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Introduction

Diabetes mellitus is a long-lasting condition character-
ized by persistent hyperglycemia consequent of a syndrome 
of metabolic disorders [1]. The global diabetes prevalence 
is projected to rise from 9.3% (463 million people) to reach 
10.9% (700 million) by 2045 [2, 3]. Diabetes mellitus is clas-

sified into several subtypes such as gestational, type 1, type 
2 diabetes mellitus, with the latter being most common at 
90%–95% of all those diagnosed with diabetes [1]. Despite 
being non-communicable and preventable, type 2 diabetes 
mellitus remains among the sources of immense financial li-
abilities on health and social services especially in developing 
countries [4] as the complications require multidisciplinary 
treatment and management.

Complications of type 2 diabetes mellitus involve multiple 
organs, resulting in cardiovascular disease [5, 6], retinopathy 
[7], polyneuropathy [8], nephropathy [5], and skeletopathy 
[5, 9]. Despite evidence pointing towards the link between 
hyperglycemia and susceptibility to osteoporosis, fractures, 
mal-unions and non-unions [5, 10], diabetic skeletopathy has 
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Abstract: Type 2 diabetes mellitus is increasingly becoming more prevalent worldwide together with hospital care costs from 
secondary complications such as bone fractures. Femoral fracture risk is higher in diabetes. Therefore, this study aimed to 
assess the osteometric and microarchitecture of the femur of Zucker Diabetic Sprague–Dawley (ZDSD) femur. Ten-week-
old male rats (n=38) consisting of 16 control Sprague–Dawley (SD) and 22 ZDSD rats were used. The rats were terminated 
at 20 weeks and others at 28 weeks of age to assess age, diabetes duration effects and its severity. Bilateral femora were taken 
for osteometry, bone mass measurements and micro-focus X-ray computed tomography scanning to assess the trabecular 
number (TbN), thickness (TbTh), spaces (TbSp), bone tissue volume to total volume (BV/TV) and volume (BV). Diabetic 
rats had shorter (except for 20-weeks-old), lighter, narrower, and less robust bones than SD controls that wered more robust. 
Although cortical area was similar in all diabatic and control rats, medullary canal area was the largest in ZDSD rats. This 
means that the diabetic rats bones were short, light and hollow. Diabetic rats aged 20 weeks had reduced BV, BV/TV, TbN 
with more spacing (TbSp). In contrast, the 28 weeks old diabetic rats only showed reduced BV and TbN. Discriminant 
function analysis revealed, for the first time, that osteometric parameters and TbTh, TbN, and TbSp were affected by 
diabetes. This knowledge is valuable in the management of diabetic complications.
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received negligible research [5, 11].
Various, studies elucidate the association between type 2 

diabetes mellitus and increased fracture risk [12-14]. These 
studies analyse bone strength using 3 point bending tests, 
micro-focus X-ray computed tomography (Micro CT) and 
various osteometric tools to study the effect of type 2 dia-
betes mellitus on bone [9, 15, 16]. Research has consistently 
been shown that toughness of cortical bone decreases as 
diabetes progresses [16]. An early age onset of diabetes im-
pairs bone growth and maintains structural deficit in later 
stages of diabetes [9]. This results in bone fragility is due to 
poor bone mineral density, and alteration of bone geometry, 
trabecular microarchitecture, and bone mechanical proper-
ties [15]. Previous studies tend to omit bone mass and robus-
ticity when assessing bone strength. These parameters are 
included in the present study because whole bone structural 
strength is influenced by its mass, shape and size, and micro 
architectural organization [16-19].

We have previously reported on the diabatic bone pertur-
bation of osteoblastic activity which elucidate how diabetes 
compromises bone health [20]. This involves as increase in 
osteolysis through an elevated number of osteocytes. This is 
accompanied by low expression of the osteogenic cytokine, 
transforming growth factor β-1 with more of the antagonis-
tic morphogenic protein-3 which reduces osteoblastogenesis 
[20].

This study aimed to evaluate the microarchitecture of the 
femur of Zucker Diabetic Sprague–Dawley (ZDSD) rats at 20 
and 28 weeks of age. This was done by assessing bone oste-
ometry, midshaft cortical and medullary canal areas as well 
as femoral head trabecular morphological parameters. Fur-
ther investigations were undertaken understand if perturba-
tions caused by type 2 diabetes mellitus are age dependent, 
by comparing femora of 20-week with those from 28-week-
old rats.

Materials and Methods

Ethics clearance
Ethics approval for the study has been granted by the 

University of the Witwatersrand Animal Ethics Committee 
(AESC 2015/07/28/C) and their guidelines for animal han-
dling and care were followed.

