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Abstract
The healing of calvarial bone defects is a pressing clinical problem that involves the dynamic interplay between angiogenesis 
and osteogenesis within the osteogenic niche. Although structural and functional vascular remodeling (i.e., angiogenic evolu-
tion) in the osteogenic niche is a crucial modulator of oxygenation, inflammatory and bone precursor cells, most clinical and 
pre-clinical investigations have been limited to characterizing structural changes in the vasculature and bone. Therefore, we 
developed a new multimodality imaging approach that for the first time enabled the longitudinal (i.e., over four weeks) and 
dynamic characterization of multiple in vivo functional parameters in the remodeled vasculature and its effects on de novo 
osteogenesis, in a preclinical calvarial defect model. We employed multi-wavelength intrinsic optical signal (IOS) imaging 
to assess microvascular remodeling, intravascular oxygenation (SO2), and osteogenesis; laser speckle contrast (LSC) imag-
ing to assess concomitant changes in blood flow and vascular maturity; and micro-computed tomography (μCT) to validate 
volumetric changes in calvarial bone. We found that angiogenic evolution was tightly coupled with calvarial bone regeneration 
and corresponded to distinct phases of bone healing, such as injury, hematoma formation, revascularization, and remodeling. 
The first three phases occurred during the initial two weeks of bone healing and were characterized by significant in vivo 
changes in vascular morphology, blood flow, oxygenation, and maturity. Overall, angiogenic evolution preceded osteogenesis, 
which only plateaued toward the end of bone healing (i.e., four weeks). Collectively, these data indicate the crucial role of 
angiogenic evolution in osteogenesis. We believe that such multimodality imaging approaches have the potential to inform 
the design of more efficacious tissue-engineering calvarial defect treatments.
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Introduction

The treatment of calvarial bone injuries has long posed a 
clinical challenge because of our limited understanding of 
the in vivo interplay between structural and functional vas-
cular remodeling (i.e., “angiogenic evolution”) and osteogen-
esis. Calvarial bone healing induces dynamic changes in the 
“osteogenic niche” that regulate multiple signaling pathways, 
activities of the bone-forming cells, the de novo growth of 
blood vessels (i.e., angiogenesis) and concomitant functional 
changes in perfusion and oxygenation [1, 2]. While many 
studies have characterized the direct contribution of osteo-
genic cells to bone formation [3, 4], in vivo assessments of 
angiogenic evolution within the osteogenic niche during bone 
healing remain limited [5]. Recent advances in in vivo imag-
ing in conjunction with novel preclinical bone defect models 
have enabled the interrogation of structural vascular changes 
during angiogenic evolution with high spatial and temporal 
resolution, contrast-to-noise ratio (CNR), spatial coverage, 
and longitudinal tracking capabilities [1]. However, functional 
aspects of angiogenic evolution have not been elucidated at 
microvascular spatial scales over the calvarial bone healing 
cycle. This is largely due to a lack of imaging approaches 
that integrate complementary contrast mechanisms capable 
of simultaneously assessing in vivo changes in perfusion and 
intravascular oxygenation [1, 6]. While recent research has 
revealed increased blood flow and oxygenation in specific 
vascular phenotypes (e.g., “type H” vessels) during calvarial 
bone healing [7], it remains unclear how these change dynami-
cally within the osteogenic niche during the different phases 
of bone healing.

To address these questions, we developed a multimodality 
in vivo imaging method for characterizing angiogenic evo-
lution in a calvarial defect model over four weeks of bone 
healing. This approach combined intrinsic optical signal (IOS) 
imaging, laser speckle contrast (LSC) imaging and micro-com-
puted tomography (μCT) at microvascular spatial resolution 
with a novel image-processing pipeline that enabled “image-
based vascular phenotyping” during angiogenic evolution. 
With this approach, we successfully quantified in vivo changes 
in blood vessel structure (i.e., vascular remodeling) and func-
tion (i.e., perfusion and oxygenation) and their impact on oste-
ogenesis. Furthermore, we successfully integrated in vivo and 
ex vivo imaging data to visualize the spatiotemporal correla-
tions between angiogenesis and osteogenesis over the calvarial 
bone healing cycle.

Methods

Animal surgery

All animal experiments were conducted in accordance 
with an approved Johns Hopkins University Animal Care 
and Use Committee (JHU ACUC) protocol. The Johns 
Hopkins University animal facility is accredited by the 
American Association for the Accreditation of Laboratory 
Animal Care and meets the National Institutes of Health 
(NIH) standards as set forth in the “Guide for the Care 
and Use of Laboratory Animals.” Ten 10-week-old male 
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) 
were anesthetized with intraperitoneal administration of 
0.15 ml of a mixture of ketamine (80 mg/kg) and xyla-
zine (8 mg/kg). Next, 0.5 ml of dexamethasone (2 mg/ml) 
and buprenorphine (1 mg/ml) were administered subcu-
taneously to reduce inflammation and pain. All surgical 
devices were sterilized. After sedation level was confirmed 
with a paw-pinch test, the surgical region was shaved and 
sterilized by swabbing with alcohol and betadine. The 
animal’s eyes were protected with ophthalmic lubrication 
ointment after which it was then placed in a stereotaxic 
frame. The skin above the calvarium was removed with 
a surgical scissor and any remaining tissue on the skull 
removed with 3% hydrogen peroxide solution. The skull 
was then flushed with cool saline and dried with cotton-
tipped applicators. The center of the defect was identified 
at 2 mm above the lambdoid suture and 2 mm to the right 
of the sagittal suture for each mouse. A 2 mm circular 
region was then marked around this center, and a den-
tal drill (Wave Dental Carbide Handpiece Burs, Round, 
HP1/4) used to carefully drill within the marked circle 
without damaging the underlying brain. While drilling, 
cold saline was used to irrigate the surgical field to remove 
any bone shavings and to prevent heating the brain. The 
drilled piece of calvarium was then carefully removed 
while leaving the dura intact. Cold saline was used to 
flush the defect and reduce micro-bleeds, if any. A 3 mm 
diameter coverslip was then placed on top of the defect 
and glued to the skull using gel superglue. Finally, dental 
cement was applied around the edge of the optical window 
to secure it and cover any exposed skull.

