
Novel Evaluation of Preclinical Models of
Peripheral Arterial Disease Using Contrast

Enhanced Ultrasound

A Dissertation

Presented to 

the faculty of the School of Engineering and Applied Science 

University of Virginia

in partial fulfillment 

of the requirements for the degree

Doctor of Philosophy 

by 

Alyssa B Becker 

August 2019



APPROVAL SHEET

This Dissertation 

is submitted in partial fulfillment of the requirements 

for the degree of

Doctor of Philosophy 

Author Signature: 

This Dissertation has been read and approved by the examining committee:

Advisor: Brent French

Committee Member: John Hossack

Committee Member: Alexander Klibanov

Committee Member: Silvia Blemker

Committee Member: Will Guilford

Committee Member: 

Accepted for the School of Engineering and Applied Science:

Craig H. Benson, School of Engineering and Applied Science

August 2019



 1 

Abstract 
 
Peripheral arterial disease (PAD) is a vascular disease resulting from poor perfusion of 

the extremities, particularly the legs, which affects over 200 million people worldwide. 

PAD patients incur a similar risk of cardiovascular death as patients with a history of a 

cardiovascular event. Treatment priority is to reduce risk factors through smoking 

cessation, diabetes management, etc. as appropriate. One pharmacologic option is 

cilostazol, which is the only drug approved in the US that has been shown to modestly 

increase pain-free walking time. Supervised exercise has also been shown to be effective 

in increasing walking times. There are several additional endovascular and surgical 

options including: angioplasty, stenting, and bypass procedures. Given the prevalence of 

PAD, significant economic burden that the disease presents, and the limited efficacy of 

treatment options, preclinical research to further understand the disease and develop new 

therapies is critical.  

 

Mouse models are vital in developing new therapeutic approaches to treat PAD. The 

predominant research method uses a surgical model of hindlimb ischemia (HLI) to cause 

a reduction in perfusion and laser Doppler perfusion imaging (LDPI) to monitor perfusion 

over time in the ischemic versus contralateral control limb. Hindlimb ischemia models 

consist of unilateral ligation(s) or excision of the femoral artery. Despite decades of 

research and numerous clinical trials, the efficacy of available therapies is still limited. 

This may suggest shortcomings in current animal models and/or methods of assessment. 

One promising alternative to LDPI is contrast enhanced ultrasound (CEUS). CEUS uses 

an intravascular microbubble contrast agent that provides for visualization and 
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quantification of perfusion. CEUS has been used in several preclinical studies of PAD 

animal models and has also been applied in the study of patients with PAD. While it has 

already shown promise, optimization of the technique would increase the utility of the 

method and its use. 

 

Here, we focus on optimizing CEUS for use in preclinical mouse HLI models. We then 

assess perfusion measurement methods in a single ligation HLI model of PAD by 

comparing LDPI (most common technique) and CEUS (emerging technique) with 

fluorescent microspheres (conventional standard). We also use CEUS to evaluate two 

more severe surgical models of HLI, a double ligation model and an excision model. In 

addition, CEUS images are used to assess muscle-specific perfusion patterns resulting 

from surgery. Finally, we demonstrate how CEUS can be used to evaluate therapies 

under investigation in a manner that is more relevant to the human disease. We show 

CEUS is well suited for perfusion measurements in a mouse model of hindlimb ischemia. 

LDPI measurements show full recovery of perfusion by day 14 post-surgery. In contrast, 

CEUS shows that perfusion only recovers to ~50% post-surgery. Fluorescent 

microspheres, histopathology, and photoacoustic microscopy agree with the CEUS 

findings that perfusion never returns to normal. Similarly, LDPI shows full recovery in both 

the double ligation surgery and the excision surgery; however, by CEUS there is only 

~40% perfusion recovery in the ischemic limb relative to the control limb. Analysis of 

perfusion post-surgery displays five sets of muscle-specific patterns. Each hindlimb 

ischemia surgery cohort contained three to five of these groups. 
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Chapter 1 : Introduction 
 

Peripheral arterial disease (PAD) is a vascular disease resulting from poor perfusion of 

the extremities, particularly the legs, which affects over 200 million people worldwide.1,2 

Both arteriosclerosis and microvascular dysfunction have been implicated in the disease 

process.3 It is estimated that 12-20% of people over 60 in the US have PAD, and the 

prevalence is expected to increase as the population ages.1,4 In the Medicare population, 

PAD costs over 4.3 billion dollars annually and patients with PAD cost significantly more 

per year than matched controls.4,5 

 

Risk factors of PAD include age, smoking, diabetes, high blood pressure, and 

dyslipidemia.6 The classic presentation of PAD is intermittent claudication; claudication is 

pain, cramping, and tiredness in the legs, especially when exercising (walking, climbing 

stairs, etc.).7,8 The presence of these symptoms indicates that a patient should undergo 

clinical evaluation for PAD. Only 10-15% of patients with PAD have claudication 

symptoms, with the remaining majority being asymptomatic, leading to a large 

undiagnosed and untreated population.6 PAD patients incur a similar risk of 

cardiovascular death as patients with a history of a cardiovascular event.9 In patients with 

PAD the mortality due to coronary artery disease (CAD) and all-cause mortality are 6.6 

and 3.1 fold higher, respectively, than that of a person without PAD.9  

 

In addition to the increased risk of death, PAD can play a significant role in quality of life 

as patients progress through some or all of the stages of the disease. These stages are 

asymptomatic PAD, claudication, pain at rest, and eventually gangrene (death of tissue).6 
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Severe PAD or critical limb ischemia (CLI), often confounded by other comorbidities, can 

result in gangrene and require amputation of the affected portion of the limb.6,10 For cases 

that are diagnosed before requiring amputation, several treatment options aim to reduce 

cardiovascular risk and to reduce symptoms. Treatment priority is to reduce risk factors 

through smoking cessation, diabetes management, etc. as appropriate.6,10 One 

pharmacologic option is cilostazol, which is the only drug approved in the US that has 

been shown to modestly increase pain-free walking time.7 Cilostazol has both 

vasodilatory and antiplatelet effects, both mediated through endothelial cells.11 

Vasodilation likely occurs through a nitric oxide dependent mechanism and reduced 

platelet activation and aggregation occurs through the inhibition of phosphodiesterase 

III.11 Supervised exercise has also been shown to be effective in increasing walking 

times.7 When PAD symptoms are significantly affecting quality of life there are also 

several endovascular and surgical options including: angioplasty, stenting, and bypass 

procedures.6,10,12 These interventions are generally initially successful but vessel patency 

can significantly decrease within five years depending on the procedure, location, and 

severity of the disease.13   

 

Given the prevalence of PAD, significant economic burden that the disease presents, and 

the limited efficacy of treatment options, preclinical research to further understand the 

disease and develop new therapies is critical. The majority of PAD research is done with 

mouse models of the disease. Rabbit and pig models are also suitable, though the 

increased expense and limited availability of transgenic models limits their use for many 

studies.14 Despite decades of research and many clinical trials there are few effective 
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therapies.15 This suggests that our animal models and/or methods of assessment may be 

inadequate.  

 

The predominant research method uses a surgical model of hindlimb ischemia (HLI) to 

cause a reduction in perfusion and laser Doppler perfusion imaging (LDPI) to then monitor 

perfusion over time in the ischemic versus contralateral control limbs. Hindlimb ischemia 

models consist of unilateral ligation(s) of the femoral artery, some models also excise the 

artery. Depending on the number and location of these ligations, and other factors 

including environment and strain of mouse, the extent of tissue necrosis and the degree 

of the evoked angiogenic response can vary.16–19 Depending on these and other 

variables, LDPI typically indicates that blood flow to the ischemic limb is fully restored 

within two weeks of HLI surgery: a phenomenon referred to as “perfusion recovery”. In 

HLI models, LDPI measures perfusion in the feet as a ratio of the ischemic to control limb. 

While LDPI is common and easy to use, it is inherently limited as an optical technique 

because it only measures perfusion at superficial levels of tissue (<700 µm).20 Another 

limitation of LDPI is that measurements are taken in the feet, whereas biochemical, 

histochemical and functional studies of HLI typically interrogate the calf muscles. Because 

LDPI is so widely used as the primary endpoint for HLI studies, it is conceivable that these 

limitations might play a determining role in the success of translating preclinical findings 

into effective clinical therapies. A critical evaluation of independent techniques for 

measuring perfusion in HLI models may thus reveal novel findings and suggest new 

avenues of investigation. 
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Imaging techniques are well suited to characterize perfusion, and one promising 

alternative to LDPI is contrast enhanced ultrasound (CEUS).21 CEUS uses an 

intravascular microbubble contrast agent that provides for visualization and quantification 

of perfusion and is especially suited for serial measurements.21 This technique has the 

additional advantage of being able to image a cross-section of the entire calf, potentially 

providing muscle-specific perfusion information. CEUS has been used in several 

preclinical studies of PAD animal models and has also been applied in the study of 

patients with PAD.22–27 While it has already shown promise, optimization of the technique 

would increase the utility of the method and its widespread use.  

 

In addition to improving preclinical perfusion measurement techniques, animal models 

themselves can be further evaluated. Anatomic variations in vasculature structure can 

cause HLI surgery to produce different results in one individual versus another.28,29 While 

LDPI is not able to interrogate calf muscle perfusion, CEUS will be able to provide new 

insight into how individual muscles respond after undergoing HLI. Investigating this 

variation in individual muscle perfusion has strong potential to improve current surgical 

models, thus enabling future advances in PAD research.  

