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Lugol’s solution but not formaldehyde
affects bone microstructure and bone
mineral density parameters at the insertion
site of the rotator cuff in rats
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Abstract

Background: This study aimed to investigate whether rodent shoulder specimens fixed in formaldehyde for
histological and histomorphometric investigations and specimens stained using Lugol’s solution for soft tissue
visualization by micro-computed tomography (microCT) are still eligible to be used for bone architecture analysis
by microCT.

Methods: In this controlled laboratory study, 11 male Sprague-Dawley rats were used. After sacrifice and exarticulation both
shoulders of healthy rats were assigned into three groups: (A) control group (n = 2); (B) formaldehyde group (n = 4); (C)
Lugol group (n = 5). Half of the specimens of groups B and C were placed in a 4% buffered formaldehyde or Lugol’s
solution for 24 h, whereas the contralateral sides and all specimens of group A were stored without any additives. MicroCT
of both sides performed in all specimens focused on bone mineral density (BMD) and bone microstructure parameters.

Results: BMD measurements revealed higher values in specimens after placement in Lugol’s solution (p < 0.05). Bone
microstructure analyses showed increased BV/TV and Tb.Th values in group C (p < 0.05). Specimens of group C resulted in
clearly decreased Tb.Sp values (p < 0.05) in comparison to the control group. Formaldehyde fixation showed minimally
altered BMD and bone microstructure measurements without reaching any significance.

Conclusions: MicroCT scans of bone structures are recommended to be conducted natively and immediately after
euthanizing rats. MicroCT scans of formaldehyde-fixed specimens must be performed with caution due to a possible slight
shift of absolute values of BMD and bone microstructure. Bone analysis of specimens stained by Lugol’s solution cannot be
recommended.
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Introduction
Depending on tear size, healing failure rates of rotator cuff
reconstructions are reported up to 94% [1, 2]. The reasons
for the high failure rate are multifactorial. Bony changes at
the tendon insertion site in patients suffering from rotator
cuff tears have been previously described [3–5]. Decreased
bone mineral density and diminished bone microstructure
were shown to have an important influence on the risk of
re-ruptures [6, 7]. Characteristics of the reconstructed ten-
don itself, namely its organization and structure in
addition to muscle quality are important factors to con-
sider [8].
Experimental animal models have been developed to

investigate additional treatment possibilities to avoid
these problems associated with re-tears [9, 10].
As bone, tendon, and muscle structures constitute a

functional unit, simultaneous investigations of these
structures in one sample would be of great interest. To
investigate bone structure and bone mineral density
(BMD), specimens are routinely placed in saline solu-
tion, 4% paraformaldehyde, or are frozen natively at − 80
°C until micro-computed tomography (microCT) testing
[8, 11, 12].
Recently, a staining method for soft tissue visualization

(muscle and tendon structures as well as nervous tissue)
by microCT analysis was described [13–15]. Thereby,
Lugol’s solution, defined as a mixture of two parts potas-
sium iodide in water and one part iodine, is used for
staining of specimens [13, 16, 17]. Until now, little is
known about the behavior of Lugol’s solution on bone
structure parameters. To histologically investigate ten-
don and muscle structures, 4% buffered formaldehyde
solution is commonly used for fixation [18]. Afterwards,
different staining methods are performed to visualize the
respective structures of interest.
Consequently, the aim of this study was to investigate the

influence of Lugol’s solution and formaldehyde solution on
bone microstructure and BMD during microCT analysis, as
they may have a profound influence in interpreting microCT
results in biomechanical rotator cuff studies.
The primary hypothesis was that Lugol’s solution has

no influence on bone microstructure and BMD in
microCT analysis compared to native scans.
Secondly, we hypothesized that 4% buffered formalde-

hyde solution has no influence on bone microarchitec-
ture using microCT analysis compared to native scans.