In Vivo imaging

From the day of the surgery (D0), cranial window-bear-
ing animals underwent in vivo imaging every other day 
for four weeks using a customized multimodality imag-
ing system (Fig. 1a). During imaging, each mouse was 
anesthetized using 1.5% isoflurane (Iso Flo, Cat. No. 
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06-8550-2/R1) in 1.5 L/min air delivered via a Vapomatic 
Model 2 vaporizer (AM Bickford, Inc., NY). The animal’s 
head was fixed in a customized frame (Fig. 1b) and anes-
thesia continuously administered. A physiological moni-
toring system (PhysioSuite®, Kent Scientific Corporation, 
CT) was used to monitor and maintain the physiological 
status of the mice, including heart rate, systemic oxygen 
saturation (SpO2), respiration rate, and body temperature. 
Via the cranial window (Fig. 1c), we conducted in vivo 
IOS imaging at a high spatial (5 μm) and temporal reso-
lution (200 ms). We used a white light source (NI-150, 
Nikon Instruments, Inc., NY) coupled with 530 ± 2 nm, 
570 ± 2 nm, and 600 ± 8 nm band-pass filters (FB530-10, 
FB570-10, and FB600-40, Thorlabs, NJ) mounted on a 
filter wheel (FW102C, Thorlabs, NJ). IOS imaging uti-
lized the wavelength-dependent absorption of hemoglobin 

to differentiate blood vessels from the surrounding tissue, 
as hemoglobin-rich blood vessels absorb light and appear 
darker [8]. We also performed in vivo LSC imaging to 
visualize dynamic changes in blood flow in real-time. 
LSC imaging was possible because moving red blood 
cells (RBCs) created interference patterns under the 
coherent light illumination [9] provided by a 632.8 nm 
He–Ne laser (HNLS008R, Thorlabs, NJ) in our setup. 
Light reflected from the cranial window during IOS or 
LSC imaging was collected through a lens set (AF Micro 
Nikon 60 mm 1:2.8D, Nikon Instruments Inc., NY) and 
directed onto a charge coupled device (CCD) image sen-
sor (CCD camera, Infinity 3, Lumenera, Ontario). The 
CCD was connected to a PC, which stored images via a 
custom MATLAB® program (MathWorks Inc, MA).

Fig. 1   Multimodality imaging system for characterizing angiogenic 
evolution in  vivo in a preclinical calvarial defect healing model. a 
Photograph of the multimodal in  vivo imaging system. The mouse 
was continuously anesthetized in a customized mouse holder con-
nected to an isoflurane vaporizer for controlled anesthesia. The illu-
mination source for in  vivo Intrinsic Optical Signal (IOS) imaging 
was derived from a white light source and a filter wheel equipped 
with 570 ± 2  nm and 600 ± 8  nm bandpass filters. The illumina-
tion source for in vivo Laser Speckle Contrast (LSC) imaging was a 
632 nm He–Ne laser coupled with a beam expander to illuminate the 
3 mm cranial window field of view (FoV). The scattered light passes 
through a 496 nm long-pass filter and a 2 × focusing lens before being 

detected by a CCD image sensor. The acquired images were saved 
to a external hard drive for further analysis. In addition, the mouse’s 
vital parameters (i.e., heart rate, respiration, systemic oxygen satura-
tion or SpO2, and body temperature) were tracked using a physiologi-
cal monitor during all in vivo imaging. b Photograph illustrating the 
customized mouse holder, physiological monitoring sensors and heat-
ing pad employed during in vivo imaging. c Schematic illustrating a 
2  mm full-thickness calvarial defect created on the murine parietal 
bone. A 3 mm cover slip was glued on the calvarial bone to protect 
the defect while permitting longitudinal in vivo imaging of angiogen-
esis and osteogenesis
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Carbogen gas challenge

To evaluate the maturity of the vasculature, a carbogen gas 
inhalation challenge was performed every other day starting 
on D2 post-surgery. During each carbogen gas challenge 
experiment, the mouse was anesthetized, and its physiology 
monitored using the same system as described previously, 
and images were acquired during breathing of the 1.5 L/min 
air for 5 min as a baseline condition before carbogen inhala-
tion, during which room air was substituted with carbogen 
gas (95% O2 and 5% CO2) for 5 min, followed by 7 min of 
baseline conditions (i.e., breathing air). Images were con-
tinuously acquired during these 17 min. A customized MAT-
LAB script controlled the acquisition of 530 nm, 600 nm, 
and LSC images every 30 s to compute changes in intravas-
cular oxygen saturation (SO2) and blood flow, respectively.

Vascular labeling with VascuViz for ex vivo μCT 
imaging

At the end of weeks 1, 2, and 3 (i.e., on D8, D14, and D22), 
one animal was perfused using our VascuViz protocol [10] 
for ex vivo μCT imaging of bone and blood vessel archi-
tecture. Using the same protocol, all remaining mice were 
perfused at the end of week 4. Briefly, 0.1 mL of BriteVu 
Enhancer® (Scarlet Imaging, UT) was added to 25 mL of dis-
tilled water at 40–45 °C and stirred for one minute on a hot 
plate. Next, 7 g of BriteVu® CT contrast agent (BVu, Scarlet 
Imaging, UT) was added to the solution and stirred until the 
temperature reached 60–70 °C (~ 10 min). This BVu solution 
was then maintained in a water bath until its temperature 
reached ~ 40–50 °C prior to perfusion. For transcardial per-
fusion, the animal was anesthetized using ketamine/xylazine 
at 0.1 mL/10 g body weight. Then 10–15 mL of heparin-
ized phosphate-buffered saline (PBS) and 10–15 mL of 10% 
buffered formalin were injected transcardially at 0.1 mL/s. 
Following that, the animal was perfused with 15–20 mL of 
the warm BVu (~ 40–50 °C) at 0.03 mL/s. After the perfu-
sion, the head was excised and fixed overnight in cold 10% 
buffered formalin in the dark at 4 °C.