 

In this dissertation, we implement and refine CEUS imaging and test the hypothesis that 

CEUS can measure perfusion in mouse HLI models. We measure perfusion in an HLI 

model by LDPI and CEUS, then compare the results to the gold standard fluorescent 

microsphere measurements. Furthermore, we apply microbubble perfusion measurement 

methods to interrogate and improve surgical mouse models of hindlimb ischemia and 
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study perfusion recovery in these models. Towards this end, we evaluate existing and 

new surgical models of hindlimb ischemia to identify optimal excision/ligation 

combination(s) to explore the dynamic range of pathology. We investigate muscle-specific 

perfusion responses in different HLI models. We also investigate individual variations of 

muscle perfusion from mouse to mouse subjected to the same HLI surgery. Finally, we 

use an optimized mouse model of PAD and CEUS imaging to evaluate the potential of 

two potent antioxidants for the treatment of PAD. 
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Chapter 2 : Contrast Enhanced Ultrasound Reveals 
Partial Perfusion Recovery after Hindlimb Ischemia as 
Opposed to Full Recovery by Laser Doppler Perfusion 
Imaging 
 
 

Introduction 

Peripheral arterial disease (PAD) is caused by obstructions to blood flow in the legs due 

to atherosclerosis.30 PAD affects over 200 million people worldwide and has very limited 

treatment options.1 Many therapeutic approaches fail in clinical trials, suggesting that 

preclinical models and assessment methods may be imperfect.15,31  

 

Mouse models of PAD are widely used and typically consist of a unilateral ligation(s) of 

the femoral artery to induce hindlimb ischemia (HLI).31 There are a variety of perfusion 

measurement techniques that can be applied to HLI models. Fluorescent (or radioactive) 

microspheres are the conventional standard for regional perfusion measurements. 

Microspheres are injected into arterial circulation and lodge in the capillaries in proportion 

to perfusion. They can be quantified ratiometrically or absolutely, under certain 

conditions.32 Microspheres are commonly used in large animal studies, however very few 

groups use them in mice because of the low flow velocities and small blood volumes in 

mouse skeletal muscle.33 The microsphere technique is also destructive, making serial 

studies more difficult and thus leading to the use of alternative methods by most groups 

using HLI models. 
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Laser Doppler perfusion imaging (LDPI) is the most commonly used technique to evaluate 

perfusion recovery after HLI. LDPI is an optical technique using the principle of laser 

speckle contrast analysis where a laser trained on a region creates a speckle pattern 

caused by interference from moving particles.34,35 It is simple to use and outputs a heat 

map of perfusion in the area of interest, which is typically the feet in most mouse models 

of HLI. Based on the physics of the measurement, this technique is only valid as a relative 

measure of perfusion as a ratio between different areas within the same image frame.36 

A limitation of LDPI is that measurements are typically made in the feet, whereas 

biochemical, histochemical and functional studies of HLI typically interrogate the muscles 

in the leg. Since LDPI is an optical technique, an inherent constraint is the limited depth 

of tissue that can be interrogated (~700 µm).20,37  

 

A promising alternative technique for perfusion measurements in HLI models is contrast 

enhanced ultrasound (CEUS). CEUS is a well-established technique for assessing 

perfusion and has been applied clinically for coronary artery disease, peripheral arterial 

disease, and cancer applications, as well as preclinically for kidney, adipose, heart, and 

tumor perfusion measurements.38,27,25,39–43 The contrast agent is a microbubble with a 

lipid shell and gas core that is purely intravascular. Microbubbles are best visualized in a 

nonlinear (harmonic) contrast mode that is available on many clinical scanners which 

allows the microbubble signal to be distinguished from the tissue signal. CEUS is well 

suited for perfusion measurements in skeletal muscle, and a few groups have utilized the 

technique, but it has yet to be thoroughly explored or widely implemented.23,44–46 CEUS 
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has the potential to overcome several of the limitations of LDPI, as well as add the 

resolution needed to evaluate perfusion on a per muscle basis. 

 

Here we test the hypothesis that CEUS can be used to serially assess perfusion recovery 

in a mouse HLI model of PAD. We measured perfusion recovery over time by LDPI and 

CEUS, then compared the results to traditional microsphere measurements. 

 

Background 

LDPI 

Laser Doppler perfusion imaging uses the principle of laser speckle contrast analysis to 

measure an index of perfusion.47 A laser is trained on a user-determined area of interest 

and there is a resulting 2-D speckle pattern based on the scattering of light off of the 

medium.34,47 Decorrelation of the speckle pattern indicates movement in the area being 

quantified.34 The output is a heat map in arbitrary perfusion units and results are reported 

as a ratio of two regions of the image.47 LDPI is unable to provide absolute measurements 

due to an unknown incident angle, underlying vascular structure, and influence of multiple 

scattering.34,48 When utilizing LDPI to measure perfusion in mouse HLI models, the feet 

are typically the region of interest. The ischemic limb is normalized to the control limb and 

perfusion recovery is reported as a ratio or percentage. The use of LDPI to assess HLI 

models presents a number of limitations. Given that LDPI is an optical technique, signal 

can only be measured up to about 700 µm deep.20 The measurement in also biased 

towards more shallow structures, with the vasculature at depths <300 µm causing more 

scattering and thus more signal.20 Since the assessment of HLI is done without opening 
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the skin, most of the signal is arising from the skin (~450 µm thick) itself, rather than 

underlying muscle vasculature.49,50 Another limitation is that the assessment of perfusion 

is typically done in the feet rather than in the calves. Both clinically and preclinically most 

other assessments, such as angiography or histology, are done in the muscles of the 

calves or thighs where PAD primarily manifests.51,52 Further discussion and assessment 

of why the feet are used in HLI models is presented later in this chapter. 

 

CEUS 

Contrast enhanced ultrasound (CEUS) uses a microbubble as the contrast agent, which 

generally consists of a lipid or protein shell and a gas core. Microbubbles are typically 1-

10 µm in diameter and purely intravascular. Microbubbles are visualized in a specific 

contrast mode which is present on many ultrasound scanners. These contrast agents 

oscillate when ultrasound is applied, causing the generation of an acoustic signal in the 

fundamental frequency and at nonlinear harmonic frequencies.53,54 These nonlinear 

signals allow the microbubbles to be distinguished from tissue. At steady state, high 

power (mechanical index) burst pulses can be applied that causes the microbubbles in 

the field of view to burst; microbubbles from upstream continue to flow into the scanning 

plane, thus enabling perfusion to be quantified.22 Quantification is typically performed 

using Equation 1. In this equation A is the image intensity and represents blood volume, 

b represents blood velocity and A*b is the slope after the burst pulse and represents blood 

flow.22 The form of this equation can be derived from a single compartment model 

assuming a well mixed system, constant volume, constant flow, constant rate of infusion, 

(1) 
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no reacting species, impermeable wall, as well as that the sum of individual vessels can 

be modeled as a single inlet and outlet (Appendix A).  

! = #(% − '()*) 

 

Materials and Methods 

Mice 

C57BL/6 male mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). 

Mice were provided standard chow and water ad libitum. They were housed 1-4 per cage 

in a room with a 12 hour light cycle. Cages contained corn cob bedding except during 

surgical recovery where iso pad bedding (Envigo, City, State, USA) was used until mice 

were ambulating normally. The Institutional Animal Care and Use Committee of the 

University of Virginia approved all animal experiments. 

 

Mouse Model of Hindlimb Ischemia 

10-12 week old mice were anesthetized with ketamine (90mg/kg) and xylazine (10 

mg/kg). The left medial leg was shaved, depilated, and the area was prepared for aseptic 

surgery. Mice were kept under a heating lamp to maintain body temperature. An incision 

was made in the thigh to expose the femoral artery. 6-0 silk sutures were used to ligate 

the femoral artery proximal to the lateral circumflex femoral artery (Figure 2-1).28 Care 

was taken to not damage major nerves or veins. Buprenorphine-SR (0.5 mg/kg) was 

administered after surgery and as needed in subsequent days.  
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Hindlimb Ischemia Models
5

Single Ligation Model

Adapted from Kochi, Takashi, et al. PloS one, 8.12 (2013): e84047.

Aorta	

Iliac	
Artery	

Internal	Iliac	
Artery	 PET	
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IFA	
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Artery	

Figure 2-1 Single Ligation HLI Model 

The arterial anatomy of the mouse hindlimb. The single ligation model of HLI with the 

“X” showing the location of the ligation above the lateral circumflex femoral artery 

(LCFA).  
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Laser Doppler Perfusion Imaging (LDPI) 

Mice were anesthetized with 1-2% isoflurane and calves were shaved and depilated. Mice 

were placed prone under the LDPI instrument (Perimed, Sweden), legs extended, and 

feet secured in place. Three to five measurements were taken, about one minute apart. 

Data were analyzed using the included PimSoft analysis software. ROIs were selected 

around the feet, the image intensity was averaged over all measurements, and a ratio of 

left:right (ischemic:control) foot was calculated.  

 

Microbubble (MB) Preparation 

Microbubbles were prepared from decafluorobutane gas, which was dispersed in normal 

saline by sonication, essentially as described earlier.55 Microbubbles were stabilized with 

a lipid monolayer shell that consisted of 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC) and PEG stearate. The presence of microbubbles greater than 7 µm was 

minimized by flotation at normal gravity, to ensure none get trapped in the lungs. The vial 

concentration was measured approximately every two weeks using a Coulter Counter 

(Beckman Coulter, Indianapolis, Indiana, USA). If needed, the microbubbles were diluted 

with sterile saline just before use. 

 

Contrast Enhanced Ultrasound (CEUS) 

Imaging was performed with an Acuson Sequoia C512 system and a 15L8W transducer 

(Siemens, Munich, Germany). Mice were anesthetized with 1-2% isoflurane in air. A 

catheter with a 27G needle at the end was filled with heparinized saline (100 units/ml), 
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inserted in the tail vein and secured. Mice were placed prone on a heated stage, legs 

extended, and feet secured. Ultrasound gel was placed on the calves and the transducer 

was positioned mid-calf, taking care to maintain the same focal length each time. 

