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Avalanches and power law behavior  
in aortic dissection propagation
Xunjie Yu1, Béla Suki2, Yanhang Zhang1,2,3*

Aortic dissection is a devastating cardiovascular disease known for its rapid propagation and high morbidity and 
mortality. The mechanisms underlying the propagation of aortic dissection are not well understood. Our study 
reports the discovery of avalanche-like failure of the aorta during dissection propagation that results from the 
local buildup of strain energy followed by a cascade failure of inhomogeneously distributed interlamellar collagen 
fibers. An innovative computational model was developed that successfully describes the failure mechanics of 
dissection propagation. Our study provides the first quantitative agreement between experiment and model 
prediction of the dissection propagation within the complex extracellular matrix (ECM). Our results may lead to 
the possibility of predicting such catastrophic events based on microscopic features of the ECM.

INTRODUCTION
Arterial dissection is a catastrophic event that may occur spontaneously 
or as a result of traumatic injuries in many arterial branches, including 
the aorta (1). It is characterized by the tearing of the intimal layer, 
which allows blood to enter between the lamellar layers of the aortic 
wall, resulting in the separation of the layers. A false lumen is formed 
in the separated media, which may narrow or occlude the true lumen. 
Because of diagnostic challenges, initial presentation of aortic dis-
section is missed in >30% of the cases (2). In the absence of inter-
vention, acute aortic dissections result in mortality up to 90%, with 
most deaths occurring within 48 hours of the onset of aortic dis-
section (3). Thus, acute aortic dissection is one of the most devastating 
cardiovascular diseases. Once initiated, the dissection propagates 
rapidly, leading to high morbidity and mortality. The mechanisms 
underlying the propagation of aortic dissection, however, remain to 
be understood.

Prior studies of the biomechanics of aortic dissections, both ex-
perimental and computational, focused on the blood pressure and 
energy required for the propagation of an existing dissection (4, 5). 
However, little is known about how aortic dissections propagate 
within the arterial wall, a highly inhomogeneous biological material. 
As an acute cardiovascular disease, aortic dissection is often associated 
with its rapid development, which presents substantial challenges in 
diagnosis and treatment. The sudden catastrophic nature of aortic 
dissections is largely unknown but may be similar to an avalanching 
behavior. Avalanches are events that are accompanied by a sudden 
transfer of energy or material with a wide range of magnitudes 
without a characteristic length scale (6). Avalanche behaviors have 
been found ubiquitously in nature, from sand piles (7), earthquakes 
(8), forest fires (9), neuronal assemblies (10), ciliary import (6), lung 
inflation (11), to cell microrheology (12). In an avalanching system, 
the energy or material accumulates gradually, driving the system to 
an unstable state. When a critical threshold is reached, the energy is 
released through avalanches of all sizes until the system returns back 
to a more stable state (13). Avalanching behavior is characterized by 
a power law distribution of avalanche sizes, exhibiting self-similar 

behavior over a wide range of scales. In this study, we hypothesized 
that aortic dissection propagates in an avalanche-like manner in-
volving cascade failures of structural units within the arterial wall.

Understanding arterial dissection requires an understanding of 
the structure of the arterial wall. The extracellular matrix (ECM) in 
the arterial wall, composed of elastic fibers, collagen fibers, and ground 
substances including glycosaminoglycans/proteoglycans (GAGs/PGs), 
largely determines the passive mechanical properties of the artery. 
In the aortic media layer, these ECM components, together with 
smooth muscle cells, are organized into lamellar units, which are 
considered as the functional units of the artery (14). The concentric 
layers of elastic lamellae are interconnected through interlamellar 
elastic and collagen fibers and smooth muscle cells (5). However, 
the elastic and collagen fibers are distributed predominantly parallel 
to the lamellar planes, with minor amounts of interlamellar fibers. 
Because of the laminated structure of the aortic media, a tearing of 
the intima may propagate parallel to the lumen, forcing the layers 
apart (15). To study the possibility of avalanches in aortic dissection, 
we used the peeling test since it is more suited to quantify the frac-
ture energy of the tissue (5). To this end, our study provides the first 
understanding of the mechanisms that govern the rapid propagation 
of aortic dissections.

