Photoacoustics 28 (2022) 100409

ELSEVIER

Contents lists available at ScienceDirect
Photoacoustics

journal homepage: www.elsevier.com/locate/pacs

Ll "
PHOTOACOQUSTICS

Photoacoustic imaging for the study of oxygen saturation and total
hemoglobin in bone healing and non-union formation

Maximilian M. Menger * 5" Christina Korbel °, David Bauer ", Michelle Bleimehl”,
Anne L. Tobias”, Benedikt J. Braun?, Steven C. Herath ?, Mika F. Rollmann ?,
Matthias W. Laschke ”, Michael D. Menger ”, Tina Histing *

@ Department of Trauma and Reconstructive Surgery, Eberhard Karls University Tiibingen, BG Trauma Center Tiibingen, 72076 Tiibingen, Germany
® Institute for Clinical & Experimental Surgery, Saarland University, 66421 Homburg, Saar, Germany

ARTICLE INFO ABSTRACT

Keywords:
Photoacoustic imaging
Oxygen saturation
Vascularization
Angiogenesis
Microvessel density
Non-union

Bone healing

Non-union formation represents a major complication in trauma surgery. Adequate vascularization has been
recognized as vital for bone healing. However, the role of vascularization in the pathophysiology of non-union
formation remains elusive. This is due to difficulties in studying bone microcirculation in vivo. Therefore, we
herein studied in a murine osteotomy model whether photoacoustic imaging may be used to analyze vascular-
ization in bone healing and non-union formation. We found that oxygen saturation within the callus tissue is
significantly lower in non-unions compared to unions and further declines over time. Moreover, the amount of
total hemoglobin (HbT) within the callus tissue was markedly reduced in non-unions. Correlation analyses

Mice showed a strong positive correlation between microvessel density and HbT, indicating that photoacoustically
determined HDbT is a valid parameter to assess vascularization during bone healing. In summary, photoacoustic
imaging is a promising approach to study vascular function and tissue oxygenation in bone regeneration.

1. Introduction

Fracture healing is a complex and highly orchestrated process that
has been extensively studied in humans and a variety of animal models.
Despite increasing insights into the molecular and cellular basis of bone
healing, 10% of all fractures still result in delayed healing or non-union
formation [1]. Delayed unions and, in particular, non-unions do not only
result in chronic pain, loss of function and prolonged rehabilitation for
the patient, but also impose a considerable economic burden to society
[2]. Notably, in a substantial amount of cases the reason for non-union
formation remains largely unclear and, thus, effective prevention and
treatment strategies are lacking.

Vascularization has been recognized as crucial for successful bone
healing [3]. In fact, newly formed microvessels allow mesenchymal stem
cells to invade the fracture site, resulting in callus formation and
remodeling from avascular cartilage towards mineralized woven bone
[4]. However, the role of vascularization and the functionality of the
microvasculature in non-unions are controversially discussed
throughout the literature. Several studies consider non-unions as the

result of an avascular and biologically inert environment [5,6]. On the
other hand, various histological studies demonstrated that the callus
tissue of established non-unions is indeed considerably vascularized
[7-9]. Accordingly, further research is required to fully understand the
role of vascularization in the pathophysiology of non-union formation.

Photoacoustic imaging is a novel imaging technique that uses ther-
moelastic expansion of tissues to generate contrast [10]. For this pur-
pose, the tissue is illuminated by a short-pulsed laser and the absorbed
photon energy leads to a rise in temperature. The resulting heat induces
a thermoelastic expansion that generates a local pressure rise and emits
acoustic waves, which are detected by a transducer [11,12]. Photo-
acoustic imaging combines the most compelling features of optical im-
aging and ultrasound, delivering both high optical contrast and high
ultrasound resolution at depth in living organisms [13]. Hence, this
technique offers great promise for the non-invasive exploration of bio-
logical tissues, leveraging differences in the optical absorption of un-
derlying tissue components, such as hemoglobin, lipids, melanin,
collagen and water. Moreover, endogenous photoacoustic signals from
oxygenated hemoglobin (HbO;) and deoxygenated hemoglobin (Hb)

* Corresponding author at: Department of Trauma and Reconstructive Surgery, Eberhard Karls University Tiibingen, BG Trauma Center Tiibingen, 72076 Tiibingen,

Germany.
E-mail address: maximilian.menger@uks.eu (M.M. Menger).

https://doi.org/10.1016/j.pacs.2022.100409

Received 23 January 2022; Received in revised form 14 August 2022; Accepted 25 September 2022

Available online 27 September 2022

2213-5979/© 2022 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:maximilian.menger@uks.eu
www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2022.100409
https://doi.org/10.1016/j.pacs.2022.100409
https://doi.org/10.1016/j.pacs.2022.100409
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.M. Menger et al.

reflect the microvasculature and provide structural and functional in
vivo data on hemodynamics, neovascularization, tissue oxygenation and
hypoxia [11,14].

