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Abstract

Mouse models are critical in developing new therapeutic approaches to treat peripheral arterial 

disease (PAD). Despite decades of research and numerous clinical trials, the efficacy of available 

therapies is limited. This may suggest shortcomings in our current animal models and/or methods 

of assessment. We evaluated perfusion measurement methods in a mouse model of PAD by 

comparing laser Doppler perfusion imaging (LDPI, most common technique), contrast enhanced 

ultrasound (CEUS, emerging technique), and fluorescent microspheres (conventional standard). 

Mice undergoing a femoral artery ligation were assessed by LDPI and CEUS at baseline, 1, 

4, 7, 14, 28, 60, 90, and 150 days post-surgery to evaluate perfusion recovery in the ischemic 

hindlimb. 14 days post-surgery, additional mice were measured by fluorescent microspheres, 

LDPI, and CEUS. LDPI and CEUS showed broadly similar trends of perfusion recovery until 

7 days post-surgery. However, by day 14, LDPI indicated a full recovery of perfusion, whereas 

CEUS showed a ~50% recovery which failed to improve even after 5 months. In agreement 

with the CEUS results, fluorescent microspheres at day 14 post-surgery confirmed that perfusion 

recovery was incomplete. Histopathology and photoacoustic microscopy provided further evidence 

of sustained vascular abnormalities.
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Introduction

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

atherosclerosis (Ouriel 2001). It primarily occurs in the legs, but can also occur in the upper 

extremities. PAD affects over 200 million people worldwide and has very limited treatment 

options (Fowkes et al. 2013). Many therapeutic approaches fail in clinical trials, suggesting 

that preclinical models and assessment methods may be imperfect (Iyer and Annex 2017; 

Krishna et al. 2016).

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

of the femoral artery to induce hindlimb ischemia (HLI) (Krishna et al. 2016). 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 (Cardinal and Hoying 2007). 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 (Prinzen 2000). The 

microsphere technique also necessitates euthanasia for tissue acquisition, making serial 

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

using HLI models.

Laser Doppler perfusion imaging (LDPI) is the most commonly used technique to evaluate 

perfusion recovery after HLI in mice. LDPI is a simple to use optical technique. The output 

is a heat map of perfusion in the area of interest, which is typically the feet in most studies 

of HLI conducted in mice (Briers 2001). 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) (Davis et al. 

2014; Senarathna et al. 2013). It should be noted that there are a number of newer optical 

techniques, such as spatial frequency domain imaging (Leyba et al. 2021) and Doppler 

optical coherence tomography (Rollins et al. 2002), that have greater tissue penetration 

depth. However, LDPI remains the most widely used technique to date.

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 (Schinkel et al. 2016), peripheral 

arterial disease (Krix et al. 2005; Kundi et al. 2017), and cancer applications (Halpern 

2006), as well as preclinically for kidney (Sullivan et al. 2009), adipose (Baron et al. 

2012), heart (French et al. 2006), and tumor perfusion measurements (Pysz et al. 2011). 

The contrast agent is a microbubble with a lipid shell and gas core that remains purely 

intravascular. Microbubbles are best visualized in a nonlinear (harmonic) contrast mode that 

is available on many clinical scanners. CEUS is well suited for perfusion measurements in 

skeletal muscle, but it has yet to be widely adopted (Baltgalvis et al. 2014; Karvinen et al. 

2011; Kuliszewski et al. 2011; Rissanen et al. 2008). A few groups have pioneered CEUS 

techniques for perfusion measurements (Cao et al. 2015; Kuliszewski et al. 2011; Leong-Poi 
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et al. 2005; Ryu et al. 2013; Smith et al. 2012), but it has yet to be commonly implemented 

in the assessment of HLI models (Aref et al. 2019). CEUS 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.

Materials and Methods

Mice

C57BL/6J 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, Indianapolis, Indiana, USA) was used 

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

the University of Virginia approved all animal experiments (#4116).

Mouse model of hindlimb ischemia

10–12 week old mice were anesthetized with ketamine (90 mg/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 (Kochi et al. 2013). 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. A total of 19 mice underwent hindlimb surgery 

for the serial studies by LDPI and CEUS, but 2 were lost due to complications of surgery. 