Study rats
In this study, 38 male rats consisting of 16 Sprague–Daw-

ley (SD) and 22 ZDSD rats were used. The SD rats, which 
served as controls were sourced from the Central Animal 
Services (CAS) University of the Witwatersrand. The ZDSD 
rats came from PreClinomics, Indianapolis, Indiana, USA. 
The SD rats were used as the non-diabetic controls because 
they are the parental strains of the ZDSD rats [15]. All rats 
were housed one per cage, maintained under pathogen free 
conditions, in a temperature-controlled environment of 
23°C±2°C under a 12-hour light and dark cycle.

Grouping
The rats were grouped according to strain and age at ter-

mination. SD (n=8) and ZDSD (n=7) rats were terminated 
at 20 weeks of age. These were designated as SD20WK and 
ZDSD20WK, respectively. Another batch of SD rats (n=8) 
designated SD28WK, and 15 ZDSD rats were terminated at 
28 weeks of age. The latter were further divided into moder-
ate diabetes (ZDSD28WK-MOD, n=9) and severe diabetes 
(ZDSD28WK-SVD, n=6) groups as follows: 1) moderately 
diabetic (ZDSD28WK-MOD) rats terminated at 28 weeks of 
age that had >8.0 mmol/L fasting blood glucose. 2) Severely 
diabetic rats (ZDSD28WK-SVD) had >11.2 mmol/L fasting 
blood glucose.

Rat diet
All rats were given water and fed ad libitum a standard 

Purina 5008 chow (Lab diet), ad libitum. At 15 weeks, the 
ZDSD rats were changed into a high fat diet (5SCA; Test diet) 
for 6 weeks to synchronize the onset of hyperglycemia in the 
ZDSD rats [15].

Blood tests

Fasting blood glucose
Rats were fasted for 12 hours overnight prior to blood 

glucose measurements. A glucometer (Performa Accutrend; 
Roche Diagnostics) was used to measure fasting blood glu-
cose every 2 weeks.

Insulin test
Intracardiac blood was aspirated at termination and col-

lected into serum separating tubes, then centrifuged at 3,000 
rpm for 10 minutes. Serum was decanted into aliquots that 
were stored at –80°C for serum analysis of insulin by ELISA 
(Insulin ELISA kit; Elabscience).
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Statistical analysis
The data were managed in Microsoft Excel Office 365 

(Microsoft) and analysed using SPSS® version 28 (IBM Co.). 
ANOVA with LSD post-hoc was used for multiple group 
comparisons of means in respect of the blood glucose, in-
sulin, osteometric, trabecular morphometric parameters as 
well as the cortical and medullary midshaft areas. Discrimi-
nant function analysis (DFA) was conducted to detect group 
separation based on age and diabetic status and to determine 
the rat femora variables are most affected by diabetes mel-
litus. Data were reported as mean and standard deviation. 
Significance level was set at P<0.05.

Termination and bone harvesting
Animals were injected with a lethal intraperitoneal dose 

of phenobarbital. Femora were removed, and muscles and 
ligamentous attachments cleaned out. Individual bones were 
then stored in 10% buffered formalin for fixation until fur-

ther processing.

Micro-focus X-ray computed tomography
For Micro CT, bilateral femora were scanned using a 

Nikon XTH 225/320 LC X-ray microtomography scanner. 
The bones were mounted in low density Styrofoam that al-
lows X-rays to penetrate the sample with negligible absorp-
tion. The mounted sample was positioned on a 360 degrees 
rotating manipulator in the scanning chamber. The scan-
ning voltage was 70 kv, the X-ray current was 400 μa, with 
a frame averaging of 4 and a resolution of 18 μm, taking ap-
proximately 8 minutes per scan.

Parts of the femur and trabecular morphometry parameters 
studied
Bones were weighed and a digital calliper was used to 

measure femoral osteometric parameters (Fig. 1 and Table 
1). Following reconstruction, VG studio Max® 3.2 (Volume 
Graphics GmbH) was used for data analysis as previously de-
scribed [21]. The trabecular morphometric parameters were 
studied in the proximal epiphysis of the bone (Fig. 1 and 
Table 2).

Table 1. Femur osteometric parameters

Parameter Description
Full femur length The maximum length measured between the top 

of the greater trochanter and the bottom of the 
farthest condyle.

Biomechanical length The distance between the medial most and 
lateral most points on the epicondyles.

Bicondylar width The distance between the medial most and 
lateral most points on the epicondyles.