Hence, there is a growing interest in the use of photoacoustic im-
aging for the investigation of the microcirculation in the fields of
oncology, neurology, cardiovascular and metabolic diseases [15-17].
However, this imaging technique has not yet been implemented in the
analysis of fracture repair and bone regeneration. Accordingly, we
herein applied for the first time photoacoustic imaging for the investi-
gation of non-unions and unions in a well-established murine fracture
model.

2. Materials and methods
2.1. Animals

In this study, 37 male and female CD-1 mice with a mean body
weight of 30-40 g and an age of 12-16 weeks were used. The animals
were bred at the Institute for Clinical and Experimental Surgery, Saar-
land University, Germany, and housed at a regular light and dark cycle
with free access to tap water and standard pellet food (Altromin, Lage,
Germany).

All experiments were performed according to the German legislation
on the protection of animals and the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals (Institute of Labora-
tory Animal Resources, National Research Council, Washington DC,
USA). The experiments were approved by the local governmental animal
protection committee (permit number: 13/2019).
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2.2. Surgical procedure

Mice were anesthetized by intraperitoneal (i.p.) injection of keta-
mine (75 mg/kg body weight) and xylazine (15 mg/kg body weight).
Under aseptic conditions, a ~4 mm medial parapatellar incision was
performed at the right knee and the patella was dislocated laterally.
After drilling a hole (diameter of 0.5 mm) into the intracondylar notch, a
distally flattened pressfit 24 Gauge needle (diameter of 0.55 mm) was
implanted intramedullary and the wound was closed. The pin was flat-
tened at the distal end to avoid secondary dislocation. After insertion of
the pin, the diaphysis of the femur was exposed by a lateral approach.
Subsequently, a custom-made clip of 6 mm length was implanted as
previously described ventrodorsally into the femur, laterally of the
already implanted pin [18,19].

An osteotomy with a gap size of 0.25 mm was created with a Gigli
saw in the union group. Care was taken to leave the periosteum intact. In
the non-union group, a gap size of 1.8 mm was created by means of a
spherical trephine under permanent saline solution cooling (Fig. 1a).
Moreover, the periosteum was stripped 2 mm proximally and distally of
the gap along the longitudinal axis of the femoral bone. The lateral
incision was closed with interrupted sutures. The implant position was
confirmed by radiography (Fig. 1b). All procedures were done under an
operating microscope, guaranteeing a high level of precision. At 2 weeks
(unions n = 5; non-unions n = 7), 5 weeks (unions n = 5; non-unions n =
5) and 10 weeks (unions n = 7; non-unions n = 8) the animals were
sacrificed by an overdose of anesthetics and the femora were excised for
further analyses.
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Fig. 1. Experimental setting of photoacoustic imaging. (a) Osteotomized mouse femur of the non-union group after stabilization with a costum-made clip. Scale bar:
1 mm. (b) Representative X-ray of a pin-clip osteosynthesis. Scale bar: 1 mm. (c¢) The animals were fixed in prone position on a heated stage and anesthetized with
isoflurane through an anesthetic mask. Electrodes enabled the monitoring of vital parameters (heart rate and respiratory rate). A compress was positioned underneath
the right hind limb to avoid artefact signals from the stage. The 3D-engine of the scan head enabled movement along the anterior-posterior axis. The movable
observation stage allowed movement along the anterior-posterior and lateral axis. Thereby, a variety of recording settings could be adjusted to guarantee an optimal
positioning for ultrasound and photoacoustic image acquisition. (d) A pulsed laser induced a thermoelastic expansion at the extinction wavelength of 750 nm for
deoxygenated hemoglobin (Hb) and at 850 nm for oxygenated hemoglobin (HbO,). The resulting acoustic emissions were detected by a transducer. OxyHemo-mode
photoacoustic images were recorded at 750 nm and 850 nm to detect hemoglobin oxygen saturation (sO») and total hemoglobin (HbT).
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2.3. X-ray

At 2, 5 and 10 weeks after surgery the animals were anesthetized
again and ventrodorsal radiographs of the osteotomized femora were
performed. Fracture healing was analyzed according to the classification
of the Goldberg score with stage 0 indicating radiographic non-union,
stage 1 indicating possible union and stage 2 indicating radiographic
union [20].

2.4. Biomechanics

After removal of the soft tissue and implants, the bending stiffness of
the osteotomized femora was measured by a 3-point-bending device
using a non-destructive approach. This allowed for the subsequent use of
the specimens for micro computed tomography (uCT) as well as histo-
logical and immunohistochemical investigations and, thus, to reduce the
number of laboratory animals needed. Due to the different stages of
healing, the loads, which had to be applied, markedly varied between
the individual animals. Loading was stopped individually in every case
when the actual load-displacement curve deviated more than 1% from
linearity. Bending stiffness (N/mm) was calculated from the linear
elastic part of the load-displacement diagram [21]. To account for dif-
ferences in bone stiffness of the individual animals, the unfractured left
femora were also analyzed, serving as an internal control. All values of
the fractured femora are given in percent of the corresponding unfrac-
tured femora.