This left a total of 17 mice in which LDPI and CEUS were compared over time as described 

below. Ten of these 17 mice were used in a short-term serial comparison that was terminated 

at 14 days post-surgery. The other 7 mice were used in the long-term serial comparison that 

extended out to 150 days post-surgery.

Laser Doppler perfusion imaging (LDPI)

Mice were anesthetized with 1–2% isoflurane in oxygen and calves were shaved and 

depilated. Mice were placed prone under the LDPI instrument with legs extended and feet 

secured in place. The LDPI instrument employed in these studies was the PeriCam PSI 

(Perimed, Sweden), which has a resolution of 33 um/pixel and is widely used to assess 

perfusion in mouse models of HLI (Grau-Monge et al. 2017; Ma et al. 2021; Neale et al. 

2020). 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 (below the 

ankle) or calves (between the knee and the ankle), the image intensity was averaged over all 

measurements, and a ratio of left:right (ischemic:control) foot was calculated.
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Microbubble (MB) preparation

Microbubbles were prepared from decafluorobutane gas, which was dispersed in 

normal saline by sonication, essentially as described earlier (Unnikrishnan et al. 2018). 

Microbubbles were stabilized with a lipid monolayer shell that consisted of 1,2-distearoyl-

sn-glycero-3-phosphocholine (DSPC) and PEG stearate. The microbubble population was 

floated at normal gravity to minimize microbubbles greater than 7 μm. Microbubbles of 

different sizes float at different rates, thus allowing for size separation (Connolly et al. 2014; 

Kvåle et al. 1996). Larger microbubbles were eliminated to ensure that none would get 

trapped in the lungs.

As shown in Fig 1, under the experimental conditions described here, a linear relationship 

between MB image intensity and MB concentration can be maintained by infusing up to 

1×107 MB/min at a concentration of 1×109 MB/ml. Because the concentration of MBs in 

high concentration stocks declines with time during storage at 4C, the MB concentration 

in the stock solution was measured at least once every two weeks using a Coulter 

Counter (Beckman Coulter, Indianapolis, Indiana, USA). Based on that concentration, the 

microbubble stock was diluted to 1×109 MB/ml with sterile saline immediately prior to 

infusion at 10 μl/min.

Contrast enhanced ultrasound (CEUS)

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

(Siemens, Munich, Germany). Some groups have reported a transient increase in perfusion 

caused by ultrasound (Belcik et al. 2017). While we did not observe any increase 

in perfusion over the course of imaging, CEUS measurement were taken after LDPI 

measurements. Mice were anesthetized with 1–2% isoflurane in air rather than oxygen since 

the use of air as the carrier gas has been shown to increase the circulation lifetime of MB 

contrast agents (Mullin et al. 2011). A catheter with a 27G needle at the end was filled with 

heparinized saline (100 units/ml), 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 oriented perpendicular across both calves and positioned 

mid-calf, taking care to maintain the same focal length and orientation 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. Using these settings, the resolution was 

measured to be 0.3 mm lateral and 0.2 mm axial. 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 1×107 

MB/min (1×109 MB/ml MB solution concentration infused at 10 μl/min). During imaging, 

the syringe was rotated approximately every 30 seconds to prevent the microbubbles from 

floating and changing the concentration being infused. Pilot studies determined that steady 

state MB concentration was achieved within 5 minutes after the start of the infusion. The 

maintenance of steady state MB concentration was confirmed in each mouse by comparing 

imaging intensity over multiple burst-refresh cycles as illustrated in Figs 2B&C. Towards 

this end, 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 
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burst; while microbubbles from upstream continue to flow into the scanning plane, thus 

enabling perfusion to be quantified (Wei et al. 1998).

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

USA) script. B-mode images were segmented to define ROIs for the left and right limbs. 