Methods
The study was authorized by the Institutional Animal
Care and Use Committee (No. 504113/2016/16). Eleven
male Sprague-Dawley rats were used for this study.
Weight and age of the rats were homogeneous in the 3
groups (390–410 g). The rats (2/cage) were housed in a
light- and temperature-controlled room. After 1 week of

acclimatization period, rats were euthanized under deep
anesthesia by an intracardially overdose of thiopental.
Subsequently, both humeri were exarticulated. Supraspi-
natus tendon and muscle structures were preserved in-
cluding the enthesis. Rats were divided into three
groups: (A) control group (n = 2); (B) formaldehyde
group (n = 4); (C) Lugol group (n = 5). MicroCT scans
of the control group were performed immediately after
exarticulation. Right shoulders of the Lugol group were
placed in Lugol’s solution for 24 h at 4 °C [13, 16, 17].
Right shoulders from the formaldehyde group were
placed in 4% buffered formaldehyde solution for 24 h at
4 °C. After 24 h, microCT scans of the Lugol and for-
maldehyde group were performed in the residual stain-
ing solution. The contralateral shoulders were scanned
natively without any additional substances and were
compared to the corresponding staining method within
the group. MicroCT (μCT 50, SCANCO Medical AG,
Brüttisellen, Switzerland) scanning and segmentation
was conducted by a blinded examiner [19]. The speci-
mens were placed in 15 ml centrifugation tubes.
MicroCT scans were conducted at 200 μA, 90 kVp with
a field-of-view of 20.48 mm and reconstructed to a reso-
lution of 10 μm. The SCANCO calibration phantom was
used for calibration.
Fiji was used to transform the humeri to an upright

orientation along the Z axis [20, 21]. The scans were
then rigidly registered using Amira 6.2 (FEI, Thermo
Fisher Scientific, Hillsboro, OR, USA) to a single speci-
men. Regions of interest were manually drawn in the
trabecular space of the epiphysis equally in all groups. A
sub-volume of the epiphysis space at tendon attachment
site was manually selected in all specimens as region of
interest (ROI) (Fig. 1). To prevent measurement errors
due to differences in the geometry of the specimen, the
regions were then corrected using Definiens Developer
XD 2.0 (Definiens AG, Munich, Germany). In Definiens,
a ruleset was developed to segment the cortical portion
of the specimen, based on local volumetric bone density.
The cortical portion was not considered for measure-
ment. Two measurements were performed with different
thresholds for bone segmentation. Firstly, a measure-
ment using a fixed threshold of 500 mgHA/cm3 for all
native and formalin-stained specimen. Secondly, due to
obvious differences in brightness in the Lugol stained
specimen, a measurement was performed using a thresh-
old calculated via Otsu’s automatic threshold selection
in the ROI of each Lugol stained specimen and their na-
tive contralateral controls [22]. Affected and contralat-
eral control were always thresholded and measured with
the same method.
Bone mineral density and bone volume fraction were

measured in Definiens. For measurement of bone min-
eral density, the outer 20 μm of bone structures were

Feichtinger et al. Journal of Orthopaedic Surgery and Research          (2021) 16:254 Page 2 of 7



excluded. The segmented trabecular structures were
exported as binary image stacks and analyzed in Fiji
using the BoneJ plugin for measurement of trabecular
thickness and spacing [23].
BMD (mgHA/cm3) as well as bone microstructure pa-

rameters including mean bone volume fraction (BV/TV;
%), mean trabecular thickness (Tb.Th, μm), and mean
trabecular spacing (Tb.Sp, μm) were then calculated.
Analyses of the ipsilateral and contralateral side were
then compared and a ratio was generated for statistical
analyses.

Statistical analyses
Testing for normal distribution was conducted using the
D’Agostino and Pearson omnibus normality test. Ac-
cordingly, Kruskal-Wallis test and Mann-Whitney test
were performed. In graphs, values are presented as mean

values and associated standard error of mean. For calcu-
lation, a ratio of the affected to the non-affected native
side for each parameter was created. A p value < 0.05
was considered statistically significant. GraphPad Prism
version 8.3.1 (GraphPad Software, La Jolla, CA, USA)
was used for statistical calculations.

Results
Bone mineral density (BMD)
BMD measurements revealed higher values in specimens
after storage in Lugol’s solution (Fig. 2). Analyses
showed significantly higher (p < 0.05) ratios of the af-
fected side compared to the native contralateral side
within group C. Group B revealed minimally increased
ratios in comparison to the control group without reach-
ing significance (Fig. 2).

