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Abstract

Tendon injuries positively correlate with patient age, as aging has significant effects on tendon 

homeostatic maintenance and healing potential after injury. Vascularity is also influenced by age, 

with both clinical and animal studies demonstrating reduced blood flow in aged tissues. However, 

it is unknown how aging effects vascularity following tendon injury, and if this vascular response 

can be modulated through the delivery of angiogenic factors. Therefore, the objective of this study 

is to evaluate the vascular response following Achilles tendon injury in adult and aged rats, and to 

define the alterations to tendon healing in an aged model following injection of angiogenic factors. 

It was determined that aged rat Achilles tendons have a reduced angiogenesis following injury. 

Further, the delivery of vascular endothelial growth factor, VEGF, caused an increase in vascular 

response to tendon injury and improved mechanical outcome in this aged population. This work 

suggests that reduced angiogenic potential with aging may be contributing to impaired tendon 

healing response and that the delivery of angiogenic factors can rescue this impaired response. 

This study was also the first to relate changes in vascular response in an aged model using in vivo 
measures of blood perfusion to alterations in healing properties.
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INTRODUCTION

The frequency of musculoskeletal injury is expected to increase greatly in the coming 

decades with both increased life expectancy and a sustained higher level of activity 

with aging.12,46 There are many challenges associated with advanced age, namely the 

development of multiple impairments, alterations in physiological functions, decline in 

Address correspondence to Louis J. Soslowsky, McKay Orthopaedic Research Laboratory, University of Pennsylvania, 307A 
Stemmler Hall, 36th Street & Hamilton Walk, Philadelphia, PA 19104, USA. soslowsk@upenn.edu. 

SUPPLEMENTARY INFORMATION
The online version contains supplementary material available at https://doi.org/10.1007/s10439-022-02948-7.

HHS Public Access
Author manuscript
Ann Biomed Eng. Author manuscript; available in PMC 2023 May 01.

Published in final edited form as:
Ann Biomed Eng. 2022 May ; 50(5): 587–600. doi:10.1007/s10439-022-02948-7.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functional capacity, and ultimately loss of independence.12 Many of the contributors 

to these challenges and disabilities are due to structural and functional changes to the 

musculoskeletal system with aging.12

Tendon injuries positively correlate with patient age, as aging has significant effects on 

both tendon homeostatic maintenance as well as tendon healing potential after injury.25 

Mechanical evaluations have demonstrated impaired structural and material properties 

with aging, including alterations in elastic modulus, viscoelasticity, and stiffness.20,30,43 

Additionally, this decline in mechanical properties correlates with reduced collagen 

content.9,10 On a cellular level, aged tenocytes are less viable with a lower proliferation rate, 

motility, density, and organization within the tissue.1,3,42,47 This could indicate a reduced 

potential for cellular maintenance or repair, which may lead to tendon degeneration. Protein 

and mRNA expression is significantly altered, with decreased extracellular matrix proteins 

such as proteoglycans, elastin, aggrecan, and collagens I, III, and V, as well as increased 

matrix metallopeptidase (MMP)-2 and -9, indicating increased matrix degradation.18,23,42,47 

Following tendon injury, aging causes significant reductions in max load and stiffness, along 

with less organized fiber structure and reduced matrix production at the injury site.1,29 This 

data suggests that aging has major effects on the tendon’s ability to maintain homeostasis, 

increasing susceptibility to rupture, as well as impairing the ability to recover from an injury.

Tendon vascularity is also altered with aging. Clinical ultrasound studies have demonstrated 

reduced blood flow,13,21,37 and histological studies show decreased vessel density in 

uninjured tendons with aging.23,24 Cellular studies have demonstrated reduced vascular 

endothelial cell expansion and differentiation potential in tendon cell populations harvested 

from older age groups.44 This suggests that aged tendons are less capable of forming 

or maintaining necessary vascular structure, which could alter their cellular responses, 

contributing to reduced healing capacity in the aged population.

While aging affects tendon maintenance, vascular structure, and healing potential, it 

is unknown how aging affects the vascular response following injury in the tendon. 

