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Abstract

Introduction: The annulus fibrosus (AF) of the Intervertebral disc (IVD) is composed
of concentric lamellae of helically wound collagen fibers. Understanding the spatial
variation of collagen fiber orientations in these lamellae, and the resulting material
anisotropy, is crucial to predicting the mechanical behavior of the complete IVD.
Methods: This study builds on a prior model predicated on path-independent dis-
placement of fiber endpoints during vertebral body growth to predict a complete,
three-dimensional annulus fibrosus fiber network from a small number of subject-
independent input parameters and vertebral endplate topographies obtained from
clinical imaging. To evaluate the model, it was first fit to mid-plane fiber orientations
obtained using polarized light microscopy in a population of bovine caudal discs for
which computed tomography images vertebral endplates were also available. Addi-
tionally, the model was used to predict the trajectories based on human lumbar disc
geometries and results were compared to previously reported data. Finally, the model
was employed to investigate potential disc-related variations in fiber angle
distributions.

Results: The model was able to accurately predict experimentally measured fiber dis-
tributions in both bovine and human discs using only endplate topography and three
input parameters. Critically, the model recapitulated previously observed asymmetry
between the inclinations of right- and left-handed fibers in the posterolateral aspect
of the human AF. Level to level variation of disc height and aspect ratio in the human
lumbar spine was predicted to affect absolute values of fiber inclination, but not this
asymmetry.

Conclusion: Taken together these results suggest that patient-specific distributions
of AF fiber orientation may be readily incorporated into computational models of the
spine using only disc geometry and a small number of subject-independent

parameters.
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1 | INTRODUCTION

The outer annulus fibrosus (AF) of the intervertebral disc (IVD) con-
sists of concentric lamellae composed primarily of type | collagen
fibers arranged in alternating right- and left-handed helices. The AF
maintains a robust connection between adjacent vertebral bodies
while constraining hydraulic swelling of the nucleus pulposus (NP) and
allowing flexibility of the spinal column. The layered structure of the
AF results in a high degree of mechanical anisotropy,* which is sensi-
tive to the relative orientations of the fibers in adjacent lamellae.
Understanding the spatial distribution of fiber orientations in the AF is
thus essential for predicting the mechanical behavior of the whole
disc.2™¢

While the fibers of the AF are often described as being oriented
at an inclination of 30° from horizontal, there have been numerous
observations of spatial variation.” ** In particular, it has been seen in
all species studied that fiber inclination is steeper relative to the trans-
verse plane in the inner AF than the outer. It has further been sug-
gested by our group that this radial trend is opposite of what would
be predicted in an AF optimized to contain NP swelling pressure.® Of
additional interest is the observation by Marchand and Ahmed that in
some parts of the human lumbar disc, specifically posterolateral, right-
and left-handed fibers do not have the same inclination angle.? Coin-
cidentally, this location experiences both the highest fiber strains'®
and highest incidence of herniation* in the disc. Typical measure-
ments of AF fiber inclination are destructive, depending on either

210 or high energy x-ray imaging.'®

visual inspection,*>*> histology,
Diffusion tensor magnetic resonance imaging has shown some prom-
ise for in-vivo fiber orientation measurement, but has so far required
higher magnetic fields than clinically practical.}>'” Taken together,
these findings suggest a sub-optimal material structure and raise
questions both about how it evolved and how it may be predicted and
incorporated into a subject-specific finite element model.

A growth-based model has recently been proposed to describe
the spatial distribution of fiber orientations in the AF.? Briefly, this
model assumes populations of right- and left-handed helical fibers in
the thin notochordal sheath, the end-points of which become
anchored into the developing vertebral bodies. As the spine grows,
these points move outwards radially and apart axially. Insertions of AF

fibers into the vertebral endplates®®-2?

suggest that fibers are unable
to re-orient through circumferential endpoint movement. As fiber
endpoint position is constrained, the model proposes a process that is
path independent. Thus, the distribution of fibers in any state
is dependent only on the geometry of that state. While this model has
been successfully used to describe mid-height fiber angle distributions
in mouse caudal, bovine caudal, and human lumbar discs, it has not
yet been applied to the full three-dimensional distribution. As both
axial variability in fiber orientation and areas of right- and left-handed
asymmetry have been observed in the human lumbar AF,*? a full
three-dimensional distribution of fiber orientations is essential for
understanding the role of material anisotropy in the mechanical func-
tion of the IVD.