Micro‑CT (μCT) imaging

To prepare the fixed samples for μCT imaging, we first 
removed the soft tissue surrounding the skull. Immediately 
before imaging, 10 ml of 4% (40 mg/mL) agarose solution 
(A9539 Sigma-Aldrich) was prepared for embedding the 
skull in a 15 mL Eppendorf tube that was cut in half and 
sealed with parafilm. μCT images were then acquired on 
a Skyscan 1275 scanner (Bruker, MA) with the following 
acquisition parameters: 0.5 mm aluminum filter,15 µm pixel 

size, 55 kV, 145 μA, 335 ms exposure time, 0.5 rotation step, 
5 averages, and 180° scan. 3D reconstruction was performed 
using the NRecon software (v.1.7.0.4, Bruker, MA).

Image processing

IOS and LSC images were processed using ImageJ [11] and 
MATLAB. First, all images were co-registered to the D0 
images for each mouse using the “affine registration” feature 
of the ImageJ plugin TurboReg [12]. To extract vascular 
morphological parameters from the registered IOS images, 
we first segmented the blood vessels (i.e., background = 0 
and blood vessel = 1) manually using a digital tablet and 
stylus. The binary representations of blood vessels were 
processed in ImageJ to derive the centerline for each via the 
“skeletonization” function; the tagged skeleton (i.e., branch 
points) via the “analyze skeleton” function; and the Euclid-
ean distance map via the “Distance map” function. We then 
imported these images into a customized MATLAB script to 
derive multiple morphological parameters including blood 
vessel length, volume, density, and tortuosity.

In addition, multi-wavelength IOS images were used to 
compute the intravascular SO2. To do this, we utilized our 
recently developed method [13] to compute the vasculature-
specific optical path-length, which was then combined with 
the absorption of hemoglobin derived from the 570 nm and 
600 nm IOS images to calculate the concentration of oxy-
hemoglobin CHbO2

 , and deoxyhemoglobin CHbR . From that, 
the intravascular SO2 was calculated according to:

To compute the relative blood flow from LSC images, we 
first calculated the degree of blurring or the speckle contrast 
from an LSC image stack consisting of 200 images using the 
following equation [9]:

where �N and �N are the standard deviation and mean pixel 
intensities computed from the time series of 200 images. 
Since the local speckle contrast K is inversely proportional 
to the blood flow, a heat map of the inverse of K was used to 
visualize the relative blood flow.

To quantify vascular maturity, we calculated the increase 
in blood flow in response to the carbogen gas challenge 
using the following equation:

(1)SO2(%) =
CHbO2

CHbO2
+ CHbR

× 100

(2)K(x, y) =
�N

�N

(3)Vascularmaturity(%) =
BF

c
− BF

b

BF
b

× 100
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where BFc is the blood flow during carbogen challenge, and 
BFb is the blood flow at baseline. The assumption underlying 
these calculations is that vasodilation in response to carbo-
gen gas inhalation is directly proportional to its smooth mus-
cle coverage, which is representative of the maturity of that 
vascular segment [14]. We implemented K-means clustering 
by using the vascular maturity calculated for each vascular 
segment as the input, which resulted in two statistically well-
separated vessel classes. We defined the class with higher 
vascular maturity as being “mature vessels,” and the other 
as being “developing vessels.”

The spatial distribution of each of the structural and func-
tional vascular variables was visualized using a bespoke 
radial plot. Briefly, the defect area was divided into twelve 
sectors and six concentric rings to create a radial grid. For 
each defect, the mean and standard deviation of each vascu-
lar variable was computed within each radial grid element. 
The mean value was then computed and mapped across all 
the animals.

To quantify bone growth from 2D IOS images, we first 
segmented the bone using Ilastik (v 1.3) [15], an interac-
tive machine-learning based segmentation tool kit. Since 
bone is a highly reflective tissue, in IOS images it appeared 
bright (relative to the vasculature) with distinct edges. These 
features enabled us to “train” Ilastik to distinguish between 
bone and background pixels. The resulting bone “masks” 
were then used to calculate the fraction of bone growth 
within the defect.

Segmentation of bone and VascuViz-perfused vasculature 
from the 3D μCT images was also conducted using Ilastik. 
Next, the 3D visualization and quantification of the degree 
of bone growth and vascularization were quantified using 
Amira® Software (Thermo Scientific™, MA). Reconstructed 
μCT images of the calvarium were imported into Amira®, 
and the “volume rendering” function used to visualize the 
skull and blood vessels in 3D. To quantify osteogenesis 
within the defect, the defect region was cropped and the 
bone within selected using the “threshold” tool in the seg-
mentation editor. The volume of the segmented bone was 
then be computed using the “material statistics” tool in 
Amira®.

Statistical analysis

Bone healing experiments were performed in 10 mice. One 
mouse was sacrificed on days (D) 7 and 14, and two mice 
sacrificed on D21 for μCT analyses of bone growth and 
vascular structure in 3D. The remaining mice (n = 6) were 
sacrificed at the endpoint of the study (i.e., D28), and their 
in vivo data used for statistical analyses of the structural 
and functional blood vessel parameters. We first performed 
repeated measures ANOVA to assess whether there were 
significant differences in measurements across time points. 

If the ANOVA indicated a significant difference, we used 
Bonferroni-corrected t-tests to determine which specific time 
points differed from each other. To compare blood flow and 
radii of the developing and mature vessels at each timepoint, 
we used the paired t-test. P < 0.05 was considered to be sig-
nificant for all the employed tests.

