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Abstract

The assessment of rotator cuff tear prior to shoulder replacement is based on the physical findings and imaging procedures,
preferably magnetic resonance imaging (MRI). However, MRI is not always available, and in trauma patients, the CT-scan-
based classification of glenohumeral arthritis or tendon damage is generally not applicable. In case of 4-part dislocated
proximal humerus fractures the right diagnosis is crucial prior to choose between different type protheses or osteosyntheses.
Therefore, there is a need for novel methods for the evaluation of rotator cuff damage. Our aim was to evaluate whether
differential scanning calorimetry (DSC) could determine the grade of rotator cuff damage in patients undergoing shoulder
replacement. Small samples of rotator cuff tendons of patients undergoing reversed shoulder replacement due to orthopedic
or trauma indications were resected during surgery, and thermal parameters were measured using DSC. Radiological evalu-
ation was also performed to classify the degree of rotator cuff damage and glenohumeral arthritis. In case of orthopedic
samples, the consequence of advanced tendon damage was well demonstrated by the shape and the running of the curves,
compared to the control sample. In trauma samples, the moderately degenerated tendons also exhibited significant difference
from the control in the shape of the scans and in the thermal parameters. DSC curves demonstrated a clear difference in the
thermal parameters of healthy and pathologic samples. DSC could be a useful additional method in the evaluation of rotator
cuff tear arthropathies in future studies.

Keywords DSC - Tendon - Rotator cuff tear - Arthropathy - Trauma - Reversed shoulder replacement

Introduction

Rotator cuff arthropathy (RCA) is a common degenerative

condition, ultimately leading to need for surgery and total

shoulder replacement. The preoperative diagnosis is usu-
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osteoporosis, existing arthritis and importantly, rotator
cuff damage should be considered [7-9].

According to the literature, MRI supposed to be the
gold-standard for the evaluation of the rotator cuff [1],
however, magnetic imaging is not always feasible. Pres-
ence of older metallic implants or patient factors, such as
claustrophobia could limit the application of MRI in the
preoperative process. Other methods, including histology,
are accurate but time-consuming procedures.

Therefore, there is a need for novel methods to further
evaluate the condition of rotator cuff damage and help
clinical decision for the choice of the right prosthesis
implantation.

Recent studies have demonstrated that the differential
scanning calorimetry (DSC) is a useful tool in the inves-
tigation of tendons and joint capsules in degenerative and
inflammatory diseases [10, 11].

We hypothesized that differential scanning calorim-
etry could determine the grade of rotator cuff damage
in patients undergoing shoulder replacement, providing
more insight into the structural changes of the examined
tissue samples.

Fig. 1 Rotator cuff tear arthropathy. Conventional X-ray (left: AP
view) and CT-scan (right: CT)

Fig. 2. 4-Part, dislocated,
fragmentary articular fracture
(Type Neer VI). left: CT-scan.
Axial plane, middle: CT-scan.
Coronal plane, right: CT-scan,
3D reconstruction
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Materials and methods
Sample collection

The 5x5x 10 mm sized sample of the rotator cuff was
resected during total reversed shoulder replacement. We
preferably harvested supraspinatus tendon, approximately
1-1.5 cm proximal from the insertion into the superior
facet of greater tubercle of humerus. Then, samples were
properly stored for further measurements, as described in
details elsewhere [11]. The rotator cuff samples—three
from each different medical stages—were obtained patients
whom underwent reversed shoulder replacement: (1) due to
acute trauma (4-part dislocated or Neer Type VI proximal
humerus fractures (samples A2—-A4), (2) due to rotator cuff
tear arthropathy (samples B1, B2) (Figs. la-b, 2a—c). The
control sample (originally labeled as A1) was collected from
a young patient with dislocated 4-part proximal humerus
fracture and was considered macroscopically as a healthy
tendon. This finding was confirmed by histological exami-
nation. All of these samples were considered as waste from
the point of surgery.

