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Allometric scaling laws relate physiologic parameters to body
weight. Genetically modified mice allow investigation of allomet-
ric scaling laws when fundamental cardiovascular components
are altered. Elastin haploinsufficient (Elnþ/�) mice have reduced
elastin amounts, and fibulin-5 knockout (Fbln5�/�) mice have
compromised elastic fiber integrity in the large arteries which
may alter cardiovascular scaling laws. Previously published
echocardiography data used to investigate aortic and left ventric-
ular function in Elnþ/� and Fbln5�/� mice throughout postnatal
development and early adulthood were reanalyzed to determine
cardiovascular scaling laws. Aortic diameter, heart weight, stroke
volume, and cardiac output have scaling exponents within 1–32%
of the predicted theoretical range, indicating that the scaling laws
apply to maturing mice. For aortic diameter, Elnþ/� and Elnþ/þ

mice have similar scaling exponents, but different scaling con-
stants, suggesting a shift in starting diameter, but no changes in
aortic growth with body weight. In contrast, the scaling exponent
for aortic diameter in Fbln5�/� mice is lower than Fbln5þ/þ

mice, but the scaling constant is similar, suggesting that aortic
growth with body weight is compromised in Fbln5�/� mice. For
both Elnþ/� and Fbln5�/� groups, the scaling constant for heart
weight is increased compared to the respective control group,
suggesting an increase in starting heart weight, but no change in
the increase with body weight during maturation. The scaling
exponents and constants for stroke volume and cardiac output are
not significantly affected by reduced elastin amounts or compro-
mised elastic fiber integrity in the large arteries, highlighting a
robust cardiac adaptation despite arterial defects.
[DOI: 10.1115/1.4042766]
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Introduction

Allometric scaling laws describe the dependence of a biological
variable on body mass. The scaling laws are generally of the
form: Y ¼ Y0Mb, where Y is the biological variable of interest, Y0

is a scaling constant that depends on the organism, M is the body
mass, and b is the scaling exponent. West et al. developed a quan-
titative model for allometric scaling in the cardiovascular system
based on a space-filling fractal-like branching pattern, a size-
invariant unit for the final branch in the circulatory system, and
minimization of the energy required to distribute resources [1].
The predicted and previously observed exponents of the scaling
laws for the aortic diameter, heart weight, stroke volume, and car-
diac output are shown in Table 1. Numerous studies support the

cardiovascular scaling laws and scaling exponent values for a
variety of mammalian species [2–6].

Genetically modified mice allow investigation of the applicabil-
ity of allometric scaling laws when fundamental cardiovascular
components are altered. We previously showed that Murray’s
Law, which uses energy minimization principles to predict diame-
ters of branching vessels [7], is maintained in small, surface
arteries and veins of mice haploinsufficient for the elastin gene
(Elnþ/�) [8]. Elastin is a major extracellular matrix component of
blood vessels that provides reversible elasticity during the cardiac
cycle [9]. Elastin amounts decrease with vessel size [10], so small,
surface arteries and veins may be affected differently by reduc-
tions in elastin expression compared to large elastic arteries, such
as the aorta. The ascending aorta of Elnþ/� mice is smaller than
wild-type (WT) mice [11], prompting the hypothesis that cardio-
vascular scaling laws for the aorta may not be maintained in Elnþ/

� mice. Another genetically modified mouse model with normal
elastin amounts, but compromised elastic fiber integrity due to the
loss of fibulin-5 expression (Fbln5�/�), also has a smaller ascend-
ing aorta [12], suggesting that defects in the amount or integrity of
elastic fibers may affect aortic scaling laws.

