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Abstract

Despite the association of physical activity with improved cardiovascular outcomes and the 

association of high coronary artery calcification (CAC) scores with poor prognosis, elite 

endurance athletes have increased CAC. Yet, they nevertheless have better cardiovascular survival. 

We hypothesized that exercise may transform vascular calcium deposits to a more stable 

morphology. To test this, hyperlipidemic mice (Apoe−/−) with baseline aortic calcification were 

separated into 2 groups (n = 9/group) with control mice allowed to move ad-lib while the 

exercise group underwent a progressive treadmill regimen for 9 weeks. All mice underwent blood 

collections and in vivo 18F-NaF μPET/μCT imaging both at the start and end of the exercise 

regimen. At euthanasia, aortic root specimens were obtained for histomorphometry. Results 

showed that, while aortic calcification progressed similarly in both groups based on μCT, the 

fold change in 18F-NaF density was significantly less in the exercise group. Histomorphometric 

analysis of the aortic root calcium deposits showed that the exercised mice had a lower mineral 

surface area index than the control group. The exercise regimen also raised serum PTH levels two-

fold. These findings suggest that weeks-long progressive exercise alters the microarchitecture of 

atherosclerotic calcium deposits by reducing mineral surface growth, potentially favoring plaque 

stability.
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Introduction

Regular physical exercise is widely accepted as an effective way to reduce risk of coronary 

heart disease [1], and the recently updated World Health Organization Physical Activity 

Guidelines recommend at least 150 minutes of moderate-intensity exercise weekly in the 

adult population in order to reduce risk of cardiovascular disease [2]. It is also widely 

accepted that coronary artery calcification (CAC) is a strong predictor of cardiovascular 

morbidity and mortality [3,4]. In two large studies of subjects without clinical coronary or 

cardiovascular disease, higher levels of cardiorespiratory fitness (self-reported or measured 

by exercise treadmill testing) were associated with better cardiovascular outcomes, whereas 

higher CAC scores were associated with worse cardiovascular outcomes at all levels of 

cardiorespiratory fitness [5,6].

Interestingly, multiple recent clinical studies have shown higher CAC scores in endurance 

athletes, such as veteran marathon runners and competitive cyclists, than in less active 

subjects [7-11]. This paradoxical high CAC is both at the level of prevalence and severity. 

The prevalence of CAC is greater in the highly athletic subjects than in controls matched 

for age and risk factors, and the CAC scores are higher in the athletes [7-10]. Nevertheless, 

despite their higher CAC scores, elite athletes appear to have better cardiovascular survival 

than their more sedentary controls [12]. These clinical findings beg the question of whether 

exercise is a contributing factor to CAC and/or whether the CAC in elite endurance athletes 

differs in some respects from the CAC in the general population, as it does not appear 

to impart a similar degree of risk. Microarchitectural features of calcium deposits, such 

as density or surface area, have been suggested to be the key parameters in determining 

mechanical vulnerability to plaque rupture [13-15]. Since the calcified plaque found in 

athletes has a greater ratio of mineral to lipid content [8], it is conceivable that this 

difference in composition may change density or surface area and, hence, risk of plaque 

rupture. Thus, in the present study, we tested whether a progressive, weeks-long exercise 

regimen in a mouse model of atherosclerotic calcification modulates the microarchitecture 

of aortic calcium deposits.

Materials and Methods

Animals and exercise regimen

Experimental protocols were reviewed and approved by the Institutional Animal Care 

and Use Committee of the University of California, Los Angeles. Female apolipoprotein 

E (Apoe)-null mice (C57BL/6 background, Jackson Laboratory, Bar Harbor, ME) were 

placed on “Western” diet (21% fat and 0.2% cholesterol, Envigo) to induce baseline aortic 

calcification (Fig. 1), starting at 10 weeks of age. After 20 weeks on the diet, the mice 

were assigned to a control group (n = 9) or a treadmill group (n = 9) for an additional 9 

weeks. Though starting numbers were > 9 mice/group, mice treated for ulcerative dermatitis 

were excluded from analyses. For the treadmill group, the mice were acclimated on a 

treadmill (Columbus Instruments Exer-3/6 Animal Treadmill Rodent 6-Lane) for one week 

and subjected to a 9-week-long exercise regimen without inclination or electric shock 

stimulation. The speed of exercise was increased weekly from 12.5 meters/min to 18.5 
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meters/min (0.5 -1.0 meters/min/wk), and duration of exercise was increased daily (5 min/

day) from 30 minutes to 50 minutes. Since the exercise capacity varied somewhat among 

mice, the daily distance run by each mouse was recorded, and the total distance run was used 

as a measure of exercise capacity. Female Apoe-null mice were chosen for this study, as they 

have been shown to have more aortic calcification than male mice [16].