Midshaft mediolateral 
diameter

Distance between bulgiest parts in a mediolateral 
direction at the 50th percentile.

Robusticity index Mediolateral midshaft diameter divided by 
length of the femur and multiplied by 100.

Femoral head width Between the highest and lowest point on the 
articular margin.

Femoral neck 
superoinferior distance

Distance between the bulgiest part of the neck in 
the superoinferior direction.

Table 2. Femur trabecular assessment parameters

Parameter Definition
BV/TV Represents the ratio of material (bone) volume to total 

volume.
TbTh The material (bone), calculated as follows: TbTh=2/

BS/BV
Where BS/BV is the ratio of BS to BV.

TbN Shows the mean number of trabecular (column-like) 
structures per unit length, calculated as follows: 
TbN=BV/TV/TbTh.

TbSp Indicates the mean distance between trabecular 
(column-like) structures, calculated as follows: 
TbSp=1/TbN−TbTh.

Midshaft medullary 
cavity area

The area of a slice taken encompassing the medullary 
canal at the 50th percentile mark.

Midshaft cortical 
area

The area of a slice taken from the margins of cortical 
bone encompassing the shaft at the 50th percentile 
marks.

BV/TV, bone tissue volume to total volume; TbTh, trabecular thickness; BS, 
bone surface; BV, bone volume; TbN, trabecular number; TbSp, trabecular 
spacing.

A

B

C

D

E

Fig. 1. Three-dimensional reconstruction of a femur showing the 
parts that were investigated. (A) Full femur length, (B) biomechanical 
length, (C) bicondylar breadth, (D) 50th percentile (midshaft) mark, 
(E) femoral head width. Image by Vaughan Perry and Robert Ndou.
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Results

Fasting blood glucose
Significant differences were observed between the 20-

week controls (5.7 mmol/L) and their age matched diabetic 
group (7.70 mmol/L) from week 12 (P=0.001) until week-20, 
with the diabetic group (22.07 mmol/L) exhibiting higher 
numbers compared to their controls (4.07 mmol/L) (P<0.001) 
(Fig. 2A). The 28-week controls (5.1±0.41 mmol/L) exhib-
ited lower values compared to moderately diabetic (8.1±0.57 
mmol min/dl) and severely diabetic (8.55±1.66 mmol/L) 
(P<0.001 for both) at week-12 (Fig. 2B). The same trend is 
shown at week-28, with 28-week controls (4.99±0.31 mmol/
L) recording lower glucose levels compared to moderately 
diabetic (7.11±0.13 mmol/L) and severely diabetic (13.38±1.61 

mmol/L) (P=0.019, P<0.001, respectively) (Fig. 2A).

Insulin levels
The 20-week controls (10.45±3.66 ng/ml) exhibited signif-

icantly higher insulin levels compared to their age matched 
diabetic group (1.70±0.48, 10.45 ng/ml) (P<0.001) (Fig. 
2B). This trend is repeated at 28 weeks, with the controls 
(13.24±3.63 ng/ml) recording higher insulin levels relative to 
moderately diabetic (4.07±1.20, 10.45 ng/ml) and severely di-
abetic group (3.10±0.70, 10.45 ng/ml) (P<0.001 respectively) 
(Figs. 2B, 3).
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Fig. 2. (A) Fasting blood glucose and (B) serum insulin concentration. Box-and-whisker plots show insulin levels in various study groups. The 
line inside the box represents the mean, whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The 
whiskers below and above the box show the minimum and maximum values, respectively. SD20WK and SD28WK; SD rats aged 20 and 28 
weeks, respectively. ZDSD20WK, ZDSD28WK-MOD and ZDSD28WK-SVD; ZDSD rats aged 20 weeks, and aged 28 weeks MOD and SVD, 
respectively. SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–Dawley; MOD, moderately diabetic; SVD, severely diabetic.

SD20WK ZDSD20WK SD28WK ZDSD28WK-MOD ZDSD28WK-SVD

Fig. 3. Representative micro-focus X-ray computed tomography images of the proximal femur. Among the 20-week-old rats, SD20WK show 
more BV/TV and TbN, with more TbSp in the ZDSD20WK rats. When the comparing the 28-week-old rats, TbTh was higher in the 
SD28WK, with marginally more spacing (TbSp) in the ZDSD28WK-MOD and ZDSD28WK-SVD. Older controls (SD28WK) show less BV/
TV and TbTh but more spacing than younger ones (SD20WK). BV/TV, bone volume to bone tissue volume ratio; TbTh, trabecular thickness; 
TbN, trabecular number; TbSp, trabecular spacing; SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–Dawley; MOD, moderately 
diabetic; SVD, severely diabetic. Scale bar represents 1 mm and applies to all images.
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Femur osteometry at week-20 and week-28