Scanning parameters were optimized and held constant as follows: frequency was 7 MHz, 

dynamic range was 100 dB, gain was -10 dB, imaging mechanical index was 0.2, burst 

mechanical index was 1.9, and burst time was one second. Video of the ultrasound exam 

was acquired in real time. Several B-mode frames were acquired before switching to 

contrast imaging mode. Microbubble solution was infused through the tail vein catheter 

at 1x107 MB/min. During imaging, the syringe was rotated approximately every 30 

seconds to prevent the microbubbles from floating and changing the concentration being 

infused. After steady state was reached, about 5 minutes after the start of the infusion, 

high mechanical index burst pulses were applied once per minute for 10-15 minutes. The 

high mechanical index pulses cause the microbubbles in the field of view to burst; 

microbubbles from upstream continue to flow into the scanning plane, thus enabling 

perfusion to be quantified.22  

 
Video data were analyzed using a custom MATLAB (Mathworks, Natick, Massachusetts, 

USA) script. B-mode images were segmented with a combination of morphological 

operations, circular Hough transform, and active contouring to define ROIs for the left and 

right limbs. Segmentation was manually checked to ensure the resulting ROIs were not 

biased by image artifacts. Several parameters could be modified to remove artifacts as 

needed to allow proper segmentation by the program. Image intensity over time was 

calculated and each flash-replenishment sequence was separated to allow for curve 

fitting. The first value after the high mechanical index pulse was taken as the background 
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and subtracted out for each individual sequence. The data were fit to y=A(1-e-bt) where A 

represents blood volume, b represents blood velocity and A*b represents blood flow.22 

After excluding any sequences with obvious aberrations, the four sequences with the 

lowest RMSE were averaged to calculate A*b at each timepoint. The average left:right 

(ischemic:control) A*b ratio was calculated for direct comparison with LDPI.  

 

Fluorescent Microspheres 

Microspheres were sonicated no more than 24 hours prior to administration and were 

vortexed immediately before administration. Mice were anesthetized with pentobarbital 

(75 mg/kg) and intubated at 100 breaths/minute. The chest was opened and 200,000 

green fluorescent microspheres (15 µm in diameter, Invitrogen, Carlsbad, California, 

USA) were injected into the left ventricle over two minutes.56 The microspheres were 

allowed to circulate for five minutes. Skeletal muscle on both limbs from just below the 

knee to just above the ankle was harvested and the bones were removed. Both kidneys 

were also harvested for reference purposes. Each tissue was blotted dry, weighed, and 

placed in a vial with a known amount of liquid and homogenized with a handheld, electric 

tissue homogenizer. Samples of homogenate from each tissue piece were placed on 

slides and sealed with a coverslip. The number of microspheres were counted on a 

fluorescence microscope (Olympus BX41, Olympus, Tokyo, Japan) and converted into 

units of spheres/g tissue to standardize a ratio of the left to right limb (ischemic:control) 

for comparison with LDPI and CEUS. Mice were excluded if there were less than 400 

microspheres in the control limb, or if the kidneys were >15% different, indicating 

incomplete blood pool mixing.23,32,57,58  
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Tissue Clearing and Microscopy of in situ Fluorescent Microspheres 

Muscle containing fluorescent microspheres was incubated in 4% paraformaldehyde at 

4˚C for 48-72 hours then rinsed three times with saline. A previously described CUBIC 

protocol was used for tissue clearing.59 Incubation time was reduced as skeletal muscle 

clears significantly in just three days. Thin sections of muscle were teased apart, placed 

on slides, and sealed with a cover slip. Images were acquired on a fluorescence 

microscope (Olympus BX41, Olympus, Tokyo, Japan). 

 

Histological Analysis 

Mice were anesthetized with ketamine (90mg/kg) and xylazine (10 mg/kg), the chest was 

opened, and mice were perfused with heparinized saline (10 units/ml) followed by 4% 

paraformaldehyde. Skeletal muscles were harvested and incubated in paraformaldehyde 

at 4˚C for 48-72 hours. Tissue was rinsed three times in saline and submerged in 15% 

sucrose overnight and then 30% sucrose overnight before flash freezing in OCT. 10 µm 

sections were cut and stained with hematoxylin and eosin (H&E).  

 

Photoacoustic Microscopy (PAM) 

Mice were anesthetized with 1-2% isoflurane and placed prone on a heated stage, legs 

extended, and feet secured. An incision was made in the skin along the gastrocnemius 

and the skin was secured so the muscle remained visible. Photoacoustic microscopy was 

performed as previously described.60   
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Statistical Analysis 

All results are presented as mean±SEM. A linear mixed model with Bonferroni correction 

was used to analyze the longitudinal LDPI and CEUS data using SAS version 9.4 (SAS 

Institute, Inc., Cary, NC, USA). Comparisons between more than two groups were 

performed with a one-way ANOVA and post-hoc analysis (Tukey’s test) as appropriate. 

P<0.05 was considered significant. Except as noted, GraphPad Prism version 5.0 

(GraphPad Software, San Diego, CA, USA) was used to perform statistical analyses. 

 

Results 

CEUS is Well Suited for Hindlimb Perfusion Assessments 

The optimal transducer position for imaging the hindlimbs allowed the imaging plane to 

assess both calves simultaneously (Figure 2-2). Imaging and microbubble infusion 

parameters were optimized for this application. With these optimized parameters, imaging 

was performed at the upper limit of the linear range (1x107 MB/min) (Figure 2-3). To 

evaluate variability within and between mice, four normal mice were assessed at four 

different time points with CEUS (Figure 2-4). As anticipated, normal mice exhibited 

modest variability in left:right perfusion ratios over time, comparable with human subject 

variability.61,62 Repeated perfusion measurements taken during a single imaging session 

exhibited minimal variability (Figure 2-5). 

 

  



 27 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Variable Range 
Tested

Optimized 
Value

Frequency 7-12 MHz 7 MHz

Dynamic Range 55-100 dB 100 dB

Gain -20-0 -10

Flash Replenishment 
Interval

20-60 s 60 s

Burst Time 1-2 s 1 s

MB Concentration 1x108-1x109

MB/ml
1x109

MB/ml
MB Infusion Rate 2.5-20 µl/min 10 µl/min

A

C

B

D

Left Calf Right Calf
Normal Mouse

Post-Surgery Mouse
Ischemic Control

Linear Range
Left 

R2=0.99
Right 

R2=0.97

Imaging 
Plane

Figure 2-2 CEUS Imaging Setup 

A) Schematic of the transducer placement across both calves. B) Example CEUS 

images of calf cross sections in contrast mode with microbubbles in circulation in a 

normal mouse and a mouse that underwent HLI surgery. The ischemic limb in the 

post-surgery mouse has a lower image intensity and areas with minimal flow. 
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Variable Range 
Tested

Optimized 
Value

Frequency 7-12 MHz 7 MHz

Dynamic Range 55-100 dB 100 dB

Gain -20-0 -10

Flash Replenishment 
Interval

20-60 s 60 s

Burst Time 1-2 s 1 s

MB Concentration 1x108-1x109

MB/ml
1x109

MB/ml
MB Infusion Rate 2.5-20 µl/min 10 µl/min

A

A

B

B

Left Calf Right Calf
Normal Mouse

Post-Surgery Mouse
Ischemic Control

Linear Range
Left 

R2=0.99
Right 

R2=0.97

Imaging 
Plane

A) Tested and optimized values for relevant ultrasound parameters. B) Image intensity 

in the left and right limbs of one mouse over a range of concentrations with the linear 

range up to 1x107 MB/min. 

Figure 2-3 CEUS Optimized Imaging Parameters 
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B

AFigure 2-4 CEUS Between Mice Variability 

Test-retest measurements of hindlimb blood perfusion ratios by CEUS in four mice 

each measured four times over eleven days shows modest variation over time. 

Measurements during a single imaging session showed minimal variation. 



 30 

 
  

A) Example of four sequences of flash-replenishment data from a single normal limb. B) 

Example of four sequences of flash-replenishment data from a single limb one day post-

surgery showing a much slower rate of microbubble replenishment (intensity increase), 

indicating lower perfusion. 

B

A

Figure 2-5 CEUS Within Mouse Variability 
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CEUS and LDPI Show Different Perfusion Recoveries Over Time 

To compare perfusion recovery as measured by LDPI and CEUS, mice were imaged by 

both techniques before surgery and days 1, 4, 7, 14, 28, 60, 90, and 150 after surgery 

(Figure 2-6, Figure 2-7). Perfusion ratios by LDPI and CEUS were significantly different 

at every time point except day 4 post-surgery. Day one post-surgery, perfusion in the 

ischemic limb as measured by LDPI was reduced to 72% of the control limb. Perfusion in 

the ischemic limb then increased until day 14 post-surgery, at which time it returned to 

pre-surgery levels and remained steady until day 150 post-surgery. By CEUS, day one 

post-surgery perfusion in the ischemic limb was reduced to 25% of the control limb. In 

contrast to LDPI, perfusion by CEUS increased until day 4 post-surgery when it reached 

a peak of 77% of the control limb and remained similar at day 7 post-surgery at 69% of 

the control limb. A modest decline was noted by CEUS from day 7 to day 14 post-surgery, 

but perfusion in the ischemic limb leveled off to an average of 56% of the control limb for 

the duration of the study (until 150 days post-surgery). Since there were small differences 

between LDPI and CEUS perfusion ratios before surgery, the data were also analyzed as 

a change from the pre-surgery perfusion ratios. By LDPI, perfusion returned to normal by 

day 28 post-surgery; but by CEUS, perfusion in the ischemic limb never returned to 

normal. 
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A

B

Pre-Surgery Day 1 Post-Surgery Day 7 Post-Surgery

Day 28 Post-Surgery Day 150 Post-Surgery

Min

Max

*All time 
points 
except 
time=4

ns

Figure 2-6 LDPI Perfusion Recovery After Single Ligation HLI 

Representative images of perfusion recovery measured by LDPI before surgery and 

days 1, 7, 28, and 150 post-surgery. The ischemic limb is on the left in each image. 
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A) The ratio of perfusion in ischemic:control limbs as measured by LDPI and CEUS at 

baseline and days 1, 4, 7, 14, 28, 60, 90, and 150 after surgery. By LDPI, perfusion 

returns to normal within 14 days post-surgery. However, by CEUS perfusion is more 

severely reduced at day 1, then improves modestly at days 4 and 7 before achieving 

a plateau at ~50% of the control limb through the end of the study. Measurements by 

LDPI and CEUS are significantly different at all time points except day 4 post-surgery 

(*p<0.05; n=17 for pre-14 day time points, n=7 for 28-150 day time points). B) The 

ratio of perfusion in ischemic:control limbs relative to the pre-surgery perfusion ratios. 