Additionally, we have shown that local delivery of VEGF and anti-VEGF antibody to 

tendons can increase and decrease the vascular response after injury in young animals, 

respectively.32,34 However, the effect of altering the vascular response after injury in the 

aged population is unknown. Therefore, the objective of this study is to evaluate the vascular 

response following Achilles tendon injury in adult and aged rats (Study 1), and to define 

the alterations to tendon healing in an aged model following injection of angiogenic factors 

(Study 2). We hypothesize that when compared to adult rats, aged rats will demonstrate 

a decrease in blood flow parameters, as well as a decrease in vascular density following 

injury. Additionally, we hypothesize that increasing the vascular response through the 

administration of a pro-angiogenic treatment will improve healing capacity as shown by 

increased mechanical properties.

MATERIALS AND METHODS

All animal work was approved by and performed in accordance with guidelines of the 

University of Pennsylvania IACUC.
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Study Design

Study 1: Vascular Response to Injury with Aging—We investigated 5 adult (4 

months) and 5 aged (16 months) Sprague Dawley rats. All animals underwent a bilateral 

Achilles incisional injury, followed by bilateral color Doppler ultrasound imaging and 

sacrifice for histological evaluation on day 7 post-injury (n = 8–9 tendons/group).

Study 2: Vascular Modulation with Aging—Thirty-six Fischer 344 rats (19–

20 months old) underwent a bilateral Achilles incisional injury, followed by local 

injections of vascular endothelial growth factor (VEGF) (Peprotech, Rocky Hill, NJ), anti-

VEGF antibody (B20.4–1-1, Genentech, San Francisco, CA), or saline (SAL). In vivo 
ultrasound imaging (b-mode, Doppler, photoacoustics, and contrast-enhanced ultrasound) 

was performed and animals were sacrificed 14 days after injury for histological and 

mechanical evaluation. Bilateral samples were always used in separate assays (i.e. one limb 

for mechanical testing and one limb for histology) and so each replicate within an assay is 

from an independent animal.

Surgical Approach

Animals were anesthetized with isoflurane inhalation and using aseptic technique a skin 

incision was made on the medial side of the ankle to isolate the Achilles tendon. Using a 

1.5mm flat scalpel blade (#61, MYCO Medical, Apex, NC), a partial-width, full-thickness 

incisional injury was made in the center of the tendon in the mid-substance region (Fig. 

S1A). The tendon was left unrepaired and the skin was sutured closed.

Angiogenic Injections

For Study 2 only, each animal received either 5 μg VEGF or 250 μg anti-VEGF antibody 

(B20) in 20 μL saline, or 20 μL saline only, injected bilaterally intratendinously on days 

4–6 after surgical injury. These dosages were chosen based on literature values4,9,16,22,28,48 

and our previous work.32,34 The injections were administrated percutaneously in the coronal 

plane from the medial side of the tendon, with 10 μL of the solution injected above and 

10 μL injected below the injury site. The saline injection control group served as a sham 

surgical group to account for the effect of the needle puncture.

Ultrasound Imaging

Imaging was performed on day 7 (Study 1 and 2) and 14 (Study 2 only) using a Vevo 

LAZR ultrasound system (VisualSonics, Toronto, ON) with a 40 MHz center frequency 

transducer (LZ550). Following anesthetization using inhalation of isoflurane, all hair was 

removed from the hind limb by shaving and hair removal cream to allow for ultrasound 

visualization. The animal was placed on a heated imaging table with the ankle secured at 

90° flexion. The transducer was placed to image the sagittal plane, ensuring that the tendon 

was parallel to the surface of the transducer, and the tendon length was in plane with the 

transducer length. The tendon was centered at a focal zone at 7 mm image depth. All 

ultrasound quantification analyses were conducted within two regions of interest (ROIs): 

(1) the entire tendon (tendon ROI) and (2) a 3 mm2 rectangular area over the injury region 

(injury ROI). Within each imaging modality, image acquisition settings were held constant 
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for all specimens and measures for all image segments in a specimen were averaged to 

obtain a representative value for the entire tendon.