Bone mass
At 20 weeks of age, the ZDSD femora weighed signifi-

cantly less than their SD controls (P<0.001) (Table 3). The 
same trend was observed at week-28, with the moderately di-
abetic and the severely diabetic group recording significantly 
lower values than their SD controls (P=0.005 and P<0.001, 
respectively.). The SD controls exhibited age related differ-
ences, with bones of older rats (age of 28 weeks) weighing 
significantly less than the 20-week-olds (P<0.001) (Table 3). 
Similarly, ZDSD femora weighed less at 28 weeks (moderately 
and severely diabetic groups) compared to those of 20-week-
old ZDSDs (P=0.020 and P=0.014, respectively).

Full bone length
Similarities in full femoral length were observed among 

20-week-old rats between the ZDSDs and SD controls 
(P=0.545) (Table 3). In contrast, at the age of 28 weeks, both 
the moderately and severely diabetic groups exhibited sig-

nificantly shorter lengths compared to their SD controls 
(P<0.001, for both comparisons). Age differences were ob-
served in SD controls between rats aged 20 and those aged 
28 weeks, younger (20 weeks) SDs had shorter bones than 
older rats (P=0.001) (Table 3). In contrast, ZDSD full femo-
ral length was similar at 20 weeks of age compared to the 
28-week-old groups (moderately diabetic P=0.354 and se-
verely diabetic P=0.059).

Biomechanical length
There were similarities in biomechanical length values 

between 20-week-old rats when comparing SD controls with 
ZDSDs (P=0.584) (Table 3). In contrast, among the 28-week-
old rats, the moderately and severely diabetic groups exhibited 
shorter biomechanical lengths than their SD controls (P<0.001 
and P=0.003, respectively). Similarities in biomechanical 
length were observed in 20-week-old SDs and 28-week-old 
SDs (P=0.105) (Tables 3 and 4). On the contrary, age differenc-
es were observed between the moderately and severely diabetic 
groups, with younger (20-week-old) ZDSDs having longer bio-

Table 3. Osteometric measurements of the femur

Property
Week-20

P-value
Week-28

P-value
SD (n=12) ZDSD (n=12) SD (n=12) ZDSD-MOD (n=12) ZDSD-SVD (n=12)

Bone mass (g) 1.35±0.09 1.19±0.04 <0.001 1.26±04 1.25±0.06 1.16±0.11 0.005, <0.001a)

<0.001b)

0.020c)

0.014
Full length (mm) 39.71±0.83 39.57±0.37 0.545 40.45±0.31 39.37±0.28 39.13±0.85 <0.001a)

0.001b)

0.354c)

0.059
Biomechanical length (mm) 38.59±0.53 38.43±0.41 0.584 39.03± 0.53 37.85±0.68 37.18±0.47 <0.001, 0.003a)

0.105b)

0.024c)

<0.001
Midshaft mediolateral 

diameter (mm)
5.13±0.17 4.75±0.17 <0.001 5.05±0.26 3.61±0.35 3.83±0.44 <0.001a)

0.188b)

<0.001c)

Bicondylar width (mm) 7.78±0.26 6.91±0.19 <0.001 7.14±0.21 7.11±0.07 6.85±0.25 0.003, <0.001a)

<0.001b)

0.200c)

0.051
Robusticity index (%) 22.49±1.17 21.13±0.44 0.002 21.21±0.85 16.65±1.39 16.71±1.04 <0.001a)

0.003b)

<0.001c)

Values are presented as mean±standard deviation. SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–Dawley; MOD, moderately diabetic; SVD, severely 
diabetic. a)Respective comparison of SD28WK with ZDSD28WK-MOD and ZDSD28WK-SVD. b)P-value comparing SD20WK against SD28WK, c)P-value 
comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD, respectively.
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mechanical lengths (P=0.024 and P<0.001, respectively).

Midshaft mediolateral diameter
At 20 weeks of age, midshaft mediolateral diameters 

were significantly larger in ZDSDs compared to SD controls 
(P<0.001) (Table 3). Similarly, 28-week-old rats showed that 
both the moderately and severely diabetic groups exhibited 
larger measurements when compared with 28-week-old SD 
controls (P<0.001 for both comparisons). No age-related dif-
ferences were observed between 20-week-old and 28-week 
SD controls (P=0.188) (Table 3). On the contrary, 20-week-
old ZDSDs exhibited wider diameters when compared with 
the moderately and severely diabetic groups in this region 
(P<0.001 for both comparisons).