By LDPI, perfusion returns to normal by day 28 post-surgery (*p<0.05) , but by CEUS 

perfusion never returns to normal (#p<0.001). Statistical analysis was performed using 

a linear mixed model with Bonferroni correction. 

Figure 2-7 CEUS Perfusion Recovery After Single Ligation HLI 

A

A

Figure 3: Perfusion recovery after HLI by LDPI and CEUS. A) Representative images of
perfusion recovery measured by LDPI. B) The ratio of perfusion in ischemic:control limbs as
measured by LDPI and CEUS at baseline and days 1, 4, 7, 14, 28, 60, 90, and 150 after surgery.
By LDPI, perfusion returns to normal within 14 days post-surgery. However, by CEUS perfusion is
more severely reduced at day 1, then improves modestly at days 4 and 7 before achieving a
plateau at ~50% of the control limb through the end of the study. Measurements by LDPI and
CEUS are significantly different at all time points except day 4 post-surgery (*p<0.05; n=17 for
pre-14 day time points, n=7 for 28-150 day time points). C) The ratio of perfusion in
ischemic:control limbs relative to the pre-surgery perfusion ratios. By LDPI, perfusion returns to
normal by day 28 post-surgery (*p<0.05) , but by CEUS perfusion never returns to normal
(#p<0.001). Statistical analysis was performed using a linear mixed model with Bonferroni
correction.

B

Pre-Surgery Day 1 Post-Surgery Day 7 Post-Surgery

Day 28 Post-Surgery Day 150 Post-Surgery
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LDPI Perfusion Recovery in the Foot Versus Calf 

Since LDPI measurements are more typical in the foot, we chose to use those 

measurements to compare with CEUS. However, given the difference in the CEUS and 

LDPI results, measurements in the calves by LDPI were performed before surgery and 

days 1, 4, 7, and 14 after surgery (Figure 2-8). Before surgery, the perfusion ratio in the 

calves was 1.09 vs 1.01 in the feet. Day one post-surgery, perfusion in the ischemic calf 

was greater than in the foot, 0.85 vs 0.72. Perfusion recovery was faster in the calves 

than the feet, corresponding to the lesser initial reduction in perfusion. 

 

Fluorescent Microspheres Show Impaired Perfusion 

As the results from LDPI and CEUS differed significantly, relative perfusion between limbs 

was additionally assessed by fluorescent microspheres, the conventional standard for 

perfusion measurements. Perfusion by LDPI, CEUS, and fluorescent microspheres were 

compared at day 14 post-surgery (Figure 2-9). LDPI showed a normal perfusion ratio 

(0.9±0.1) which was significantly different than both CEUS (0.5±0.1) and fluorescent 

microspheres (0.6±0.2). CEUS and fluorescent microspheres were not significantly 

different, both demonstrating that perfusion never returns to normal in mice subjected to 

hindlimb ischemia.  
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Figure 2-8 LDPI Perfusion Recovery in the Foot Versus Calf 

Perfusion recovery measured by LDPI in the feet and calves before surgery and days 

1, 4, 7, and 14 post-surgery. The calf has a slightly higher perfusion ratio before 

surgery, 1.09±0.03 vs 1.01±0.03 in the feet. Day one post-surgery, perfusion in the 

ischemic calf was greater than in the foot, 0.85±0.05 vs 0.72±0.03. Corresponding to 

this lesser initial reduction in perfusion, perfusion recovery was faster in the calves than 

the feet. 
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Figure 2-9 Fluorescent Microsphere Measurement of Perfusion 

A) Green fluorescent microspheres in mouse skeletal muscle, imaged at 200x B) Green 

fluorescent microspheres, imaged at 100x. C) Comparison of perfusion ratios 

measured by LDPI, CEUS, and fluorescent microspheres day 14 post-surgery. CEUS 

and fluorescent microspheres show good agreement with 50-60% perfusion recovery, 

while LDPI shows nearly complete recovery (n=5, *p<0.05) Statistical analysis was 

performed with a one-way ANOVA and Tukey’s test for post-hoc analysis.  
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Pathological Muscle Morphology and Function 

Muscle morphology in control and ischemic limbs was evaluated with H&E staining day 

150 post-surgery (Figure 2-10). Muscle from the ischemic limbs showed irregular fibers 

and many fibers with centralized nuclei. In control limbs, the majority of muscle fibers 

have peripheral nuclei and there is a more consistent fiber architecture. Photoacoustic 

microscopy was used to evaluate oxygen saturation, perfusion, and vascular structure 

before HLI and 14 days post-surgery in gastrocnemius muscle (Figure 2-11). Results 

indicated that oxygen saturation and perfusion remain reduced 14 days post-surgery, 

consistent with recent reports.63 Anatomically, the vasculature was irregular and tortuous, 

and there were very few larger vessels evident. 
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Ischemic Limb

Control Limb

Long AxisShort Axis

Figure 2-10 Muscle Morphology After Single Ligation Surgery 

H&E staining of muscle 150 days post-surgery at 200x. Representative control limb 

muscle shows peripheral nuclei and uniform myofiber architecture. Representative 

ischemic limb muscle shows irregular myofibers and many myofibers with centralized 

nuclei. 
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Photoacoustic microscopy of the gastrocnemius before and 14 days after HLI. Oxygen 

saturation and flow remain reduced 14 days post-surgery and the vasculature is irregular 

and tortuous. 

Figure 2-11 Photoacoustic Microscopy 
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Discussion 

In this study, we sought to evaluate perfusion measurement techniques in a mouse model 

of hindlimb ischemia. The three techniques utilized were LDPI, CEUS, and fluorescent 

microspheres. CEUS was shown to be well suited for hindlimb perfusion assessments. 

Variability in CEUS-derived perfusion ratios within and between mice, while greater than 

LDPI, is consistent with the variability in clinical perfusion values reported in human 

subjects.61,62 In, mice CEUS enabled measurements of a cross-sectional view of both 

calves simultaneously, allowing for an internal control.  

 

Since LDPI is the most common measurement method employed in HLI models, we next 

performed a direct comparison between CEUS and LDPI over a 150 day time course 

following the surgical induction of HLI. The LDPI perfusion recovery results are consistent 

with other reports from similar surgical procedures over the course of several 

decades.14,16,29,64,65  

 

We were surprised to see a significant difference between LDPI and CEUS perfusion 

ratios at baseline, and that CEUS was consistently measuring a left to right ratio of about 

1.2. To interrogate if this result was due to the imaging set up, we used a hydrophone to 

measure the peak negative pressure along the transducer. A left, center, and right 

measurement were taken and resulted in peak negative pressures of 0.2986, 0.3196, and 

0.3084 MPa, respectively. These are relatively small differences and within an expected 

range of variation. We also changed the transducer orientation while imaging a mouse 

and quantified the results from each orientation. The transducer position had no effect on 
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the left:right perfusion ratio 1.102 vs 1.105 in the typical orientation vs opposite 

orientation. These results suggest that the transducer itself is not biasing the results, 

though they could be caused by another experimental factor. It is also possible that there 

is a real biological effect, or an environmental factor underlying this phenomenon.66  

 

Even though the data does not suggest the baseline difference is due to the transducer, 

we decided to also analyze the data as a function of change from the pre-surgery 

perfusion ratios. To our surprise, both the non-normalized and normalized analysis 

showed that CEUS and LDPI have very different perfusion recovery kinetics and 

outcomes. The techniques differed at every time point (except day 4 post-surgery in the 

non-normalized analysis), although they did portray similar trends in recovery during the 

first week following surgery.  

 

The most striking difference between the techniques is that by CEUS mice never fully 

recover perfusion in the ischemic hindlimb after surgery, and we validated this finding 

using a completely independent method (fluorescent microspheres). Histopathology and 

photoacoustic microscopy provide additional support by demonstrating abnormal muscle 

morphology and lower oxygenation and perfusion levels. This has significant implications 

for the field, and suggests that LDPI results (usually calculated from the feet) may not be 

representative of the physiology in the calves. This may partially explain some of the 

difficulties in translating preclinical successes to the clinic as the calves and thighs are 

the primary sites of atherosclerosis and vessel occlusion in PAD. A recent study by Arpino 

and colleagues using intravital microscopy to probe arterial morphology and function after 
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HLI in the extensor digitorum longus muscle is consistent with our findings, showing 

incomplete recovery up to 120 days post-surgery.63 Their study, along with others, also 

document abnormal muscle morphology by histology at various time points that is 

consistent with our results showing irregular myofibers and centralized nuclei.67,68 

 

To determine if the difference in perfusion recovery by CEUS and LDPI was due to the 

measurements being taken in different locations, perfusion recovery by LDPI was also 

measured in the calves. Perfusion recovery in the calves was very similar to that in the 

feet. The calves showed an even lower reduction in perfusion and faster recovery than 

the feet, which may be why most groups use the feet as an output because they allow for 

a greater dynamic range. This suggests that measurements by LDPI are independent of 

location below the level of the ligation. Other measurement factors associated with LDPI, 

such as the limited measurement depth, may contribute to the discrepancy compared to 

CEUS. 

