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Abstract

Prior to shoulder replacement, the quality of cancellous bone stock of humerus head should be evaluated. Thermogravi-
metric analysis (TGA) has already been utilized to assess thermal stability of cancellous bone mineral, collected from the
femoral head of patients with osteoarthritis and osteoporosis. Our workgroup has recently examined the thermal parameters
of rotator cuff of patients undergoing reversed shoulder replacement. We hypothesized that TGA of humerus head would
indicate difference in the bone quality of orthopedic and trauma patients. We also hypothesized that the calorimetric data
could correlate with the grade of degenerative changes. Cylindrical subchondral humeral head samples were collected from
patients subjected to reversed shoulder replacement due to orthopedic or trauma indications. Then, calorimetric parameters
were measured using DTA/TG analysis. Radiological evaluation was also performed to classify the grade of osteoarthritis.
In case of orthopedic samples, the calorimetric parameters indicated a moderate to severe degree of bone damage and loss of
mineralization, because of the progressed osteoarthritis. Meanwhile, the trauma samples exhibited only moderate or minimal
subchondral bone degeneration. DTA curves showed different patterns and indicated shifts in transition temperatures, compar-
ing control and pathologic samples. In addition, correlation was found between the degree of osteoarthritis and calorimetric
enthalpy. DTA/TG analysis of humerus head samples indicated marked differences in bone quality of orthopedic and trauma
patients. Further investigation is needed to differentiate the calorimetric parameters of different layers of subchondral bone.
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Introduction

The number of shoulder arthroplasties has been markedly

increased over the last decades [1]. The indication of these
surgeries mainly includes degenerative shoulder diseases
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and comminuted proximal humerus fractures [2, 3]. Prior
to operation, quality of cancellous bone stock of humerus
head cortical-like bone of the glenoid should be evaluated.
The existence of severe osteoarthritis and AVN (avascular
necrosis) of the head require different planning and may
exclude the use of certain type of prosthesis, such as stem-
less implants.

While imaging methods, CT-scan and MRI provide use-
ful information for the operational planning, there is still a
need for better understanding the biochemical background of
bone loos resulting primarily from degenerative diseases [4].
According to the literature, there is only a limited number
of publications available investigating the bone density of
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humerus head and glenoid cavity in patients with shoulder
arthroplasty, especially by using thermal analysis.

Thermogravimetric analysis (TGA) has been applied to
investigate the effect of distraction forces on the callus for-
mation of metacarpal bones of sheep [5]. The method has
also been used to examine pig bone specimens of different
postmortem age, concluding that TGA potential to estimate
postmortem age of forensic bone specimens [6]. Moreover,
TGA was utilized to assess thermal stability of cancellous
bone mineral, collected from the femoral head of patients
with osteoarthritis and osteoporosis [7].

Our workgroup has recently examined the condition
of rotator cuff of patients undergoing reversed shoulder
replacement with different indications and we have found
marked differences in the thermal parameters of orthopedic
and trauma samples [8, 9].

Therefore, we hypothesized that thermogravimetric anal-
ysis of human humerus head samples would indicate differ-
ence in the bone quality of orthopedic and trauma patients.
We expected poorer bone stock and less mineralization in
orthopedic samples with existing osteoarthritis or cuff tear
arthropathy (CTA), compared to trauma samples. We also
hypothesized that the bone loss in orthopedic patients would
correlate with the grade of degenerative changes.

Materials and methods
Sample collection

The 5% 150 mm (diameter X height) sized cylinder-shaped
bone samples were harvested from the removed humerus
head, under the cartilage layer called the ‘estimated gleno-
humeral contact area’ (GCA). Then, samples were properly
stored for further measurements, as described in details
elsewhere [10]. The cancellous bone samples were obtained
patients whom underwent reversed shoulder replacement:
(1) due to acute fractures, AO-OTA Type 11 C3.1-C3.3
(Trauma samples: T1-T3); (2) due to rotator cuff tear
arthropathy (Orthopedic samples: O1, O2). The control
sample was collected from a young patient with dislocated
four-part proximal humerus fracture and was considered
macroscopically as a healthy cancellous bone. This find-
ing was confirmed by histological examination. All of these
samples were considered as waste from the point of surgery.
Samples from orthopedic surgery ranged in mass from 14 to
110 mg, while traumatic test samples ranged in mass from
12 to 49 mg.