Bicondylar width
At week-20, ZDSDs exhibited significantly shorter bicon-

dylar widths compared to SD controls (P<0.001) (Table 3). 
This significant trend of shorter bicondylar widths continued 
and was observed at week-28 when comparing the moderate-

ly and severely diabetic (P=0.003 and P<0.001, respectively) 
with their SD controls. Age related differences were observed 
between the SD groups, where younger SDs (20-week-olds) 
had wider condyles than the 28-week-old SDs (P<0.001) 
(Table 3). Younger ZDSDs (20-week group) exhibited bicon-
dylar width similar to older groups (moderately and severely 
diabetic P=0.200 and P=0.051, respectively).

Robusticity Index
At week-20, the SD controls were significantly more ro-

bust than the ZDSDs (P=0.002) (Table 3). This trend was 
maintained at week-28, where SD controls were more robust 
than the moderately and severely diabetic groups (P<0.001 
for both comparisons). Younger (20-week-old) SDs were 
significantly more robust than older (28-week-old) SDs 
(P=0.003) (Table 3). The same trend was observed in the 
ZDSD group, where younger (20-week-old) ZDSDs were 
more robust than older rats (28-week-old moderately and 
severely diabetic P<0.001 for both comparisons).

Table 4. Micro-focus X-ray computed tomography evaluation of the proximal femur at week-20 and week-28 of age

Property
Week-20

P-value
Week-28

P-value
SD (n=12) ZDSD (n=12) SD (n=12) ZDSD-MOD (n=12) ZDSD-SVD (n=12)

BV (mm3) 30.90±8.45 26.69±3.55 0.039 34.08±2.96 27.93±3.01 27.73±2.87 0.002a)

0.116b)

0.505, 0.604c)

BV/TV (%) 26±2 18±5 <0.001 19±9 19±2 18±2 0.944, 0.955a)

<0.001b)

0.828, 0.936c)

TbTh (mm) 0.33±0.14 0.31±0.04 0.692 0.46±0.10 0.35±0.08 0.32±0.07 0.002, 0.001a)

0.001b)

0.403, 0.842c)

TbN 2.40±1.25 0.57±0.18 <0.001 0.39±0.20 0.43±0.21 0.67±0.98 0.884, 0.368a)

<0.001b)

0.639, 0.740c)

TbSp (mm) 0.39±0.62 1.59±.0.61 0.050 2.50±1.66 2.50±1.66 2.61±1.36 0.851, 0.858a)

0.001b)

0.115, 0.143c)

Cortical area (50th 
percentile, mm2)

19.97±2.58 18.26±0.71 0.056 20.41±2.09 19.26±2.37 20.83±1.56 0.164, 0.635a)

0.619b)

0.226, 0.005c)

Medullary area (50th 
percentile, mm2)

9.39±0.67 12.48±2.66 <0.001 9.39±0.67 10.34±1.02 11.43±1.34 0.146, 0.011a)

0.161b)

0.733, 0.202c)

Values are presented as mean±standard deviation. BV/TV, bone volume to bone tissue volume ratio; TbTh, trabecular thickness; TbN, trabecular number; TbSp, 
trabecular spacing; SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–Dawley; MOD, moderately diabetic; SVD, severely diabetic. a)Respective comparison 
of SD28WK with ZDSD28WK-MOD and ZDSD28WK-SVD. b)P-value comparing SD20WK against SD28WK, c)P-value comparing ZDSD20WK against 
ZDSD28WK-MOD and ZDSD28WK-SVD respectively.
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Proximal femur trabecular morphometry at week-20 
and week-28

Bone volume (BV)
At 20 weeks of age, the ZDSDs exhibited lower bone 

volume (BV) ratios than their SD controls (P<0.001) (Table 
4). The same trend was observed with the moderately and 
severely diabetic groups recording significantly lower val-
ues than their SD controls (P=0.002 for both comparisons) 
No age-related differences were observed in BV between 
20-week-old and 28-week SD controls (P=0.116) (Table 4). 
This trend of similar BV ratios was also observed in ZDSD 
groups, when comparing 20-week-old ZDSDs with 28-week-
old ZDSD groups (moderately diabetic P=0.505 and severely 
diabetic P=0.604).

