters in participants with T2D and a 
history of fragility fracture compared to those with T2D and no history 

of fragility fracture. They found no significant differences in cortical 
parameters between participants with T2D and matched controls 
without diabetes (Patsch et al., 2013). 

In contrast to the results found for MVD, T2D was associated with 
significantly increased Ct.Po.Dm but not Ct.Po.V or Ct.Po. Due to limited 
resolution, cortical pores assessed by HR-pQCT are considered to 
represent the largest pores including Haversian canals (Burghardt et al., 
2010b). Ct.Po is the ratio of void volume (pores) to total cortical volume. 
If Ct.Po remains unchanged despite a significant increase in Ct.Po.Dm, as 
we found in the T2D group, the geometry of the Haversian network must 
change, which could imply a coalescence of canals. Clustering and 
increased pore size may play a major role in the etiology of fractures 
through the development of stress concentrations (Jordan et al., 2000) 
and due to the strong association between pore clustering and reduced 
cortical bone fracture toughness (Granke et al., 2016). We speculate that 
an increase in average pore diameter contributes more to fracture risk 
than an increase in relative void volume (=Ct.Po) because larger pores 
lead to stress concentrations and accelerated crack propagation and 
therefore reduced fracture toughness (Zimmermann et al., 2011). 

To the best of our knowledge, this is the first in-vivo study specif
ically addressing the relationship between MVD and alterations of 
cortical bone in T2D. We employed DCE-MRI, a unique imaging tech
nique that enables the study of cortical bone beyond the morphologic 
and densitometric parameters of HR-pQCT (Wu et al., 2019). DCE-MRI 
uses contrast enhancement characteristics to identify and assess intra
cortical vessels. The distinction between cortical pore metrics and 
intracortical vessel metrics is important because cortical porosity, even 
in the mid-cortical and periosteal regions of the cortex, can contain 
adiposity rather than – or in addition to – vasculature (Garita et al., 
2021; Wu et al., 2019; Goldenstein et al., 2010). We found higher 
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Fig. 1. Dot plots with means and standard deviations (dot and line) of HR-pQCT parameters stratified by T2D status (A-F) or presence of MVD (G-L). P-values are 
from linear regression models adjusting for age, sex, and BMI in models comparing participants with/without T2D and, additionally, adjusting for T2D status in 
models comparing participants with/without MVD. 
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average vessel volume and diameter in T2D. In participants with MVD, 
in contrast, higher vessel density was accompanied by lower average 
vessel volume and diameter. Sensitivity analysis exploring the associa
tion between MVD and vessel metrics in the subgroup of participants 
with T2D supported this finding with similar point estimates, although 
associations did not reach statistical significance. Excluding participants 
with mild CKD led to similar point estimates of differences in intra
cortical vessel metrics based on the T2D status and the presence of MVD. 
Again, these differences did not reach statistical significance. 

Of note, there were some outliers as well as an overlap of values 
between participants with and without T2D for bone and vessel pa
rameters. In sensitivity analyses where outliers were removed all find
ings remained significant (at p < 0.05) except for the difference in 
average vessel diameter between participants with and without T2D. 
The effect of T2D on vasculature and bone likely involves other factors 
that moderate or mediate outcome values. 

In diabetic MVD, microvascular dysfunction is triggered by sustained 
hyperglycemia via multiple biochemical pathways and leads to irre
versible damage in different organs (Barrett et al., 2017). MVD is a 
systemic disease where one organ manifestation can be sentinel to injury 
in other organs. The link between microvascular dysfunction and dia
betic bone disease is unclear. Decreased skeletal blood supply could 
potentially affect bone remodeling in a way that favors bone resorption 
over bone formation (Hofbauer et al., 2022). In an earlier stage of T2D, 
hyperglycemia has not yet led to microvascular damage that can be 
captured in clinical exams (as performed in this study). We observed 
larger intracortical vessels associated with T2D in a heterogeneous 
group where 55 % of T2D participants showed signs of MVD (model not 
accounting for MVD). Microaneurysms represent the earliest clinically 
visible changes of diabetic retinopathy. Similarly, enlargement or 

ectasia of intracortical vessels could be a hallmark of early diabetic bone 
disease. In a later stage of the disease with clinically manifest MVD, we 
found increased Ct.Po and a large number of small vessels as seen in 
neovascularization triggered by ischemia. In line with this notion, 
decreased microvascular blood flow assessed using transcutaneous ox
ygen tension was associated with increased Ct.Po in subjects with T2D 
(Samakkarnthai et al., 2020). 