2.5. uCT

The specimens were scanned (Skysan 1172; Bruker, Billerica, MA,
USA) at a spatial resolution of 6.5 pm with a standardized setup (tube
voltage: 50 kV; current: 200 pA; intervals: 0.4°; exposure time: 3500 ms;
filter: 0.5 mm aluminum). Images were stored in three-dimensional ar-
rays. To express grey values as mineral content (bone mineral density
(BMD)), calcium hydroxyapatite (CaHA) phantom rods with known
BMD values (0.250 g and 0.750 g CaHA/cm®) were employed for cali-
bration. The region of interest (ROI) defining the novel bone was con-
toured manually excluding any original cortical bone. The thresholding
allowed to distinguish soft tissue from bone tissue and the differentiation
between lowly and highly mineralized bone (CTAnalyser; Bruker, Bill-
erica, MA, USA). The thresholds to distinguish between lowly and highly
mineralized bone were based upon visual inspection of the images,
qualitative comparison with histological sections and other studies
investigating bone repair and callus tissue by uCT [22-24]. A BMD with
more than 0.642 g/cm?® resulting in grey values of 98-255 was defined
as highly mineralized bone. Lowly mineralized bone was assumed to
have a BMD value between 0.410 g/cm® and 0.642 g/cm?, resulting in
grey values of 68-97. Tissue with grey values < 68 was defined as soft
tissue.

The following parameters were calculated from the callus region of
interest for each specimen: poorly mineralized bone volume, highly
mineralized bone volume and bone volume fraction of tissue volume
(BV/TV).

2.6. Ultrasound and photoacoustic imaging

High resolution ultrasound and photoacoustic imaging were per-
formed at 2, 5 and 10 weeks after surgery by means of a Vevo LAZR
system (FUJIFILM VisualSonics Inc.; Toronto, ON, Canada) equipped
with a 256 element linear-array transducer (LZ 550, FUJIFILM Visual-
Sonics Inc.) of 40 MHz center frequency. For this purpose, the animals
were anesthetized with 1.5% isoflurane and subsequently fixed in prone
position on a heated stage. The Vevo imaging station (FUJIFILM Visu-
alSonics Inc.; Toronto, ON, Canada) with a mouse platform was used to
constantly monitor the heart rate and respiratory rate and to maintain
the body temperature at 36-37 °C. A gauze compress was positioned
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underneath the right hind limb to avoid artefact signals from the heated
stage. The skin was shaved dorsally around the right thigh and sterile
ultrasound gel was applied to avoid air interference with ultrasound
coupling onto the animal (Fig. 1c).

For the three-dimensional ultrasound and the photoacoustic imag-
ing, the scan head was linearly translated with a stepper motor over the
entire femur and two-dimensional parallel images were acquired at
regular spatial intervals of 50 ym (Fig. 1c). To obtain the oxygen satu-
ration map (sO02), OxyHemo imaging mode from the Vevo LAZR is used,
in which the acquisition system switches between the illumination
wavelengths of 750 nm and 850 nm. The image acquisition and the
oxygen saturation calculation was performed as described previously
[25]. OxyHemo-mode photoacoustic images were recorded with a
two-dimensional gain of 42 dB and the resulting acoustic emissions were
detected by using the same ultrasound transducer (Fig. 1d). The
reconstructed oxygen saturation images were illustrated as a multi-
parametric map in which red and blue pixels represent highly oxygen-
ated regions and less oxygenated regions, respectively. To measure the
total hemoglobin (HbT)/volume (1/mm®) within the callus tissue, all
detected signals at the two wavelengths were divided by the callus
volume [26]. In addition, oxygen saturation (sO; average, %) within the
callus tissue of unions and non-unions was evaluated, as described
previously. Imaging parameters were kept constant between animals
with the exception of TGC (time gain compensation) settings, which
were adjusted to optimize the fluence variation at depth. All values were
computed using the Vevo LAB 1.7.2. software (FUJIFILM VisualSonics
Inc.).

2.7. Histology and histomorphometry

After biomechanical testing and puCT analyses, the bones were fixed
in paraformaldehyde for 24 h. Subsequently, the specimens were
embedded in a 30% sucrose solution for another 24 h and then frozen at
— 80 °C. Longitudinal sections through the femoral axis with a thickness
of 4 ym were cut by the Kawamotos film method for histomorphometric
analyses and stained with Safranin-O. At a magnification of 12.5x (BX60
Microscope; Olympus, Shinjuku, Japan; Zeiss Axio Cam and Axio Vision
3.1, Zeiss) structural indices were calculated according to the recom-
mendations of Gerstenfeld et al. [27]. The following histomorphometric
parameters of the bone defects were evaluated: (i) total callus area; (ii)
bone callus area; (iii) cartilaginous callus area and (iv) fibrous callus
area. The total callus area was defined as all osseous, cartilaginous and
fibrous callus tissue between the two drilling holes of the clip outside of
the cortices. Pre-existing cortical bone of the proximal and distal frag-
ment, however, was excluded. Each area was marked and calculated
using the ImageJ analysis system (NIH, Bethesda, USA).