Bone tissue volume to total volume (BV/TV)
The 20-week-old ZDSDs had lower bone tissue volume to 

total volume (BV/TV) ratios when compared with their SD 
controls (P<0.001) (Table 4). In contrast, similarities with 
SD controls were observed in 28-week-old rats for both the 
moderately and severely diabetic groups (P=0.944, P=0.955, 
respectively). Older (28-week-old) SDs had lower BV/TV ra-
tios when compared with 20-week-old SD controls (P<0.001) 
(Table 4). On the contrary, ZDSD BV/TV ratios were simi-
lar at 20-weeks of age compared to the 28-week-old groups 
(moderately diabetic P=0.828 and severely diabetic P=0.936).

Trabecular thickness
Similarities were observed in trabeculae thickness when 

comparing 20-week-old ZDSDs with their age matched SD 
controls (P=0.692) (Table 4 and Fig. 3). In contrast, among 
the 28-week-old rats, the moderately and severely diabetic 
groups exhibited thinner trabeculae than their SD controls 
(P=0.002 and P=0.001, respectively). Age differences were 
observed in SD controls between animals aged 20 and those 
aged 28 weeks), with younger (20 weeks) having thinner 
trabeculae (P=0.001) (Table 4). On the contrary, trabecu-
lar thickness was similar among ZDSDs when comparing 
20-weeks with 28-week-old groups (moderately diabetic 
P=0.403 and severely diabetic P=0.842).

Trabecular number
The 20-week-old ZDSDs had fewer trabeculae numbers 

when compared with their SD controls (P<0.001) (Table 4 
and Fig. 3). In contrast, similarities with SD controls were 

observed in 28-week-old rats for both the moderately and se-
verely diabetic groups (P=0.884, P=0.368 respectively). Older 
(28-week-old) SDs had fewer trabeculae when compared 
with 20-week-old SD controls (P<0.001) (Table 4 and Fig. 3). 
On the contrary, ZDSD trabeculae numbers were similar at 
20-weeks of age compared to the 28-week-old groups (mod-
erately diabetic P=0.639 and severely diabetic P=0.740).

Trabeculae spacing
The 20-week-old ZDSDs had more trabeculae spaces (TbSp) 

when compared with their SD controls (P=0.050) (Table 4 and 
Fig. 3). In contrast, similarities with SD controls were observed 
in 28-week-old rats for both the moderately and severely dia-
betic groups (P=0.851, P=0.858, respectively). Older (28-week-
old) SDs had more TbSp when compared with 20-week-old SD 
controls (P<0.001) (Table 4 and Fig. 3). On the contrary, ZDSD 
trabeculae numbers were similar at 20-weeks of age compared 
to the 28-week-old groups (moderately diabetic P=0.115 and 
severely diabetic P=0.143) (Table 4 and Fig. 3).

Femoral mid diaphysis cortical area and medullary 
canal area at week-20 and week-28

Cortical area
The 20-week-old ZDSDs had a similar cortical area when 

compared with their SD controls (P=0.056) (Table 4). The 
same trend was observed in 28-week-old SD controls when 
compared with the moderately and severely diabetic groups 
(P=0.164, P=0.635, respectively). No age-related differences 
were observed in cortical area between 20-week-old and 28-
week SD controls (P=0.619) (Table 5). This trend of a similar 
area was also observed in when comparing 20-week-old ZDS-
Ds with 28-week-old moderately diabetic (P=0.226), but not 
the severely diabetic (P=0.005) that had a larger cortical area.

Medullary canal area
At week-20, the ZDSDs had a larger medullary canal area 

when compared with their SD controls (P<0.001) (Table 4). 
The same trend was observed when comparing 28-week-old 
SD controls with the moderately diabetic (P=0.011). How-
ever, the severely diabetic (P=0.146) showed similarities to 
28-week-old SD controls (Table 4). No age-related differences 
were observed in medullary canal area between 20-week-
old and 28-week SD controls (P=0.161) (Table 4). This trend 
of similar medullary canal area was also observed in ZDSD 
groups, when comparing 20-week-old ZDSDs with 28-week-
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old ZDSD groups (moderately and severely diabetic groups, 
P=0.733 and P=0.202, respectively).

Parameters of the femur most affected by age, diabetes, 
and its duration

DFA was conducted to determine the femoral variables that 
are influenced by age, diabetes, and its duration. The structure 
matrix showed that robusticity index, midshaft mediolateral 
diameter, bicondylar width (mm), midshaft medullary area, 
bone mass, midshaft cortical area and trabeculae thickness 
(TbTh) were the main factors influenced (Table 5).