PTH measurements

Blood samples from all mice were collected once prior to the exercise regimen (week 30) 

and once at the end of week 39. Serum levels of PTH were measured using a PTH ELISA kit 

(Immutopics International), according to the manufacturer’s protocol.

Serial in vivo 18F-NaF μPET/CT imaging and analysis

Fused 18F-NaF μPET/μCT imaging was performed once prior to the exercise regimen (week 

30) and once at the end of week 39. The imaging and analysis were performed as described 

previously [17]. Briefly, mice were injected with ~200 μCi 18F-NaF via tail vein. One hour 

post-injection, mice were anesthetized and imaged in the μPET scanner (Focus 200 μPET, 

Concorde Microsystems, Knoxville, TN) for 10 min and, subsequently, in the μCT scanner 

(CrumpCAT, UCLA) for 2 min in the same gantry. Images were analyzed using AMIDE 

software. An initial volumetric ROI was drawn to isolate parts of cardiac and aortic regions 

from the remainder of the body; three-dimensional isocontour ROIs were then drawn of the 

calcified areas within this region; and quantification of the isocontour ROIs was performed 

on the original images. The minimum μCT isocontour threshold for aortic calcification was 

200 Hounsfield units (HU) and the minimum 18F-NaF isocontour threshold was defined 

as 2% injected dose per cubic centimeter (%ID/cc). The mean threshold of background 
18F-NaF uptake, measured at the cardiac silhouette of four mice, was 0.8 %ID/cc.

Histomorphometric analysis

Hearts (n = 9/group) were isolated, embedded in optimal cutting temperature compound, and 

10-μm cryosections were obtained. Aortic calcification was analyzed by segmenting alizarin 

red positive calcified regions using NIH ImageJ software. The mineral surface area index 

(perimeter/cross-sectional area) of individual calcium deposits was quantified using custom 

Matlab code (Mathworks, Natick, MA), as previously described [17].

Ex vivo μCT imaging of femurs

Femurs from each mouse were scanned utilizing a μCT scanner (μCT Skyscan 1172; 

Skyscan, Kontich, Belgium) at 55kV, 181uA, and 20-μm resolution. Volumetric data were 

converted to DICOM format and imported into Dolphin Imaging software (Chatsworth, 

CA) to generate 3D and multiplanar reconstructed images. Analysis was performed using 

CT-Analyser (CTAn) software on transaxial datasets. ROIs of distal femur metaphyses 

included trabecular but excluded cortical bone. ROIs of the mid-shaft included the cortical, 

but excluded trabecular, bone. Grayscale thresholds for quantitation of structural parameters 

were determined using the thresholding algorithm within CTAn.
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Statistical Analysis

Values are expressed as mean ± SEM. Statistical analysis was performed with Prism 

software (GraphPad). For comparisons of fold-change, we used the parametric Student’s 

t-test (2-tailed, unpaired) where data were normally distributed per the Shapiro-Wilk test, 

otherwise we used the non-parametric Mann-Whitney test. For pre- and post-comparisons 

within the same group, we used a paired Student’s t-test (2-tailed) or the Wilcoxon matched-

pairs signed rank test. Pearson’s correlation was used to test strength of association. Values 

of p ≤ 0.05 were considered statistically significant.

RESULTS

In vivo μCT imaging of aortic calcium deposition following the 9-week exercise regimen

Representative images of microCT and microPET images of the control and treadmill 

groups are shown in Fig. 2A. In both groups, aortic calcification by microCT analysis 

progressed significantly with an approximately 25% increase over the study period (Fig. 2B, 

left and middle; p = 0.004). The fold change in the total aortic calcium content was similar 

between the two groups (Fig. 2B, right; p = 0.67), suggesting that exercise did not augment 

the progression of aortic calcification as assessed by μCT.