2.8. Immunohistochemistry

In order to analyze the cellular composition of non-unions, longitu-
dinal sections with a thickness of 4 um were cut. For the immunohis-
tochemical detection of microvessels within the callus tissue, sections
were stained with a monoclonal rat anti-mouse antibody against the
endothelial cell marker CD31 (1:100; Abcam, Cambridge, UK). A goat
anti-rat IgG-Alexa555 antibody served as secondary antibody (1:100;
Life Technologies, Eugene, USA). Cell nuclei were stained with Hoechst
33342 (2 ng/mL; Sigma-Aldrich, Taufkirchen, Germany).

Additional sections were co-stained with a monoclonal rat anti-
mouse antibody against CD31 (1:100; Abcam) and a rabbit anti-mouse
antibody against a-smooth muscle actin (SMA) (Abcam) as primary
antibodies. A goat anti-rat IgG Alexa555 antibody and a goat anti-rabbit
Alexa488 antibody (1:100; Life Technologies) served as secondary an-
tibodies. Cell nuclei were stained with Hoechst 33342.

On the sections, we assessed the density of CD31-positive micro-
vessels and the fraction of CD31/a-SMA-positive microvessels. For this
purpose seven high-power fields (HPF, 400x magnification) were
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analyzed, one HPF was placed in a standardized manner in the central
region of the callus, while three additional HPFs were placed on each
site of the periosteal callus (Fig. 2).

2.9. Statistical analysis

All data are given as means + SEM. After testing the data for normal
distribution (Kolmogorov-Smirnov test) and equal variance (F-test),
comparisons between the two groups were performed by the Student’s t-
test. For non-parametrical data, a Mann-Whitney U-test was used. To
test for time effects within individual groups, groups were assessed by
the one-way analysis of variance (One-way ANOVA). This was followed
by the Student-Newman-Keuls post-hoc test. Linear correlation (Pear-
son’s coefficient of correlation for parametric distribution or Spearman’s
coefficient of correlation for non-parametric distribution) was used to
evaluate the correlation between the number of microvessels within the
callus tissue and the measurements of sO, and HbT. All statistical ana-
lyses were performed using the SigmaPlot 13.0 software (Jandel Cor-
poration, San Rafael, CA, USA). A p-value of < 0.05 was considered to
indicate significant differences.

3. Results
3.1. X-ray

The radiographic analysis of unions revealed an increasing callus
formation and bone bridging throughout the observation period of 10
weeks (Fig. 3a, ¢ and e). In contrast, non-unions showed no signs of
osseous bridging. X-rays revealed a reliable non-union formation with a
large persisting gap between the bone fragments. Moreover, the shape of
the adjoining bone fragments was rounded and narrowing towards the
osteotomy gap, which is a typical sign of atrophic non-union formation
(Fig. 3b, d and f). Accordingly, they exhibited a significantly decreased
Goldberg score at 5 and 10 weeks after surgery when compared to
unions (Table 1).

3.2. Biomechanics

The biomechanical analysis showed a significantly lower bending
stiffness in non-unions at 2, 5 and 10 weeks after surgery when
compared to unions (Fig. 3g). Of interest, a relative bending stiffness of
85% in relation to non-fractured femora in unions 10 weeks after sur-
gery indicated a successful process of bone regeneration. On the other
hand, a relative bending stiffness of < 1% in the non-union group
confirmed the complete failure of fracture healing (Fig. 3g). Notably, the
unfractured contralateral femora of both groups showed no significant
differences in bending stiffness (data not shown).

Callus tissue

Costum-made

clip \

Cortical bone

High power
field (HPF)

Fig. 2. Schematic illustration for the immunohistochemical analysis of micro-
vessel distribution within the callus tissue of unions and non-unions. Blue
rectangles represent the high power fields (HPFs, x400 magnification) for his-
tological examination.

Photoacoustics 28 (2022) 100409
3.3. uCT

In line with the X-ray analysis, pCT images showed a typical pattern
of secondary fracture healing in the union group with periosteal callus
formation bridging the fracture gap at 5 weeks and bone remodeling at
10 weeks after surgery (Fig. 4a-c). In contrast, the non-union group
exhibited no signs of adequate callus formation or osseous bridging
throughout the observation period (Fig. 4d-f). The uCT analysis further
revealed that the lowly and highly mineralized bone volume as well as
the BV/TV did not differ at 2 weeks after surgery between the two study
groups (Fig. 4g). However, we detected a significantly reduced lowly
mineralized and highly mineralized bone volume as well as a lower BV/
TV at 5 and 10 weeks after surgery in the non-union group (Fig. 4h, i and