The discriminant analysis yielded 4 functions, although 
the Wilk’s lambda results indicate a good fit for only func-
tions 1, 2, and 3 (Wilk’s lambda=0.003, 0.038, 0.314 for func-

tions 1, 2, and 3, respectively) (P<0.001). Function 4 was not 
significant (P=0.091). Function 1 accounted for 58.7% of the 
variability, function 2 accounted for 33.4% whereas function 
3 accounted for only 6.1% (Table 5). For the cross-validated 
classification, 79.4% of femora were correctly classified ac-
cording to their diabetic (ZDSD) and control (SD) group 
status as well as age in the respective groupings. Among the 
SD control groups, the model correctly classified 100% of the 
femora as belonging to the 20-week control group (SD20WK) 
and 85.7% as belonging to the 28-week control group (SD-
28WK) (Table 6 and Fig. 4). Among the diabetic groups, the 
model could correctly classify all (100%) of the femora be-
longing to the 20-week diabetic group (ZDSD20WK), nearly 
two thirds (64.7%) of the femora being correctly classified as 
belonging to the moderately diabetic group (ZDSD28WK-
MOD) and 50% for the severely diabetic (ZDSD28WK-SVD) 
(Table 6 and Fig. 4).

Table 6. Discriminant function analysis of predicted group membership

Classification results

Group
Predicted group membership

SD20WK ZDSD20WK SD28WK ZDSD28WK-MOD ZDSD28WK-SVD
Cross-validated Count (%) SD20WK 12 (100) 0 (0) 0 (0) 0 (0) 0 (0)

ZDSD20WK 0 (0) 13 (100) 0 (0) 0 (0) 0 (0)
SD28WK 0 (0) 2 (14.3) 12 (85.7) 0 (0) 0 (0)
ZDSD28WK-MOD 0 (0) 0 (0) 0 (0) 11 (64.7) 6 (35.3)
ZDSD28WK-SVD 0 (0) 1 (8.3) 0 (0) 5 (41.7) 6 (50.0)

79.4% of cross-validated grouped cases correctly classified. SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–Dawley; MOD, moderately diabetic; SVD, 
severely diabetic.

Table 5. Discriminant function analysis of the femur

Structure matrix

Parameter
Function

1 2 3
Robusticity index 0.57a) 0.45a) –0.35a)

Midshaft mediolateral diameter 0.51a) 0.46a) –0.08
Bicondylar width (mm) 0.36a) –0.39a) 0.07
TbN 0.29 –0.15 0.00
BV/TV 0.28 –0.13 0.06
Midshaft medullary area (mm2) 0.17 0.01 0.31a)

Biomechanical length (mm) 0.15 0.26 0.04
Bone mass (g) 0.14 –0.31a) –0.04
Full length (mm) 0.08 0.22 0.16
Midshaft cortical area (mm2) 0.01 –0.03 0.32a)

TbTh –0.01 0.15 0.34a)

TbSp –0.16 0.04 0.18
Bone volume –0.18 0.01 0.24
Percentage of variance (%) 58.7 33.4 6.1

TbN, trabecular number; BV/TV, bone volume to bone tissue volume ratio; 
TbTh, trabecular thickness; TbSp, trabecular spacing. a)The contributing 
variables are arranged in descending order according to function 1, with major 
contributors (above ±0.3).
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Fig. 4. Illustrated discriminant function analysis of predicted group 
membership. The controls are clearly separated from the diabatic 
groups. SD, Sprague–Dawley; ZDSD, Zucker Diabetic Sprague–
Dawley; MOD, moderately diabetic; SVD, severely diabetic.
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Discussion

This study investigated whether diabetes would affect 
osteometric measurements, midshaft cortical and medullary 
canal areas as well as proximal femoral epiphysis trabecular 
morphological parameters. Further investigations assessed 
whether perturbations caused by diabetes mellitus were 
dependent on diabetes severity status or age. Diabetic rats 
had shorter (except for 20-weeks-old), lighter, narrower, and 
less robust bones compared to SD controls that exhibited 
more robust bones. This observation suggests a diabetes in-
duced loss of growth in length and girth of the femur with 
duration of diabetes. Although cortical area was similar in 
all diabatic and control rats, medullary canal area were the 
largest in ZDSD rats. This means that the diabetic rats bones 
were short, light and hollow. Diabetic rats aged 20 weeks had 
reduced BV, BV/TV, trabecular number (TbN) with more 
spacing (TbSp). In contrast, the 28 weeks old diabetic rats 
only showed reduced BV and TbN. DFA revealed, for the 
first time, that osteometric parameters of the rat femur were 
affected by age, diabetes, and its duration.