Fig. 1 Computer tomography analysis in sagittal plane (left), frontal plane (middle), and transverse plane (right). The epiphysis is marked with a
blue star. Green area marks subvolume of the epiphysis space at tendon attachment as region of interest (ROI)

Fig. 2 Bone mineral density (BMD): left: absolute values. right: relative difference (%) of affected side and native contralateral side. Values are presented
as mean values and associated standard error of mean
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Bone microarchitecture
Shown are the relative differences between the affected
and native contralateral control as a ratio affected/native.
Bone microstructure analyses showed increased BV/TV
and Tb.Th ratios in group C (p < 0.05) (Fig. 3). Speci-
mens from group C resulted in significantly decreased (p
< 0.05) Tb.Sp ratios compared to the control group (Fig.
3). Formaldehyde fixation showed minimally increased
BV/TV and Tb.Th ratios and slightly decreased Tb.Sp
measurements without reaching significance.

Discussion
This study aimed to investigate the influence of formalde-
hyde fixation and staining using Lugol’s solution on BMD
and bone microstructure of the rotator cuff insertion site
in rats. Results showed significantly altered values after
immersion in Lugol’s solution for 24 h. Comparisons of
bone parameters between formaldehyde-fixed specimens
and native controls did not differ.
The importance of bone structures in rotator cuff tears

and their influence on success after reconstruction was
shown in earlier studies. Meyer et al. described signifi-
cant differences regarding BMD in human cadavers with
rotator cuff tears in comparison to their contralateral
side without tears [4]. Oh et al. described seven different
regions of bone density in the proximal humerus in pa-
tients with unilateral rotator cuff repairs stating in the
posterolateral portion the highest volumetric BMD [5].
Chung et al. presented the influence on success of re-
construction and stated that lower BMD and fatty infil-
tration are associated with lower healing results after
reconstruction [6]. Also bone microstructure was deteri-
orated in patients with rotator cuff tears. Kirchhoff et al.
showed differences in BV/TV values at the proximal hu-
merus by high-resolution quantitative computed tomog-
raphy [7]. These findings underline the importance of
bone structure evaluation in rotator cuff tear models
and require further investigations of treatment options

for improvement of bone deficiencies after rotator cuff
tears [10, 24].
Not only bone quality evaluated by microCT investiga-

tions are of high scientific interest. Also histomorpho-
metric analysis of bone, tendon, and muscle are essential
methods of analysis [25, 26]. Myocellular and intramus-
cular fat infiltration, atrophy, and fibrosis of muscle and
tendon structures are associated with high rates of heal-
ing failure [25, 27]. Kim et al. stated that tears at the an-
terior part of the supraspinatus tendon particularly need
to be treated early due to the high risk of fatty infiltra-
tion associated with inferior clinical outcome [27].
These findings require techniques that allow for inves-

tigations in both bone structures and soft tissue struc-
tures at a high-quality level. Until now, it was unclear if
specimens fixed with formaldehyde for histological and
histomorphometric investigations or specimens stained
by Lugol’s solution can be used for reliable bone struc-
ture evaluations by microCT as well.
For histological investigation of soft tissue structures, a

4% buffered formaldehyde solution is commonly used
for fixation [18]. Afterwards, different staining methods
are used to investigate structures of interest [9]. Particu-
larly in rotator cuff reconstruction animal models, inves-
tigations of the musculo-tendinous transition zone
including vascularization and collagen types relations
(Fig. 4) are of great interest. In this study, microCT
scans of shoulders from the formaldehyde group showed
minimally increased ratios in comparison to the control
group without reaching significance for BMD measure-
ments. Bone microarchitecture assessment showed in
the formaldehyde group minimally increased BV/TV and
Tb.Th ratios and slightly decreased Tb.Sp measurements
without reaching significance. Earlier studies showed the
effect of formaldehyde on the biomechanical properties
of bone [28, 29]. Elements in the hydroxyapatite of bone
as Ca, P, and Mg, can dissolve in formaldehyde and alter
the biomechanics [28, 29]. In the present study, the