Results

In vivo IOS imaging revealed robust vascular 
remodeling and changes in bone morphology 
during the calvarial defect healing cycle

We acquired IOS images from ten animals with 2 mm cal-
varial defects over four weeks of the bone healing cycle 
(Fig. 2a). Due to the light absorption by hemoglobin, blood 
vessels appeared dark in the IOS images [8]. Conversely, 
since bone scatters light, it appeared bright within the field 
of view (FoV). While the vasculature was clearly distin-
guishable on the day of surgery (Fig. 2a, D0) and two days 
after defect creation (Fig. 2a, D2), a hematoma occupied 
the field of view at D4, and gradually resolved over the next 
four days (Fig. 2a, D4–D8). Angiogenic vessels appeared 
within the defect on D6 and extended toward the edge of the 
defect by D8 (Fig. 2a, c). The diameter and density of these 
angiogenic vessels continued to increase from D8 to D12, 
and plateaued by the end of the second week (Fig. 2a, c). 
During this time, continual osteogenesis from D0 through 
D20 was clearly visible as brighter regions within the FoV 
(Fig. 2a). This bone growth was more evident on the digi-
tally segmented images shown in Fig. 2b.

Blood vessel length (Fig. 2d), volume (Fig. 2e), and den-
sity (Fig. 2f) exhibited similar trends during bone healing 
with the largest changes in each parameter occurring during 
the first two weeks. The total blood vessel length decreased 
by 100% from D2 to D4, and increased by over 400% over 
the next four days (p <  < 0.05); the total blood volume also 
decreased by 100% from D2 to D4, and increased by 500% 
from 0.4 μm3 to 2 μm3 from D4 to D14 (p = 0.004); the 
blood vessel density decreased by ~ 150% during the first 
two days, and increased by ~ 700% over the next eight days 
(p = 0.002). The robust increase in these parameters was fol-
lowed by a plateau toward the end of four weeks. Relative to 
angiogenic changes, osteogenic changes were more gradual, 
but exhibited similar trends (Fig. 2g). There was a significant 
(p <  < 0.05) increase in bone regrowth during the first two 
weeks of healing, with ~ 40% increase in bone volume by 
D14. The bone volume increased by an additional 10% over 
the next two weeks and covered 50% of the defect by the end 
of the fourth week.

We also stratified the vasculature by its tortuosity, length, 
and diameter to characterize changes during the four weeks 
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of calvarial bone healing (Fig. 2h–j). We found that the num-
ber of vessels with low tortuosity (< 1.2) exhibited the most 
significant increase relative to baseline (D0 post-surgery) 
(p = 0.001) in the vascular network, while the number of 
vessels with larger tortuosity (> 1.2) did not change signifi-
cantly during defect healing. Similarly, the number of blood 
vessels with small segment lengths (< 100 μm) increased by 
more than ~ 500%, (p = 0.001) during defect healing, and the 
number of medium length vessels (100–500 μm) increased 
by less than 100%. In contrast, the number of vessel seg-
ments of length > 500 μm accounted for less than 5% of total 
number of vessel segments and did not change appreciably 
over four weeks. In terms of diameter, the number of small 
(< 15 μm) and medium (15–30 μm) sized blood vessels sig-
nificantly increased relative to the baseline during angio-
genesis (p = 0.005 and p = 0.003, respectively), with both 

exhibiting an increase of over 700% from D4 to D8. Inter-
estingly, the number of small-sized blood vessels decreased 
from D8 to D14, while the number of medium sized vessels 
increased. This trend reversed from D20 to D28, with an 
increased number of small blood vessels and a plateau for 
the medium sized vessels. Finally, blood vessels with diam-
eters exceeding 30 μm did not show as robust a change as 
the other two groups of vessels.

Measurements of osteogenesis from 2D in vivo 
imaging correlated strongly with those from 3D 
ex vivo μCT imaging

We correlated weekly measurements of bone area within the 
defect derived from 2D in vivo IOS images with 3D bone 
volume measurements (i.e., an index of osteogenesis) from 

Fig. 2   In vivo IOS imaging revealed robust changes in vascular and 
bone morphology during the calvarial defect healing cycle. a IOS 
images showing the blood vessel and bone morphology within a cal-
varial defect. The black dashed circles represent the 3 mm FoV pro-
vided by the glass coverslip, and the red dashed circles represent the 
2 mm defect. b Images of segmented bone illustrate the robust osteo-
genesis that occurred during 4 weeks of defect healing. c Images of 
segmented blood vessels showed robust angiogenesis concurrently 

occurred. d Total blood vessel length; e total blood volume; and f 
blood vessel density increased during the first two weeks, and dimin-
ished during the final two weeks. g Bone volume fraction increased 
during the first two weeks, and plateaued during the final two weeks. 
The vasculature within the osteogenic niche was characterized by: h 
low tortuosity (< 1.2); i small length (< 100 μm); and. j small diam-
eter (< 30 μm)
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ex vivo μCT images. The measurement regions were identi-
fied on the μCT images of the skull based on the location of 
the defect surgery on D0 (Fig. 3a), and the maximum intensity 
projections (MIP) of bone volumes within the defects (Fig. 3b) 
generated. Measurements of bone area (Fig. 3d) made from 
from IOS images (Fig. 3c) were then correlated with MIP of 
bone volume from the μCT images of the same defects for 
the same time points (Fig. 3b). It was observed that the bone 
growth profile within the defect regions was similar across 
all time points using these two methods (Fig. 3b, d). We also 
correlated bone growth quantified from these two methods 
(Fig. 3e). Overall, IOS-derived measurements of bone area 
were strongly correlated (R2 = 0.9871) with the μCT-derived 
measurements of bone volume, indicating that osteogenic 
changes could be accurately tracked with in vivo IOS imaging.