All procedures followed were in accordance with the
ethical standards of the responsible Regional and Institu-
tional Research Ethics Committee and with the Declara-
tion of HELSINKI 1975, as revised in 2008.

Clinical and radiological evaluation of rotator cuff
damage

Based on patient history and results of the physical exami-
nation on case of RCA patients, an individual score sys-
tem 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 rotator cuff
injury.

The rotator cuff tendon damage was scored with Hamada
classification [12, 13], for evaluation of primary arthropa-
thies and cartilage damage, Walch [14] and Outerbridge
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[15, 16] classifications were used, respectively. Radiologi-
cal analysis of conventional X-rays, CT (Siemens Somatom
Perspective Dual 64/128) and MRI (Siemens Magnetom
Essenza 1.5 T) images was performed by using Siemens
Syngo.via software (Siemens Healthineers Global).

Histological processing

The rotator cuff samples were fixed in 4% formaldehyde for
at least 2 days. After fixation two representative sections
from each sample were cut. Then the tissues were dehydrated
and embedded in paraffin according to the standard histo-
pathological processing and 4-pm-thick sections were cut by
microtome. The slides were stained with hematoxylin—eosin.

DSC measurements

The stored samples were washed three times in normal
saline and remained in a sterile isotonic saline on 4 °C before
starting the calorimetric examinations (max. half an hour).
The measurements were made by a SETARAM Micro DSC-
IT calorimeter between 0 and 100 °C with a heating rate of
0.3 K min~!. Conventional closed Hastelloy batch vessels
(V=1 mL) were used for the experiment to perform the ther-
mal denaturation. Samples’ masses were between in mgs:
180-240 for B1, 43—-109 for B2 in case of orthopedic sam-
ples and 45-90 for A2, 3845 for A3 and 116-122 for A4 in
case of traumatic patients. The healthy control mass varied
in 200-220 mg range. Normal saline was used as a refer-
ence. With the help of a two-point setting SETARAM peak
integration calorimetric enthalpy was calculated from the
area under the heat absorption curve then the other thermal
parameters [denaturation or melting temperature (7,,,), range
of denaturation (AT), half width of transition (7 ;) and calo-
rimetry enthalpy (H_,;) data of samples] were compared.

Results
Radiological and histological evaluation

Radiological evaluation of rotator cuff tendon damage and
glenohumeral arthritis was performed based on the avail-
able conventional X-rays and CT and scans (see Figs. 1,
2). Table 1 shows the results of assessment of orthopedic
shoulders, and Table 2 indicates the results of shoulders
with 4-part or Neer Type VI (AO/ASIF 11 C3.2-C3.3
[5a]) proximal humerus fractures [17].

Based on Hamada classification, massive rotator cuff
tears can be classified into five grades, using radiologi-
cal analyses of glenohumeral joint. In case of orthopedic

Table 1 Evaluation of glenohumeral arthritis and rotator cuff damage
of orthopedic shoulders, based on radiological and macroscopic find-
ings

orthopedic  Classification

tendon - -
Walch Outerbridge Hamada Macroscopic

Bl - 2 4a

B2 D - 5 5

Table 2 Evaluation of glenohumeral arthritis and rotator cuff damage
of trauma shoulders, based on radiological and macroscopic findings

Traumatic  Classification

tendon ; -
Walch Outerbridge Hamada Macroscopic

A2 - - - 3

A3 Al - 4b

A4 - - - 3

samples, grade 4a (glenohumeral arthritis without subac-
romial acetabulization) and grade 5 (humeral head col-
lapse, which is characteristic of cuff tear arthropathy) cuff
tear arthritis were found. Meanwhile, a grade 4b (gleno-
humeral arthritis with subacromial acetabulization) level
of damage was found in trauma sample A3. The MRI-
based modified Outerbridge classification also indicated a
grade 2 (blister-like swelling/fraying of articular cartilage
extending to surface) osteochondral lesion in B1 orthope-
dic sample.