RESULTS
To test our hypothesis that aortic dissection is due to avalanche-like 
cascade failures, we subjected aorta media samples to a slow peeling 
test that allowed us to mimic the propagation of aortic dissection. 
The peeling force F (normalized by the width of the sample) showed 
notable fluctuations for both circumferential (Fig. 1A) and longi-
tudinal samples (Fig. 1B). The mean force in the longitudinal di-
rection was statistically significantly higher (P = 0.0138) than that 
in the circumferential direction (fig. S1A and table S1), indicating 
anisotropic dissection properties of aortic media. Consistently, the 
dissection energy Wdissect in the longitudinal direction tended to 
be higher (P = 0.0611) than that in the circumferential direction 
(fig. S1B and table S1).

In all samples studied, the force traces during dissection prop-
agation were composed of a sharp initial increase, a jagged plateau 
region, and a sudden drop, marking the full separation of the sample 
(Fig. 1C). The plateau region displayed many sudden force drops of 
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various magnitudes. The size distribution of these force drops was 
calculated and presented in double logarithmical graphs in Fig. 1 
(D and E). The resulting probability density distribution of force 
drops showed a linear decrease implying a power law distribution 
over almost two orders of magnitude from 0.1 to 10 N/m. The power 
law distribution in the circumferential and longitudinal direction had 
an exponent b, defined as the negative slope of a straight line fit, of 
1.51 and 1.33 (P < 0.05), respectively (Fig. 1, D and E). The power 
law behavior implies that the force drops have no characteristic scale, 
and hence, the dissection process is not dominated by any specific 
length scale other than the system size, which is consistent with the 
force drops originating from avalanche failures of the material in the 
arterial wall. While the avalanche size is determined by the force drops, 
the avalanche duration is related to the displacement increment between 
two consecutive force drops. The dissection energy can be approxi-
mated by computing the triangular area enclosed by the avalanche size 
(force drop) and the displacement increment by which the avalanche 
advances. The probability density distributions of the displacement 
increments and dissection energy also follow a power law (fig. S2).

To investigate the microscopic structural origins of failures, multi-
photon images were taken at the separation point (Fig. 2, A and B), 

which showed interlamellar elastic and collagen fibers connecting 
the two elastic lamellar layers being separated. Compared with the 
dense elastic and collagen fibers that form the lamellar layers, inter-
lamellar fibers are more sparsely arranged, and their distributions 
are highly nonuniform in density and orientation (Fig. 2, C and D). 
This suggests that the local interlamellar resistance to layer separation 
could vary markedly during the peeling process. From the side view, 
the cross section of two adjacent lamellar units being separated formed 
the V shape of the dissection front (Fig. 2, E and F). The elastic 
lamellae are bent because of the pulling from the interlamellar collagen 
and elastin fibers. In circumferential dissection, only two adjacent 
layers can be seen to be involved, indicating that the dissection propa-
gates mainly between the two adjacent layers (Fig. 2, A, C, and E). In 
longitudinal dissection, however, multiple lamellar units are involved 
(Fig. 2, B, D, and F), suggesting that the dissection may separate 
several lamellar layers during its propagation. This is another evi-
dence of the anisotropic dissection property of the arterial wall apart 
from the different peeling forces in the circumferential and longi-
tudinal directions.

To understand the contribution of ECM components to the power 
law behavior and the associated avalanches, the force drops were 