Genetic mutations in elastin and fibulin-5 are associated with
supravalvular aortic stenosis [13] and cutis laxa [14], respectively,
in humans. Humans and mice with reduced amounts of elastin or
fibulin-5 have increased arterial stiffness, in addition to smaller
arteries [11,15–19]. Increased arterial stiffness is linked to an
increased risk of adverse cardiovascular events [20]. Arterial stiff-
ening increases cardiac afterload and may compromise cardiac
function. Hence, a lifetime of increased arterial stiffness due to a
genetic mutation in elastin or fibulin-5 may affect scaling laws for
cardiac parameters such as heart weight, stroke volume, and car-
diac output. To investigate how reduced amount or integrity of
elastic fibers affects allometric scaling laws in the cardiovascular
system, previously published echocardiography data for Elnþ/�

[21] and Fbln5�/� [16] mice during postnatal development and
early adulthood were reanalyzed as a function of body weight
throughout maturation. Fitted scaling exponents and constants for
cardiovascular parameters were compared to theoretical predic-
tions and to the values obtained from the respective WT control
mice.

Materials and Methods

Details of the mice and echocardiography protocols are pro-
vided in previous publications [16,21–23]. Briefly, male and
female Elnþ/�, Elnþ/þ, Fbln5�/�, and Fbln5þ/þ mice at ages 7,
21, and 60 days were examined using a Vevo 770 High Resolution
Imaging System (Visualsonics, Toronto, Canada) [16,21]. A 708
probe (max frequency¼ 82.5 MHz, axial resolution¼ 30 lm, lat-
eral resolution¼ 70 lm) was used for 7-day-old mice and a 707B
probe (max frequency¼ 45 MHz, axial resolution¼ 55 lm, lateral
resolution¼ 115 lm) was used for 21- and 60-day-old mice. Mice
were weighed, anesthetized with 1.5% isoflurane, and secured to
an imaging platform. Chest hair was removed with a chemical
depilatory cream. Body temperature was maintained with a heat
lamp (7 days old) or with a feedback controlled heating pad (21
and 60 days old). Mice were examined using standard echocardi-
ography protocols to determine aortic and left ventricular mor-
phology and function from early postnatal development to young
adulthood. For this study, previously published values [16,21] for
the ascending aorta inner diameter at systole (ASID), heart weight
(HW), stroke volume (SV), and cardiac output (CO) were plotted
against body weight (BW) on a log-log scale to investigate allo-
metric scaling relationships. Linear regression analyses were per-
formed in GRAPHPAD PRISM 6 software to determine the slope and
intercept of the fitted lines (equal to the scaling exponent and scal-
ing constant in the allometric scaling law, respectively), the 95%
confidence intervals (CIs), and significant differences between
groups (P< 0.05). The total number of mice included in each
group for each measurement is given in Table 1. As the
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measurements were either not significantly affected by sex or not
affected by sex when scaled by body weight, males and females
were combined as one group. Details of the number of males and
females in each group can be found in the original publications
[16,21].

Results and Discussion

Log-log graphs and linear fits for each cardiovascular parameter
versus BW are shown in Fig. 1 for Elnþ/� compared to Elnþ/þ

and Fbln5�/� compared to Fbln5þ/þ. The 95% CIs for the fitted
scaling exponents are shown in Table 1. The 95% CIs in Table 1
encompass the predicted and previously observed values for the
scaling exponents for 50% of the total measurement groups, and
the mean scaling exponents in Fig. 1 are within 1–32% of the pre-
dicted values. The results indicate that allometric scaling laws that
have been derived on theoretical principles [1] and experimentally
determined for various mammalian species [2–5] are applicable to
maturing mice. Differences between our experimental and pre-
dicted or previously observed scaling constants may be due to the
smaller range of body weight for maturing mice compared to that
for different species [24], variations in the scaling exponent for
inter-species versus intra-species comparisons [25], differences in
experimental conditions including the choice of anesthesia
[2,4–6], and limitations in measurement resolution of the ultra-
sound probes.