 

In the CEUS results, we observed an unexpected peak in the perfusion ratios on days 4 

and 7 post-surgery. Based on previously studies employing LDPI, we had expected to 

see a nearly linear recovery in perfusion over time. A potential explanation for this is that, 

after the induction of ischemia, there is overgrowth and subsequent pruning of the 

vasculature coinciding with the increase and the decrease in perfusion. This was shown 

to occur by Landázuri and colleagues in a mouse model of hindlimb ischemia where the 

femoral artery and vein were ligated and excised.69 Using micro-CT this group showed 
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that vascular volume, density, and connectivity peak at day 7 post-surgery and then 

decline.  

 

Importantly, our findings suggest a more physiologically relevant model for testing 

therapeutic approaches to PAD. When using traditional LDPI, therapies are considered 

successful if they accelerate perfusion recovery since mice regain normal perfusion within 

a few weeks. This is not representative of what is happening in PAD patients, who 

experience a chronic and often declining disease state. Ironically, there is accumulating 

evidence to suggest that the mouse HLI model of PAD is actually quite faithful to the 

human disease process. When assessed by CEUS, this same mouse model appears to 

offer a more physiologically relevant test bed where mice reach a plateau in perfusion 

recovery that is more similar to reported patient outcomes.70 We propose a new approach 

to evaluating therapies, where HLI surgery is performed, mice are allowed to reach a 

perfusion plateau, and then a therapeutic intervention is applied and assessed by CEUS. 

This method more accurately models the clinical condition and would allow for testing of 

therapies for their ability to improve perfusion rather than just accelerate perfusion 

recovery.  

 

The use of CEUS to measure limb perfusion is not limited to animal research 

applications.71,72 There are several groups that have used CEUS in humans to evaluate 

PAD.26,27 Rather than the ratiometric assay used in preclinical studies where the 

unaffected limb serves as an internal control, clinical studies typically compare perfusion 

parameters before and after exercise stress.73 These studies have shown a significant 
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differences between normal and PAD patients.26,27 The successful use of CEUS in the 

clinical evaluation of PAD provides further confidence in the value of this technique in 

preclinical research.   

 

To our knowledge this is the first study to provide a direct comparison of LDPI and CEUS, 

as well as the first study to show a persistent perfusion deficit by CEUS in a mouse model 

of hindlimb ischemia. We believe this may also be the first study to use repeated, label-

free photoacoustic microscopy in a mouse model of HLI, although Ye and colleagues 

previously reported photoacoustic microscopy imaging at much lower resolution (and 

without oxygen saturation mapping) in a mouse model of HLI.74 

 

In summary, this study aimed to evaluate perfusion measurement techniques used for 

mouse models of HLI. We showed that, despite being the most commonly used 

technique, the use of LDPI for perfusion measurements in a PAD model yields results 

that are inconsistent with CEUS, microsphere measurements, histopathology, 

photoacoustic microscopy, as well as clinical outcomes in PAD patients. These results 

provide a potential explanation for why the vast majority of therapies developed in the 

mouse HLI model ultimately fail in clinical trials, and suggest a new path forward for 

preclinical evaluation of therapeutics for the treatment of PAD.    
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Chapter 3 : Contrast Enhanced Ultrasound of Mouse 
Models of Hindlimb Ischemia Reveals Persistent 
Perfusion Deficit and Distinctive Muscle Perfusion 
Patterning 
 

Introduction 

Peripheral arterial disease (PAD) is caused by obstructive atherosclerosis leading to a 

lack of blood flow to the legs.75 PAD can present with a variety of symptoms ranging from 

asymptomatic to intermittent claudication to the most severe form of the disease, critical 

limb ischemia, where gangrene may be present and necessitate amputation.76 Very few 

therapies exist for PAD and using mouse models is an important component to increase 

understanding of the disease pathology to be able to bring new therapeutic approaches 

to the clinic.75,77  

 

Mouse models of PAD are most often hindlimb ischemia (HLI) models where unilateral 

femoral artery ligation(s) and/or an excision of the femoral artery is performed.17 Most 

commonly laser doppler perfusion imaging (LDPI) is used to measure perfusion recovery 

over time; however, we show in Chapter 2 that LDPI does not correlate with fluorescent 

microsphere, histological, or photoacoustic microscopy measurements of perfusion after 

HLI. We demonstrated contrast enhanced ultrasound (CEUS) did correlate well in an HLI 

model with a single femoral ligation. It is unknown what perfusion recovery responses 

would occur by CEUS with more severe HLI models that seek to represent more 

advanced forms of PAD.  
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Another advantage of using CEUS is that perfusion can be visualized in individual muscle 

groups. Spatial information about perfusion is lacking in the literature, as the techniques 

that can provide spatial information are typically destructive or limited to anatomical 

vascular structure rather than functional perfusion information. For example, Micro-CT 

and angiography can provide good anatomic structure, but limited functional perfusion 

information.78 Other imaging techniques such as MRI or PET can provide spatial and 

perfusion information, but are much more costly and can suffer from poor resolution in 

small animals with low flow rates.67 Compared to ultrasound, these techniques also 

require more resources and often dedicated personnel.  

 

Here we evaluate perfusion recovery in two more severe mouse HLI models using CEUS. 

We compare the CEUS results with LDPI results. We also evaluate muscle perfusion 

patterns after surgery in three HLI models and use k-means clustering to identify 

groupings of mice that behave similarly after surgery.  

 

Materials and Methods 

Mice 

Male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). 

Mice were provided with water ad libitum and standard chow. Mice were housed 1-4 

animals per cage and in a room with a 12 hour light cycle. Standard corn cob bedding 

was used except post-surgery when iso pad bedding (Envigo, City, State, USA) was used 

until the mice were ambulating normally. The Institutional Animal Care and Use 

Committee of the University of Virginia approved all animal experiments.  
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Mouse Models of Hindlimb Ischemia 

Mice (10-12 weeks old) were anesthetized with ketamine (90mg/kg) and xylazine (10 

mg/kg). The left medial leg was shaved and depilated then the area was prepared for 

aseptic surgery. A heating lamp was used to maintain body temperature during surgery. 

An incision was made over the femoral artery and the following procedures for each type 

of surgery were followed (Figure 3-1):  

Single ligation- 6-0 silk sutures were used to ligate the femoral artery proximal to the 

lateral circumflex femoral artery.28 

Double ligation- 6-0 silk sutures were used to ligate the femoral artery proximal to the 

iliacofemoral artery and the popliteal/saphenous bifurcation.28 

Excision- 6-0 silk sutures were used to ligate the femoral artery proximal to the 

pudendoepigastric trunk and the popliteal/saphenous bifurcation.17,28 

Care was taken to not damage nearby structures such as the femoral nerve and vein. 

Bupenorphine-SR (0.5 mg/kg) was administered after surgery and readministered if 

needed. Mice were euthanized and excluded if necrosis reached the heel. 
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Figure 3-1 Three Ligation Models 

The arterial anatomy of the mouse hindlimb. The single ligation, double ligation, and 

excision HLI models. An “X” denotes the location of a ligation and a line denotes the 

length of an excision.  
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Microbubble Preparation 

Microbubbles were prepared as previously described by using decafluorobutane gas, 

which was dispersed in saline by sonication.55 Microbubbles were stabilized with a lipid 

monolayer that contained 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and PEG 

stearate. To ensure microbubbles do not get trapped in the lungs, the presence of any 

larger than 7 µm was minimized by flotation at normal gravity. The vial concentration was 

measured approximately every two weeks (Beckman Coulter, Indianapolis, Indiana, 

USA). Microbubbles were diluted with sterile saline directly before administration, if 

required. 

 

Contrast Enhanced Ultrasound 

Imaging was performed on an Acuson Sequoia C512 system with a 15L8W transducer 

(Siemens, Munich, Germany) as previously described in Chapter 2. Briefly, mice were 

anesthetized with 1-2% isoflurane in air, placed prone on a heated stage with legs 

extended, and the feet were secured. A catheter with a 27G catheter filled with 

heparinized saline (100 units/ml) was inserted in the tail vein and secured. The transducer 

was positioned across the calves and previously optimized scanning parameters were 

used (frequency: 7 MHz, dynamic range: 100 dB, gain: -10, imaging mechanical index: 

0.2, burst mechanical index: 1.9, and burst time: one second). Video of the ultrasound 

imaging was captured in real time. The microbubble solution (1x107 MB/min) was infused 

via tail vein catheter. After reaching steady state, burst pulses were applied once per 

minute for 10-15 minutes, these pulses cause the microbubbles in the field of view to 
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burst. Microbubbles from upstream continue to flow into the scanning plane, and enable 

perfusion to be quantified.22 

 

A custom MATLAB (Mathworks, Natick, Massachusetts, USA) script was used for 

analysis as previously described in Chapter 2. The image intensity over time of each 

flash-replenishment sequence was fit to y=A(1-e-bt) where A represents blood volume, 

beta represents blood velocity, and A*b represents blood flow.22 The average 

ischemic:control A*b ratio was used as the CEUS output metric. 