Overall, based on the intraoperative macroscopical find-
ings, the orthopedic rotator cuff tendon samples exhibited
a marked damage, meanwhile, trauma samples showed
signs of moderate tendon injuries.

It is important to note, that all of these classifications
have been primarily developed for degenerative (RCA)
shoulders, therefore, applicability for trauma shoulders is
very limited. Healthy samples: in case of healthy, control
samples, histological examination confirmed the absence
of pathologic findings (Fig. 3).

Thermal denaturation of orthopedic samples

The denaturation process of samples of patients with ortho-
pedic origin can be seen in Fig. 4. The heat flow curves are
average of three samples and normalized on the wet sample
mass.

The consequence of the advanced tendon damage (B1) as
well as specifically advanced tendon damage (B2) compared
to the control is well demonstrated by the shape and the

@ Springer



L.G.Not et al.

SN ~ ‘; .b-h "
(@ - o Y (b)
Al \ - NS 5 \;v:;i :
N R
X R D S e S
Y
N 3 A
| NS RN < )
NN AN S
X N
\ R
3 R
v RENES
W ~
)
3
N
S
'
S v/
S N 7 /
i ;

Fig. 3 Histological section from healthy rotator cuff tendon tissue.
Hematoxylin—Eosin staining, different magnifications. left: 20X mag-
nification, right: 2X magnification
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Fig.4 The thermal denaturation curves of orthopedic samples (inter-
pretation of symbols is in the text)

running of the curves. This trend is supported by the data
of Table 3 too.

The significant decrease of the calorimetric enthalpy
well demonstrates the structural consequence of the medical
abnormality. The change in the baseline after the denatura-
tion can be a sign of a heat capacity increase, demonstrating
a more compact (more densely packed) structure as a con-
sequence of less elasticity of the tendon.

Thermal denaturation of traumatic samples

In this case too, the curves are average of three different
samples, and the heat flow is normalized on the wet mass.
The moderately degenerated tendons (A2) exhibited signifi-
cant difference from the control in the shape of the scans and
in the thermal parameters too (see Table 4; Fig. 5).

The reproducibility of DSC measurements in temperature
is cc. 0.2 °C and in enthalpy below 0.05 J (on the basis
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Table 3 Most frequently calculated thermal parameters of the dena-
turation of biological samples (AT—temperature range of denatura-
tion, T,,—half width at the maximal heat flow, T, —the peak tem-
perature of the denaturation and AH—calorimetric enthalpy)

Orthopedic tendon Thermodynamic parameters

ATPC  T,,°C  T,/°C  AH /I g
Control 1860  2.02 6355 5.0l
Bl 11,71 183 6424  3.14
B2 1549 216 6145  1.83

The data are averages of three measurements

Table 4 Thermal parameters of the denaturation of traumatic tendons
(symbols and data mean the same as in Table 1)

Traumatic tendon Thermodynamic parameters

ATIPC  T,,°C  T,/°C  AH_/Tg!
Control 18.60 2.02 63.55 5.01
A2 13.23 2.76 61.60 2.69
A3 12.56 1.93 64.93 5.33
A4 12.15 1.83 64.60 5.67
Traumatic tendons
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Fig.5 The DSC scans of traumatic samples (interpretation of sym-
bols is in the text)

of different user’s guides and according to our experience).
This way we can say that this technique can be a useful
tool to monitor the structural changes in tendons caused by
orthopedic or traumatic side.



DSC examination of rotator cuff damage in patients with total shoulder arthroplasty 169

Discussion

The evaluation of the condition of rotator cuff tendons has
a great importance in the decision making prior to the sur-
gical treatment of different type of pathologic conditions.
Although there are several types of diagnostic tools avail-
able to evaluate the rotator cuff injury, there is a need for
further insight into the pathophysiology of different rotator
cuff tendon conditions [15].

Utilizing differential scanning calorimetry (DSC), here
we have demonstrated a marked difference in the thermal
parameters of rotator cuff samples with both orthopedic and
trauma origin, comparing to the healthy control.