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 and subtracted out for each individual sequence. This also 

removes undue influence from any major arteries present in the ROI with very fast flow 

because the signal is already present in the first frame. The data were fit to y=A*(1-e−βt) 

where A represents blood volume, β represents blood velocity and A*β represents blood 

flow (Wei et al. 1998). After reaching steady state, the four sequences with the lowest root 

mean square error were averaged to calculate A*β at each timepoint. This method of data 

sampling was adopted to simplify statistical analysis since a variable number of sequences 

(8–15) were collected at each time point. The average left:right (ischemic:control) A*β 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 (Serrat 2009). 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 was 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, per the conventional 400 microsphere per sample rule (Buckberg et al. 

1971), or if the kidneys were >15% different (Cardinal and Hoying 2007; Jädert et al. 2012), 

which is the conventional cutoff applied to avoid cases in which blood pool mixing was 

incomplete.

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 (Susaki et al. 2015). 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).
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Histological analysis

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

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

paraformaldehyde. Both calves 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

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 (Ning et al. 2015). Briefly, a multi-parametric PAM 

platform used dual-wavelength photoacoustic excitation for imaging microvascular anatomy 

and oxygen saturation. In addition, blood flow was mapped by flow-induced temporal 

decorrelation.

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. Data were checked for normality using the Shapiro-Wilk 

test. 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

By positioning the 5cm wide 15L8W transducer perpendicular to the long-axes of the two 

mouse hindlimbs, we were able to assess both calves simultaneously in a single imaging 

plane (Fig 1 and Video 1). Imaging and microbubble infusion parameters were optimized 

for this application, and the sensitivity for detecting perfusion defects was maximized by 

performing CEUS at a steady-state MB concentration that corresponded to the high-end of 

linear range in normally-perfused control muscle (see Fig 1). To evaluate variability within 

and between mice, four mice that had not undergone surgery were assessed for left:right 

perfusion ratio on four successive days with CEUS (Fig 2). As anticipated, unoperated mice 

exhibited modest variability in left:right perfusion ratios on successive days, comparable 

with the variability reported in human subjects (Marcinkevics et al. 2013; Mayrovitz and 

Larsen 1996). However, repeated perfusion measurements taken during a single imaging 

session exhibited minimal variability.

Becker et al. Page 6

Ultrasound Med Biol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 on days 1, 4, 7, 14, 28, 60, 90, and 150 after surgery 

(Fig 3, Video 2, and Video 3). A group of ten mice were serially imaged by LDPI and 

CEUS for 14 days after surgery, and a separate group of seven mice were serially imaged 

by LDPI and CEUS for 150 days after surgery. 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±1% 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±1% of the control 

limb. In contrast to LDPI, perfusion by CEUS then increased until day 4 post-surgery when 

it reached a peak of 77±2% of the control limb and remained similar at day 7 post-surgery 

at 69±1% 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 (p=0.667); but by CEUS, perfusion in the 

ischemic limb never returned to normal (p<0.001). To ensure the transducer was performing 

uniformly along its length, we used a hydrophone to measure the output across three points 

on the transducer, no differences were seen. Additionally, an in vivo assessment of the 

transducer was performed. A mouse was imaged using the transducer orientation in these 

studies, and halfway through the transducer was turned 180°. Both orientations resulted in 

the same perfusion ratio.

Since LDPI measurements in hindlimb ischemia studies are almost always taken in the 

feet, we chose to use those measurements to compare with CEUS. However, to address this 

disparity, measurements in the calves by LDPI were also performed before surgery and days 

1, 4, 7, and 14 after surgery (Fig 4). Before surgery, the perfusion ratio in the calves was 

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, 0.84±0.05 vs 0.72±0.03. Perfusion recovery was faster in the calves 

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

recovery trends by LDPI in the calves mimic those in the feet, and when compared to the 

CEUS calf results, the difference in the two techniques remains.

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 in large animals. Perfusion by LDPI, CEUS, and fluorescent 

microspheres were compared at day 14 post-surgery (Fig 5). 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 suggesting that perfusion never returns to normal in mice 

subjected to hindlimb ischemia.
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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 (Fig 6). Muscle from the ischemic limbs showed irregular fibers and many 

fibers with centralized nuclei. In control limbs, the majority of muscle fibers had peripheral 

nuclei and there was 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 (Fig 7). Results indicated that oxygen saturation and 

perfusion remain reduced 14 days post-surgery, consistent with recent reports (Arpino et al. 