In vivo 18F-NaF μPET imaging of aortic calcium deposition following long-term exercise
18F-NaF tracer uptake was previously shown to adsorb onto the surface of vascular calcium 

deposits [18]. Thus, we analyzed 18F-NaF tracer uptake to assess exposed surface area of 

aortic calcium deposits in two ways: (1) normalized surface area (or 18F-NaF density), 

defined as 18F-NaF uptake as a percent injected dose of tracer normalized to deposit volume 

(%ID/cc) and (2) total surface area, defined as total 18F-NaF uptake as a percent of injected 

dose of tracer (%ID). Results showed that the fold change of the normalized surface area 

(18F-NaF density) was significantly lower over the study period in the exercise group than 

in the control group (Fig. 2C, left; p = 0.047), whereas the fold change in total surface area 

(18F-NaF content) was similar between the two groups (Fig. 2C, right; p = 0.15).

Effects of 9-week-long exercise on morphology of aortic calcium deposits by 
histochemical stain

At euthanasia, we analyzed the microarchitecture of calcium deposits by histomorphometry 

using Alizarin red staining of aortic root sections. Deposits appeared to be somewhat more 

scattered (“spotty”) in aortic root sections from the control group and more coalesced in 

those from the exercise group (Fig. 3A-B). Quantitative analysis also showed a decrease 

in the exercise group of a 2-dimensional index of surface area per deposit volume, the 

“mineral surface area index (MSI),” defined as total perimeter/total cross-sectional area in 

each section (Fig. 3C; p = 0.041). This is consistent with the observed changes in “18F-NaF 

density,” another measure of surface area per deposit volume.

Effect of aortic calcification on exercise capacity

Since exercise tolerance varied among the mice, we determined whether the exercise 

capacity, measured as total distance run, depended on the severity of aortic calcification. 
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In the exercise group, total distance run correlated inversely with both baseline and final 

aortic mineral content as measured by μCT (r = −0.76; p = 0.017; r = −0.78; p = 0.013, 

respectively) but was not correlated with baseline or final 18F-NaF uptake (r = −0.15, p = 

0.70; r = −0.23, p = 0.56, respectively).

Effects of long-term exercise on femoral trabecular bone

MicroCT analysis of femoral trabecular bone revealed that mice in the exercise group also 

had a lower specific bone surface compared with mice in the control group (41.9 ± 1.5 vs. 

48.2 ± 2.5; p = 0.046).

Effects of the 9-week exercise regimen on serum PTH levels

In the control group, serum PTH levels were not significantly different over the 9-week 

study period (Fig. 4A; p = 0.47). In the treadmill group, serum PTH levels increased 

significantly following the graded treadmill protocol intervention (Fig. 4B; p = 0.008).

DISCUSSION

The results of our study indicate that hyperlipidemic mice with aortic calcification subjected 

to a progressive exercise regimen undergo a change in the microarchitecture of their calcium 

deposits that may affect mechanical stability. Although the total amount of calcification, 

as measured by μCT, progressed similarly in the two groups, three independent measures 

of surface area per volume of mineral all consistently showed a decrease with exercise: 
18F-NaF density in the aorta, histological MSI in the aorta, and specific bone surface in 

femoral bone. These findings suggest that exercise reduces the amount of exposed surface 

area per unit of mineral volume in both aorta and skeletal bone.

A previous theoretical finite element analysis revealed that rupture (von Mises) stress 

increases at the surfaces of a rigid inclusion, such as a calcium deposit, embedded in a 

distensible material, such as vascular tissue [13], suggesting that the amount of surface area 

of calcium deposits relates positively with the risk of rupture. Clinical evidence is consistent 

with this theoretical analysis. First, it is known that a spotty pattern of calcium deposits, 

which has a higher surface area than a contiguous pattern, is associated with plaque rupture 

vulnerability, and it is now an established marker for “high-risk” plaque [19,20]. Second, 

clinical PET imaging studies show that plaque rupture vulnerability is identified by 18F-NaF 

uptake [21], which labels the exposed mineral surface area [18].

Given this evidence that mineral surface area promotes rupture risk, one would expect 

progression of vascular calcification, as in athletes, to increase mineral surface area and, 

thus, risk. Paradoxically, the athletes appear to have lower risk. One possible explanation 

is that progression of calcification can have opposite effects on surface area depending on 

whether mineral growth occurs by coalescence or by de novo formation of deposits arising 

at scattered sites. With coalescence, in a given unit of volume, larger mineral deposits 

eventually have lower surface area than smaller dispersed deposits (Fig. 5). In the present 

study, normalized mineral surface area increased in the control mice whereas it decreased 

in the exercised mice despite a similar progression of calcification based on μCT. A 

similar phenomenon, consisting of decreased normalized surface area despite progression of 
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calcification based on μCT, was found in our previous study of hyperlipidemic mice treated 

with intermittent PTH therapy [22]. Such findings may represent evidence for coalescence of 

calcium deposits.