LSC imaging revealed that angiogenic evolution 
within the osteogenic niche is characterized 
by in vivo changes in blood flow

On the day of surgery, the blood flow within the defect 
(Fig. 4, white dashed circle) was likely low because of pos-
sible blood vessel rupture during defect creation. From D0 
to D2, blood flow increased by ~ 100%. However, the blood 
flow on D4 was attenuated due to a hematoma (observable 
in the IOS channel, Fig. 2a), and inflammation was clearly 
visible on D6 in terms of a 60% elevation in blood flow 
relative to D4. When the hematoma resolved by D8, the 
blood flow within the defect returned to D2 levels and small 
angiogenic vessels around the defect edge started to be per-
fused. These angiogenic vessels continued exhibit perfusion 

Fig. 3   Measurements of osteogenesis from 2D in  vivo imaging 
strongly correlated with those from 3D ex vivo CT imaging. a μCT 
images of the murine calvarium from animals euthanized at week 1, 
2, 3, and 4 after defect creation. Red circles indicated the defect. b 
Images of the segmented bone volume from the red circled regions 

in (a). c IOS images of the same FoVs as in (b), in which the highly 
scattering bone is clearly visible. d Images of the bone segmented 
from the 2D IOS images in (c). e Scatter plot of fractional bone vol-
ume computed from 3D μCT vs. that computed from 2D IOS images 
illustrates the strong correlation (R2 = 0.9871) between them
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into the second week of defect healing. After that, during 
the third week of defect healing, the increase in blood flow 
began to plateau, and by D28 returned to the baseline level 
observed at D0.

To visualize in vivo blood flow changes during angio-
genic evolution (Fig. 4a), we first mapped blood flow onto 
the segmented vasculature for each time point (Fig. 4b). We 
then visualized the blood flow at each time point using radial 
plots as shown in Fig. 4c for a representative animal. The 
radial plots provide a universal space for mapping in vivo 
blood flow irrespective of the underlying vascular remod-
eling, and permit the visualization of blood flow changes 
during osteogenesis across all animals (n = 6). The mean 
(Fig. 4d) blood flow maps indicated that there in vivo perfu-
sion was elevated within the defect and attenuated outside it 
during the first week of bone healing. This was accompanied 
by an attenuation of blood flow within the defect from D6 
to D8, followed by a return to elevated blood flow by D12, 
after which it plateaued.

Multi‑wavelength IOS imaging revealed 
intravascular SO2 changes accompanied angiogenic 
evolution within the osteogenic niche

Intravascular SO2 was mapped during four weeks of calva-
rial bone healing by employing the changes in hemoglobin 

concentration detected with multi-wavelength IOS imaging 
(Fig. 5a). During the first week of bone healing, the distri-
bution of SO2 was very heterogeneous, with the outside of 
the defect exhibiting low SO2 because of poor vasculariza-
tion (Fig. 5a D2–D6). From D6 when the hematoma began 
to resolve and angiogenic vessels formed, there was a 30% 
increase in SO2 around the edge of the calvarial defect, or 
the active bone-growing regions. Toward the end of four 
weeks of bone healing when osteogenesis had plateaued, 
the SO2 distribution within the defect became more homog-
enous. As before, we visualized the spatiotemporal changes 
in SO2 during osteogenesis and angiogenesis at the indi-
vidual (Fig. 5b) and group (Fig. 5c) levels using our radial 
plot approach.

Angiogenic vessels could be phenotyped in vivo 
based on their response to a carbogen gas challenge

We characterized the maturity of angiogenic vessels in vivo 
based on their ability to respond to carbogen gas. The seg-
mented vasculature within the defect was overlaid with the 
blood flow change (∆BF) in response to carbogen gas inha-
lation (Fig. 6a), and also mapped as a radial plot (Fig. 6b). 
It can be observed that at D2, most of the vessels within 
the FoV appeared to be responsive (i.e., mature) since they 
were primarily the preexisting dural vessels. The hematoma 

Fig. 4   In vivo LSC imaging revealed that angiogenic evolution within 
the osteogenic niche includes intricate blood flow changes. a In vivo 
blood flow changes within the calvarial defect (white dashed cir-
cle) of a representative animal. A robust increase in blood flow was 
observed during the first two weeks (D2-D16) of healing, followed 
by a decrease toward the end of the fourth week (D28). b The vascu-

lature corresponding to the images in (a) was segmented to highlight 
intravascular blood flow changes. c Radial plots for the same animal 
illustrate the spatio-temporal evolution of the mean blood flow within 
the calvarial defect over four weeks. d Radial plots of the mean blood 
flow changes computed for the entire cohort of animals (n = 6)
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in the defect at D4 obscured the ∆BF map. At D10 when 
angiogenic vessels appeared within the defect, the peripheral 
vessels exhibited the smallest ∆BF in response to carbogen, 
indicating that they were newly formed vessels that had not 
yet matured. As angiogenesis continued over the next few 
weeks of defect healing, the maturity of the vessels within 
the field of view also evolved (Fig. 6b). Starting at D10, 

angiogenic vessels in the FoV could be spatially classified 
into two vascular phenotypes, i.e., “developing” or “mature” 
vessels (Fig. 6c) based on the magnitude of ∆BF during 
the carbogen challenge. Most angiogenic vessels around the 
defect edge were developing vessels, while those toward the 
defect center were mature vessels. Some angiogenic ves-
sels on the defect edge evolved into mature vessels by D16. 

Fig. 5   In vivo multi-wavelength IOS imaging revealed that intravas-
cular SO2 changes accompany angiogenic evolution within the osteo-
genic niche. a Intravascular SO2 computed from multi-wavelengths 
IOS images showed that angiogenic vessels near the defect edge 
(white dashed circle) exhibited elevated SO2 during the 2nd week 
of healing compared to the rest of the vasculature within the FoV. b 
Radial plots for the same animal illustrate the spatio-temporal evo-

lution of the mean SO2 within the calvarial defect over four weeks.. 
It was observed that SO2 was inhomogenous during the first week 
(D2–D6) of healing, increased near the defect edge during the next 
2–3  weeks (D10–D20) of healing, and became more homogenous 
throughout the defect toward the end of healing (D28). c Radial plots 
of the mean SO2 changes computed for the entire cohort of animals 
(n = 6)

Fig. 6   Angiogenic vessels could be phenotyped based on their blood 
flow response to a carbogen gas challenge. a Vascular maturity com-
puted from carbogen gas induced blood flow changes showed that 
the vascular bed exhibited heterogenous and continuously changing 
maturity levels during the 4-week healing cycle. b Radial plots for the 
same animal illustrate the spatio-temporal changes in vascular matu-

rity within the calvarial defect over four weeks. c K-means clustering 
helped classify the vascular bed within the defect into “developing” 
and “mature” vessels. More mature vessels were observed during 
robust bone healing phases (D12 and D16) than during during the 
second week of healing (D20–D28)
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Additionally, new angiogenic vessels continued to prolifer-
ate around the defect after D16, which resulted in more ves-
sels of the developing vascular phenotype within the FoV.