P

3.4. Ultrasound and photoacoustic imaging

The ultrasound imaging enabled a clear and reliable visualization of
the osteotomized femur. In the B-mode, the morphology of the various
tissues and structures was clearly recognizable, including the bone, the
osteotomy gap with associated callus tissue, the intramedullary pin and
the muscle tissue surrounding the femur (Fig. 5a). A spectro-analysis
made it possible to quantify the photoacoustic signal intensity of
different tissues and structures across a wavelength range of
650-970 nm. Of interest, the tissues and structures showed different
photoacoustic signal intensities at an extinction wavelength of 750 nm
(hallmark for Hb) and 850 nm (hallmark for HbO3) (Fig. 5b. ¢ and d).
The muscle tissue and also the intramedullary pin peaked in signal in-
tensity towards the wavelength of 850 nm, whereas the callus tissue
showed a more homogenous signal intensity across the wavelength
spectrum (Fig. 5e). In contrast, the bone tissue peaked around a wave-
length of 700 nm and decreased towards the wavelength of 850 nm
(Fig. 5e). The monitored vital signs, i.e. heart rate, respiratory rate and
body temperature, showed no significant difference between the two
study groups, thus excluding any systemic influence on the measure-
ment of photoacoustic parameters (Table 2).

Unions and non-unions were investigated at 2 (Fig. 6a-f, s, t), 5
(Fig. 6g-1, s, t) and 10 weeks (Fig. bm-r, s, t) after surgery by ultrasound
and photoacoustic imaging. For all investigations the ROI was placed in
the fracture gap or in the osteotomy gap, respectively. In the B-mode
(yellow dotted line) in the union group, the fracture can be nicely seen in
Fig. 6a (2 weeks), while after 5 and 10 weeks indeed bony tissue within
the RO], i.e. former fracture gap, can be observed (Fig. 6 g and m),
indicating bone healing. In the non-union group the osteotomy can also
nicely been observed at 2 weeks within the yellow-dotted line in the ROI
(Fig. 6d), while at 5 and 10 weeks no bony tissue is observed within the
yellow-dotted ROI (Fig. 6j and p), indicating healing failure, i.e. non-
union formation.

The ultrasound imaging showed the formation of callus tissue and
osseous bridging at 5 and 10 weeks after surgery in the union group
(Fig. 6g and m). In non-unions, however, the osteotomy gap was clearly
visible throughout the entire observation period (Fig. 6d, j and p).
Moreover, the photoacoustic analysis revealed a higher sO5 within the
callus tissue in unions at 2, 5 and 10 weeks after surgery when compared
to non-unions (Fig. 6b, h and n vs. Fig. 6e, k and q and Fig. 6u). Of in-
terest, at 5 and 10 weeks after surgery, the union group showed no
significant decrease in sO, when compared to the early stage of fracture
healing at 2 weeks after surgery (Fig. 6b, h, n and u). In contrast, non-
unions revealed a significant decline in sO, from 2 weeks to 5 and 10
weeks after surgery (Fig. 6e, k, q and u).

The amount of HbT was also significantly enhanced in unions at 2
and 5 weeks after surgery when compared to non-unions (Fig. 6¢ and I
vs. Fig. 6f and | and Fig. 6v). Notably, at 10 weeks after osteotomy the
analysis showed no significant difference in the amount of HbT between
the two study groups (Fig. 60, r and V).
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Fig. 3. X-ray and biomechanical analysis. (a-f) Representative X-rays of femora in unions (a, ¢, ) and non-unions (b, d, f) at 2 (a, b), 5 (c, d) and 10 weeks (e, ) after
surgery. Scale bars: 2 mm. (g) Biomechanical analysis of bending stiffness of unions (white bars; n = 5-7) and non-unions (black bars; n = 5-8). Data are given in
percent to the contralateral femora. Mean + SEM; *p < 0.05 vs. union; a < 0.05 vs. 2 weeks.

Table 1
Radiographic analysis of unions (white bars; n = 5-8) and non-unions (black bars;
n = 5-8) according to the Goldberg score at 2, 5 and 10 weeks after surgery.

2 weeks 5 weeks 10 weeks
Goldberg score
Union 0.4+0.2 1.4+0.2 2.0 +0.0°
Non-union 0.0+ 0.0* 0.0+ 0.0 * 0.0£0.0*

Mean + SEM; *p < 0.05 vs. union; a < 0.05 vs. 2 weeks.

3.5. Histomorphometry and immunohistochemistry

The histomorphometric analysis revealed a successful osseous
bridging of the fracture gap with newly formed woven bone in the union
group at 10 weeks after surgery (Fig. 7a). In the non-union group,
however, there was a complete lack of osseous bridging with fibrous
tissue remaining in the fracture gap at 10 weeks, indicating a reliable
non-union formation (Fig. 7b). Moreover, the analysis of callus
composition at 2, 5 and 10 weeks after surgery showed a significantly
higher fraction of bone tissue in unions, whereas the amount of remnant
fibrous tissue was significantly lower when compared to non-unions
(Fig. 7c-e). Of note, the callus of unions showed a large amount of
cartilage tissue at 2 weeks of fracture healing (Fig. 7c), which was found

decreased at 5 and, particularly, at 10 weeks after surgery (Fig. 7d and
e). In contrast, the callus of non-union showed an only slight amount of
cartilage at 5 weeks (Fig. 7c, d and e).