Color Doppler Ultrasound—Spatially sequential color Doppler ultrasound images were 

acquired every 0.1mm across the tendon over 3.5 mm as described.31,32,34 Imaging 

persistence was used to remove motion artifact from the scanner. The central 8–10 tendon 

images were analyzed using a custom IDL program (Harris Geospatial Solutions, Herndon, 

VA). The mean color level (average blood flow velocity), the fractional area (% area of 

Doppler signal), and the color weighted fractional area (weighted average of blood flow 

velocity/unit area) were quantified.39

Photoacoustic Imaging—As described,32,34 photoacoustic images were taken at two 

wavelengths (750 and 850 nm) based on the absorption spectrum of oxygenated (HbO2) 

and deoxygenated hemoglobin (Hb), respectively.27 Three images were acquired within the 

center of the tendon. Image acquisition settings were held constant for all specimens. Blood 

oxygenation (sO2 Avg), average hemoglobin (HbT Avg), and relative tissue oxygenation 

(sO2 Tot) were quantified.

Contrast-Enhanced Ultrasound—Contrast-enhanced imaging was performed as 

previously described.32 Following anesthetization, a tail vein catheter was inserted and 

secured. The Achilles tendon was visualized in non-linear contrast mode using the MS250 

transducer (18MHz center frequency). An ultrasound video was initiated at start of the bolus 

injection of 100 μL of Definity (Lantheus Medical Imaging, Billerica, MA) microbubble 

contrast agent, followed immediately by a bolus injection of 200 μL of saline. The video clip 

was taken for 200 seconds to capture the wash-in and wash-out of the contrast in the tissue. 

The ultrasound clip was analyzed using a contrast analysis program, VevoCQ (VisualSonics, 

Toronto, ON).26 Amplitude- and time-based perfusion parameters were derived from this 

analysis.26

B-mode Ultrasound Alignment Analysis—Images were taken at a center frequency of 

40 MHz (LZ550 transducer) with an effective resolution of 40 μm for collagen alignment 

analysis.33 Spatially sequential b-mode ultrasound images were acquired every 0.1 mm 

across the tendon over 3.5 mm. The central 5 images were analyzed using a custom Matlab 

program (Mathworks, Natick, MA). Briefly, collagen fascicles appear hyperechoic, where 

the noncollagenous matrix between the fascicles appears hypoechoic, giving rise to the 

appearance of bands in the images.14 These bands are analyzed to determine a quantitative 

measure of tendon organization. The circular standard deviation (CSD), a measure of the 

distribution of collagen alignment, and echogenicity measures were calculated as previously 

described.33

Tendon Histology

Study 1: Vascular Response to Injury with Aging—Bilateral tendon samples from 7 

days post-injury (n = 8–9 tendons/group) were dissected, paraffin processed, and sectioned 

at 5 μm in the sagittal plane. Sections were stained with hematoxylin-eosin (H&E) and 

immunohistochemical (IHC) staining for vascular endothelial cell marker (CD34). Histology 
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images were taken in the injury region of the tendon at × 50 magnification for CD34 (in 

order to better view vascular structure) and × 100 magnification for H&E, and images were 

semi-quantitatively graded by three blinded investigators.

Study 2: Vascular Modulation with Aging—Tendon samples from 7 and 14 

days post-injury (n = 6/group) were dissected, paraffin processed, and sectioned at 5 

μm in the sagittal plane. Sections were stained with hematoxylin–eosin (H&E) and 

immunohistochemical (IHC) staining for vascular endothelial cell marker (CD34), vascular 

endothelial growth factor (VEGF), angiopoietin-1 (Ang-1), collagen type III (Col III), 

matrix metallopeptidase-13 (MMP-13), and tumor necrosis factor alpha (TNFα). Processing 

protocol details are outlined in Table 1.

Histology images were taken in the injury region of the tendon at × 50 magnification for 

CD34 (in order to better view vascular structure) and × 100 magnification for all other 

stains. H&E and CD34 were semi-quantitatively graded by three blinded investigators. H&E 

was graded for cell shape (1 = spindle to 3 = round shape) and cellularity (1 = less cells 

to 3 = more cells), and CD34 was graded for vessel density (1 = less to 4 = more dense) 

and vessel size (1 = small to 4 = large diameter). All other IHC stains were quantitatively 

analyzed for percent area of positive stain using a custom MATLAB program (Mathworks, 

Natick, MA).

Tendon Mechanics

Tendons from 14 days after injury (n = 12/group) were prepared for tensile testing. The 

Achilles tendon was removed with the muscle and foot attached. The tendon was fine 

dissected to remove all connective tissue, leaving the calcaneus insertion and foot intact. 