To further characterize these vascular phenotypes within 
the defect, we also assessed their blood flow and average 
radii (Suppl Fig. 1a–b). We found that the distributions 
of blood flow and radii exhibited a rightward shift for the 
mature vessels compared to developing vessels. This dif-
ference in radii and blood flow was significant (p < 0.05) 
between developing and mature blood vessels within the 
defect. Collectively, these data indicate that mature vessels 
were characterized by larger radii and elevated perfusion 

relative to developing blood vessels over the entire four week 
defect healing (Suppl Fig. 1c–d).

Angiogenic evolution correlated with the phases 
of the calvarial bone healing cycle

We plotted changes in the mean structural (i.e., total blood 
vessel length) and functional (i.e., blood flow and SO2) vas-
cular parameters during the four week defect healing cycle 
for all mice in the experimental cohort (Fig. 7a). Based on 
these plots, we successfully correlated angiogenic evolution 
during distinct phases of calvarial bone healing (Fig. 7b). 

Fig. 7   Structural and functional vascular data revealed a correlation 
between angiogenic evolution and phases of the calvarial bone heal-
ing cycle in  vivo. a Multimodality in  vivo imaging permitted us to 
classify angiogenic evolution into distinct phases during four weeks 
of osteogenesis. These phases included injury, hematoma, angiogene-

sis, and remodeling, and were identified based on image-based meas-
urement of changes in total blood vessel length, average blood flow, 
and average SO2 (n = 6). b Schematic illustrating the unique phases of 
angiogenic evolution during the calvarial defect healing cycle
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For example, a slight decrease in total blood vessel length 
and intravascular SO2 was observed during the injury 
phase, with > 100% increase in blood flow. The hematoma 
phase was characterized by an increase in all parameters 
(i.e., ~ 100% increase in total blood vessel length, 60% 
increase in blood flow, and a 20% increase in SO2). During 
the angiogenesis phase, total blood vessel length continued 
to increase (> 100%), SO2 increased slightly (< 10%), and 
blood flow returned to its level prior to the hematoma phase. 
Eventually, all the vascular parameters plateaued, which we 
defined as the remodeling phase, since it marked the end of 
angiogenic activities. These findings were consistent with 
observations of attenuated blood flow during the remodeling 
phase of bone healing reported by others [16, 17]. Finally, 
we successfully visualized of the dynamics of angiogenic 
evolution in vivo via a time-lapse movie compiled from the 
structural and functional imaging data acquired over the 
entire 28 days of calvarial defect healing (Suppl. Video 2).

Discussion

Although the role of angiogenesis in bone healing is well 
established in terms of providing oxygen, nutrients, and cel-
lular signals to generate a specialized bone healing microen-
vironment [18], the in vivo interplay between angiogenesis 
and osteogenesis has been underexplored to due to the lack 
of appropriate tools. In this study, we used a multimodal-
ity imaging system in conjunction with multiscale image 
analyses and data visualizations to address these gaps. We 
leveraged the advantages of IOS, LSC, and μCT imaging 
along with a custom-designed image-processing pipeline, to 
characterize angiogenic evolution and osteogenesis over four 
weeks in a calvarial defect model.In spite of intra-animal 
variations, we observed that the robust structural changes 
in the angiogenic vasculature occurred during the first two 
weeks of defect healing. These data collectively indicated 
that the early stages of angiogenic evolution were character-
ized by concurrent changes in blood vessel length, volume, 
and density. Interestingly, during the 4th week of defect heal-
ing, although total blood vessel length and volume remained 
constant, there was an increase in blood vessel density. This 
could indicate that toward the end of the bone healing cycle, 
blood vessels tended to form a more interconnected and 
dense vascular network, with the increase in vessel density 
resulting from changes in vascular morphology instead of de 
novo vessel sprouting. Moreover, when we grouped blood 
vessels within the defect based on their tortuosity, segment 
length, and diameter, we observed that vessels with low 
tortuosity (< 1.2), short lengths (< 100 μm), and small to 
medium diameters (< 30 μm) exhibited the largest changes 
in density over four weeks. Prior studies have shown that 
calvarial angiogenesis involves vessels that stain strongly for 

endothelial markers CD31 and Endomucin-1 (Emcn), i.e., 
“type H” vessels [19]. The morphological vascular data from 
this study are consistent with observations that these type 
H capillaries exhibit straight (i.e., less tortuous) columnar 
structure [20, 21].

The current gold-standard for quantifying bone growth 
in preclinical models is µCT [22]. In this study, we also 
demonstrated that in vivo 2D IOS imaging combined with 
semi-automated, machine-learning-based image segmenta-
tion yielded results comparable to those derived from volu-
metric µCT. Consequently, we could assess osteogenesis 
in vivo with IOS imaging and correlate it with angiogenic 
evolution over four weeks of defect healing.

While previous studies [23, 24] have assessed structural 
vascular changes during osteogenesis, changes in the func-
tion of angiogenic vessels in vivo remains poorly character-
ized. To the best of our knowledge, this is the first study to 
measure in vivo changes in multiple functional parameters 
(e.g., blood flow, intravascular SO2, and vascular maturity) 
during angiogenesis over the calvarial defect healing cycle.