Fig. 3 Bone microstructure: relative difference (%) for bone volume fraction (BV/TV); trabecular thickness (Tb.Th); trabecular spacing (Tb.Sp). Values
are presented as mean values and associated standard error of mean
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minimal changes of BMD and microarchitecture param-
eters in the formaldehyde group reflect ongoing pro-
cesses of the bone but minimize its relevance for
microCT analyses. The duration of preservation in for-
maldehyde seems to play an important role, as other
studies investigated biomechanics after long-term pres-
ervation, in this study shoulders were placed in 4% buff-
ered formaldehyde solution for 24 h. Due to minimal
changes after formaldehyde preservation in microCT
analyses in this study, native scans are recommended to
avoid incorrect measurements.
Recent studies describe staining methods with Lugol’s

solution enabling visualization and analyses of soft tis-
sues such as muscle and tendon structures as well as
nerve structures by microCT analysis [13, 14, 16, 17, 30]
(Fig. 5). Consequently, 3D reconstructions of soft tissue
structures including nerve visualization enable new out-
come measurement options in experimental studies. The
importance of neurologic deficiencies have been shown
earlier and are of high scientific interest in experimental
rotator cuff tear animal models [31, 32].

In this study, significantly higher BMD values were mea-
sured in specimens after storage in Lugol’s solution. Bone
microarchitecture evaluation resulted in clearly increased
BV/TV and Tb.Th ratios as well as decreased Tb.Sp mea-
surements after preservation in Lugol’s solution. Despite
rigidity and the low permeability of bone tissue, the effect
of Lugol’s solution showed significant changes in microCT
analysis. The effect most probably depends on time of
staining, as the acidity changes during staining with
Lugol’s solution and the pH begins to decrease. As a result
of the lowered pH, decalcification of bone increases simi-
larly to other acidic stains [13]. In the present study, the
main interest was in soft tissues on the outer surface of
the specimen. The specimens were thus only stained for a
relatively short time, resulting in little stain reaching the
trabecular space of the epiphysis. Despite this minimal
staining, the effect on the bone measurements was signifi-
cant. If soft tissues in the trabecular space of the epiphysis
or medullary cavity are of interest, longer staining dura-
tions and a higher amount of stain are necessary, com-
pounding the negative effect on bone measurements. The

Fig. 4 Stained sections of musculo-tendinous transition zones: left: Martius, Scarlet, and Blue (MSB) for muscle and tendon quality assessment,
middle: CD31 stained section for vascularization analysis, right: collagen III stained section for muscle and tendon regeneration analysis

Fig. 5 Sagittal cut of a humerus specimen in Lugol’s solution. Blue star: epiphysis. Red star: supraspinatus muscle. Green area marks supraspinatus
tendon structure
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exact amount of stain taken up by the tissue is difficult to
control, resulting in a degree of variability in the final at-
tenuation [13]. Measurements performed using a fixed
threshold may therefore show differences between sam-
ples based on the individual staining. We attempted to
correct for this using Otsu’s automatic threshold selection
in the region of interest.
In conclusion, this study describes significant BMD

and bone microstructure deteriorations in microCT ana-
lysis after staining of proximal humeri in Lugol’s solu-
tion. Formaldehyde fixation may have a slight influence
on bone evaluation values in comparison to native
microCT scans. Consequently, microCT scans of bone
structures are recommended to be conducted natively
and immediately after sacrifice of rats. MicroCT scans of
formaldehyde-fixed specimens can be performed with
caution of interpretation due to a possible shift of abso-
lute values of BMD and bone structure. Bone analyses of
specimens stained by Lugol’s solution are not recom-
mended due to significant deteriorations.

Abbreviations
microCT: Micro-computed tomography; BMD: Bone mineral density; BV/
TV: Mean bone volume fraction; Tb.Th: Mean trabecular thickness;
Tb.Sp: Mean trabecular spacing

Acknowledgements
The authors thank N. Swiadek, MSc, for her support throughout the study.
The authors thank T. Vacca for proofreading.