Verhoeff stain was applied to the tendon for optical strain measurements of the full tendon 

and the injury region (Fig. S1B). Tendon cross-sectional area was measured using a custom 

laser-based device.11 The proximal side of the tendon was fixed between two layers of 

sandpaper using cyanoacrylate adhesive at the 12 mm stain line. The entire foot was secured 

in polymethylmethacrylate. The specimen was positioned so the foot and the tendon were 

oriented perpendicular and submerged in a 37 °C phosphate-buffered saline bath. The tendon 

was tested in tension using an ElectroPuls E3000 (Instron, Norwood, MA) with a 250 N 

load cell. The mechanical protocol consisted of (1) preloading (0.15 N), (2) preconditioning 

(0.5% to 1.5% strain at 0.25 Hz for 30 cycles), (3) stress-relaxation (6% strain for 10 min), 

(4) a dynamic frequency sweep (0.125% strain amplitude at 0.1, 1, 5, and 10 Hz, for 10 

cycles each), and (5) ramp to failure (0.1% strain/s) (Fig. S1C). Images for optical strain 

measures were captured. Tendon viscoelastic and quasi-static properties were computed. 

Full tendon and injury site modulus calculations were performed by using the optical strain 

and cross-sectional area measurements of either the full tendon or injury regions.

Statistics

Normally distributed data (ultrasound, mechanics, and quantitative histology) was analyzed 

using a 1-way ANOVA followed by Bonferroni multiple comparisons post-hoc tests with 

all comparisons made to saline control within a time point. Non-normally distributed 

data (semi-quantitative histology grading for H&E and CD34) was analyzed using Kruskal-
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Wallis 1-way ANOVA followed by Dunn’s multiple comparison post-hoc tests with 

comparisons made to saline control within a time point. Significance was set at p ≤ 0.05 

(indicated by solid bars) and trends at p ≤ 0.1 (indicated by dashed bars). Bar plots are 

displayed as mean and standard deviation and box plots represent median and interquartile 

range.

RESULTS

Study 1: Vascular Response to Injury with Aging

Color Doppler Ultrasound—For the analysis of color Doppler ultrasound (Fig. 1), there 

was a significant decrease in mean color level (MCL), fractional area (FA), and color 

weighted fractional (CWFA) area following injury in the aged group at 7 days post-injury.

Histological Analysis—H&E analysis of cell number and cell shape did not demonstrate 

differences between groups (Figs. 2a, 2b). Immunohistochemical evaluation of CD34 (Figs. 

2c, 2d), a marker of vascular endothelial cells, showed a significant decrease in vessel 

density, but no change in vessel size following injury in the aged group.

Study 2: Vascular Modulation with Aging

Color Doppler Ultrasound—There was a significant increase in MCL, representing 

increased blood flow velocity, in the VEGF group at day 7 after injury in the tendon ROI 

(Fig. 3b). The B20 group had a trending decrease in MCL and significant decreases in FA 

and CWFA at days 7 and 14 (Fig. 3) in the tendon ROI. Similar changes were observed 

when evaluating the injury site ROI (Fig. S2).

Photoacoustic Imaging—Representative images of photoacoustic imaging are shown in 

Fig. 4a. In the tendon ROI, the VEGF group had a trending increase in blood oxygenation at 

day 14 (Fig. 4b). Additionally, this group had a significant increase in average hemoglobin 

(Fig. 4c) and tissue oxygenation (Fig. 4d) on day 7. The B20 group average hemoglobin and 

tissue oxygenation was significantly decreased on day 7 (Figs. 4c, 4d). Similar changes were 

observed for the VEGF group when evaluating the injury ROI, but there were no significant 

differences in the B20 group (Fig. S3).

Contrast-Enhanced Ultrasound—Averaged echo-power vs time curves for the contrast 

wash-in and wash-out of the tissue are displayed in Fig. 5a. For the injury site analysis, the 

B20 group had significant or trending decreases in all parameters at both time points (Figs. 

5b, 5d–g) except for the injury site rise time (Fig. 5C). Similar changes were observed in 

the tendon ROI analysis, but to a lesser extent (Fig. S4). The VEGF group did not have any 

changes in any parameter (Fig. 5, Fig. S4).