2017). Anatomically, the vasculature in the ischemic limb was irregular and tortuous, and 

there were very few larger vessels evident.

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 (Marcinkevics et al. 2013; Mayrovitz and Larsen 1996). 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 mouse 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 (Couffinhal et al. 1998; Helisch et al. 2006; Hellingman et al. 2010; Stabile et 

al. 2003; Waters et al. 2004). Interestingly, left to right perfusion ratios in the calves were 

above one at baseline prior to surgery, both as assessed by CEUS (1.16±0.09) and LDPI 

(1.09 ±0.03). Subsequent quality control studies indicated that this was not attributable 

to a defect in CEUS instrumentation or procedures, leaving open the possibility of an 

underlying biological difference between hindlimbs. For example, a mean difference in 

human limb perfusion of 10%, as measured by MRI flowmetry, was reported by Mayrovitz 

and Larsen (Mayrovitz and Larsen 1996). Given the difference at baseline, the data were 

also analyzed as a function of change from the pre-surgery perfusion ratios. To our 

surprise, we found that CEUS and LDPI show very different perfusion recovery kinetics 

and outcomes. The techniques differed at nearly every time point, although they did portray 

broadly similar trends in recovery during the first week following surgery. This was true for 

both comparisons of LDPI in the calves and feet to CEUS in the calves.

Some of these differences can be explained by the techniques themselves. It might be 

expected that the skin (LDPI) and muscle (CEUS) would recover at different rates. These 

are different vascular beds with different metabolic needs and, in some cases, different 

feeding arteries. The similar trends in perfusion recovery by LDPI and CEUS during the 

first week of surgery are consistent with this possibility. However, it is unexpected and 

striking that mice never fully recover perfusion in the ischemic hindlimb when assessed by 
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CEUS, and we validated this finding using a completely independent method (fluorescent 

microspheres). Given the destructive nature of the fluorescent microsphere measurement, the 

sample size was limited and serial assessments were not possible. Despite this limitation, 

these results are also supported by a recent study by Arpino and colleagues. They used 

intravital microscopy to probe arterial morphology and function after HLI in the extensor 

digitorum longus muscle, and their results are consistent with our findings, showing 

incomplete recovery up to 120 days post-surgery (Arpino et al. 2017).

The independent data from histopathology and photoacoustic microscopy provide additional 

support by demonstrating abnormal muscle morphology and lower oxygenation and 

perfusion levels. Several other studies also document abnormal muscle morphology by 

histology at various time points that is consistent with our results showing irregular 

myofibers and centralized nuclei (Arpino et al. 2017; Brenes et al. 2012; Lian et al. 2010). 

This has significant implications for the field, because it suggests that LDPI results (which 

measures perfusion in skin and superficial muscle) may not accurately represent perfusion 

in the deeper muscle of the calves, though the assumption has been that measurements in 

the feet are reflective of limb perfusion. This may partially explain some of the difficulties 

in translating preclinical successes to the clinic since the majority of vessels supplying the 

muscle, and the primary sites of atherosclerosis and vessel occlusion in PAD, are deeper in 

the calf and thigh muscle.

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 the unexpected 

peak 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 (Landázuri et al. 2012). Using micro-CT 

this group showed 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 LDPI indicates that mice regain 

normal perfusion within a few weeks, even without any treatment. This is not at all 

representative of what happens in PAD patients, who experience a chronic and often 

declining disease state. Ironically, this study adds to the 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 (Stoyioglou and Jaff 2004). 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 long term, rather than just accelerate perfusion recovery.
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To our knowledge, this is the first study to provide a serial comparison of LDPI and CEUS 

over an extended time course, 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 (Ye et 

al. 2012).