The goal of this study was to test such a model's ability to gener-
ate a full, three-dimensional annulus fibrosus fiber network using only

vertebral endplate topographies obtainable through clinical imaging
and a small number of subject independent input parameters. This
study builds upon the growth-based fiber orientation theory by gener-
ating AF fiber trajectories along virtual lamellar surfaces, connecting
pairs of points on the superior and inferior vertebral endplates. The
model was first validated by generating fiber trajectories from com-
puted tomography scans of bovine tails and comparing predicted fiber
orientations to those measured via polarized light microscopy. The
objective of this portion of the study was to test the model's ability to
fit a data set from which vertebral endplate topographies and mid-
plane fiber angles are known for the same discs. The model was fur-
ther used to generate trajectories based on human lumbar disc geom-
etries, with comparison to previously published observations. Finally,
the model was used to probe potential variation in fiber angle distri-
butions depending on disc geometry. The objectives of this portion of
the study were to test the ability of the model to recapitulate
observed three-dimensional trends in fiber orientation in the human
AF and to test the degree to which they may be expected to vary with
geometric differences between individual discs. In addition to eluci-
dating the mechanisms through which the complex structure of the
AF forms, such a model will allow patient specific computational

modeling of the IVD with accurate anisotropic material behavior.

2 | METHODS

21 | Model development

A three-dimensional model was constructed in MATLAB (code pro-
vided in the supplemental material, Data S1) to produce a predicted
three-dimensional fiber angle distribution based on a pair of vertebral
endplate topographies and a minimal number of input parameters.
The model assumes that the disc in the early growth state is a uni-
form, thin-walled cylinder, with the circumferential positions of fibers
in the cylinder fixed where they intersect the vertebral endplates. The
circumferential distance between a fiber's superior and inferior end-
points is defined here as the fiber span angle. While fiber span angle
(Figure 1A) is assumed to remain the same in any given virtual lamella
it can change linearly from inner to outer AF. Thus, the fiber span
angle (6s) is defined as a function of nondimensional radial position
(ranging from zero at inner to one at outer) by span angle at the inner
virtual lamella (65), and fiber span angle slope (ABs). A positive value
of span angle slope indicates that fiber span angle increases from
inner to outer AF. During growth, anchored fiber end points were
assumed to move radially outward and axially apart as the spine grew.
The model assumes that fiber endpoint displacement is path indepen-
dent. As a result, fiber angle predictions will depend only on the
geometry of the disc in its current state, not any of the preceding
growth states. As the shape of the mature human lumbar disc is asym-
metric anterior to posterior, fiber angle predictions will depend on the
placement of the center axis from the early state to the mature state.?
In the present model this is accounted for by an origin shift in the
mid-sagittal plane, relative to halfway between the anterior-most and
posterior-most points in the outer annulus. Positive value of origin
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FIGURE 1 The model assumes that fibers originate in a thin-
walled cylinder with inner fiber span angle of 6, change of span angle
from inner to outer of ABs, and offset from mature center, O (A).
Upon growth, the fibers are projected in the curved plane of a virtual
lamella, from endplate to endplate across an angular span of 65 (B). By
unwrapping this lamellar segment into axial-circumferential
coordinates, the axial positions along the lengths of right- and left-
handed fibers are projected relative to inferior and superior elevations
(E; and E;, respectively (C). At any point (D). The right- and left-handed
inclination angles (¢, and @), respectively) can be used to calculate
fiber crossing angle (Pcrossing) and net fiber angle (@net).

shift indicates that the origin is shifted toward posterior and negative
indicates that origin is shifted toward anterior. These three parame-
ters, which are presumed to be subject independent, may be varied to
produce a best fit of fiber angle predictions to experimental values.
For a given set of parameters, the outer and inner AF cartesian coordi-
nates of a disc are converted to cylindrical coordinates relative to the

origin and fit using an 8th order Fourier series. A user-defined number

JOR SPit1€ue s MR

of virtual lamellae are then evenly distributed between inner and
outer AF, each also defined by an 8th order Fourier series. Both infe-
rior and superior endplates surfaces are smoothed using a Lowess fit
with a span of 10%. These virtual lamellae are used to homogeneously
predict right- and left-handed fiber distributions at defined points in
three-dimensional space. The current model makes no assumptions
about actual thickness or continuity of lamellae in the disc and
assumes that radial bulging between the endplates is small.