Reduced elastin amounts in Elnþ/� mice and compromised
elastic fiber integrity in Fbln5�/� mice affect the wall structure
and mechanical behavior of the large arteries [11,12,15,17,26].
Our previous work showed that ASID in Elnþ/� and Fbln5�/�

mice is smaller than the respective WT controls throughout post-
natal development and young adulthood [16,21]. Our current anal-
yses demonstrate that the alterations in ASID occur through
different mechanisms in the allometric scaling relationship for
each genetic model. For Elnþ/� mice, the ASID scaling exponent
(slope) is similar to Elnþ/þ mice, suggesting a similar change in
aortic size with increasing body weight, but the scaling constant
(y-intercept) is 10% smaller (P< 0.001), suggesting a different
starting point due to reduced amounts of elastin available to build
the aortic wall (Fig. 1(a)). For Fbln5�/� mice, the ASID scaling
exponent is 25% smaller than Fbln5þ/þ mice (P¼ 0.001), suggest-
ing a different change in aortic size with increasing body weight,
but the scaling constant is similar, suggesting a common starting
point (Fig. 1(b)). It may be that the physiological consequences of
compromised elastic fiber integrity do not become critical until
later in maturation when the hemodynamic forces (including
blood pressure and flow) reach a threshold value [16,27], necessi-
tating alterations in aortic growth or remodeling. ASID is meas-
ured at systolic pressure, so lower systolic blood pressures may

cause a smaller ASID. However, there are no differences between
Fbln5�/� and Fbln5þ/þ systolic blood pressure at each age [16]
and there is a 6–10% increase in systolic blood pressure for Elnþ/

� mice compared to Elnþ/þ at 21 and 60 days of age [15], indicat-
ing that the ASID differences are not due to reduced systolic
blood pressure.

There are no significant differences in the scaling exponent for
HW, but the scaling constant for Elnþ/� compared to Elnþ/þ mice
is 15% larger (P¼ 0.04) (Fig. 1(c)) and for Fbln5�/� compared to
Fbln5þ/þ mice is 48% larger (P¼ 0.02) (Fig. 1(d)) compared to
the respective WT controls indicating a shift in the organism spe-
cific starting point for HW, but no changes in the expected
increase with body weight when the heart must pump blood out of
a smaller, stiffer aorta. For the cardiac function parameters, SV
and CO have similar scaling exponents and constants for Elnþ/�

and Fbln5�/� mice compared to the respective WT controls
(Figs. 1(e)–1(h)), demonstrating that the left ventricle is able to
adapt and maintain normal systolic function despite genetic altera-
tions in elastin amount or integrity, a smaller aortic outlet, and
increased aortic stiffness [11,15–17]. The cardiac results are con-
sistent with our previous work that showed few significant differ-
ences in SV or CO, but a trend or significant increase in HW
between groups at each age [16,21].

Aortic stiffness depends on the wall material properties, geome-
try (diameter and wall thickness), and physiologic loading (blood
pressure). Although the ultrasound resolution is insufficient to
measure physiologic wall thickness in mouse aorta (expected to
be �35 lm [28]), we have measured the unloaded aortic wall
thickness in previous work. There are no differences in unloaded
wall thickness between Fbln5�/� and Fbln5þ/þ aorta at each
age [12]. There is a 10% decrease in unloaded wall thickness for
Elnþ/� aorta compared to Elnþ/þ at 60 days of age only [15]. As
discussed previously, systolic blood pressure is unaffected by the
loss of fibulin-5 [16] and is increased by elastin haploinsufficiency
at 21 and 60 days of age [15]. Coordinated changes in wall mate-
rial properties, geometry, and loading conditions, as well as the
definition of arterial stiffness being applied [29] will alter the
associated stiffness comparison. For a variety of stiffness defini-
tions, measured in vitro and in vivo, our group [11,12,15,16,21]
and others [17,26] have shown a consistent increase in arterial
stiffness due to the loss of fibulin-5 or haploinsufficiency of elas-
tin. Despite the increase in arterial stiffness and resulting
increased work load on the left ventricle, SV and CO are
unchanged in Elnþ/� and Fbln5�/� mice compared to the respec-
tive WT controls throughout maturation, demonstrating a robust
cardiac adaptation.