 

Perfusion Pattern Analysis 

CEUS imaging data day 1 post-surgery was used for pattern analysis. 46 mice (17 single 

ligation, 18 double ligation, and 11 excision) were analyzed. A B-mode image, a contrast 

mode image before microbubble infusion (background), and a contrast mode image 

during steady state microbubble infusion were extracted from the video data for each 

mouse. Data were analyzed using a custom MATLAB (Mathworks, Natick, 

Massachusetts, USA) script. The background image was subtracted from the contrast 

image to ensure any artifacts were removed before quantification. The B-mode image 

was used to determine the region of interest in the same way as was done with the video 

data. The region of interest was further broken into four major muscle groups plus the 

skin based on published microscopy images of the mouse hindlimb.79 Smaller muscles 

were excluded because they are difficult to correctly segment and contribute minimally to 

the total signal. The average image intensity in each muscle region was then quantified. 
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k-means clustering was performed on these muscle region intensities for two to ten 

clusters. The number of clusters was optimized by maximizing the mean silhouette score.  

 

Histological Analysis 

Mice were anesthetized with ketamine (90mg/kg) and xylazine (10 mg/kg). Mice were 

perfused through the left ventricle with heparinized saline (10 units/ml) and then 4% 

paraformaldehyde. Skeletal muscles of the calf were harvested and incubated in 4% 

paraformaldehyde at 4 ̊C for 48-72 hours. The tissue was then rinsed three times in saline 

and then placed in 15% sucrose overnight followed by 30% sucrose overnight. Tissue 

was flash frozen in OCT, 10 μm sections were cut and stained with H&E.  

 
Statistical Analysis 

All results are presented as mean±SEM. A linear mixed model with Bonferroni correction 

was used to analyze the longitudinal LDPI and CEUS data using SAS version 9.4 (SAS 

Institute, Inc., Cary, NC, USA). Comparisons between more than two groups were 

performed with a one-way ANOVA and post-hoc analysis (Tukey’s test) as appropriate. 

P<0.05 was considered significant. Except as noted, GraphPad Prism version 5.0 

(GraphPad Software, San Diego, CA, USA) was used to perform statistical analyses. 
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Results 

The imaging set up and muscle regions are shown in Figure 3-2. Based on microscopy 

images of the mouse calf, the locations of different muscle groups on the ultrasound 

images could be determined (Figure 3-3).79 Several small muscles were difficult to place 

individually and were grouped with other muscles or not included because they did not 

significantly contribute to the ultrasound signal. 

 
  



 53 

 
  

Figure 1: Example images of a mouse one day after excision surgery. The B-mode image was 
used to define the muscle segmentation. The contrast mode shows that there is almost no flow in 
the ischemic limb.  

B-mode 

Contrast 
Mode 

Muscle 
Segmentation 

Ischemic Limb Control Limb

Figure 3-2 Ultrasound Imaging Setup 

Example images of a mouse one day after excision surgery. The B-mode image was 

used to define the muscle segmentation. The contrast mode shows that there is almost 

no flow in the ischemic limb.    
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Figure 2: Schematic of the muscle groupings in the left mouse hindlimb used for clustering 
analysis. Only the major muscle groups are shown.

Tibialis 
Anterior
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Flexor Digitorum 
Longus, Tibialis 

Posterior, and Flexor 
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Skin

Figure 3-3 Muscle Segmentation 

Schematic of the muscle groupings in the left mouse hindlimb used for clustering 

analysis. Only the major muscle groups are shown.    
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Double Ligation Surgery Results in Sustained Perfusion Deficit 

To evaluate perfusion recovery over time in the double ligation HLI model, mice were 

imaged at baseline and days 1, 4, 7, 14, 28, 60, 90, and 150 after surgery by LDPI and 

CEUS (Figure 3-4). By LDPI, perfusion in the ischemic limb was reduced to 35% of the 

control limb day 1 post-surgery. Perfusion in the ischemic limb then increased 

approximately linearly until day 14 post-surgery, at which time it returned to pre-surgery 

levels and remained steady through day 150 post-surgery. By CEUS, perfusion in the 

ischemic limb was reduced to 6% of the control limb on day 1 post-surgery. In contrast to 

LDPI, by CEUS perfusion in the ischemic limb modestly peaked at 52% days 7 and 14 

post-surgery and then plateaued at ~35% of the control limb through the end of the study.  
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Figure 3-4 Perfusion Recovery After Double Ligation HLI 

The ratio of perfusion in the ischemic:control limb measured by LDPI and CEUS at 

baseline and days 1, 4, 7, 14, 28, 60, 90, and 150 after double ligation surgery. By 

LDPI perfusion returns to normal within 14 days post-surgery. However, by CEUS 

perfusion in the ischemic limb modestly peaks at days 7 and 14 and then plateaus at 

~35% of the control limb through the end of the study. Measurements by LDPI and 

CEUS are significantly different at all time points (*p<0.01; n=16-18 for baseline to 14 

day time points, n=8 for 28-150 day time points). Statistical analysis was performed 

using a linear mixed model with Bonferroni correction.  

* All time 
points 
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Excision Surgery Results in Sustained Perfusion Deficit 

To evaluate perfusion recovery over time in the excision HLI model, mice were imaged 

days 1, 4, 7, 14, and 28 after surgery by LDPI and CEUS (Figure 3-5). Baseline data was 

not acquired for this group of mice, however we use the previously acquired average 

baseline data from 35 mice as a reference group. By LDPI, perfusion in the ischemic limb 

was reduced to 36% of the control limb day 1 post-surgery. Perfusion in the ischemic limb 

then increased approximately linearly until day 14 post-surgery, at which time it returned 

to pre-surgery levels and remained steady until day 150 post-surgery. By CEUS, 

perfusion in the ischemic limb was reduced to 5% of the control limb on day 1 post-

surgery. In contrast to LDPI, by CEUS perfusion in the ischemic limb modestly peaked at 

54% day 7 post-surgery and then plateaued at ~41% of the control limb through the end 

of the study.  

 

Pathological Muscle Morphology 

H&E staining was used to evaluate muscle morphology in control and ischemic limbs at 

day 150 post-surgery for the double ligation surgery and at day 28 post-surgery for the 

excision surgery (Figure 3-6). Ischemic limb muscle from both surgeries shows irregular 

fiber structure and fibers with centralized nuclei. In control limbs from both surgeries, there 

is more consistent fiber organization and most muscle fibers have peripheral nuclei. 
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Figure 3-5 Perfusion Recovery After Excision HLI 

The ratio of perfusion in the ischemic:control limb measured by LDPI and CEUS at 

baseline (from reference group) and days 1, 4, 7, 14, and 28 after excision surgery. 

By LDPI perfusion returns to normal within 14 days post-surgery. However, by CEUS 

perfusion increases until day 7 post-surgery. Day 14 and 28 post-surgery slightly 

decrease and average 41% of the control limb. (*p<0.01, n=11. Statistical analysis 

was performed using a linear mixed model with Bonferroni correction.  

* * * 
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Figure 5: H&E staining of muscle 150 days after double ligation surgery and 28 days after 
excision surgery at 200x. Representative control limb muscle shows peripheral nuclei and 
uniform myofiber architecture. Representative ischemic limb muscle from both surgeries shows 
irregular myofibers and many myofibers with centralized nuclei. 

Double 
Ligation

Excision

Ischemic LimbControl Limb

Figure 3-6 Muscle Morphology After Double Ligation and Excision Surgeries 

H&E staining of muscle 150 days after double ligation surgery and 28 days after 

excision surgery at 200x. Representative control limb muscle shows peripheral nuclei 

and uniform myofiber architecture. Representative ischemic limb muscle from both 

surgeries shows irregular myofibers and many myofibers with centralized nuclei.     
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Perfusion Patterns are Conserved Across HLI Models 

It was clear during CEUS imaging day 1 post-surgery that not every mouse responded 

the same way to a given surgery. While all mice had a very significant decrease in 

perfusion, different mice had different regions of the limb that were more or less perfused 

compared to others. It also seemed like there may be some conserved patterns of 

perfusion. To quantitatively assess these patterns k-means clustering was used (Figure 

3-7). The optimal number of clusters was determined to be five. The single ligation surgery 

contained all five of the clusters (1, 2, 3, 4, 5). The double ligation surgery contained three 

of the clusters (2, 3, 5). The excision surgery contained three of the clusters (3, 4, 5). 

Cluster 1 corresponds to no perfusion in the tibilais anterior. Cluster 2 corresponds to 

perfusion to all muscles. Cluster 3 corresponds to perfusion only to the gastrocnemius. 

Cluster 4 corresponds to no perfusion to the tibilias anterior, flexor digitorum longus, 

tibialis posterior, and flexor hallucis longus. Cluster 5 corresponds to little to no perfusion 

in any muscle with minimal perfusion to the skin. 
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Figure 6: A) Visualization of the clustered data. Each data point is the mean signal intensity of a 
muscle group and each color is a different cluster. B) A representative contrast mode image and 
number of mice in each cluster identified. C) The distribution of clusters within each type of 
surgery.
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Figure 3-7 Perfusion Cluster Analysis 

 A) Visualization of the clustered data. Each data point is the mean signal intensity of 

a muscle group and each color is a different cluster. B) A representative contrast mode 

image and number of mice in each cluster identified. C) The distribution of clusters 

within each type of surgery.     
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Discussion 

In this study we sought to evaluate two mouse models of hindlimb ischemia, continuing 

our work in exploring the use of CEUS to study PAD. In Chapter 2 we validated CEUS in 

a single ligation HLI model with fluorescent microspheres, histopathology, and 

photoacoustic microscopy, and showed that LDPI results were inconsistent with these 

validation techniques. Here we measured perfusion recovery in two more severe models 

of HLI with LDPI and CEUS.  