Around each virtual lamella, a series of 100 overlapping segments
with span angle, 65, are defined as shown in Figure 1B. For each seg-
ment, Delaunay triangulation of superior and inferior endplates is
used to interpolate intersections between the Fourier series describ-
ing the virtual lamella and the endplates at 50 points each. This seg-
ment is then unwrapped into axial-circumferential (z-c) coordinates.
A pair of fibers is then projected between opposite corners of the seg-
ment as shown in Figure 1C. First, the interpolated lines of inter-
section between the virtual lamellar profile and the inferior and
superior endplates are defined as elevations E; and E;, respectively.
The elevations of the right- and left- handed fibers (Eg and E;, respec-
tively) are then defined by Equations (1) and (2), where c is local cir-

cumferential coordinate.

- (Es(85) —Ei(0)), 1

Ei(c) =E5(0) — 5-(Es(0) —Ei(6s)). (2)

The fiber inclination angles for both right- and left-handed fibers
(o, and ¢, respectively) are calculated using Equations (3) and (4),
respectively.

9, = tan! <ER(C)>, (3)

o= tan 3 (1)), (4)

Inclination angles for fibers projected across each segment of the
virtual lamella are then transformed to global circumferential coordi-
nates and compiled. The values are interpolated onto an 20 x 100
grid covering the full virtual lamella and used to calculate net fiber
angle (¢,e) and fiber crossing angle (¢cossing) Using Equations (5) and
(6) (Figure 1D).

Pret =Pr — @1 (5)

Pcrossing = Pr + @ (6)

2.2 | Prediction of bovine fiber angles

The fiber projection model was first fit to experimental measurements

of mid-plane fiber crossing angles reported previously by Michalek.”
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FIGURE 2 From CT scans of bovine tails (A) stacks were
extracted around each disc (B) and digitized to generate three-
dimensional endplate contours (C).

Additionally, clinical CT scans of the five tails from which the discs in
that study were harvested had been obtained by Duclos et al. for the
measurement of muscle cross-sections.?? In the present study, those
scans (LightSpeed VCT, GE Healthcare, Waukesha, WI, with 0.3 mm
in-slice pixel size and 0.45 mm spacing between slices) were re-
analyzed as follows to obtain vertebral endplate surfaces.

Computed tomography scans were imported into MATLAB and
manually processed as follows. First, a lateral projection of the three-
dimensional image was used to identify a region of interest around a
particular disc (Figure 2A). A stack of sagittally oriented images in the
region of interest was then used to manually select points on
the proximal and distal endplates (Figure 2B). This process was then
repeated using a stack of coronally oriented images. These points
were used to generate proximal and distal endplate surfaces
(Figure 2C), which had an average of 309 coordinate points.

Sixteen discs (levels c1c2 through c5cé) from five tails were digi-
tized for endplate topographies. The outer AF profile was assumed to
be a cylinder with a diameter based on caliper measurement at the
time of dissection. The inner AF was defined as an ellipse in
the model, with dimensions taken from photographs of the transected
discs. Predicted fiber angles were calculated by dividing the model vir-
tual lamellae equally into three zones (inner, middle, outer) consisting
of 10 virtual lamellae each. Posterior, anterior, and lateral regions
were defined by dividing the virtual lamellae into 90° segments. Mean

values of left-handed and right-handed fiber angles were calculated
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FIGURE 3 Representative human lumbar L4L5 disc (A) with
superior and inferior endplate surfaces isolated (B).

across each of the nine region-zone combinations to yield a total of
144 predicted average crossing angles.

Experimental fiber angles were measured by digitizing cross-
polarized micrographs of thin sections of AF taken from the inner,
middle, and outer zones of the posterior, anterior, and lateral disc
regions as previously reported’ similarly yielding a set of 144 experi-
mental crossing angles. As exact radial position or lamellar number of
the imaged slices was not recorded, they were assumed to be average
for their region and zone. Optimal values of origin shift, fiber span
angle at inner virtual lamella (Os)), and span angle slope (ABs) from
inner to outer AF were found by minimizing error between all
144 pairs of predicted and measured fiber crossing angles simulta-
neously using a simplex algorithm. Goodness of fit was assessed by

linear regression of predicted to measured fiber crossing angles.