Authors’ contributions
Individual contributions include the following: XF, PH, CK, DH, RK, JES, HR, JG,
CF and RM for the study concept and design; XF, PH, CK, and DH for data
collection; XF, PH, CK, DH, JES and RK for data analysis; XF, HR, JG, CF and RM
for data interpretation; XF, PH, CK, DH, RK and JES for drafting the
manuscript and literature research; XF, PH and RM for the figures; XF, PH, CK,
DH, RK, JES, HR, JG, CF and RM for the extensive revision of the manuscript.
All authors read and approved the final manuscript.

Funding
This work was supported by the Medical Scientific Fund of the Mayor of the
City of Vienna.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was authorized by the Institutional Animal Care and Use
Committee (No. 504113/2016/16).

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Author details
1Ludwig Boltzmann Institute for Experimental and Clinical Traumatology,
Vienna, Austria. 2AUVA Trauma Center Vienna - Meidling, Vienna, Austria.
3Department of Orthopedic Surgery II, Herz-Jesu Hospital, Vienna, Austria.
4Austrian Cluster for Tissue Regeneration, Vienna, Austria. 5Karl Donath
Laboratory for Hard Tissue and Biomaterial Research, Department of Oral

Surgery, University Clinic of Dentistry, Medical University of Vienna, Vienna,
Austria. 6Ludwig Boltzmann Institute of Osteology, 1st Medical Department
at Hanusch Hospital, Vienna, Austria. 7Center for the Musculoskeletal System,
Medical Faculty, Sigmund Freud University, Vienna, Austria.

Received: 18 January 2021 Accepted: 5 April 2021

References
1. Chona DV, Lakomkin N, Lott A, Workman AD, Henry AC, Kuntz AF, et al. The

timing of retears after arthroscopic rotator cuff repair. J Shoulder Elbow
Surg. 2017;26:2054–9.

2. Galatz LM, Ball CM, Teefey SA, Middleton WD, Yamaguchi K. The
outcome and repair integrity of completely arthroscopically repaired
large and massive rotator cuff tears. J Bone Joint Surg Am. 2004;86-A:
219–24.

3. Kannus P, Leppälä J, Lehto M, Sievänen H, Heinonen A, Järvinen M. A
rotator cuff rupture produces permanent osteoporosis in the affected
extremity, but not in those with whom shoulder function has returned to
normal. J Bone Miner Res Off J Am Soc Bone Miner Res. 1995;10:1263–71.

4. Meyer DC, Fucentese SF, Koller B, Gerber C. Association of osteopenia of the
humeral head with full-thickness rotator cuff tears. J Shoulder Elbow Surg.
2004;13(3):333–7. https://doi.org/10.1016/j.jse.2003.12.016.

5. Oh JH, Song BW, Lee YS. Measurement of volumetric bone mineral density
in proximal humerus using quantitative computed tomography in patients
with unilateral rotator cuff tear. J Shoulder Elbow Surg. 2014;23(7):993–1002.
https://doi.org/10.1016/j.jse.2013.09.024.

6. Chung SW, Oh JH, Gong HS, Kim JY, Kim SH. Factors affecting rotator cuff
healing after arthroscopic repair: osteoporosis as one of the independent
risk factors. Am J Sports Med. 2011;39(10):2099–107. https://doi.org/10.1177/
0363546511415659.

7. Kirchhoff C, Braunstein V, Milz S, Sprecher CM, Fischer F, Tami A, et al.
Assessment of bone quality within the tuberosities of the osteoporotic
humeral head: relevance for anchor positioning in rotator cuff repair. Am J
Sports Med. 2010;38(3):564–9. https://doi.org/10.1177/0363546509354989.

8. Killian ML, Cavinatto LM, Ward SR, Havlioglu N, Thomopoulos S, Galatz LM.
Chronic degeneration leads to poor healing of repaired massive rotator cuff
tears in rats. Am J Sports Med. 2015;43(10):2401–10. https://doi.org/10.1177/
0363546515596408.

9. Feichtinger X, Monforte X, Keibl C, Hercher D, Schanda J, Teuschl AH, et al.
Substantial biomechanical improvement by extracorporeal shockwave
therapy after surgical repair of rodent chronic rotator cuff tears. Am J Sports
Med. 2019;47(9):2158–66. https://doi.org/10.1177/0363546519854760.