Fig. 1. Power law behavior in dissection propagation within the aortic media. Peeling force (force per unit width) versus displacement for (A) circumferentially oriented 
aortic media and (B) longitudinally oriented aortic media (n = 6). The thick curve characterizes the arithmetic mean response. Inset figure shows schematic drawings of 
the peeling test experimental setup before loading and right before full separation. L is the effective length of the tissue, and l is the length of the tissue right before 
separation. (C) Representative peeling force (force per unit width) versus displacement curve showing the fluctuating force profile during peeling test. Force drop was 
calculated as the difference between the peak and following valley. Probability density distribution of the force drops in dissection propagation within the media, 
GAG-depleted media, and purified elastin samples in (D) the circumferentially oriented samples, and (E) the longitudinally oriented samples. Straight lines in (D) and (E) 
represent linear fits to the experimental data in double logarithmical graphs, and b is defined as the negative slope of a straight line fit. Here, subscripts C, GC, and EC 
represent the media, GAG-depleted media, and purified elastin, respectively, in the circumferential direction; subscripts L, GL, and EL represent the media, GAG-depleted 
media, and purified elastin, respectively, in the longitudinal direction.
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calculated from the peeling test of GAG-depleted media and puri-
fied elastin (Fig. 1, D and E). GAG depletion leads to similar dissection 
behavior as the control media (fig. S3, C and D) albeit with higher 
dissection force and energy (fig. S1, A and B) and an increase in 
dissection energy in the circumferential direction being significant 
(P = 0.0478). Although the power law behavior remained in the 
GAG-depleted media, there was a slight decrease in the power law 
exponents to 1.27 (P = 0.0004) and 1.20 (P = 0.024) in the circum-
ferential and longitudinal direction, respectively. This suggests that 
the mechanism of failure is related to other components of the arterial 
wall such as collagen and/or elastin. Further experiments with purified 
elastin network, in which both collagen and GAGs were removed, 
resulted in significant decreases in both dissection force and energy 
(P < 0.0001; fig. S3, A and B, and table S1). The power law expo-
nents increased to 3.00 in the circumferential direction and 2.22 in 
the longitudinal direction, both of which were significantly higher 
(P < 0.0001) than those of the intact aortic media (Fig. 1, D and E). The 
drastic increase in the exponents and the associated reduced sizes 
in the avalanches provide evidence that the interlamellar collagen 
fibers play a dominant role in maintaining the integrity of the ar-
terial wall.

To further determine the mechanism that governs the dissection 
process, a finite element model capturing the dissection propagation 
in the peeling test was created that included discrete interlamellar 
connecting fibers with material properties similar to those of collagen 
fibers (Fig. 3A). During layer separation, avalanches were generated 

when interlamellar fibers were gradually stretched until failure. The 
V shape of the dissection front was also captured by the model 
(Fig. 3B). The force displacement curve in the longitudinal direction 
was higher than that in the circumferential direction, indicating 
higher separation force (Fig. 3C), which is in accord with the obser-
vations from the controlled peeling test (fig. S1A). The corresponding 
distribution of the force drops from the model is also consistent with a 
power law in both circumferential and longitudinal directions, with 
exponents of 1.52 and 1.34, respectively (Fig. 3D). These exponents 
agree very well with those from the experiments [1.51 and 1.33 in 
the circumferential and longitudinal directions, respectively, as shown 
in Fig. 1 (D and E)]. When elastic fibers were introduced into the 
model, the power law distribution remained roughly the same (fig. S4).

Both structural and mechanical inhomogeneities were introduced 
into the finite element model through considering the randomness 
in fiber density, orientation, and strain at failure. The model success-
fully captured the avalanche behavior during the propagation of 
aortic dissection (Fig. 3D). To pinpoint the origin of the power law 
behavior and exponents, mechanical and structural inhomogeneities 
were selectively eliminated from the model. When mechanical in-
homogeneity was eliminated from the model by assuming uniform 
fiber failure strain for all interlamellar collagen fibers, the power law 
distribution of force drops maintained the same exponent of 1.51 
(Fig. 4A). However, when structural inhomogeneity was eliminated 
by having evenly spaced parallel interlamellar fibers between the 
adjacent elastic lamellae, the power law behavior completely dis-
appeared (Fig. 4A), indicating that structural inhomogeneity is the 
ultimate source of the power law behavior in delaminating the 
lamellar layers.

The model also reveals an interesting interplay between the 
mechanical properties of interlamellar fibers and the lamellar layers 
in the propagation of lamellar layer separations. When the shear 
modulus of the bulk tissue was increased from 180 to 360 kPa, the 
power law distribution of force drops remained, but the exponent 
increased with shear modulus, from 1.18 to 1.67 (Fig. 4B). When 
the mean strain at failure increased from 0.05 to 0.30, the exponent 
showed a decreasing trend, mainly between failure strains of 0.1 and 
0.25 (Fig. 4C).