2.3 | Prediction of human fiber angles

Human lumbar disc geometries were acquired from an online data-
base (BodyParts3D, © the Database Center for Life Science licensed
under CC Attribution-Share Alike 2.1 Japan). The human L4L5 disc is
shown in Figure 3A. The superior and inferior endplates (each consist-
ing of 1444 coordinate points) were manually separated from the rest
of the disc geometry as shown in Figure 3B.

The disc's outer AF profile was defined by identifying points in the
transverse plane lying within the outer edges of both endplates. The
innermost virtual lamella was defined by scaling down the outer profile
such that the NP covered 30% of the area of the disc. The AF was then
defined by 30 evenly distributed virtual lamellae. Net angles and cross-
ing angles were calculated by evaluating Equations (1)-(6) on these vir-
tual lamellae. Optimal values of origin shift, fiber span angle at inner

virtual lamella, and span angle slope from inner to outer AF were
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TABLE 1 Morphomet'ry of the four Disc Average height (mm) Anterior-posterior (mm) Lateral (mm) Aspect ratio (A-P/L)
modeled human lumbar discs.
L1L2 6.57 36.91 40 0.92
L2L3 7.08 35.53 42.77 0.83
L3L4 6.14 37.96 44.46 0.85
L4L5 8.35 37.55 47.45 0.79
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FIGURE 4 Height maps of four representative human lumbar 30k . . L . .

discs. Color bars indicate height in millimeters.

calculated by varying their values using a simplex algorithm in order to
minimize the error between model predicted right- and left-handed
crossing angle and observed fiber angles reported by Holzapfel et al.®
at the same 18 locations. While the endplate topographies of the disc in
that study are not available, it had an AP-Lateral aspect ratio of 0.72,

which is comparable to the modeled disc's aspect ratio of 0.79.

24 | Prediction of level effect

To study the effect of disc geometry, optimal model parameter values
found above were applied to three other lumbar disc geometries from
the database (L1L2, L2L3, L3L4). As the model described in Section 2.1
depends on both radial and axial positions of fiber endpoints, these discs
were chosen to represent a range of transvers-plane geometry, sagittal
plane wedging, and vertebral endplate concavity. A comparison of all four
discs average height (mm), anterior-posterior (A-P) length (mm), lateral-
lateral (L-L) length (mm), and ratio of A-P to L-L is shown in Table 1,

and surface plots of heights of all four discs are shown in Figure 4.

3 | RESULTS

3.1 | Prediction of bovine caudal AF fiber angles

Optimizing the model to experimental measurements made at approxi-
mately mid-height across the full set of 16 discs yielded best-fit values
of origin shift (O = 0.8 mm from the disc center toward posterior), fiber

30 40 50 60 70 80 90
Experimental Fiber Angle (°)

FIGURE 5 Comparison of mean experimental and model fiber
crossing angle values (+SD). Gray circles indicate all individual data
points. Dashed line indicates 1:1.

span angle at inner virtual lamella (65, = 62.1°), and span angle slope
(ABs = 70.7°). Predicted fiber crossing angles (mean + SD) at innermost,
middle, and outermost virtual lamellae were 77.0 + 5.8°, 55.6 + 4.6° and
41.3 + 1.7° respectively. Predicted net fiber angles at innermost, middle,
—-0.9 +6.3°
and —0.02 + 1.6°, respectively. As shown in Figure 5, the relationship

and outermost virtual lamellae were —1.0 + 5.4°,
between all pairs of observed and predicted fiber crossing angles was fit
by a 1:1 relationship with a coefficient of determination (R?) of 0.967.
This agreement was consistent across all areas of the disc.

The model was further used to predict variation of fiber angle with
axial direction at a given circumferential and radial location. There was
no clear pattern in the distribution of predicted net fiber angle in bovine
caudal discs. Fiber crossing angle values were maximum at the inner-
most virtual lamella as compared to the outermost virtual lamella as
shown in Figure 6. As expected, the nearly axisymmetric geometry of
the bovine disc resulted in small variations in predicted fiber angle
around the circumference of the AF along with minimal asymmetry
between inclinations of right- and left-handed fibers.