Blood flow has historically been known to be an impor-
tant player in regulating bone homeostasis and promoting 
bone growth [25, 26]. Early clinical studies have shown that 
tibial fracture healing was improved by increased blood 
flow [27]. Recently, distinct perfusion patterns were found 
in CD31highEmcnhigh type-H vessels, which are key regula-
tors in bone healing [7, 28]. However, blood flow modula-
tion during bone healing is a complex process that involves 
a balance of proangiogenic and antiangiogenic factors [19], 
and remains poorly characterized in vivo. Therefore, we 
employed LSC imaging to characterize in vivo blood flow 
changes during angiogenic evolution over four weeks of 
defect healing. Since LSC exploits the movement of eryth-
rocytes to assess in vivo perfusion, it does not require the 
administration of any extrinsic contrast or dye, and provides 
“microvascular-scale” perfusion data [9]. The major advan-
tage of LSC is that it is minimally invasive and thus ideal 
for longitudinal in vivo imaging. Continuous LSC imaging 
revealed distinct patterns in perfusion during the different 
phases of bone healing. We postulate that the low blood 
flow at the beginning of injury were due to the rupture of 
blood vessels when creating the defect, and the increase in 
blood flow observed during the hematoma phase was a con-
sequence of the inflammatory response. The decreased blood 
flow during angiogenesis was a result of the inflammation 
resolving and the presence of developing vessels within the 
defect regions. Collectively, our longitudinal in vivo data 
provided novel insights into blood flow modulation during 
bone healing.

The delivery of oxygen is one of the primary roles of 
angiogenic evolution during osteogenesis, because it is 
necessary for the multiple biological processes that ensure 
successful bone healing. These processes include aerobic 
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cell metabolism, enzyme activity, collagen synthesis, and 
the regulation of several angiogenic genes [29]. Although 
widely studied in vitro [30], the in vivo effects of oxygen on 
the cells involved in bone healing have been underexplored. 
Recently, we developed a method for mapping intravascu-
lar oxygen saturation (SO2) in vivo that combined multi-
wavelength IOS imaging with a vascular-centric estimation 
of optical path lengths [13]. Using this new method, we 
successfully characterized in vivo changes in intravascular 
SO2 over the calvarial bone healing cycle. Interestingly, SO2 
was significantly higher in the angiogenic vessels around 
the leading edge of the defect during the period of most 
robust angiogenesis and perfusion (D10-12). This indicated 
that angiogenic vessels with elevated blood flow were also 
well-oxygenated to support bone growth. Toward the end 
of healing, angiogenic blood vessels had anastomosed to 
form a well-perfused vascular network that encompassed the 
field of view, with the SO2 returning to normal levels. These 
observations were consistent with previous in vivo meas-
urements made using two-photon microscopy and oxygen 
probes, demonstrating that the oxygen tension (pO2) was ele-
vated near the edge of the calvarial defect in the early stages 
of bone healing [31]. To the best of our knowledge, this is 
the first time that dynamic SO2 changes have been continu-
ously mapped in vivo at microvascular spatial scales, over 
the four week bone healing cascade. Such data could not 
only be used to characterize angiogenic evolution in vivo, 
but also phenotype the osteogenic niche in a wide array of 
preclinical models of bone healing. In addition, our multi-
contrast in vivo imaging approach enabled further investiga-
tion into the role of oxygen in bone healing. For example, 
several studies have demonstrated the effectiveness of oxy-
gen-generating scaffolds in supporting bone growth [32–34], 
and recent studies have begun to explore new pathways via 
which improved oxygenation can enhance osteogenesis [35].

It is noteworthy, that the existence of a dense vascular net-
work does not necessarily result in better bone healing. Pre-
vious studies have shown that a dense, but poorly perfused 
capillary bed results in poor healing compared to a rapidly 
maturing vascular network [36]. Therefore, it was essential 
to evaluate the maturity of angiogenic vessels in vivo to 
determine if their functional impact on bone growth during 
the bone healing cascade. To map the relative maturity of the 
vasculature in vivo, we performed a carbogen gas challenge 
to induce smooth-muscle-mediated vasodilation of the blood 
vessels within the calvarial defect [37]. When a blood vessel 
dilates during carbogen gas inhalation, the resulting increase 
in blood flow can be measured in vivo by LSC imaging and 
the relative maturity of the vessels within the vascular net-
work mapped in terms of the change in blood flow (∆BF) 
relative to the baseline. Since immature angiogenic vessels 
are characterized by poor smooth muscle coverage, they are 
incapable of responding well to the carbogen gas challenge, 

and therefore exhibited smaller changes in blood flow. Even 
at D0, in the absence of angiogenesis, we observed het-
erogenous changes in blood flow (i.e., vascular maturity) 
within the defect. This might be attributable to the pres-
ence of blood vessels at different stages in their angiogenic 
cascade, or changes in blood flow upstream of the calvarial 
defect. Although previous studies have employed carbogen 
gas challenges as a functional indicator of vessel maturation 
[38], it is important to note that the criteria for defining vas-
cular maturity can vary depending on the context or tissue 
type. To the best of our knowledge, within the context of 
the calvarial defect healing microenvironment, there have 
been no prior reports of the use of carbogen to distinguish 
mature from developing vessels. This made it challenging 
to distinguish these vascular phenotypes on the basis of an 
arbitrarily selected blood flow threshold from another study. 
To circumvent this issue, we employed K-means, a popular 
clustering technique, to classify vascular phenotypes based 
on similarities in their measured attributes [39]. Although 
K-means clustering can reveal meaningful patterns within 
the data [40], we acknowledge the importance of validat-
ing the results to ensure their biological significance. We 
did this by examining the average blood flow and radii of 
blood vessels in the two clusters (Suppl. Figure 1) and found 
that each vascular phenotype (i.e., mature vs. developing) 
was characterized by distinct perfusion and radii during the 
stages of angiogenic evolution.