10. Shah SA, Kormpakis I, Havlioglu N, Ominsky MS, Galatz LM, Thomopoulos S.
Sclerostin antibody treatment enhances rotator cuff tendon-to-bone
healing in an animal model. J Bone Joint Surg Am. 2017;99(10):855–64.
https://doi.org/10.2106/JBJS.16.01019.

11. Hettrich CM, Gasinu S, Beamer BS, Stasiak M, Fox A, Birmingham P, et al. The
effect of mechanical load on tendon-to-bone healing in a rat model. Am J
Sports Med. 2014;42(5):1233–41. https://doi.org/10.1177/0363546514526138.

12. Tanaka K, Kanazawa T, Gotoh M, Tanesue R, Nakamura H, Ohzono H, et al.
Effects of estrogen-deficient state on rotator cuff healing. Am J Sports Med.
2019;47(2):389–97. https://doi.org/10.1177/0363546518815869.

13. Heimel P, Swiadek NV, Slezak P, Kerbl M, Schneider C, Nürnberger S, et al.
Iodine-enhanced micro-CT imaging of soft tissue on the example of
peripheral nerve regeneration. Contrast Media Mol Imaging. 2019;2019:
7483745.

14. Hopkins TM, Heilman AM, Liggett JA, LaSance K, Little KJ, Hom DB, et al.
Combining micro-computed tomography with histology to analyze
biomedical implants for peripheral nerve repair. J Neurosci Methods. 2015;
255:122–30. https://doi.org/10.1016/j.jneumeth.2015.08.016.

15. Wu J, Yin N. Anatomy research of nasolabial muscle structure in fetus with
cleft lip: an iodine staining technique based on microcomputed
tomography. J Craniofac Surg. 2014;25(3):1056–61. https://doi.org/10.1097/
SCS.0000000000000651.

16. Metscher BD. MicroCT for developmental biology: a versatile tool for high-
contrast 3D imaging at histological resolutions. Dev Dyn. 2009;238:632–40.

17. Metscher BD. MicroCT for comparative morphology: simple staining
methods allow high-contrast 3D imaging of diverse non-mineralized animal
tissues. BMC Physiol. 2009;9(1):11. https://doi.org/10.1186/1472-6793-9-11.

Feichtinger et al. Journal of Orthopaedic Surgery and Research          (2021) 16:254 Page 6 of 7

https://doi.org/10.1016/j.jse.2003.12.016
https://doi.org/10.1016/j.jse.2013.09.024
https://doi.org/10.1177/0363546511415659
https://doi.org/10.1177/0363546511415659
https://doi.org/10.1177/0363546509354989
https://doi.org/10.1177/0363546515596408
https://doi.org/10.1177/0363546515596408
https://doi.org/10.1177/0363546519854760
https://doi.org/10.2106/JBJS.16.01019
https://doi.org/10.1177/0363546514526138
https://doi.org/10.1177/0363546518815869
https://doi.org/10.1016/j.jneumeth.2015.08.016
https://doi.org/10.1097/SCS.0000000000000651
https://doi.org/10.1097/SCS.0000000000000651
https://doi.org/10.1186/1472-6793-9-11


18. Schneider KH, Aigner P, Holnthoner W, Monforte X, Nürnberger S, Rünzler
D, et al. Decellularized human placenta chorion matrix as a favorable source
of small-diameter vascular grafts. Acta Biomater. 2016;29:125–34. https://doi.
org/10.1016/j.actbio.2015.09.038.

19. Feichtinger X, Muschitz C, Heimel P, Baierl A, Fahrleitner-Pammer A, Redl H,
et al. Bone-related circulating microRNAs miR-29b-3p, miR-550a-3p, and
miR-324-3p and their association to bone microstructure and
histomorphometry. Sci Rep. 2018;8(1):4867. https://doi.org/10.1038/s41598-
018-22844-2.

20. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012;9(7):676–82. https://doi.org/10.1038/nmeth.2019.

21. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012;9(7):671–5. https://doi.org/10.1038/
nmeth.2089.