All procedures followed were in accordance with the ethi-
cal standards of the responsible Regional and Institutional
Research Ethics Committee and with the Helsinki Declara-
tion of 1975, as revised in 2008.
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Clinical and radiological evaluation of degenerative
changes

Based on patient history and results of the physical examina-
tion in case of RCA patients, an individual score system was
applied to assess the potential level of rotator cuff damage.
Samples of RCA or trauma origin were also macroscopically
assessed, looking for signs of tissue damage.

The rotator cuff tendon damage was radiologically scored
with Hamada classification [11]. For the CT-based evalua-
tion of primary arthropathies, Walch [12] classification was
applied. Osteoarthritis score (0—7) was assessed by calculat-
ing the number of arthritis signs found on conventional two-
dimensional X-rays: acromial acetabularization, femoralization
of humeral head, asymmetric superior glenoid wear, presence
of osteophytes, osteopenia, subchondral sclerosis (snowcap-
sign) and anterosuperior escape. Radiological analysis of con-
ventional X-rays, CT and MRI images was performed by using
Siemens Syngo.via software (Siemens Healthineers Global).

Histological processing

The subchondral bone samples were processed by utilizing
standard decalcification and staining protocols. During slide
preparation and visual analysis, Leica Biosystems ST 5020
Multistainer, Leica Biosystems CV 5030 and Nikon Eclipse
Ci-L microscope were used.

Thermogravimetry

The thermoanalytical investigation of bone samples was per-
formed by an SSC/5200 TG/DTA equipment made by SII
Seiko Instruments (Japan). The sample holders were open
aluminum crucibles with a diameter of 5.2 mm and a depth
of 5 mm. The investigated temperature range was from ambi-
ent up to 550 °C (aluminum sample holders!). The applied
heating rate was between 10 and 40 K min~" (in 10 K steps).
Measurements were performed under an inert nitrogen gas
with a flow rate of 100 mL min~". The detected signals were
DTA (“heat flow”), TG (mass loss in %) and DTG (“speed”
of mass loss) curves.

Statistical analysis

Correlation analysis and plot chart were performed by using
MS Excel software.
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Results
Radiological and histological evaluation

Based on the Hamada and Walch classifications, we have
found that samples with orthopedic origin (O1, O2) showed
significantly more severe signs of preexisting degenera-
tive conditions, such as osteoarthritis and rotator cuff tear
arthropathy, compared to the trauma samples (T1-T3).

According to the fact that preoperative CT-scan was not
available in all orthopedic cases, osteoarthritis was addi-
tionally graded by analyzing conventional two-plain radio-
graphs. The results, indicated as ‘osteoarthritis-score’ on
Table 1, clearly demonstrated the presence of more devel-
oped osteoarthritis among the samples with orthopedic
indication. These data were confirmed by the macroscopical
observations about the degree of visible bone and cartilage
damage during surgery and sample collection.

Table 1 Evaluation of glenohumeral arthritis and rotator cuff damage
of trauma and orthopedic shoulders, based on radiological and mac-
roscopic findings

Sample Hamada clas- Walch clas-  Macroscopic  Osteo-
sification sification score arthritis
score
o1 IV/a 6 4 6
02 \% 5 5 5
T1 I 2 3 2
T2 IV/b 4 2 4
T3 - 0 2-3 0
| A:/“"'

In case of control sample, histopathological analyses
excluded the presence of osteoarthritis or degenerative car-
tilage and bone damage (Fig. 1).

TG/DTA measurements

The TG/DTA scans in case of orthopedic samples can be
seen in Fig. 2. The plots contain the average of three meas-
urements in case of 10 K min™! heating rate.

The DTA result in case of control sample exhibited four
well separable thermal transitions (75-103-335 and 407 °C)
and about a total 40% mass loss in the scanned temperature
range. The DTG curves (they are not plotted) followed the
DTA curves in case of the first two peak temperatures with
1.5and 2.1 mg min~!, but in case of the higher thermal tran-
sitions we could detect only one DTG peak around 402 °C
with 2.7 mg min~! value.

The O1 orthopedic sample showed twice a big thermal
effect than the control one. The lower temperature peaks
shifted to 50 and 107 °C and the endotherm effect was four
times bigger than in case of control. The higher transi-
tions remained roughly at the same temperatures (333 and
404 °C). The twice a greater final mass loss jumped out from
the three graphs (DTG was at 107 °C ~4.6 mg min~! and
1.3 mg min~"! at 390 °C).