In addition, the immunohistochemical analysis of the callus tissue
showed a significant increase of microvessel density from 2 weeks to 5
weeks in both unions and non-unions (Fig. 7f, g, I, j and 1). However,
detailed analyses at both time points revealed a significantly higher
density of CD31-positive microvessels in unions when compared to non-
unions (Fig. 7f and g vs. Fig. 7i and j and Fig. 71). After 10 weeks the
analysis showed no significant differences between the two study groups
(Fig. 7h, k and 1).

The number of a-SMA-positive microvessels increased significantly
within the callus tissue of unions at 5 and 10 weeks after surgery when
compared to 2 weeks (Fig. 7m-o and s). In contrast, the callus tissue of
non-unions revealed a slightly reduced number of microvessels with a
perivascular a-SMA-positive cell layer at 2 weeks after surgery and a
significantly reduced number of a-SMA-positive microvessels at 5 and
10 weeks after surgery (Fig. 7p-s). These findings indicate a lower
maturation stage of the newly formed microvessels within the callus
tissue of non-unions when compared to those of unions (Fig. 7s).
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Fig. 4. uCT analysis. (a-f) Representative three-dimensional reconstructions of unions (a-c) and non-unions (d-f) at 2 (a, d), 5 (b, ) and 10 weeks (c, f) after surgery.
Scale bars: 0.5 mm. (g-i) Analysis of lowly mineralized and highly mineralized bone volume (mm®) in unions (white bars; n = 5-7) and non-unions (black bars;
n=5-8) at 2 (g), 5 (h) and 10 weeks (i) after surgery. (j) Analysis of the fraction of mineralized bone volume to tissue volume (BV/TV, %) in unions (white bars;
n = 5-7) and non-unions (black bars; n = 5-8) at 2, 5 and 10 weeks after surgery. Mean + SEM; *p < 0.05 vs. union; a < 0.05 vs. 2 weeks.
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Table 2

Vital signs (heart rate, respiratory rate and body temperature) of the animals in
the union and non-union group during the photoacoustic imaging at 2, 5 and 10
weeks after surgery.

2 weeks 5 weeks 10 weeks
HR (1/min)
Union 453.5 + 10.5 446.8 + 59.3 444.7 + 31.8
Non-union 472.1 +25.3 481.1 + 42.5 494.0 + 33.4
RR (1/min)
Union 95.2 £ 8.2 113.1 £15.5 90.1 +£14.3
Non-union 96.2 £ 8.2 126.6 + 10.0 99.3 £ 5.4
T (C°)
Union 37.1+0.3 36.6 + 0.4 36.6 £ 0.3
Non-union 36.5+ 0.3 36.6 £ 0.4 36.1 £ 0.4

Mean + SEM.

Heart rate (HR); respiratory rate (RR); body temperature (T)

3.6. Correlation between microvessel density and photoacoustic
parameters

A linear correlation analysis was performed to determine the corre-
lation between microvessel density and photoacoustic imaging param-
eters. Of interest, we found a positive correlation between the
microvessel density and HbT values within the callus tissue of unions
(Fig. 8a; r =0.730) and an even higher positive correlation between
these two parameters in non-unions (Fig. 8b; r = 0.896). Surprisingly,
we found no significant correlation between the microvessel density and

sO, within the callus tissue of unions and non-unions (Fig. 8c and d). In
fact, we even found a slightly negative correlation between the micro-
vessel density and sO in the non-union group (Fig. 8d; r = - 0.272).

4. Discussion

Despite major efforts in experimental orthopedic research, the
pathophysiology of vascularization in delayed healing and non-unions is
still not fully understood. Accordingly, there is a lack of reliable methods
to predict the risk of non-union formation for each individual patient
and a lack of possibilities to intervene early with appropriate treatment
strategies. To gain further insights in the deterioration of vascular
development and temporal oxygenation patterns of non-union forma-
tion, we investigated for the first time unions and non-unions by a non-
invasive photoacoustic imaging technique using an established murine
fracture and non-union model. By this, we were able to determine the
temporal course of photoacoustic imaging parameters in the callus of
unions and non-unions and compared them to the microvessel density of
the callus in corresponding histological specimens.