DISCUSSION
Acute aortic dissection occurs within 2 weeks of onset with approxi-
mately 65 to 75% death rate without treatment (16). In particular, 
aortic dissections are so catastrophic that about 20% of patients die 
before reaching a hospital (17). In DeBakey’s classification, type I 
aortic dissection, which is the most frequent aortic dissections 
(accounting for about 60 to 70% of incidence) and is of higher risk, 
originates in the ascending thoracic aorta and often quickly advances 
through the entire aorta (18, 19). In this study, we found that the 
dissection propagates in avalanches. An important characteristic of 
an avalanching system is the broad distribution of the event sizes 
that results from a gradual buildup of stress at the front of the dis-
section followed by a sudden rupture and energy release via an 
avalanche. In aortic dissection, avalanches can produce force drops 
with magnitudes spanning over almost two decades, which break the 
interlamellar bonding and advance the front of dissection through 
the adjacent layers of lamellar units. This may provide an explanation 
for the rapid propagation of the aortic dissection throughout the entire 
aorta. Avalanche behavior has been reported for other materials with 
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Fig. 2. Multiphoton images of dissected aortic media at the dissection front. 
Three-dimensional reconstructed images of (A) circumferentially oriented and 
(B) longitudinally oriented dissected sample. Two-dimensional view in the xy- and 
yz-planes for (C and E) a circumferentially oriented sample, in which two adjacent 
lamellar layers are being separated, and (D and F) a longitudinally oriented sample, 
in which multiple lamellar layers are involved. Collagen fibers are shown in red and 
elastic fibers in green. Interlamellar fibers can be seen connecting the two lamellar 
layers that are being separated.
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fibrous microstructure, such as wood, fiber glass, and paper, with 
unique exponents that characterize the probability of microfractures 
(20–22). However, to our knowledge, this is the first study to report 
fracture-related avalanches in a biological material.

The adjacent elastic lamellar layers are connected by interlamellar 
elastic and collagen fibers (Fig. 2), which are the key elastic elements 
contributing to the force development during lamellar separation. 
The interlamellar fibers also play an important role in transferring 
the transmural stress across the wall (23). In the force displacement 
curve, the fluctuating force profile of individual samples in Fig. 1C 
originates from the failure of nonuniformly distributed interlamellar 
fibers. Each force drop corresponds to one small avalanche or micro-
failure that may be composed of multiple fibers rupturing simulta-
neously. From the estimation of interlamellar fiber strength, it is 
unlikely that a single microfailure corresponds to the failure of an 
individual interlamellar fiber (24). Rather, the microfailure is likely 
due to a group of inhomogeneously arranged interlamellar collagen 
fibers rupturing in a single avalanche. When dissection advances 
between the lamellar layers, the interlamellar fibers are stretched 
and store more elastic energy. Consequently, stress concentration 
gradually builds up at the front of the dissection. When the strain 
in an interlamellar fiber reaches its failure limit, the fiber fails, 
and the load it carried before rupture is redistributed among 
the neighboring intact fibers. Since the failure threshold of the 
fibers is similar, failure of a single fiber can immediately stretch 
more fibers beyond their failure threshold. Consequently, these 
neighboring fibers will also fail in a rapid succession, generating an 
avalanche.