The O2 sample exhibited in the characteristic and dena-
turation heat similar tendency as it was in case of the control.
The two lower denaturation peaks separated more clearly
(38 and 118 °C) resulting same calorimetric enthalpy. In
the higher temperature range instead of two (see control)
three denaturation peaks appeared (333, 388 and 485 °C),
where the enthalpy contribution of denaturation at 333 °C

PPN
-

Fig. 1 Histological section of healthy cancellous (trabecular) bone of the humeral head. Hematoxylin—eosin staining, different magnifications.

Left X2 magnification, right X20 magnification
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Fig.2 TG/DTA curves of orthopedic and control samples (curves are average of three measurements)

was greater than that of control at 335 °C and much greater
than the second one at 388 °C (this last one was smaller than
that of the similar control at 407 °C). The total mass loss was
about 40%, and DTG values for the biggest lower transition
were 1.43 mg min~! and at 380 °C 2.3 mg min~".

From Table 2. and Fig. 2—despite of the fact that we
have no enough sample to perform statistical analysis—the
differences among control and O1 as well O2 test materials
can be seen by T,,s, enthalpies, mass losses and “speed” of
mass loss.

The same TG/DTA curves of traumatic bones and control
can be seen in Fig. 3.

At first glance a very definite different denaturation pro-
cess (this way internal structure) can be seen compared with
the orthopedic samples (see Fig. 2). The sample T1 showed
transitions around 50 (inflection) and 120 °C with twice a
bigger calorimetric enthalpy as the control. The denatura-
tions in higher temperature range shifted to 348 and 423 °C
with practically same enthalpies. The mass loss was smaller,
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about 30%. The DTG exhibited at 100 °C higher, 4 mg min~!
value and at 414 °C 2.7 mg min~!, also higher than for
control.

T2 sample showed the biggest difference compared with
either control or any orthopedic and traumatic case. A single
transition at ~ 50 °C, a well separable double denaturation
in the vicinity of 150 °C, as well as the others at 340; 420
and 500 °C. It is very surprising that the total calorimetric
enthalpy in 20-220 °C much lower than in case of control.
The enthalpy contribution in each three denaturation phases
higher compared with the control. The final mass loss is
~60%, the DTG values ~48 °C 0.23 mg min~!, ~137 °C
0.25 mg min~! and ~ 150 °C 0.18 mg min~'. In the higher
range, these values are at 338 °C 0.31 mg min~!, at 410 °C
1.2 mg min~'.

In case of T3 sample, we can distinguish thermal transi-
tions at 90, 110 and 150 °C. The enthalpy contribution of
these three peaks is in the range of the control in 20-210 °C
interval. The enthalpies at higher temperature range are also
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Table2 DTA, mass loss (Am) and DTG parameters of control and orthopedic samples (data are averages of three measurements. In case of
enthalpies, the calculation was made on the total denaturation range)

Orthopaedic bones T0/°C AH_/Jg™! Tyign/°C AH_,/Ig™!
DTA thermodynamic parameters
Control 60.1-103.2 682 335.7-407.2 422
0O1 46.5-108.2 8504.7 333.8-404.7 1532
02 38-118 4849.4 332.6-387.3 394
Mass loss/%
Control 7.5-15 20-30
O1 30 45
02 17.5 40
Tiou/°C DTG Tyign/°C DTG
DTG parameters/mg min ™"
Control 60.1-98.9 1.5-2.1 402.3 2.7
01 107.4 4.61 3923 1.3
02 120 1.4 381.1 2.3
Heat flow/a.u. TG/% Heat flow/a.u. ) TG/%
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0- L
-0 L 5
i —20
-10 4 DTA - -5
: » - —10
_op 3 F-1° % DTA
- —15
TG [ 1% 60 -
804 - 20 1 L 20
—80 A L
—40 - [ 25 TG - 25
L. 30 —100 A -
—50 o 3 E ~ —-30
[ 35 120 -
-60 - L 40 ; - 35
. T ¥ T i T B T y T ' -140 ¥ T Y T y T : T Y T
0 100 200 300 400 500 0 100 200 300 400 500
Temperature/°C Temperature/°C
Heat flow/a.u. . TG/% Heat flow/a.u. TG/%
z A2 traumatic bone _0 1 L0
L 04 A3 traumatic bone
L 10 - -5
I DTA
L. 20 -104 - —10
| %0 - 15
I —20-
- —20
L 40
§ - —25
| 5o 30
i - —30
F60 40
- —35
v T T T v T v T v T T =70 % T x T . T ¥ T ¥ T
0 100 200 300 400 500 600 0 100 200 300 400 500
Temperature/°C Temperature/°C

Fig.3 TG/DTA curves of traumatic and control samples (curves are average of three measurements)
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similar to the control. The full mass loss 35%, the DTG val-
ues are at 85 °C 1.12 mg min~! and at 408 °C 3.3 mg min~".