22. Otsu N. A Threshold selection method from gray-level histograms. IEEE
Trans Syst Man Cybern. 1979;9(1):62–6. https://doi.org/10.1109/TSMC.1
979.4310076.

23. Doube M, Kłosowski MM, Arganda-Carreras I, Cordelières FP, Dougherty RP,
Jackson JS, et al. BoneJ: Free and extensible bone image analysis in ImageJ.
Bone. 2010;47(6):1076–9. https://doi.org/10.1016/j.bone.2010.08.023.

24. Oh JH, Kim DH, Jeong HJ, Park JH, Rhee S-M. Effect of recombinant human
parathyroid hormone on rotator cuff healing after arthroscopic repair.
Arthroscopy. 2019;35(4):1064–71. https://doi.org/10.1016/j.arthro.2018.11.038.

25. Goutallier D, Postel JM, Bernageau J, Lavau L, Voisin MC. Fatty muscle
degeneration in cuff ruptures. Pre- and postoperative evaluation by CT scan.
Clin Orthop. 1994;304:78–83.

26. Kovacevic D, Fox AJ, Bedi A, Ying L, Deng X-H, Warren RF, et al. Calcium-
phosphate matrix with or without TGF-β3 improves tendon-bone healing
after rotator cuff repair. Am J Sports Med. 2011;39(4):811–9. https://doi.org/1
0.1177/0363546511399378.

27. Kim HM, Dahiya N, Teefey SA, Keener JD, Galatz LM, Yamaguchi K.
Relationship of tear size and location to fatty degeneration of the rotator
cuff. J Bone Joint Surg Am. 2010;92(4):829–39. https://doi.org/10.2106/JBJS.
H.01746.

28. Zhang G, Wang S, Xu S, Guan F, Bai Z, Mao H. The effect of formalin
preservation time and temperature on the material properties of bovine
femoral cortical bone tissue. Ann Biomed Eng. 2019;47(4):937–52. https://
doi.org/10.1007/s10439-019-02197-1.

29. Boskey AL, Cohen ML, Bullough PG. Hard tissue biochemistry: a comparison
of fresh-frozen and formalin-fixed tissue samples. Calcif Tissue Int. 1982;
34(4):328–31. https://doi.org/10.1007/BF02411262.

30. Alike Y, Yushan M, Keremu A, Abulaiti A, Liu Z-H, Fu W, et al. Application of
custom anatomy-based nerve conduits on rabbit sciatic nerve defects:
in vitro and in vivo evaluations. Neural Regen Res. 2019;14(12):2173–82.
https://doi.org/10.4103/1673-5374.262601.

31. Gayton JC, Rubino LJ, Rich MM, Stouffer MH, Wang Q, Boivin GP. Rabbit
supraspinatus motor endplates are unaffected by a rotator cuff tear. J
Orthop Res. 2013;31(1):99–104. https://doi.org/10.1002/jor.22192.

32. Sasaki Y, Ochiai N, Hashimoto E, Sasaki Y, Yamaguchi T, Kijima T, et al.
Relationship between neuropathy proximal to the suprascapular nerve and
rotator cuff tear in a rodent model. J Orthop Sci. 2018;23:414–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Feichtinger et al. Journal of Orthopaedic Surgery and Research          (2021) 16:254 Page 7 of 7

https://doi.org/10.1016/j.actbio.2015.09.038
https://doi.org/10.1016/j.actbio.2015.09.038
https://doi.org/10.1038/s41598-018-22844-2
https://doi.org/10.1038/s41598-018-22844-2
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1016/j.bone.2010.08.023
https://doi.org/10.1016/j.arthro.2018.11.038
https://doi.org/10.1177/0363546511399378
https://doi.org/10.1177/0363546511399378
https://doi.org/10.2106/JBJS.H.01746
https://doi.org/10.2106/JBJS.H.01746
https://doi.org/10.1007/s10439-019-02197-1
https://doi.org/10.1007/s10439-019-02197-1
https://doi.org/10.1007/BF02411262
https://doi.org/10.4103/1673-5374.262601
https://doi.org/10.1002/jor.22192

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Statistical analyses

	Results
	Bone mineral density (BMD)
	Bone microarchitecture

	Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