The exponents of the power law distribution of the force drops 
during lamellar dissection are within the range of avalanche behavior 
in the model of self-organized criticality (25). Systems with the ability 
to self-organize to criticality have a potential for extreme behavior, 
which, in our study, would be the avalanche-like macroscopic layer 
separation in the arterial wall. Several computational models have 
been proposed to study the power law behavior (25–28). However, 
computational models are often oversimplified, and their exponents 
may not match those found in experimental studies (20). In this study, 
to simulate the peeling process and recapitulate the power law dis-
tribution, we created a finite element model that considers the con-
tribution of discrete interlamellar collagen fibers. The particular 
composition of the interlamellar fibers in the model was based on 
our experimental data from GAG-depleted and purified elastin 
samples, suggesting that, by far, the contribution of collagen dominates 
the avalanche behavior (Fig. 1, D and E). A previous study also showed 
no significant difference in dissection energy when elastin was removed 
from the media (29). The inhomogeneity of the interlamellar fibers 
was included by introducing the randomness in the interlamellar 
fiber orientation and density, as well as the failure strain. Compared 
with earlier statistical models of parallel fiber bundles (26), this in-
homogeneity was introduced along the propagation direction of the 
dissection. The model simulated the controlled peeling process in 
the experiment by separating the media from the interlamellar space 
(Fig. 3, A and B). When the dissection propagates through the region 
where the interlamellar fibers are distributed sparsely, the fibers break, 
generating discrete force drops (Fig. 1C). The resistance against the 
advance of a crack in the material gradually builds up when the 
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Fig. 3. Power law behavior of dissection propagation simulated using a finite element model considering the discrete interlamellar collagen fibers. (A) Finite 
element model showing the two media strips connected via discrete interlamellar collagen fibers. (B) Engineering strain in the interlamellar fibers during dissection 
propagation. Fibers that reached failure criteria were automatically removed from the model. It can be seen that the fibers exactly at the front of the separation are the 
most stretched. (C) Peeling force (force per unit width) versus displacement from the finite element simulation. (D) Probability density distribution of the force drops in 
dissection propagation within the aortic media from simulations. Straight lines represent linear fits to the model results in double logarithmical graphs, and b is defined 
as the negative slope of a straight line fit. Here, subscripts MC and ML represent the model results in the circumferential and longitudinal directions, respectively.
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dissection front reaches a region where the interlamellar fibers are 
more densely distributed. Moreover, the angled interlamellar fibers 
can reorient and stretch during the separation before the deformation 
exceeds their failure strain (Fig. 3B), which increases the force re-
quired to propagate the dissection. When the fibers at the dissection 
front fail, the dissection advances easily through the neighboring 
scattered fibers, creating successive avalanches.

ECM fibers in the arterial wall are structurally and mechanically 
inhomogeneous. Both mechanical and structural inhomogeneities 
were found to control the peeling strength and the resistance to de-
lamination (30, 31). In our model, the mechanical inhomogeneity is 
reflected in the random failure strain of interlamellar fibers. The 
variance of failure strain of elastic and collagen fibers have been ob-
served in tensile tests of a single fiber (32, 24). Our study (Fig. 4A), 
along with others (26), showed that the power law distribution does 
not depend on the mechanical inhomogeneity. The structural 
inhomogeneity is present as a nonuniform spatial distribution of 
interlamellar fibers, in terms of the fiber density along the dissection 
direction, as well as their orientation with respect to lamellar layers. 
The structural inhomogeneity can be observed in multiphoton 
images at the dissection location during controlled peeling (Fig. 2). 
Our study showed that structural inhomogeneity is the underlying 
mechanism of the avalanche behavior in the propagation of aortic 

dissection (Fig. 4A). In other words, this random structural arrange-
ment in interlamellar fibers is the source of the generated avalanches of 
energy release, or force drop, on a wide range of scales (Fig. 1, D and E).

The anisotropic mechanical properties of the arterial wall were 
considered through different shear moduli in the circumferential and 
longitudinal directions and resulted in slightly different power law 
exponents in the two directions (Fig. 3D). With stiffer tissue, the 
forefront of interlamellar fibers at the separation point were more 
likely to be fully engaged than fibers further away from the forefront 
and the fibers within the lamellar layers (Fig. 2, A and B). This then 
decreased the probability of higher force drops and resulted in smaller 
avalanches and a larger power law exponent (Fig. 4B). When the 
failure strain of fibers increased, however, more interlamellar fibers 
were engaged before failure. As a result, the probability of higher 
force drops increased, resulting in larger avalanches and a smaller 
power law exponent (Fig. 4C). Nevertheless, in both cases, the power 
law form of the distribution of the force drops was not affected.

The power law distribution of force drops is consistent in the aortic 
media and the GAG- depleted media samples, in both circumferential 
and longitudinal directions, although with slightly different exponents 
(Fig. 1, D and E). This suggests that the power law behavior is fun-
damentally associated with the structural organization of the aortic 
wall, regardless of the changes in its composition following GAG 
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Fig. 4. Effects of structural and material properties on the power law behavior. (A) Effects of structural and mechanical inhomogeneity on the power law behavior. 
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depletion. Recent studies pointed out that local accumulation of GAGs/
PGs could initiate aortic dissections by increasing the intralamellar 
swelling pressure and thus the intramural mechanical stress field 
(33, 34). Consistent with these previous suggestions, our results 
showed an increasing trend in energy required to propagate the dis-
section after the removal of GAGs (fig. S1).