Similar to the orthopedic surgical materials, Fig. 3 and
the data of Table 3 well demonstrate the alterations among
the different traumatic as well as orthopedic probes.

Correlation analysis

In comparison with the results of radiological evaluation and
calorimetric measurements, we have demonstrated a cor-
relation between the grade of arthritis (osteoarthritis score)
and calorimetric enthalpy detected at the lower tempera-
ture peaks. The correlation analysis showed a ‘moderate’
correlation (R*>=0.609) with a p=0.067, indicating a trend
to statistical significance (Fig. 4). It is necessary to note
that by excluding one ‘outliner’ (sample T2, see explana-
tion in discussion), the correlation would be much stronger
(R*=0.922). We believe that in a further study with an
increased number of n, the data could indicate a statistically
significant, strong correlation between radiological scores
and calorimetric data.

Discussion

Thermal stability of human bone tissue by TGA method has
been recently studied by Lozano et al. [13]. They performed
DSC, infrared spectroscopy (FTIR) measurements and gas
chromatography, to extract and scrutinize collagen struc-
tures. Authors claimed that there is an interaction between
type I collagen and carbonate hydroxyapatite nanocrystals
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Fig.4 Correlation between osteoarthritis score and calorimet-
ric enthalpy. The osteoarthritis score (0-7) was plotted against the
calorimetric enthalpy (AH,, Jg~!) measured at the lower tempera-
ture peaks. Correlation analysis, linear trend line, n=6, R?=0.694,
p=0.067, trend to significance. Empty square indicates control, solid
triangles orthopedic and solid rounds trauma samples

and changes of collagen during (de)mineralization could
affect the fiber elasticity and the strength of bone tissue.
Although bone samples of our current study were collected
from different location and they represent histologically
different bone types (humerus head subchondral cancellous
bone vs. healthy skull and radius cortical bone), the thermal
data (calorimetric enthalpy, mass loss) of our study are com-
parable with Lozano’s results.

Osteoarthritis is a degenerative joint disease, charac-
terized with chronic inflammation, cartilage damage and
hypomineralization of the subchondral bone. During this
process, there is a loss of mineral contents and the exposure

Table3 DTA, mass loss (Am) and DTG parameters of control and traumatic samples (data are averages of three measurements. In case of

enthalpies, the calculation was made on the total denaturation range)

Trauma bones T,0u/°C AH,/Tg™! Tt/ °C AH, /Tg™!
DTA thermodynamic parameters

Control 60.1-103.2 682 335.7-407.2 422

T1 45.7-117.5 2190 348.1-423 36.5

T2 56-141-153 329.5 335.1-410.6 21.4

T3 91.1-157.6 564.2 331-413.6 49
Mass loss/%

Control 25 50

T1 35 60

T2 15 45

T3 15 50

Tiow/°C DTG Tyig!/°C DTG

DTG parameters/mg min ™'

Control 60.1-98.9 1.5-2.1 402.3 2.7

T1 100.4 44 360-414.3 1.2-2.7

T2 47.8-143 0.2-0.4 338-408 0.3-1.2

T3 84.8 1.1 407.7 33
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of subchondral bone will contribute to the pain accompanied
with progressed osteoarthritis [14]. The subchondral bone
can be divided into two different anatomical parts: subchon-
dral bone plate laying directly under the cartilage and the
deeper trabecular bone [15].

According to our thermal analyses, control sample
exhibited four, well separable thermal transitions. In case
of O1 orthopedic samples, the lower temperature transition
peaks were shifted, accompanied with a four times larger
endotherm effect. Meanwhile, higher peaks remained at
the same temperature range. The other orthopedic sample
(02) showed similar thermal characteristics to the control.
A possible explanation is that the different peaks belong to
different layers of the subchondral bone. There is a func-
tional unit, called the ‘osteochondral junction’ providing
biochemical contact between different layers and alteration
of this functional unit will affect the maintenance of the joint
[16]. It can be speculated that the lower peaks represent the
more sensitive transition zone or subchondral plate, while
the thermodynamically more stable higher peaks represent
the less effected deeper layers.