B-Mode Ultrasound Alignment Analysis—There was no significant change in either 

circular standard deviation (CSD) or echogenicity in either group when evaluating the full 

tendon ROI (Figs. 6b, 6c). However, there was a significant decrease in CSD, indicating 

an increase in collagen alignment, on day 14 in the B20 group injury site (Fig. 6d). 
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Additionally, the VEGF group had a trending increase in echogenicity on day 7 in the 

injury region (Fig. 6e).

Histological Analysis—H&E histological analysis showed no changes in cell shape or 

cellularity in either group (Fig. S5a, b). CD34 immunohistochemical staining also showed 

no changes in vessel density or vessel size in either group (Fig. S5a, c).

Representative images for immunohistochemistry are shown in Fig. S6. Quantification of 

IHC staining showed that the delivery of B20 caused a significant increase in angiopoietin-1 

(Fig. S6). No other stains showed significant differences between groups.

Mechanical Analysis—For the structural and geometric parameters, there was no change 

in full tendon or injury cross-sectional area, max displacement, or stiffness for either group 

(Fig. 7). However, the VEGF group had a significant decrease in percent relaxation (Fig. 7c) 

and a significant increase in max load (Fig. 7f). The B20 group also had a trending increase 

in max load (Fig. 7f). The material mechanical property analysis showed no change in the 

max stress or full tendon modulus (Figs. 7g, 7h), but there was a significant increase in 

injury site modulus in the VEGF group, and a trending increase in the B20 group (Fig. 7i). 

Additionally, the dynamic mechanical analysis showed no changes in tangent of delta, but a 

trending increase in dynamic modulus in the VEGF group at all 4 frequencies (Figs. 7j, 7k).

DISCUSSION

This work demonstrated that while aging caused a significant reduction in vascular response 

to injury, the delivery of a pro-angiogenic factor, VEGF, can restore some of the lost 

angiogenic potential occurring with age and improve healing outcomes. Interestingly, while 

the delivery of anti-angiogenic factor, B20, reduced vascularity during healing, it also 

demonstrated improvements with healing, such as increased collagen organization.

In the first study, we evaluated the effect of aging on vascular response to injury. We 

demonstrated that aging causes significant decreases in both blood flow, as shown by the 

decreased mean color level and color weighted fractional area measures, as well as vascular 

density, as shown by the ultrasound fractional area and histological vessel density measures. 

This data aligns with previous human ultrasound studies,21,37 showing decreased blood flow 

in elderly patients in both the uninjured Achilles and supraspinatus tendons. This study 

supports the use of the aged rat as a model of naturally reduced vascular response following 

injury. As different rat strains were used for Study 1 and Study 2, direct comparisons cannot 

be made between the studies due to strain related differences including relative age and size. 

Different strains were used due to the availability of aged rats at the time of the two studies 

[aged in the lab vs. acquired through the National Institute of Aging (NIA)].

In the second study, we evaluated how the delivery of both pro- and anti-angiogenic factors 

altered vascular response and healing outcomes in aged animals. There were significant 

changes to the vascular response after injury in the aged animals, similar to the response 

seen in previous work in adult animals.32,34 However, there were larger changes with 

the VEGF delivery in the aged animals compared to the adult response (Fig. 8).32 We 
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previously found that in adult animals, decreasing the vascularity following injury impaired 

healing, but increasing vascularity did not alter healing outcome.32 In the aged animals, 

increasing the vascular response following injury caused an improvement in mechanical 

properties. Additionally, decreasing the vascular response did not impair healing outcome, 

but surprisingly resulted in a trending improvement (Fig. 8). Since the aged animals 

naturally exhibit a reduced vascular response following injury, it is possible that stimulating 

an increase in angiogenesis had more effect than in adult animals, which already have a 

robust natural vascular response. The VEGF treatment could be counter-acting the inherent 

reduction of vascularity with aging, and therefore restoring some of the lost healing 

potential. Since the improved mechanical function with VEGF treatment did not coincide 

with measurable improvements in collagen organization, we speculate that other factors such 

as collagen content or changes in composition of other extracellular matrix components 

could be contributing to the improved mechanical outcome. Additionally, we find that with 

VEGF delivery in particular, color Doppler and photoacoustic vascular measures are as 

good, if not better, at detecting differences in vascular parameters as contrast-enhanced 

ultrasound. This is surprising given that contrast-enhanced ultrasound can detect perfusion 

of much smaller vessels. However, it suggests that changes in the density of capillaries 

may not be as impactful, and larger vessels may be undergoing structural changes that 

induce increased blood flow and oxygenation, which are more easily detected using these 

lower resolution ultrasound imaging techniques. This is promising given that color Doppler 

imaging is already used clinically in the evaluation of tendinopathy.