There are several limitations of this work that must be considered. One major limitation 

is the small number of microsphere measurements that were able to be performed. Ideally 

microsphere measurements would have been taken at several timepoints, however given their 

destructive nature we chose what we believed would be the most useful timepoint to have 

that data. Another limitation is the CEUS data was collected in one imaging plane, with the 

assumption that the calf perfusion would be relatively consistent regardless of the level of 

measurement. We evaluated different planes in normal mice and those measurements were 

consistent with each other, however there is a possibility that after induction of hindlimb 

ischemia that assumption would not hold true. Finally, it is possible that CEUS imaging 

itself altered the perfusion recovery in these mice. Contrast ultrasound is known to cause 

bioeffects, though the ultrasound settings used in this application are unlikely to cause them. 

Any effect would probably be caused by the high MI burst pulse, but the burst pulse was 

brief compared to studies that report negative bioeffects (ter Haar 2010). Given the similarity 

of recovery by LDPI and results reported in the literature we do not believe to be likely that 

CEUS altered perfusion recovery.

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

(Bajwa et al. 2014; Nguyen and Davidson 2019). There are several groups that have used 

CEUS in humans to evaluate PAD (Kundi et al. 2017; Lindner et al. 2008). 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 (Davidson et al. 2017). These studies have shown a significant differences between 

normal and PAD patients (Kundi et al. 2017; Lindner et al. 2008). The successful use of 

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

technique in preclinical research.

Conclusions

In summary, this study aimed to evaluate perfusion measurement techniques used in 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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Fig 1. Set up and parameters for CEUS.
A) Schematic of 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 shows 

reduced image intensity in areas with minimal flow. See supplemental material for videos 

of CEUS imaging. C) Tested and selected values for optimized ultrasound parameters. D) 

Image intensities in the left and right limbs over a range of microbubble flow rates show a 

linear range up to 1×107 MB/min.
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Fig 2. CEUS provides consistent perfusion measurements and clear distinctions between normal 
and abnormal perfusion.
A) Test-retest measurements of hindlimb blood perfusion ratios by CEUS. Perfusion ratios 

in four mice each measured four times over eleven days show modest variation over time. 

Measurements during a single imaging session showed minimal variation. B) Example of 

four contiguous sequences of flash-replenishment data from a normal limb. C) Example 

of four sequences of flash-replenishment data from a limb one day post-surgery shows a 

much slower rate of microbubble replenishment (recovery of intensity), indicating reduced 

perfusion.
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Fig 3. Perfusion recovery after HLI by LDPI shows full recovery by 28 days, CEUS shows 
perfusion never recovers.
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 
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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 is significantly reduced through 

day 14 post-surgery (p<0.05 vs. baseline), but returns to normal by day 28 post-surgery. 

In contrast, perfusion by CEUS remains persistently depressed for at least 150 days post-

surgery (p<0.001 vs. baseline). Statistical analysis was performed using a linear mixed 

model with Bonferroni correction.
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Fig 4. LDPI measurements in the feet and calves are in agreement with each other, and in 
disagreement with CEUS.
A) Perfusion recovery ratio of the ischemic:control limb 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. (n=10) B) Perfusion recovery in the calf measured by LDPI and 

CEUS before surgery and days 1, 4, 7, and 14 post-surgery. By LDPI, perfusion returns to 
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normal within 4 days post-surgery. By CEUS, perfusion is more severely reduced at day 1, 

then improves modestly before achieving a plateau at ~50% of the control limb. (n=10)
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Fig 5. Fluorescent microspheres show reduced flow 14 days post-surgery in agreement with 
CEUS.
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 at day 14 post-surgery. CEUS and fluorescent 

microspheres show good agreement with 50–60% perfusion recovery, whereas LDPI 

indicates 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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Fig 6. Muscle fibers remain abnormal 150 days post-surgery.
H&E staining of muscle 150 days post-surgery at 200x. Control limb muscle shows 

peripheral nuclei and uniform myofiber architecture (representative of n=5). Ischemic 

limb muscle shows irregular myofibers and many myofibers with centralized nuclei 

(representative of n=5).
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Fig 7. Photoacoustic microscopy shows disturbed morphology, flow, and oxygen saturation post-
surgery.
Photoacoustic microscopy of the gastrocnemius muscle before and 14 days after HLI. 

Oxygen saturation and blood flow remain reduced 14 days post-surgery and the 

microvasculature becomes irregular and tortuous. Representative of n=3.
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