Photoacoustic imaging represents a state-of-the-art imaging tech-
nique that allows the investigation of vascular hemodynamics [28],
microvascular networks [29,30], hemoglobin concentration and oxygen
saturation [14,31] in a variety of tissues. In a recent study Chen et al.
[32] applied photoacoustic microscopy in combination with the novel
hypoxia-responsive probe HyP-650 in order to monitor intravascular
oxygenation and tissue hypoxia in an experimental mouse model of
hindlimb ischemia. Until now, however, there are only a few studies that
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Fig. 6. Photoacoustic imaging analysis. (a-r) Representative images of B-mode, hemoglobin oxygen saturation (sO5) and total hemoglobin (HbT) with corresponding
time gain compensation (TGC) settings at 2, 5 and 10 weeks after surgery. The callus tissue (ROI) is marked with yellow broken lines. Scale bars: 2 mm. (s, t)
Representative color bars of sO, (s) and HbT (t). (u) Analysis of sO5 (%) in unions (white bars; n = 5-7) and non-unions (black bars; n = 5-8) at 2, 5 and 10 weeks
after surgery. (v) Analysis of HbT/volume (1/mm?) in unions (white bars; n = 5-7) and non-unions (black bars; n = 5-8) at 2, 5 and 10 weeks after surgery. Mean
+ SEM; *p < 0.05 vs. union; a < 0.05 vs. 2 weeks; b < 0.05 vs. 2 and 5 weeks.
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Fig. 7. Histomorphometric and immunohistochemical analysis. (a, b) Representative images of a Safranin-O-stained union (a) and non-union (b) at 10 weeks after
surgery. Fibrous tissue (ft), woven bone (wb) and cortical bone (cb) are indicated. Scale bars: 1 mm. (c-e) Analysis of callus composition of unions (n = 5 — 7) and
non-unions (n = 5-8) at 2 (¢), 5 (d) and 10 weeks (e) after surgery. Callus composition including fibrous tissue (white), cartilaginous tissue (grey) and osseous tissue
(black). (f-k) Representative immunohistochemical images of CD31-positive microvessels within the callus tissue of unions (f-h) and non-nions (i-k) at 2 (fand i), 5 (g
and j) and 10 weeks (h and k) after surgery. Scale bars: 25 pm. (I) Analysis of CD31-positive microvessels within the callus tissue of unions (white bars; n = 5-7) and
non-unions (black bars; n = 5-8) at 2, 5 and 10 weeks after surgery. (m-r) Representative immunohistochemical images of a-SMA-positive microvessels within the
callus tissue of unions (m-o0) and non-unions (p-r) at 2 (m and p), 5 (n and q) and 10 weeks after surgery (o and r). Scale bars: 25 pym. (s) Analysis of a-SMA-positive
microvessels (%) within the callus tissue of unions (white bars; n = 5-7) and non-unions (black bars; n = 5-8) at 2 weeks, 5 weeks and 10 weeks after surgery. Mean

+ SEM; *p < 0.05 vs. union; a < 0.05 vs. 2 weeks; b < 0.05 vs. 5 weeks.
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Fig. 8. Linear correlation analysis between microvessel density and photo-
acoustic imaging parameters. (a, b) Linear correlation analysis between
microvessel density and HbT/volume within the callus tissue of unions (a) and
non-unions (b). (¢, d) Linear correlation analysis between microvessel density
and sO, within the callus tissue of unions (c¢) and non-unions (d).

use photoacoustic imaging for applications in the field of orthopedic and
bone research. Lui et al. [33] applied photoacoustic imaging in an
experimental model of posttraumatic osteoarthritis for the non-invasive
visualization of angiogenesis and hypoxia in synovial tissue. In addition,
Estrada et al. [29] used a photoacoustic microscopy method in combi-
nation with ultrasound biomicroscopy for large-scale imaging of the
calvarian microvasculature in living rodents. Moreover, photoacoustic
imaging has been used for the diagnosis of Staphylococcus
aureus-induced osteomyelitis in mice [34] and for the local assessment
of intravascular oxygen saturation within the murine bone marrow
cavity [35]. We herein now applied photoacoustic imaging for the first
time to analyze vascularization and tissue oxygenation in fracture
healing and non-union formation.

In the present study, we used a well-established pin-clip fracture
model, which can mimic both successful fracture healing [19] as well as
compromised bone regeneration, resulting in reliable non-union for-
mation [18]. In the union group, we used a Gigli saw to create a small
0.25 mm defect in the femora of mice. The defect site showed clear signs
of callus formation at 2 weeks and resulted in complete fracture healing
at 5 and 10 weeks after surgery, as shown by biomechanical, radiolog-
ical and histological analyses. In contrast, a large 1.8 mm defect was
created by a spherical trephine with additional periosteal stripping in
the non-union group. Accordingly, our analyses revealed the persistence
of the fracture gap filled with abundant fibrous tissue and rounded
adjoining bone fragments at 10 weeks after surgery, indicating atrophic
non-union formation [36].