Similarly, since the aged animals already have a reduced vascular and healing response, 

a further reduction in vascularity does not cause a significant change in healing outcome 

as observed previously in the adult animals. Additionally, in both the adult and aged 

animals the reduction in vascularity through the delivery of B20 causes the tendons to 

have improved collagen alignment properties. While the reduction in vascularity may hinder 

healing, the resulting improvements in collagen organization could explain the improved 

mechanics observed 4 weeks following injury in the adults and the improvement seen 

at 2 weeks in the aged animals. This is consistent with previous work demonstrating 

Bevacizumab improves Achilles tendon repair in a rat model associated with reduced 

cross-sectional area and matrix organization.41 Finally, histologically there was a significant 

increase in Angiopoietin 1 (Ang1) in the B20 group. While VEGF and Angiopoietin 2 

have roles in vessel destabilization, sprouting, and growth, the role of Ang1 is to initiate 

vascular stabilization and endothelial protection.6,10 It is possible that with lowered VEGF 

signaling in a model with already reduced vascular response with aging, increased Ang1 is 

normalizing the vessels and allowing them to be more efficient than the leaky vasculature 

normally formed at the start of angiogenesis. This could be a mechanism for the trending 

improvements in mechanical properties in this group as well.

Aging has been shown to have significant impacts on tendon compositional, mechanical, 

and vascular properties. Aging causes reduced collagen and elastin production, as well as 

increased MMP and decreased TIMP activity.18,38,47 Given these compositional changes, it 

is no surprise that aged tendons exhibit inferior mechanical properties.20,30,43 Additionally, 

clinical studies have reported alterations in vascularity with aging, including reduced blood 

flow in and around tendons,13,21 as well as a reduced vascular endothelial cell population, 
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decreased cell expansion, and diminished angiogenic-lineage differentiation potential in 

ligament-based cell populations from aged patients.44 This data supports the findings from 

our first study, where aging decreased vessel density and blood flow velocity. However, there 

is no previous data reporting changes to tendon vascularity following tendon injury, so this is 

the first study to report this finding in an Achilles tendon injury model.

While there is limited data regarding tendon vascularity with aging, it is well established 

that there are aging-related impairments in angiogenesis studied in other tissues. An 

arterial injury model demonstrated that aging impaired the ability for re-endothelialization.15 

Additionally, vascular ingrowth models show decreased endothelial cell proliferation and 

function with aging.36,45 There are numerous accounts of a decline in production of pro-

angiogenic growth factors and cytokines, including VEGF, basic fibroblast growth factor 

(bFGF), and transforming growth factor beta 1 (TGF-β1), with the induction of angiogenesis 

in aged tissues.2,15,35,36,38,45 Specifically, there is a decrease in VEGF upregulation in 

response to hypoxia35 as well as a reduction in hypoxia induced factor-1α (HIF-1α) DNA 

binding and downregulation of importin-α expression, both of which help regulate VEGF 

transcription.2 Additionally, thrombospondin-2 (TSP-2), an angiogenic inhibitor, increases 

with aging.38 These alterations in angiogenic factors caused a reduction in angiogenic 

invasion and capillary density in aged tissues.2,36,38,45 This phenomenon was not only 

observed in these other tissue vascular models, but was also observed in our tendon studies 

as a clear reduction in vascularity in our aged model.

The effect of angiogenic factor delivery on vascular response and healing outcome has been 

described in multiple injury models, as well as our previous work in adult animals.32 In 

particular, VEGF delivery increased vascular response after injury and caused improvements 

in healing potential in some studies.5,7,8,16,17,19,40,48 However, there is very little research 

related to aiding tissue healing in aged specimens through the delivery of angiogenic factors. 