3.2 | Prediction of human lumbar AF fiber angles

Fitting of the model to experimental fiber angle measurements in a
human lumbar disc yielded optimal values of origin shift (O = 4.8 mm
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from the disc center toward posterior), fiber span angle at inner virtual
lamella (65 = 46.6°), and span angle slope (ABs = —1.7°). Contour
plots of crossing angle and net fiber angle and of human L4L5 lumbar
IVD using these best-fit parameters at three virtual lamellae (inner-
most, middle, and outermost) are shown below (Figure 7).

Predicted fiber crossing angles (mean + SD) at innermost lamella,
middle lamella and outer most lamella were 86.3 +21.2°, 66.5
+ 11.5°, and 56.1 £ 5.4°, respectively. Predicted mean net fiber angles
at innermost, middle. and outermost virtual lamella were 0.4 + 6.6°,
0.3 £4.3° and 0.4 + 3°, respectively. The results (Figure 7) show that
crossing angle values were maximum at the innermost virtual lamella
as compared to the outermost and highest in the posterior region in
all virtual lamellae. In general, crossing angle is predicted to vary more
about the circumference in the inner AF than in the outer and
more radially in the posterior than the anterior. Little variation in
crossing angle with height is predicted. The predicted net angle values
are maximum at the posterolateral region and are highest near the
endplates. Net fiber angle is predicted to vary more near the end-
plates than near the mid-plane and more in the inner AF than in the
outer. Note that while the range of net fiber angles in Figure 7 is from
—20° to 4+-20°, the similarly sized areas of positive and negative values
result in a mean across each virtual lamella close to zero (~0.4°).

A A L P L A

FIGURE 6 Contour plots of fiber
crossing angle and net fiber angle in
virtual lamellae of a representative bovine
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FIGURE 7 Contour plots of fiber
110 . . .
100 crossing angle and net fiber angle in
90 virtual lamellae of a representative L4L5
80 human IVD. A, L, and P indicate anterior,
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3.3 | Effect of disc geometry on prediction fiber
angles

Spatial distributions of model predicted crossing angle and net fiber
angle of human L1L2, L2L3, and L3L4 lumbar IVD geometries were
similar to those shown in Figure 7 and are provided in the supplemen-
tal material, Data S1. Box plots of crossing angle and absolute value of
net fiber angle of human four lumbar IVDs at three zones (inner, mid-
dle, outer virtual lamellae) are shown in Figures 8 and 9, respectively.
While a substantial variation between levels was predicted, a clear
trend from superior to inferior lumbar spine was not. At all levels, the
median value of crossing angle was predicted to be highest at the
inner zone, decreasing from inner to outer (Figure 8). Overall, in each
zone, L4L5 had the highest predicted median crossing angle (Figure 9).

4 | DISCUSSION

The results confirm that the model can fit the radial trend in mid-plane
fiber inclination in a set of bovine IVDs, for which endplate topogra-
phies are known, using a small number of subject-independent model
parameters which represent the fiber distribution in an immature,
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future implementations of the model by adding stochastic terms to
local fiber orientations. Other degenerative effects, such as height loss
are incorporated into the model implicitly. While radial bulging was
assumed to be minimal in this model, we have previously shown°

that accounting for it changes best-fit parameter values, but not the

Prior application of the growth-based model to bovine tail discs in
two dimensions found a best-fit value for angular span, 6s, to be a
constant 55.8°, which is considerably lower than the range of 62.1°

(inner) to 132.8° (outer) in the present study. This is a direct result of
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FIGURE 9 Box plots of net fiber angle values of L1L2, L2L3,
L3L4, and L4L5 at three zones.

cylindrical state (65; and ABs) and the location of the cylinder's axis rel-
ative to the axis of the mature spinal column (O). Furthermore, the
model was able to recapitulate previously observed three-dimensional
attributes of fiber orientations in the human AF, including areas of
asymmetry between right- and left-handed orientations when simi-
larly fit to mid-plane measurements. Additionally, prediction of AF
fiber orientations in the human lumbar AF using a model predicated
only on vertebral body growth supports our previous findings'® sug-
gesting that the orientations of fibers in the mouse caudal AF are not
optimized to resist loading.