 

Assessment using LDPI shows perfusion increases in the ischemic limb until day 14 post-

surgery where it returns to pre-surgery levels in both the double ligation and excision 

models. In contrast, by CEUS perfusion in the ischemic limb increases until day 14 post-

surgery and it then levels off to about 40% of the control limb, never returning to normal 

in both the double ligation and excision models. By CEUS we observe a peak in perfusion 

in the ischemic limb at days 7 and 14 of 52% after double ligation surgery and a peak 7 

days post-surgery of 54% after excision surgery. These results are all consistent with the 

pattern of recovery measured by LDPI and CEUS in Chapter 2 using a single ligation 

model of HLI. With the addition of the double ligation model and the excision model we 

have covered the range of severity that is typical of studies using an HLI model. This 

further extends the impact of our findings as being broadly applicable in HLI models 

employing unilateral femoral artery ligation and excision techniques. 

 

One of the advantages of using CEUS is that when the transducer is positioned across 

the calves the differential perfusion to individual muscle groups can be seen. This is 
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especially prominent when imaging 1 day post-surgery. k-means clustering of all the day 

1 post-surgery images for the three surgeries reveals 5 predominant patterns, most of 

which occur in multiple surgery conditions. This was an unexpected finding that the same 

surgery could produce vastly different results in different mice. We hypothesize that this 

variation is due to innate differences in where arteries branch off as well as 

collateralization that allows some mice to retain different levels of muscle perfusion after 

surgery.28 Other groups have shown that different mouse strains recover from HLI 

differently based on innate collateralization, it is possible a similar affect occurs on a per-

mouse basis within the same strain to a lesser extent.29,80,81 We did not observe any 

patterns in the recovery time course based on the initial muscle perfused. However, it is 

possible that the microenvironment of these patterns is different and may have 

implications for the response to different therapies under investigation. This also has 

implications for assays that require the sampling of muscles, where results might vary as 

a result of the initial state of perfusion after HLI.  

 

To our knowledge this is the first study to use CEUS to evaluate different HLI surgeries. 

We believe that this is also the first study to demonstrate different muscle perfusion 

patterns in mouse models of hindlimb ischemia. 

 

This study aimed to evaluate two severe models of hindlimb ischemia with CEUS. We 

show that, contrary to LDPI results, perfusion never fully recovers after surgery. We also 

show that individual mice can have drastically different muscle perfusion pattern 

responses to the same surgery. These results have significant implications for the 
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evaluation of therapeutics to treat PAD, and more research needs to be done to elucidate 

the effects of variable responses to surgery.  
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Chapter 4 : Evaluating Antioxidant Therapies in a 
Mouse Model of PAD 
 

Introduction 

The prevalence of peripheral arterial disease (PAD) is >10% of people over 60 years old, 

and increases with age.8 PAD patients can experience significant reductions in quality of 

life, yet there are relatively few treatments available.82,83 The current best medial 

management includes the reduction of risk factors such as quitting smoking, managing 

diabetes, reducing blood pressure, and reducing cholesterol.77 Exercise, particularly 

supervised exercise, has long been recognized as an effective method to reduce 

symptoms.84–86 However, patient compliance can be low and not all patients are able to 

perform exercise.87 There is only one medication, cilostazol, shown to be effective in 

modestly increasing pain free walking distance.10,88 There are also several surgical and 

endovascular procedures used to treat PAD.89 Revascularization can involve 

endarterectomy, bypass, stenting, and/or angioplasty.12,89 Surgical interventions can be 

very successful, but many patients are not candidates and there can be significant 

surgical complications.90,91 

 

More effective therapies are needed to treat all stages of PAD. There have been dozens 

of clinical trials investigating promising strategies for therapeutic angiogenesis.15,75,92 

These clinical trials primarily evaluate protein therapy, cell therapy, gene therapy or a 

combination of these therapies.92 The most common proteins and associated genes are 

growth factors such as: vascular endothelial growth factor (VEGF), fibroblast growth 
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factor (FGF) and hepatocyte growth factor (HGF).92,93 Unfortunately, trials targeting these 

growth factors, and many others, have not proven to be efficacious in humans.15,92,93  

 

When evaluating potential therapies, mouse models of hindlimb ischemia are often used. 

Typically, the primary output of these studies is the acceleration of perfusion recovery 

assessed by LDPI. As we have shown previously, LDPI is not representative of other 

established metrics to assess perfusion recovery. This may contribute to the failure of 

many clinical trials for PAD. There are a variety of emerging therapeutic strategies such 

as miRNA, antioxidants, and stem cell therapies that would benefit from evaluation with 

CEUS.94–96 Here we will evaluate the efficacy of two antioxidant therapies, N-(2-

mercaptoptopionyl)-glycine (MPG) and alpha lipoic acid (LA), with CEUS in a single 

ligation mouse model of HLI.  

 

Materials and Methods 

Mice 

C57BL/6 male mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). 

Mice were provided standard chow and water ad libitum. They were housed 1-4 per cage 

in a room with a 12 hour light cycle. Cages contained corn cob bedding except during 

surgical recovery where iso pad bedding (Envigo, City, State, USA) was used until mice 

were ambulating normally.  
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Mouse Models of Hindlimb Ischemia 

10-12 week old mice were anesthetized with ketamine (90mg/kg) and xylazine (10 

mg/kg). The single ligation surgery was performed as previously described in Chapter 2.  

 

Laser Doppler Perfusion Imaging (LDPI) 

Mice were anesthetized with 1-2% isoflurane and imaged with the LDPI instrument 

(Perimed, Sweden), as previously described in Chapter 2. Three to five measurements 

were taken, about one minute apart. Data were analyzed using the included PimSoft 

analysis software. ROIs were selected around the feet, the image intensity was averaged 

over all measurements, and a ratio of left:right (ischemic:control) foot was calculated.  

 

Microbubble (MB) Preparation 

Microbubbles were prepared from decafluorobutane gas, which was dispersed in normal 

saline by sonication, as previously described in Chapter 2.55 The vial concentration was 

measured approximately every two weeks using a Coulter Counter (Beckman Coulter, 

Indianapolis, Indiana, USA). If needed, the microbubbles were diluted with sterile saline 

just before use. 

 

Contrast Enhanced Ultrasound (CEUS) 

Imaging was performed with an Acuson Sequoia C512 system and a 15L8W transducer 

(Siemens, Munich, Germany) as previously described in Chapter 2.  
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Video data were analyzed using a custom MATLAB (Mathworks, Natick, Massachusetts, 

USA) script as previously described in Chapter 2. Briefly, image intensity over time was 

calculated and each flash-replenishment sequence was separated to allow for curve 

fitting. The data were fit to y=A(1-e-bt) where A represents blood volume, b represents 

blood velocity, and A*b represents flow.22 The average left:right (ischemic:control) A*b 

ratio was calculated for direct comparison with LDPI.  

 

Administration of MPG and LA 

Mice were injected subcutaneously with saline, MPG (20 mg/kg, Millipore Sigma, 

Burlington, MA, USA), or LA (0.1 mg/kg, Millipore Sigma, Burlington, MA, USA) daily from 

day 14 to day 27 post-surgery.97,98 Injections were performed at approximately the same 

time each day. 

 

Histological Analysis 

Tissue harvesting and preparation for sectioning was performed as previously described 

in Chapter 2. 10 µm sections were cut and stained with H&E. 

 

Results  

MPG Administration Does Not Affect Perfusion Recovery 

Day 1 and 14 post-surgery time points are consistent with previous results from the single 

ligation surgery (Figure 4-1). Day one post-surgery there is a significant decrease in 

perfusion which increases to ~56% on day 14 post-surgery. The administration of MPG 

shows no improvement in perfusion over saline administration. The perfusion ratio of the 
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ischemic limb on days 7 and 14 of MPG administration (days 21 and 28 post-surgery) is 

43% of the control limb. 

 

Lipoic Acid Administration Does Not Affect Perfusion Recovery 

Day 1 and 14 post-surgery time points are consistent with previous results from the single 

ligation surgery (Figure 4-2). Day 1 post-surgery there is a significant decrease in 

perfusion which increases to 51% on day 14 post-surgery. The administration of LA 

shows no improvement over saline administration. The perfusion ratio of the ischemic 

limb to the control limb on days 7 and 14 of LA administration (days 21 and 28 post-

surgery) is 55% and 53%, respectively.  

 

A closer look at the data reveals one mouse that shows a pattern of perfusion recovery 

that could be consistent with the drug having an effect (Figure 4-3). In contrast to the 

typical perfusion ratio of 50-60%, this mouse had a ratio of 33% perfusion compared to 

the control limb. After drug administration, perfusion rose to 63% and 62% of the control 

on days 21 and 28 post-surgery, respectively.  

 
Pathological Muscle Morphology 

Muscle morphology in control and ischemic limbs from all treatment conditions was 

evaluated with H&E staining day 28 post-surgery (Figure 4-4). Consistent with our 

previous histological findings, muscle from the ischemic limbs showed irregular fibers and 

many fibers with centralized nuclei. In control limbs, the majority of muscle fibers have 

peripheral nuclei and have a more consistent fiber arrangement. 
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Figure 2: The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 
21, and 28 after single ligation surgery with daily saline or MPG administration from 14-28 days.
The administration of MPG shows no improvement in perfusion over saline administration. (MPG 
n=6, Saline n=5) 

Drug Administration

Figure 4-1 MPG Administration Does Not Affect Perfusion Recovery 

The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 

21, and 28 after single ligation surgery with daily saline or MPG administration from 

14-28 days. The administration of MPG shows no improvement in perfusion over 

saline administration. (MPG n=6, Saline n=5)  
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Figure 3: The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 21, 
and 28 after single ligation surgery with daily saline or LA administration from 14-28 days. The 
administration of LA shows no improvement in perfusion over saline administration. (LA n=6, 
Saline n=5) 

Drug Administration

Figure 4-2 LA Administration Does Not Affect Perfusion Recovery 

The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 

21, and 28 after single ligation surgery with daily saline or LA administration from 14-

28 days. The administration of LA shows no improvement in perfusion over saline 

administration. (LA n=6, Saline n=5) 
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Figure 4: The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 
21, and 28 after single ligation surgery with daily saline or LA administration from 14-28 days. 
The LA data is from a single mouse that shows increases perfusion in the ischemic limb after LA 
administration. (Saline n=5) 

Drug Administration

Figure 4-3 Individual Response to LA Administration 

The ratio of perfusion in the ischemic:control limb measured by CEUS at days 1, 14, 

21, and 28 after single ligation surgery with daily saline or LA administration from 14-

28 days. The LA data is from a single mouse that shows increases perfusion in the 

ischemic limb after LA administration. (Saline n=5) 
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Figure 5: H&E staining of muscle 28 days after single ligation surgery at 200x. Representative 
ischemic limb muscle from the saline, MPG, and LA groups are similar and show irregular 
myofibers and many myofibers with centralized nuclei, indicating that neither MPG nor LA 
improved muscle morphology.