From the longitudinal multicontrast images we acquired, 
we created time-lapse visualizations of angiogenic evolu-
tion in vivo during osteogenesis. Visualization of these 
real-time vascular changes revealed that new angiogenic 
vessels grew from the periosteum at the defect edges and 
anastomosed with dural vessels. This could be indicative 
of the cerebrovasculature potentially contributing to cal-
varial bone healing. While recent studies have addressed 
the cross-talk between brain and cranial bone [41], the role 
of the brain’s vasculature in cranial bone growth remains 
unexplored. Finally, we successfully combined the in vivo 
imaging-derived structural and functional parameters to 
identify angiogenic evolution during the unique phases of 
calvarial bone healing. Previous studies have clearly defined 
the phases of healing in long bone fractures [42, 43], but 
angiogenic evolution has not been correlated with the phases 
of the calvarial bone healing cycle. Elucidating this spatio-
temporal correlation could potentially help us design better 
clinical interventions and tissue-engineered constructs that 
enhance calvarial bone healing in patients. Using prior defi-
nitions of the bone healing phases [42, 43] and combining 
them with the structural and functional angiogenic changes 
we measured in vivo, we correlated the dynamics of angio-
genic evolution with four phases of calvarial bone growth: 
injury, hematoma, angiogenesis, and remodeling. We believe 
that this provides us with a new rubric for characterizing 
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angiogenic evolution within the context of osteogenesis in 
addition to the conventional histological [44] or radiographic 
[45] methods.

Our results are consistent with those from other studies 
that have used complementary imaging modalities to inves-
tigate calvarial bone healing in vivo. For example, Holstein 
et al. [23] investigated healing of a subcritical-sized calva-
rial defect in a rodent model using intravital fluorescence 
microscopy. They too observed a robust increase in vascular 
density and blood vessel diameter during the first two weeks 
of healing, which plateaued toward the next two weeks of 
healing. Unlike the endogenous contrast employed in our 
study, Holstein et al. used intravascular injection of fluores-
cent tracers, and did not assess functional (e.g., blood flow) 
changes during angiogenesis. In addition, Huang et al. [24] 
investigated the spatiotemporal correlation between in vivo 
angiogenesis and osteogenesis with multiphoton microscopy 
(MPM). They exploited the superior resolution and tissue 
penetration of MPM to elegantly show that osteoblast activ-
ity was tightly coupled with angiogenesis near the leading 
edge of bone growth during the early stages of bone defect 
healing. The employed quantum dots to generate exogenous 
contrast, but did not assess in vivo perfusion changes. In 
addition to these optical methods, hybrid methods like pho-
toacoustic imaging (PAI) have also been utilized to inves-
tigate healing during union and non-union bone formation 
in the long bone, and found that non-union bone exhibited 
lower SO2 throughout the healing cascade [46]. PAI has also 
been used in conjunction with chronic cranial window mod-
els to study the murine brain vasculature [47], making it a 
promising method for investigating calvarial bone healing 
in vivo. Since PAI utilizes an acoustic signal that scatters 
less than the optical signal, it has great tissue penetration and 
an excellent ability to detect perfusion and oxygen saturation 
in vivo [48]. However, PAI is unable to generate endog-
enous contrast like the IOS contrast employed in our study, 
to assess bone growth in vivo. Therefore to characterize 
both, the structural and functional changes in a longitudinal 
in vivo study of bone and vascular remodeling, we employed 
a multimodality imaging system. A more detailed compari-
son of methods for imaging the vascular microenvironment 
in craniofacial bone tissue engineering applications can be 
found in [1].

Despite its advantages, our imaging pipeline does have 
certain limitations. First, since IOS and LSC are both 2D 
imaging techniques, we could not acquire depth-resolved 
in vivo angiogenesis and osteogenesis data. This may induce 
inaccuracies in quantifications of angiogenesis and osteo-
genesis because we are essentially acquiring 2D projections 
of 3D phenomena. One could envision addressing this by 
using depth-resolved imaging methods such as multi-pho-
ton microscopy [7], light-sheet microscopy [49] or µCT to 
acquire the high-resolution, 3D vasculature and bone data for 

comparison with in vivo 2D IOS data. Although we obviated 
this concern by validating our in vivo 2D osteogenesis meas-
urements with 3D measurements from µCT, doing the same 
for the vasculature data was beyond the scope of the cur-
rent study paradigm. It is also possible for the complex and 
dynamically changing defect microenvironment to adversely 
affect in vivo imaging. For example, we observed a decrease 
in blood flow as measured by LSC imaging toward the end 
of the four week defect healing cycle. While the blood flow 
is known to revert to baseline levels toward the end of defect 
healing [26], the attenuated LSC signal may also be due to 
ingrowing bone. Since we derived maps of vessel maturity 
from blood flow responses to the carbogen challenge, exten-
sive bone growth could also affect these measurements. In 
addition, since the carbogen challenge induced a systemic 
vasodilation, blood vessels with little or no smooth muscle 
coverage could exhibit increased blood flow due to vaso-
dilation of blood vessels upstream of the calvarial defect. 
Finally, while multi-spectral IOS imaging provided us with 
intravascular SO2 at microvascular resolution, this method 
cannot assess extravascular or tissue oxygenation within the 
defect.

In spite of these limitations, we are exploring the util-
ity of such multimodality imaging workflows to evaluate 
the effects of novel tissue-engineered scaffolds on critical-
sized calvarial bone healing. The real-time characteriza-
tion of angiogenic evolution and osteogenesis in vivo could 
help evaluate the efficacy of such scaffolds, and iteratively 
improve scaffold design to expedite clinical translation [1].

Conclusion

In this work, we characterized angiogenic evolution dur-
ing osteogenesis in vivo using a quantitative multimodal-
ity imaging approach. With this method, we successfully 
assessed structural and functional changes in bone and vas-
cular morphology, perfusion, intravascular oxygenation, and 
blood vessel maturity over four weeks of bone healing in 
a preclinical calvarial defect model. We successfully cor-
related the dynamics of angiogenic evolution to the distinct 
phases of calvarial bone healing in vivo. In addition to glean-
ing new insights into bone healing biology, this technique 
could be harnessed to optimize the design and implemen-
tation of novel tissue engineering approaches. We believe 
these efforts could eventually usher in an era of “image-
based tissue engineering.”
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