Osteometric aspects
The femora had similar biomechanical and full lengths at 

the age of 20 weeks when comparing the diabetic group with 
controls, although the ZDSDs had a smaller midshaft me-
diolateral and bicondylar widths. More pronounced changes 
occurred among the 28-week-old groups in which femora 
were shorter in the diabetic groups, smaller bone lengths, as 
well as smaller midshaft mediolateral and bicondylar widths. 
This suggests that the effect of diabetes on osteometric 
dimensions worsened with prolonged untreated hypergly-
cemia. The osteometric measurements gave an estimate of 
size which was corroborated by mass, that was lower in both 
diabetic rats, at the age of 20 weeks and later at 28 weeks. 
This means that diabetes adversely affected bone size. Previ-
ous studies on diabetic ZDSD and ZDF rats also observed 
similarities in bone structure for younger rats (early stages of 
diabetes) [15], and reduced femoral bone size and mass with 
disease progression [9, 15].

Robusticity was considered as referring to the thickness of 
the femurs relative to the length. An extensive review of the 
scientific literature has indicated that this is the first study 
that has investigated the robusticity of diabetic rat humeri. 
The rational for assessing femoral robusticity is our supposi-
tion that a shorter bone with a wide shaft would be stronger 

than a thin long bone. Our results showed a lower robusticity 
index in diabetic bones at both 20 and 28 weeks. This sup-
ports previous literature that has shown that diabetic bones 
are weaker [9]. The low robusticity could be a contributing 
factor to the diabetic bone weakness.

Trabecular morphometry
The BV was consistently lower at the age of 20 weeks and 

among 28-week-old rats. This shows that diabetic groups had 
smaller femora, meaning that diabetes had reduced overall 
femoral size. However, bone tissue volume ratio (BV/TV) 
was lower in the diabetic group at only 20 weeks of age. The 
lack of significant difference in BV/TV among 28-week-old 
rats suggests that there may have been compensatory means 
to maintain osseous tissues quantity as diabetes progressed. 
Bone tissue adapts by consolidating under prolonged stress 
[22-24].

Among the trabecular morphometric parameters, TbTh 
was unaffected in 20-week-old rats, but was reduced in late 
stages of diabetes (28-week-old). In contrast, TbN was signif-
icantly lower in 20-week-old diabetic rats, but similar among 
the 28-week-old groups. This means that in instances when 
trabecular number was reduced, the thickness was unaffect-
ed. This observation may be related to compensatory mecha-
nisms to maintain bone structural integrity in the diabetic 
state. This would prevent a situation where trabeculae thick-
ness and trabeculae number are reduced simultaneously. 
Otherwise, the bone quality would be quickly compromised 
in diabetes. Previous studies report an unchanged bone tis-
sue volume fraction and trabeculae thickness in 22-week-
old ZDSDs, but significantly reduced trabeculae thickness 
in 29-week-old ZDSDs [15]. Studies on male Fischer rats 
reported a decrease in trabeculae number, increase in TbSp, 
and increased trabeculae thinning with age [25].

The ZDSDs and SD controls had a similar midshaft corti-
cal area when compared with their SD controls irrespective 
of age group. However, the medullary canal area was larger 
in the diabetic groups, though only the severely diabetic in 
case of the 28 weeks old rats. This contrasts thereduction 
in cortical area reported in previous studies [9]. This phe-
nomenon of medullary canal area is thought to contribute 
the diabetic bone weakness [17]. The observed increased 
medullary canal area in the present study may be attributed 
to diabetic induced endosteal bone resorption as bone mar-
row area expansion is linked to increased bone resorption 
by endosteal cells [17]. A reduction in cortical area combined 
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with an increased medullary canal area, would compromise 
the structural strength of the bone. These results align with 
the observed bone weakness reported in human studies [12-14].

Aspects of femoral parameters most affected by age, 
diabetes, and its duration

Parameters related to osteometry, and trabecular mor-
phometry were among the most affected by age, diabetes 
and its duration as shown by the outcome of the DFA. These 
parameters were, robusticity index, midshaft mediolateral 
diameter, bicondylar width (mm), midshaft medullary area, 
bone mass, midshaft cortical area and TbTh. They could 
reliably distinguish the controls from the diabetic groups. 
No similar study was found in the literature to compare with 
these findings reported in the present study.

In conclusion, this study shows that diabetes mellitus 
results in lighter, smaller, shorter hollow bones, as well as 
exhibit unfavourable TbTh, TbN, and TbSp in the ZDSD 
rat. These perturbations occur early and late in the disease. 
Early intervention is recommended in controlling hypergly-
cemia, to reduce femoral head and neck fractures in diabetic 
patients. The ZDSD rat is also recommended as a suitable 
translational model that can be extrapolated to humans, as it 
shares a similar diabetes progression as humans.
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