Saline MPG

Is
ch

em
ic

 L
im

b

LA

Figure 4-4 Muscle Morphology After Drug Treatment 

H&E staining of muscle 28 days after single ligation surgery at 200x. Representative 

ischemic limb muscle from the saline, MPG, and LA groups are similar and show 

irregular myofibers and many myofibers with centralized nuclei, indicating that neither 

MPG nor LA improved muscle morphology. 
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Discussion 

In this study we sought to use CEUS to evaluate antioxidant therapies in a mouse HLI 

model. MPG, LA, and a saline vehicle control were injected daily from 14-28 days post-

surgery. The saline control injection resulted in a similar mean perfusion recovery as we 

have previously shown in untreated mice.  

 

There have been three surgeries presented in detail in this dissertation. While the exact 

percentage of the perfusion plateau reached varied slightly, in all three surgeries 

perfusion in the ischemic limb was significantly lower. It is unknown if the 

microenvironment from one of these surgeries is more similar to PAD, thus we chose the 

single ligation model for practical reasons. The single ligation model is a technically less 

difficult procedure to perform with a lower risk of complications such a bleeding. This 

model also does not result in the severe necrosis that can occur with the double ligation 

and excision models, necessitating euthanasia. 

 

Evidence suggesting an effective therapy would be an increase in perfusion in the 

ischemic:control perfusion ratio at the day 21 and 28 post-surgery imaging time points. 

The MPG treated mice showed no change in perfusion at either time point. There was 

also no improvement noted in the histological sections. Similarly, the LA treated mice 

showed no improvement in perfusion or muscle morphology in histological sections. 

 

When looking at data from individual mice, one LA treated mouse did seem to have an 

increase in the ischemic:control perfusion ratio at the day 21 and 28 post-surgery time 
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points, indicating a possible effect of the drug treatment. This mouse was unique in that 

at day 14 post-surgery it had a low perfusion ratio compared to the saline control (0.33 vs 

0.51±0.04). It is possible that the lower perfusion at day 14 provided an environment for 

the LA therapy to be modestly effective. However, the limited number of animals in this 

study makes it difficult to evaluate whether this mouse is an outlier. Applying the same 

treatment strategy in a more severe HLI model would help discern the effect of LA 

administration. In addition, future studies could include a range of dosages, treatment 

lengths, and routes of administration. 

 

Despite the largely negative results of these antioxidants, using CEUS to evaluate other 

therapies in this manner is a valuable tool. Improving perfusion, rather than accelerating 

perfusion recovery, presents a more realistic model of the therapeutic need that PAD 

patients have. This may reduce the amount of time and money wasted on failed clinical 

trials.99 
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Chapter 5 : Conclusions and Future Directions 
 

In this dissertation we sought to develop and evaluate CEUS for the assessment of 

perfusion recovery in mouse hindlimb ischemia models of PAD. Mouse models are a 

valuable tool to study underlying disease mechanisms and evaluate potential therapies. 

The use of CEUS in HLI models was hypothesized to provide additional information that 

other techniques, particularly LDPI, could not measure. Surprisingly, we found that CEUS 

revealed a contrary picture of the pathophysiology in HLI models, and provided a way to 

critically evaluate the current state of PAD research. 

 

Our first unexpected finding was that CEUS and LDPI show different time courses of 

perfusion recovery after HLI. Our LDPI measurements, in agreement with the literature, 

showed that perfusion fully recovered one to two weeks post-surgery.29,100 In contrast, 

CEUS showed incomplete recovery (~50%) by two weeks post-surgery. The CEUS 

findings were validated by fluorescent microsphere measurements, histology, and 

photoacoustic microscopy.  

 

Another related finding is that by CEUS the ischemic limb never fully recovers, remaining 

at 35-55% of normal 5 months post-surgery, depending on the surgery performed. This 

again differs from our LDPI results and the literature. Another independent method, 

intravital microscopy, recently demonstrated the presence of a flawed microcirculation in 

agreement with our results.63 These findings provide an opportunity to reconsider the 

reliance on LDPI measurements as the primary endpoint in HLI studies.  
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When using LDPI, therapies are considered successful if they accelerate perfusion 

recovery, as mice regain normal perfusion within a few weeks after surgery. This is not 

representative of the pathophysiology in PAD patients, who experience a chronic and 

often declining disease state. When assessed by CEUS, HLI models appear to offer a 

more physiologically relevant test bed where mice reach a plateau in perfusion recovery 

that is more similar to patient outcomes.70 We propose a new approach to evaluate 

therapies, where HLI surgery is performed, mice are allowed to reach a perfusion plateau, 

and then a therapeutic intervention is applied and assessed by CEUS. This method more 

accurately models the clinical condition and would allow for testing of therapies for their 

ability to improve perfusion rather than just accelerate perfusion recovery.  

 

We also show that muscle-specific perfusion patterns occur on day one after HLI, and 

that most of these patterns are conserved across multiple surgeries. We believe this is 

the first report that HLI surgery can cause differences in individual muscle perfusion in 

different mice. This has implications for assays that require the sampling of muscles, 

where results might vary as a function of the initial state of perfusion after HLI. This 

phenomenon is potentially due to differences in the location that certain major arteries 

arise, which varies between mice and occurs in the regions where ligations are made.28 

It could also be due to differences in innate collateralization in the arterioles and 

capillaries, similar to what is seen when comparing different strains of mice.29,80 Since this 

analysis was performed retrospectively we can only speculate on the mechanism. In the 

future, analysis of the arterial anatomy could be performed during surgery and then 

compared to the resulting perfusion patterns to look for potential relationships. 
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A number of additional questions have arisen from these studies that merit further 

investigation. One intriguing finding is that the baseline CEUS data consistently shows a 

~20% perfusion bias towards the left limb. Hydrophone and in vivo measurements in both 

orientations suggest that it not a function of the transducer, but other unknown 

experimental, biological, or environmental factors may contribute. Further 

experimentation to evaluate these unknown factors is warranted. 

 

We also report a modest peak in perfusion by CEUS at about 1 week post-surgery for all 

three HLI models. This is consistent with micro-CT results that show vascular, volume, 

density, and connectivity peak at one week post-surgery, followed by pruning.69 A more 

full picture of the microenvironment of the ischemic limb would provide insight into why 

this peak occurs, as well as how successfully HLI models represent human PAD. A 

particularly interesting avenue to investigate is the immune response after HLI. There 

have been several studies using various knockout mouse models that demonstrate 

perfusion recovery can be modulated by the immune system.64,101–103 It is also well known 

ischemic vascular diseases, including PAD, have significant immunologic components to 

pathology.104   

 

Future work should also be focused on using HLI mouse models in conjunction with CEUS 

to evaluate novel therapeutic approaches for the treatment of PAD. There are many 

options to consider, and given the difficulty thus far in developing effective therapies it is 

likely that new approaches are needed. miRNA and oxidative stress are both attractive 

targets for future therapies.94,95 There is also the potential for novel gene therapies and 
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cell therapies to prove effective.105 Different vehicles such as nanoparticles may be useful 

in increasing drug delivery.106 All of these options are suited to evaluation by CEUS 

mouse models of HLI.  

 

In summary, this dissertation provides a novel evaluation of preclinical PAD models using 

CEUS. We demonstrate not only that CEUS is well suited for measurements of perfusion 

in HLI models, but also that it yields a more relevant assessment with respect to the 

clinical condition. These studies provide a novel framework for assessing perfusion 

recovery in HLI models; enabling the field to continue moving forward to develop greatly 

needed therapies. 
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Appendix A: Derivation of CEUS Fitting Equation From 
a Single Compartment Model  
 

We assume that the imaging plane can be reasonably modeled as a single inlet with 

concentration (CA1) and single outlet. We also assume a well mixed system with constant 

volume (V), constant flow (Qv), constant rate of infusion, no reacting species, and an 

impermeable wall. Equation 2 describes the concentration (CA) of a species A, over time 

in this single compartment model with the above assumptions.107 

, -./-0 = 12(./3 − ./) 

Since the inlet concentration (CA1) does not change over time Equation 2 can be rewritten 

as Equation 3.107 

-(./ − ./3)
./ − ./3

= −12, -0 

Knowing an initial concentration (CA0) we can integrate to get107: 

./ − ./3
./4 − ./3

= 5(
67
2 8 

Since curve fitting is done starting after each high power burst pulse we know CA0=0, 

simplifying to Equation 5. 

./ − ./3
−./3

= 5(
67
2 8 

This equation can be written into the form of the exponential fit equation used for CEUS 

(Equation 6).  

./ = ./3(1 − 5(
67
2 8) 

(2) 

(3) 

(4) 

(5) 

(6) 
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QV/V is flow over volume and reduces to units of 1/time, analogous to beta in the fitting 

CEUS fitting equation.22 The concentrations in this equation are represented as image 

intensities in the ultrasound data. CA1 is analogous to the A coefficient which is the plateau 

of image intensity and a representation of blood volume since the system is assumed to 

be well mixed.22  
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