There is an increase in the number of trabeculas and bone
volume in osteoarthritis; however, the bone is hypominer-
alized and lower quality, compared to the healthy cancel-
lous bone structure [17, 18]. Consistently, we have found a
relatively high mass loss in case the more affected orthope-
dic sample (O1), compared to the control. Meanwhile, the
trauma samples exhibited similar mass loss, compared to
the control sample.

Similar to osteoarthritis, a large part of the elderly popu-
lation is affected by osteoporosis. The osteoporosis can be
described by lower-than-normal maximum bone mass and
greater-than-normal bone loss. Due to an imbalance between
bone resorption and formation, a pathologic, fragile bone
tissue will be gradually replacing the healthy tissue. As the
result of hormonal effects, the will an increase in resorption
combined with deficiency of calcium and vitamin D leading
to impaired bone deposition [19]. In case of trauma patients,
there were no preoperative screening or DEXA performed
to assess the level of osteoporosis. Additionally, CT’s and
conventional X-ray’s capacity to estimate the level of osteo-
porosis is very limited.

However, considering the demographic data of our
patients, there is a high possibility that our trauma patients
with comminuted four-part humerus fractures had osteopo-
rosis as well. The decreased bone mass and mineralization
accompanied with osteoporosis could be an explanation for
the different thermal results of trauma samples, compared
to the control.

Another possible explanation is that the mechanical
consequence of the trauma itself was detected during the
thermal analyses. It is known that in case of a dislocated
proximal humerus fractures involving the anatomical neck

(fracture type AO 11 C1-C3) [20], there is a high chance
of loss of blood supply and development of avascular
necrosis (AVN) of the humerus head [21]. As the result of
the interruption in blood supply, hemopoietic, then bone
cells (osteoblasts, osteoclasts, etc.) and bone marrow fat
cells will be affected. With the lack of reperfusion, the
angiogenesis and reparation phase could not be initiated
and therefore, avascular necrosis (AVN) would start to
develop [22]. Considering the time elapsed between the
trauma and operation, generally 5—-10 days, the interrupted
blood supply could not have caused significant loss of min-
eralization but the altered metabolism and cellular func-
tion might have resulted in a different thermal characteris-
tic [23], compared to the orthopedic samples with in part
different pathologies.

It is important to note that the T2 trauma sample
showed markedly different thermal characteristics, com-
pared to other samples. For instance, a single transition
was found at ~ 50 °C, a well separable double denaturation
in the vicinity of 150 °C, as well as three others at 340;
420 and 500 °C. The enthalpy contribution in each three
denaturation phases higher compared with the control. In
addition, the final mass loss was the largest, ~60%. The
different pattern of the curves could be explained by either
a more intensive acute microstructural damage caused by
the trauma itself or by a more rapid avascular necrosis
caused by the ruptured microcirculation during anatomical
neck dislocation.

Additionally, the differences between orthopedic and
trauma samples cannot be always clearly distinguished.
Trauma patients can exhibit preexisting symptoms of osteo-
arthritis and orthopedic patients may develop signs of avas-
cular necrosis due to previous trauma. It is likely that in
case of the ‘outliner’ trauma sample we were able to detect
a mixture of degenerative disease and an enhanced effect of
acute trauma as well.

Possible limitation of the study is that the collected
5% 150 mm (diameter X height) sized cylinder-shaped bone
samples involves both layers of the subchondral bone. There-
fore, the thermoanalysis was performed on whole cylinder
and the data were collected of both layers during the same
measurement. It is known that the deeper, trabecular layer
would show different pattern at the different grades of osteo-
arthritis: subchondral microdamage, subchondral trabecular
sclerosis and the formation of subchondral cysts, parallel
to the loss of mineralization [14]. Therefore, one cannot
exclude that a larger sized of sclerotic part of subchondral
cysts interferes with the measurement.

Another limitation of this study is that only the average
values were calculated due to the relatively small number of
samples. However, we believe that DTA curves and thermo-
gravimetric analyses indicated marked differences to draw
our conclusion.
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Conclusions

DTA/TG analysis of human humerus head samples indicated
marked differences in bone quality of orthopedic and trauma
patients, compared to the control. Further investigation is
needed to differentiate the calorimetric parameters of dif-
ferent layers of subchondral bone.
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