The similar findings with exercise and intermittent PTH therapy may have a biological 

basis. Studies in both humans and mice show that PTH levels are transiently increased 

with exercise, depending on duration and volume. In humans, physical activity longer than 

40 minutes and with at least moderate intensity (> 45% VO2max) was found to cause a 

rise in serum PTH levels, whereas exercise of shorter duration or lower intensity did not 

[23]. In mice, a single, brief (30-minute) episode of treadmill exercise also led to a rise in 

serum PTH levels [24]. Consistent with this, our results show that the 9-week-long exercise 

regimen also increased serum PTH levels. Interestingly, Lee & Prisby found that treating 

mice with daily injections of PTH(1-34), an intermittent regimen, causes coalescence of 

mineral deposits in femoral bone marrow blood vessels [25]. Similarly, we recently reported 

that intermittent PTH(1-34) regimen altered the microarchitecture of aortic calcification by 

promoting the coalescence of calcium deposits [17].

The present study has limitations. The control mice were allowed to move freely in their 

cages, and the exercise regimen may not have been at an intensity comparable to that of 

elite athletes. It is possible that greater differences would be found between sedentary vs. 

athletic humans. It is also possible that coronary calcification would respond differently to 

exercise than aortic calcification. We chose to study calcification in the mouse aorta because 

it is similar in size to human coronaries; in addition, mouse coronary calcification is below 

the resolution of microCT and microPET imaging. Further, our measure of exercise capacity 

may have underestimated actual capacity for some of the mice, given that some were able to 

continue running at the end of some exercise sessions.

To our knowledge, this study is the first to show the effects of exercise on vascular 

calcification in mice. It is important to note that, even among elite athletes and subjects 

with high levels of exercise and fitness, CAC scores correlate with worsening cardiovascular 

outcomes [6,9,10]. Nevertheless, our findings suggest that exercise induces coalescence of 

aortic calcium deposits, which may render them less vulnerable to mechanical rupture than 

deposits in a “spotty” distribution, potentially through PTH.

New Knowledge Gained

Hyperlipidemic mice that underwent long-term, progressive exercise regimen on a treadmill 

had reduced normalized surface area of aortic calcium deposits, suggestive of a more stable 

microarchitecture. Total distance run correlated inversely with the severity of aortic calcium 

content in these mice. These findings may help explain the overall improved cardiovascular 

outcomes of endurance athletes, despite the signal towards a higher CAC score in this 

population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Experimental timeline.
Schematic of the timing of interventions for control and exercise groups. The diet was 

started at 10 weeks of age.
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Figure 2: In vivo imaging analyses of the effects of exercise on aortic calcium deposits.
(A) In vivo imaging analyses of the effects of exercise on aortic calcium deposits. (A) 

Vascular calcium deposits (white arrows) imaged by microCT and microPET in control 

and exercise mice at the start (pre) and end (post) of the 9-week period. (B) MicroCT 

analysis of total aortic calcium content (left and middle) and fold change in aortic calcium 

content (right) over the intervention period. (C) MicroPET analysis of the fold change in the 
18F-NaF density (left) and total 18F-NaF content (right) over the intervention period.
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Figure 3: Histological analyses of the effects of exercise on aortic calcium deposits.
(A-B) Alizarin red staining of representative aortic root sections. Arrowheads indicate small 

deposits (“spotty”) of calcification, and the arrow indicates a larger coalesced deposit of 

calcium mineral. Scale bar, 500 μm. (C) Mineral surface area index (MSI) of the control and 

exercise groups.
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Figure 4: Effects of exercise on serum PTH levels.
(A-B) Serum PTH was measured before (Pre) and after (Post) the intervention period.
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Figure 5: A diagram illustrating the concept of surface area index or 18F-NaF density.
As seen in this illustration, an increase in the size of round particles in a given space 

results in a local decrease in the surface area per volume of particles, i.e., surface area 

index (because volume increases more rapidly than area as radius increases). Conversely, a 

decrease in the size of particles has the opposite effect (not illustrated).
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