It is interesting to point out that in aortic media, the average peeling 
force in our experiments was about 50 N/m (Fig. 1A). According to 
the Law of Laplace, a physiological blood pressure of 100 mmHg 
results in a wall tension of about 130 N/m in a lumen with a radius 
of 1 cm, which is more than twice the peeling force. Thus, when blood 
enters and accumulates within the interlamellar space, the physio-
logical blood pressure is high enough to propagate the lamellar layer 
separation. Also, although not fully understood at the moment, the 
pulsatile pressure in physiological conditions could potentially 
expedite the peeling process considering the complex interplay 
between the viscoelastic behavior of the arterial tissue and the inter-
mittent stress relief and rapid buildup associated with the pulsatile 
pressure.

The current study is conducted in normal tissue. Future work is 
needed to understand the dissection behavior in diseased tissue. 
Furthermore, only interlamellar elastic and collagen fibers were 
considered in the model. It would be interesting to incorporate the 
effects of smooth muscle activation and the presence of GAG pools 
(35) and in-plane fiber failure on the separation of lamellar layers 
(36), especially in studying diseased tissue.

CONCLUSION
Our findings provide evidence that aortic dissections propagate via 
avalanches of various sizes that follow a power law distribution. The 
avalanche behavior results from the local buildup of strain energy 
followed by a cascade of mechanical failures, a key component of 
which is the inhomogeneous spatial distribution of interlamellar 
collagen fibers in the aortic media. Our study further suggests that 
the interlamellar fiber inhomogeneity governs the rapid evolution 
of aortic dissection by avalanches. Thus, characterizing the ECM 
structural inhomogeneity in vivo with future imaging modalities may 
provide a useful index of the risk of developing dissections.

MATERIALS AND METHODS
Sample preparation
Porcine descending thoracic aortas were harvested at 12 to 24 month 
of age at a local abattoir and transported to the laboratory on ice. 
After removing the adhesive tissue and fat, samples were cut into 
strips with dimensions of about 40 mm by 10 mm with the long edge 
parallel to either the longitudinal or the circumferential direction of 
the artery. A total of 36 samples were obtained from six aortas. 
Among these 36 samples, 18 were in the circumferential direction, 
and 18 were in the longitudinal direction. The samples in each 
direction were then divided into three groups with n = 6 for each 
group. The adventitia was carefully removed to ensure that either 
side of the tear will have similar mechanical properties.

The first sample group was kept as control and underwent no 
treatment. The second group was subjected to an enzymatic treatment 
to remove GAGs (37). Briefly, samples were treated in 100 mM 
ammonium acetate buffer [(pH 7.0), hyaluronidase (2 to 5 U/ml), 
chondroitinase ABC, (0.025 U/ml), and heparinase (0.25 U/ml); 

Sigma-Aldrich #H3506, C3667, and H3917, St. Louis, MO] and gently 
agitated for 24 hours at 37°C to remove GAGs. The third group was 
subjected to a cyanogen bromide treatment to obtained purified 
elastin in which collagen, GAGs, and smooth muscle cells were removed 
(38). Samples were then rinsed and kept in phosphate-buffered saline 
for further mechanical testing and multiphoton imaging.

Peeling test
A small incision was made at the center of the media to initiate a 
failure. The samples were split at the incision to get two tongues of 
about 10-mm long and approximately equal thickness. Sandpapers 
were glued to both sides of the tongues to prevent slippage between 
the sample and the clamps. The two tongues were then clamped to 
the uniaxial tensile tester (Instron 5800) for peeling tests. The dis-
tance from the separation point to the other end of the sample, the 
effective length L (see the inset Fig. 1A), was measured using a digital 
caliper and summarized for all samples in table S1. The peeling test 
was then performed with an extension rate of 0.2 mm/s (39), during 
which the force and displacement were recorded. The mean peeling 
force value of each sample was calculated as the arithmetic mean of 
the force values in the plateau region divided by the width of the 
sample. The computed mean peeling force values were then averaged 
within the experimental groups to obtain the mean peeling force for 
each group (fig. S1A).