This study has limitations. First, in-vivo imaging is limited in reso
lution. HR-pQCT can only resolve pores of approximately 100 μm in 
diameter and larger (Nirody et al., 2015). However, these largest pores 
are the most biomechanically relevant when investigating potential 
causes for increased fracture risk on the micro-meter scale (Zimmer
mann et al., 2011). Moreover, increased Ct.Po in participants with MVD 
concurred with decreased Ct.BMD, which is a parameter highly corre
lated with small scale cortical porosity as measured by micro-CT 
(Ostertag et al., 2014). Of note, the new generation HR-pQCT (Xtreme 
CT II, Scanco Medical, Brüttisellen, Switzerland) provides nominal res
olution of 61 μm. DCE-MRI can only reliably detect vessels of ~230 μm 
diameter or larger. Therefore, the average vessel diameter, particularly 
in MVD, represents only the largest vessels. Nevertheless, significant 
differences in vessel diameter were observed between groups. Whether 
these differences equally translate to vessels at a smaller scale remains 
unclear. We assume that the vessels identified in our scans of the ultra- 
distal tibia are non-sinusoidal. The morphology and column-like 
arrangement (see Figs. 3 and. 4) shows strong similarity to meta
physeal microvessels in the murine skeletal system that plays an 
important role in angiogenesis and osteogenesis (Kusumbe et al., 2014). 
Second, due to study design, we were not able to compare balanced 
groups of subjects with and without MVD. Violation of the assumption of 
homogeneity of variances affects Type I error rates, particularly when 
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Fig. 2. Dot plots with means and standard deviations (dot and line) of intracortical vessel metrics assessed by DCE-MRI and stratified by T2D status (A-D) or presence 
of MVD (E-F). P-values are from linear regression models adjusting for age, sex, and BMI in models comparing participants with/without T2D and, additionally, 
adjusting for T2D status in models comparing participants with/without MVD. 
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groups sizes are unequal. To control Type I error rates, we reran all 
linear regression models using bootstrapping with 2000 samples as a 
robust method to estimate confidence intervals (Efron and Tibshirani, 
1994). All statistically significant differences were confirmed except for 
the differences of average vessel diameter using this alternative test 
method and a p-level of <0.05. Furthermore, there is a chance of Type I 
errors due to multiple comparisons that we did not correct for in this 
exploratory study. Third, MVD can develop due to conditions other than 
diabetes mellitus and MVD was found in a quarter of participants 
without T2D. Whether manifestations of MVD without underlying T2D 
share the same pathomechanisms affecting bone as observed in diabetic 
MVD is unclear. Diabetic MVD can manifest in different organs and at 
different times. Since MVD affects the whole body, we grouped partic
ipants with evidence of MVD in at least one of the examined organs (eye, 
kidney, and peripheral nervous system). In the peripheral nervous sys
tem a variety of mechanisms are hypothesized that may affect bone, one 
of those being neurovascular regulation of bone modelling and remod
eling (Beeve et al., 2019), which could be influenced by MVD regardless 
of underlying T2D. Of note, negative monofilament and vibration 
assessment using a tuning fork might not be sufficient to exclude neu
ropathy. Therefore, diagnosis of neuropathy could be underestimated, 
especially in participants with T2D. However, we found a 19 % preva
lence of neuropathy in participants without diabetes that was higher 

than expected (around 8 % in people older than 55 years (Neurology, 
1995)) and could represent a sampling error due to a high prevalence of 
non-diabetic peripheral neuropathies (e.g., caused by vitamin B12 
deficiency, alcoholism, disc herniations, or peripheral vascular disease) 
(Pop-Busui et al., 2017). Fourth, since we excluded persons older than 
70 years and with osteoporotic bone density, our results cannot be 
generalized to this population of high fracture risk. 

5. Conclusions 

This study showed that MVD was associated with higher cortical 
porosity, higher intracortical vessel density, and smaller intracortical 
vessels. In contrast, T2D, independent of MVD, was associated with 
larger cortical pore diameter, as well as lower intracortical vessel den
sity and larger intracortical vessels. These findings in T2D could repre
sent an intermediate stage of impaired bone remodeling due to 
hyperglycemia that subsequently manifests in higher cortical porosity in 
parallel with clinically apparent MVD. Microstructural changes associ
ated with both conditions – T2D and MVD – may be characteristic of 
diabetic bone disease and lead to decreased bone strength. 

Fig. 3. DCE-MRI of ultra-distal tibia of a 70-year-old man without diabetes (A and A’) and of a 56-year-old man with T2D (B and B′). Neither participant showed any 
clinical signs of MVD. Red voxels in axial views (A and B) represent detected intracortical vessels. Radial maximum intensity projections (MIPs, A’ and B′) show 
metaphyseal vessels in column-like arrangement. Purple lines in axial views represent circumference origins of MIPs. Resolution is limited to larger diameter (>230 
μm) vessels. The participant with T2D had fewer and on average larger intracortical vessels compared to the participant without diabetes. 
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