Unions and non-unions were analyzed by ultrasound and photo-
acoustic imaging, which allowed for the separate measurement of HbOs,

10

Hb, sO; and HbT [31]. Noteworthy, sO, can also be used as an indirect
parameter to quantify tissue oxygenation and hypoxia [37]. In the
present study, we found a significantly decreased sO, within the callus of
non-unions when compared to unions. Moreover, sOy significantly
declined over the time course of the healing process in the non-union
group. Our histological analysis, on the other hand, revealed a similar
density of CD31-positive microvessels within the callus tissue of unions
and non-unions at 10 weeks after surgery. However, the detection of
CD31-positive microvessels by immunohistochemistry is not necessarily
associated with a functional vascular network, but may also represent
forming and regressing vascular structures without the ability to suffi-
ciently supply the surrounding tissue with oxygen. In line with this view,
we detected a significantly reduced number of microvessels exhibiting a
perivascular a-SMA-positive cell layer, suggesting a lower maturation
stage of the newly developed microvascular network within the callus
tissue of non-unions when compared to unions [38,39]. These findings
indicate that the functionality of the microvascular network in
non-unions gradually deteriorates, ultimately leading to an avital and
biologically inert environment. The callus tissue in unions showed a
stable sO, during the observation period, which appears to be a crucial
prerequisite for successful bone regeneration. This sufficient supply with
oxygen in the union group may be explained by an enhanced number of
microvessels and an increased ratio of a-SMA-positive vessels within the
callus tissue when compared to non-unions, indicating a mature and
fully functional microvascular system.

The HbT concentration and microvessel density showed a similar
temporal course throughout the observation period in the union and
non-union group. In fact, our analyses revealed a good positive corre-
lation between the HbT concentration and CD31-positive microvessels
within the callus tissue of unions and non-unions, making HbT a
promising photoacoustic parameter for the non-invasive assessment of
vascularization in bone regeneration and orthopedic research. However,
vascularization does not necessarily correspond to microvascular
perfusion.

Interestingly, our data showed no significant correlation between the
sO, and microvessel density in non-unions and unions. In non-unions
this may be explained by the fact that the number of newly formed
microvessels is not an indicator for the functionality of the microvas-
cular network. A high vascular density may be associated with a low or
even ceased microvascular perfusion and, thus, a low sO within the
callus tissue. The low tissue oxygenation may even promote further
angiogenesis, resulting in further vascularization without perfusion,
which may represent a type of “frustrated angiogenesis”. Accordingly,
several other experimental studies detected a considerable vessel den-
sity in non-unions with no sign of bone healing progression [40-42].

In unions, the microvasculature is subject to an extensive remodeling
and reorganization that occurs during the formation of soft callus tissue
containing fibroblasts and chondroblasts and its subsequent trans-
formation in newly formed woven bone tissue. During this process, the
vessel density within the callus tissue strongly differs temporarily and
spatially between the different types of tissue [43]. Therefore, the sole
number of microvessels may be an insufficient and oversimplified
parameter for the correlation with sOy within the callus tissue also
during successful bone regeneration.

Photoacoustic imaging represents a powerful novel diagnostic tech-
nology to investigate microvascular functionality in bone regeneration.
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Potential applications in preclinical orthopedic research include the
monitoring of oxygen saturation within the callus tissue during the
treatment with pro-osteogenic pharmacological compounds [44],
innovative bone scaffold materials and sophisticated cell-based tissue
engineering constructs [45]. In addition, photoacoustic imaging may be
used in clinical practice in addition to conventional X-ray and CT di-
agnostics as a feasible screening tool for the early detection of delayed
healing and non-union formation. A possible clinical study could
monitor the oxygen saturation and total hemoglobin within the callus
tissue from an early healing time point onwards. Subsequently the
non-invasive photoacoustic imaging could deliver decisive data to
determine at an early stage of bone healing, which fractures are at a high
risk of resulting in non-union formation. In addition, the resulting data
can be used to help decide on a possible revision surgery, thus facili-
tating the decision-making process for the treating surgeon. In addition,
photoacoustic imaging displays a non-invasive method to evaluate
osteoinductive treatment methods, such as extracorporeal shock wave
therapy (ESWT) [46] or systemic treatment with teriparatide [47].
Moreover, photoacoustic imaging may provide vital information on the
oxygen saturation within the bone tissue during revision surgery and
may help to decide on the callus area, which tissue should be excised
before definite osteosynthesis.

In summary, we herein studied for the first time the callus tissue of
unions and non-unions in mice by photoacoustic imaging. Our data
reveal that HbT positively correlates with the immunohistochemically
assessed microvessel density within the callus tissue, making it a ver-
satile tool for the analysis of vascularization in orthopedic research. Our
data further show that the oxygen saturation in non-unions significantly
declines throughout the 10-weeks observation period, most likely due to
an altered microvascular perfusion despite an existing microvasculature.
In the future, photoacoustic imaging will be helpful to evaluate pre-
clinical treatment strategies, such as biophysical applications, systemic
pharmacological interventions and sophisticated tissue engineering
approaches. In addition, this novel imaging technology may be used in
clinical practice as non-invasive screening tool for the monitoring of
bone healing progress and non-union formation.
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