Numerous recent publications have investigated the
pathophysiology of rotator cuff injuries. However, only a
limited number of studies are available utilizing differen-
tial scanning calorimetry (DSC) to assess thermal param-
eters [18]. In an experimental model of rabbit rotator cuff
injury, Szabé et al. have demonstrated definitive differences
between the muscles with normal and torn tendons, and
those findings were confirmed by CT and MRI scans [19].

Furthermore, it has previously been shown that DSC indi-
cated clear differences, examining the different magnitudes
of the rotator cuff tears, examining cadaver biceps tendon
samples, which findings were supported with histological
examination [20]. They found a loss of thermal cooperation
of the components, decreased melting temperatures and with
an increase in thermal enthalpy; explaining with the higher
level of collagen and secondary bindings among the col-
lagen fibers.

In acute injuries, evaluating ruptured lower limb tendons
(patellar, Achilles and quadriceps), Wiegand et al. have dem-
onstrated that the denaturation temperature was significantly
increased in the acutely injured samples. They speculated
that it could be caused by a smaller amount of bound water
in the ruptured tendons. Additionally, they have found that
the acutely ruptured samples showed significantly lower
enthalpy, compared to the intact tendons; indicating struc-
tural changes happened prior to the injury. It is important
to note, that the healthy human tendons were of cadaver
origin [10].

Ageing, overuse and repetitive microtraumas have all
been implicated in the development of rotator cuff tear and
the consequential shoulder arthropathies [21]. Bognar et al.
have found clear, age-related changes in the thermal dena-
turation properties of long head of the biceps, using human
cadaver tendon samples, the thermal parameters chang-
ing from T,, (°C): 57, AH (J g_l): 0.26 (age: 0 year) to T,
(°C): 62.92, AH g_l): 1.28 (age: 90 years) [22]. In their
study, the age-related curve of the thermal enthalpies dis-
played high spreading, with a peak at 51 years (calorimetric
enthalpy of 6 J g71) [22]. It is known that in tendons the

Type I. collagen is the major structural element of the extra-
cellular matrix (ECM), and the covalent cross-linking of col-
lagen molecules in connective tissues, like in tendons, plays
a major role in the proper function. Importantly, Arnesen
et al. has observed an increase in collagen cross-linking and
in total amount of collagen during the ageing; leading to a
decrease in both its flexibility and its ability to heal follow-
ing traumas [23].

A potential limitation of our experiments is that radiolog-
ical classification was performed only in a limited number of
cases. However, the routinely used classifications are either
developed for the assessment of RCA shoulders or based on
MRI examinations. Meanwhile, CT-scan can be generally
done prior to surgery, MRI is not always readily available
due to the presence older metallic implant, claustrophobia,
etc. On the other hand, the lack of available classifications
supports the need for novel examination tools, such differ-
ential scanning calorimetry.

From the aspect of daily clinical practice, preparation
of trauma patients is generally more challenging, since the
acute fractures need quicker decision and surgical interven-
tion. Meanwhile, degenerative diseases, such as rotator cuff
arthropathies rarely require prompt operations, allowing
more time for the surgeon to plan the operation [4-6]. There-
fore, data showing differences in the expected condition of
the rotator cuff of trauma patients vs. orthopedic patients
could help the operation planning and improve therapeutic
protocols as well.

Another limitation of the study is that only the average
values were calculated due to the relatively small number
of samples, without further statistical analyses. However,
according to the marked differences between the healthy and
pathologic samples and the excellent reproducibility of the
measurements (in temperature is cc. +0.2 °C and in enthalpy
below 0.05 J), we believe that DSC is a reliable tool in the
evaluation of rotator cuff samples of human origin.

Conclusions

The DSC curves demonstrated a clear difference in the ther-
mal parameters of healthy and pathologic rotator cuff sam-
ples of patients underwent reversed shoulder replacements.
Therefore, DSC could be a useful additional method in the
evaluation of rotator cuff tear arthropathies in future studies.
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