In this work, the delivery of VEGF not only increased angiogenic response to injury, but also 

improved the healing outcome in the aged Achilles tendon. While there is no previous work 

assessing angiogenic therapies in aging tendon models, rescuing an impaired angiogenic 

response through the delivery of VEGF in other aged tissues has been evaluated. The 

local delivery of adenoviral VEGF to injured iliac arteries in aged rabbits significantly 

improved re-endothelialization of the damaged arteries.15 Additionally, VEGF delivery 

following femoral artery resection in aged rats improved blood pressure ratio, angiographic 

score, and capillary density.36 Finally, VEGF 121 gene transfer enhanced the blood 

vessel, fibrovascular tissue ingrowth, and endothelial cell proliferation in a subcutaneous 

vascular ingrowth model in aged rats.45 Interestingly, this same study also found that their 

VEGF treatment failed to further stimulate the already more robust angiogenesis in young 

animals.45 This body of work demonstrates the ability to rescue the impaired angiogenic 

response in aged tissue, and supports the improved healing outcomes that we observed in our 

studies. Additionally, it supports that improvements to angiogenic response are frequently 

only possible in models where there is a natural vascular impairment, such as with aging, but 

not in models of robust vascular response, such as with adult or young populations.

This study is not without limitations. First, histological and mechanical properties were only 

evaluated at day 14. This was primarily due to the limited availability of aged animals and 
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so this time point was chosen based on when the most significant mechanical changes were 

observed in previous adult studies. However, it would be beneficial to have histological 

samples at earlier time points to evaluate early extracellular matrix and inflammatory 

changes. We also only evaluated one histological blood vessel marker, CD34. While future 

work could investigate other vascular markers to provide additional information about the 

forming vasculature, in this study CD34 was shown to be a consistent marker of vascular 

endothelial cells in the tendon for the purpose of semi-quantitative evaluation of vascular 

density and size. Additionally, future work could evaluate mechanical properties at later time 

points to see if improvements due to VEGF or B20 administration is transient or persists 

over time. In this evaluation, it would be beneficial to compare to uninjured tendon to 

understand how significant the change in mechanical outcome is relative to healthy tendon. 

Another limitation is that this injury model does not have a direct clinical parallel since it 

is a central partial rupture. Also, tendon ruptures in the older population are often preceded 

by tendinopathy. While studying vascularity in tendinopathy would be extremely valuable, 

especially in the aged population, there are unfortunately no reliable and repeatable rat 

models of chronic Achilles tendinopathy. The use of the Achilles tendon provided the ability 

to develop and utilize the ultrasound imaging techniques to study vascularity. Additionally, 

this controlled injury model does not require surgical repair of the tendon or immobilization 

of the limb, which is also important for the use of ultrasound imaging. Therefore, while 

acute rupture is not as common as degeneration prior to rupture in the aged population, 

aging is still a relevant and interesting model of naturally reduced vascularity that can help 

us to better understand the role of vascular modulation in tendon healing.

In this work, aging caused a significant reduction in vascular response to injury. This is 

most likely due to the impaired capacity for angiogenesis and reduced VEGF expression in 

aged tissues, as described in previous work. This reduction in angiogenic potential could 

alter cellular responses and healing capacity after injury and could help explain the reduced 

tendon healing potential of the aged population. While VEGF treatment did not cause any 

significant improvements in healing in our previous work in adult animals where there is 

a relatively normal vascular response, it did cause an improvement in healing outcome in 

this aged population study. Additionally, while anti-angiogenic treatments decreased healing 

properties in adult animals, it caused trending improvements in the aged animals. This 

demonstrates that an aged population not only has inherently different vascular properties, 

but also responds differently to vascular modulation after injury. Additionally, the delivery 

of VEGF can restore some of the lost angiogenic potential occurring with age. While 

angiogenesis in aging tissues has been studied before, to our knowledge there have been 

no studies demonstrating a recovery of vascularity and consequently an improvement in 

healing in an aged tendon injury model. This study was also the first to relate changes in 

vascular response in an aged model using in vivo measures of blood perfusion to alterations 

in healing properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
(a) Representative images for color Doppler ultrasound analysis. (b) Quantification of mean 

color level (MCL), fractional area (FA), and color weighted fractional area (CWFA). Solid 

bars indicate p < 0.05.
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FIGURE 2. 
(a) H&E representative images (scale bar 200 μm) and (b) semi-quantitative analysis of cell 

shape and cellularity. Images taken at × 100 magnification. (c) CD34 representative images 