Dissection energy
Dissection energy, i.e., the energy required to propagate the dissection, 
was used to quantify the peeling properties of the samples (5). During 
the peeling process, the total external work in both directions can be 
calculated as

   W   ext  = 2Fl  

where F is the mean force per unit width, and l is the length of the 
tissue right before separation (Fig. 1A). The total work can be 
decomposed into two parts: the elastic stored energy and dissipated 
dissection energy. The dissection energy per reference area can then 
be determined as

   W   dissect  = ( W   ext  −  W   elastic  )/L  

where L is the effective length of tissue. By assuming a linear rela-
tionship between stress and strain, the elastic stored energy can be 
estimated as

   W   elastic  = F(l − L)  

where l − L is the change in tissue length. Additional details can be 
found from Sommer et al. (5).

Multiphoton imaging
A multiphoton microscopy system (Carl Zeiss LSM 710 NLO) with 
a 810-nm femtosecond infrared pulse laser excitation was used to 
generate two-photon excited fluorescence from elastin (525/45 nm) 
and second harmonic generation from collagen (417/80 nm) as in 
our previous study (40). The laser scanning system was coupled to 
an upright microscope with a 20× water immersion objective 
lens. A custom-built device was used so that the sample could be 
imaged at the dissection front during the peeling process. Samples 
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in circumferential and longitudinal directions were imaged with a 
field view of 425 m × 425 m to obtain an image stack of about 50 m 
in depth. Three-dimensional images were generated using Volume 
Viewer plugin (developed by K. U. Barthel) in Fiji (http:/Fiji.sc/Fiji; 
Ashburn, VA).

Finite element modeling
A finite element model was created to simulate the dissection pro-
cess in Abaqus 6.14. The model consisted of two pieces of lamellar 
layers (2-mm long, 5-m wide, and 50-m thick) with interconnecting 
collagen fibers. The element size for the lamellar layers is 0.01 mm. 
Neo-Hookean model was used to describe the mechanical behavior of 
the lamellar layers (41). Since the aortic media is stiffer in the circum-
ferential than in the longitudinal direction, the shear modulus in 
the circumferential direction was set to be 280 kPa while that in the 
longitudinal direction was 240 kPa. The distance between the two 
pieces of media was 20 m, which is a typical value for interlamellar 
distance (42). A set of 300 collagen fibers with a diameter of 1 m 
were generated and randomly attached to the two pieces of media to 
mimic the spatial arrangement of interlamellar fibers between adja-
cent lamellar layers. The orientation of interlamellar fibers was 
randomly generated following a uniform distribution from −60° to 
60° from the dissection plane. The collagen fibers were modeled 
with the following stress-strain relationship  = 5.4 × [Exp(5) − 1] 
MPa (43) where  is the stress, and  is the engineering strain. The 
strain at failure followed a uniform distribution from 0.107 to 0.207 
based on the reported tensile strength (24). In another model, 
100 interlamellar elastic fibers with 0.1 m in diameter (44) were 
generated and added to the interlamellar space following the same 
procedure. The elastic fibers had linear elasticity with a stiffness 
of 0.8 MPa and a failure strain following a uniform distribution 
from 0.9 to 1.1 (32). The interlamellar fibers were modeled with 
Timoshenko (shear flexible) beam elements (B21H). To simulate 
the layer separation process in the controlled peeling test, the two 
ends of media were prescribed to move away from each other 
horizontally until the two sides of the media separated. The peel-
ing force was computed as the sum of the reaction forces of all 
the nodes at the corresponding boundary. The shear modulus 
of the elastic lamellae, the mean failure strain, and the distribution 
of the interlamellar fibers were then varied to examine their effects 
on the power law behavior. The shear modulus of elastic lamella 
was varied from 160 to 360 kPa in 40-kPa increments. The mean 
failure strain of the interlamellar fibers was varied from 0.05 to 0.3 
with 0.05 increment.

Statistical analysis
Peeling forces and dissection energy were presented as means ± 
SEM. The force per unit width and fracture energy in each experi-
mental group were compared to the control group using Student 
unpaired t test. The power law exponents were obtained by fitting a 
straight line to each distribution on a log-log graph and compared 
by t tests, assuming that they were normally distributed and using 
the estimated variance from the linear regression. P < 0.05 is considered 
to be statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/21/eaaz1173/DC1

View/request a protocol for this paper from Bio-protocol.
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