Clinical cardiovascular measurements are often scaled by body
size to aid in diagnostic and therapeutic decision making [30].
Mice are increasingly being used to investigate cardiovascular

Table 1 Allometric scaling exponents for cardiovascular parameters

Scaling exponent

Variable Predicted Previously observed Elnþ/þ Elnþ/� Fbln5þ/þ Fbln5�/�

Aortic diameter 0.375 0.360 [5] 0.380–0.423
(N¼ 65)

0.374–0.429
(N¼ 57)

0.400–0.479
(N¼ 46)

0.295–0.370a

(N¼ 42)

Heart weight 1.00 1.02 [2], 0.98 [6] 0.936–1.08
(N¼ 61)

0.860–1.02
(N¼ 57)

1.04–1.28
(N¼ 39)

0.924–1.10
(N¼ 43)

Stroke volume 1.00 1.05 [4] 0.875–1.09
(N¼ 51)

0.858–1.08
(N¼ 47)

1.01–1.26
(N¼ 37)

0.924–1.10
(N¼ 37)

Cardiac output 0.75 0.79 [2], 0.79 [4], 0.81 [6] 0.734–0.943
(N¼ 50)

0.770–1.04
(N¼ 47)

0.858–1.12
(N¼ 37)

0.835–1.10
(N¼ 37)

Predicted exponents for allometric scaling laws of the form Y ¼ Y0Mb for cardiovascular variables are from West et al. [1]. References for previously
observed values are provided individually. 95% CI intervals for the fitted scaling exponents from this study are presented. The number of mice used for
each group and measurement are shown.
aIndicates significant difference between Fbln5þ/þ and Fbln5�/� scaling exponents for ASID.
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disease mechanisms, hence understanding how cardiovascular
measurements in mice scale with body size is critical to interpret-
ing observed differences (or the absence of differences) in cardio-
vascular function. Allometric scaling analyses can identify factors

behind observed differences in cardiovascular measurements,
such as altered starting point (scaling constant) versus altered
growth or remodeling (scaling exponent) that may provide insight
into disease mechanisms and suggest interventional strategies.

Fig. 1 Experimental scaling laws for cardiovascular parameters in maturing mice. Log-log plots and linear regression
analyses of cardiovascular parameters versus BW for Eln1/2 compared to Eln1/1 (left column) and Fbln52/2 compared to
Fbln51/1 (right column) mice aged 7, 21, and 60 days. ASID (a, b), HW (c, d), SV (e, f), and CO (g, h) are shown. Best fit linear
regression equation and R2 are given for each group. * 5 P < 0.05 for Eln1/2 or Fbln52/2 compared to their respective WT
control for slope or intercept. Original data are from Le et al. [16,21].
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Conclusions

Allometric scaling laws for cardiovascular parameters can be
determined theoretically [1] or experimentally and are consistent
over a wide range of mammalian species [2–6]. Although the scal-
ing laws are generally applied across species, they can also be
applied to maturation within a species, such as from children to
adults [24]. This study shows that scaling laws for aortic diameter,
heart weight, stroke volume, and cardiac output in maturing mice
are consistent with theoretical predictions and previously pub-
lished values. The diameter scaling law for the ascending aorta is
altered through reduction of the scaling constant in Elnþ/� mice
and of the scaling exponent in Fbln5�/� mice, indicating a smaller
starting point for aortic size when less elastin is available and a
reduced growth rate or remodeling of aortic size when elastic fiber
integrity is compromised. The scaling constant for heart weight is
increased in Elnþ/� and Fbln5�/� mice, indicating a higher
starting point for heart weight when elastin amount or integrity is
compromised in the large arteries. Allometric scaling laws for
stroke volume and cardiac output are not altered in Elnþ/� and
Fbln5�/� mice, demonstrating that cardiac function is maintained
during maturation despite changes in aortic size and stiffness due
to elastic fiber defects.
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