(scale bar 200 μm) and (b) semi-quantitative analysis of vessel density and vessel size. Aged 

animals had a significantly reduced vessel density compared to adult animals. Solid bars 

indicate p < 0.05.
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FIGURE 3. 
(a) Representative images of color Doppler ultrasound, where the red and blue color 

scale represents blood flow velocity towards and away from the transducer, respectively. 

Quantification of (b) mean color level (MCL), (c) fractional area (FA), and (d) color 

weighted fractional area (CWFA) in the full tendon ROI. The vascular endothelial growth 

factor group (VEGF) caused a significant increase in MCL at day 7, where the anti-VEGF 

antibody group (B20) caused trending or significant decreases in all three properties at 

multiple time points compared to the saline control (SAL). Solid bars indicate p < 0.05 and 

dashed bars indicated p < 0.1.
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FIGURE 4. 
(a) Representative images of photoacoustic ultrasound, where the overlaid color scale 

indicates oxygen saturation of the detected hemoglobin. Quantification of (b) blood 

oxygenation (sO2 Avg), (c) average hemoglobin (Hb Avg), and (d) tissue oxygenation (sO2 

Total) for the full tendon ROI. The vascular endothelial growth factor group (VEGF) caused 

significant or trending increases in all three parameters at multiple time points, where the 

anti-VEGF antibody group (B20) caused significant decreases in Hb Avg and sO2 Total at 

day 7 compared to the saline control (SAL). Solid bars indicate p < 0.05 and dashed bars 

indicate p < 0.1.

Riggin et al. Page 17

Ann Biomed Eng. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
(a) Average echo-power vs. time curves for each treatment on days 7 and 14. Quantification 

of parameters within the injury site ROI including (b) peak enhancement (PE), (c) rise time 

(RT), (d) perfusion index (PI), (e) wash-in area under the curve (WiAUC), (f) wash-in rate 

(WiR), and (g) wash-in perfusion index (WiPI). The anti-VEGF antibody group (B20) was 

decreased in multiple parameters at multiple time points, where the vascular endothelial 

growth factor group (VEGF) caused no change compared to saline (SAL). There were no 

changes in rise time. Solid bars indicate p < 0.05 and dashed bars indicate p < 0.1.
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FIGURE 6. 
(a) Representative b-mode ultrasound images showing the full tendon (blue) and injury (red) 

ROIs. Quantification of (b, d) circular standard deviation (CSD) and (c, e) echogenicity in 

the (b, c) full tendon and (d, e) injury site ROIs. There were no significant changes in the 

full tendon ROI, but the anti-VEGF antibody group (B20) significantly decreased circular 

standard deviation, indicating increased collagen alignment, in the injury site. Solid bars 

indicate p < 0.05 and dashed bars indicate p < 0.1.
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FIGURE 7. 
Mechanical properties. (a) Full tendon and (b) injury site cross-sectional area, (c) percent 

relaxation, (d) max displacement, (e) stiffness, and (f) max load, (g) max stress, (h) tendon 

and (i) injury site modulus, (j) dynamic modulus, and (k) tan delta. The vascular endothelial 

growth factor (VEGF) group percent relaxation was decreased and the max load and injury 

site modulus were increased compared to the saline control (SAL). Solid bars indicate p < 

0.05 and dashed bars indicated p < 0.1.
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FIGURE 8. 
Overview of results for Study 2: The effect of vascular modulation on aged Achilles 

tendons. The findings for each analysis category are displayed with double arrows for a 

large (overall significant) change, and single arrows for a small (overall trending) change. 

Arrows are pointing up for increasing values and down for decreasing values. Arrows are 

colored green to indicate either increased vascularity or improved properties, or colored red 

to indicate either decreased vascularity or worsened properties. While both B20 and VEGF 

induced significant decreases and increases in vascular properties after injury, respectively, 

only the VEGF group caused significant changes in mechanical properties, demonstrating 

improvements in tendon healing.
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