The present model generates a homogenous distribution of right-
and left-handed fiber orientations. There are some additional attri-
butes of the AF fiber arrangement that are not addressed directly.
Most notably, the actual AF is separated into unidirectional lamellae,
which vary in both thickness’” and continuity.'?> Additionally, the
model produces mean fiber orientations, about which there may be
localized variability due to both fiber crimping?® and derangement

during disc degeneration.?* These effects may be accounted for in

the prior study using an estimated constant disc height value of 5 mm,
while the present study used radiographically measured heights,
which ranged from 5.8 to 8.5 mm. Additionally, the prior two-
dimensional model suggested that the same constant angular span of
55.8° could be applied to human lumbar discs. However, best-ft
values for a human lumbar disc using the three-dimensional model
range from 46.6° (inner) to 44.9° (outer).

The present three-dimensional model predicts a much larger pos-
terior shift in origin position (relative to disc center where disc center
was halfway between the anterior and posterior) in the human lumbar
disc than in bovine caudal. This is consistent with a requirement for
more asymmetric growth in the human lumbar vertebra to account
for the neural foramen. Similarly, the model predicts larger asymmetry
between right- and left-handed fibers in human discs than in bovine,
arising from the more complex shape of the human disc. In particular,
prior work by Marchand and Ahmed*? observed this asymmetry in
the posterolateral aspect of the human lumbar disc, a phenomenon
recapitulated by the model.

Applying the model to representative human lumbar discs, it is
predicted that in all human disc levels, the fiber crossing angle
decreases from the inner zone to the outer zone as previously
observed,” and that the gradient from approximately 65° to 50° in the
anterolateral and posterolateral AF reported by Cassidy et al., falls
within our model predictions. While prior studies of fiber orientation
in human discs did not test the effect of level, the variability in pre-
dicted mean fiber inclination angle between disc geometries in this
study is comparable to that observed experimentally.!?

The proposed model assumes a radial gradient of fiber angles
separated into lamellae prior to vertebral body formation. Prior
imaging of fibers in the developing disc have placed the separation
into helical layers from the time of vertebral body condensation?®
to as late as locomotion.2® Stabilization of length to diameter ratio
in the growing notochord can, however, be used to infer helical pat-
terning at earlier time points,?” though this has not, to our knowl-
edge, been directly observed. The exact biophysical cues which
drive the formation of the lamellar structure of the AF remain an
important and understudied topic. A possible mechanism of how
this layered structure may arise is presented in Appendix. It should
be noted that the model has thus far been compared to fairly sparse
experimental data with nine locations each in 16 bovine discs and
18 locations in one human discs. Additionally, both experiments

employed destructive techniques, which may have introduced
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artifacts to the measurements. Further fitting to a more robust data
set may be required for further model refinement.

Overall, the results of this study confirm the hypothesis that the
three-dimensional fiber pattern of the intervertebral disc annulus
fibrosus results from the growth of the spinal column. The proposed
origin of the model input parameters at the early stages of growth
suggest that they may be subject independent. If so, this spatial pat-
tern may be accurately predicted by accounting for fiber deposition
during early development (represented by angular span and angular
span slope in the present model) along with the vertebral endplate
topographies and origin offset resulting from growth into the mature

spinal column.
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APPENDIX: APROPOSED MECHANISM FOR LAYERED HELICAL
PATTERNING IN THE DEVELOPING AF

The following proposes a qualitative model describing a potential pro-
cess through which cell proliferation on the surface of a cylinder sub-
jected to internal pressurization will result in a lamellar structure. It is
conceptually similar to the model previously proposed by Boyd to
describe layered cellulose fiber deposition in plant cell walls?® and
presumes that cell proliferation on the surface of the developing noto-
chordal sheath is guided by strains resulting from hydraulic swelling of
the notochord.

As schematically represented in Figure A1, the magnitude and the
polar distribution of axial strains in a biaxially loaded tissue are dic-
tated by both the magnitudes of applied stresses (04, 0,) and material
anisotropy driven by aligned fibers. For a given state of plane stress,
peak strain in an isotropic material will correspond to the direction of
the first principal stress (o4). Addition of a low density of aligned fibers
will stiffen the tissue in the fiber direction, resulting in an increase in
peak strain with a shift in direction toward that perpendicular to the
fiber orientation. A high density of aligned fibers will increase material
anisotropy, bringing peak strain orientation closer to perpendicular to
fiber orientation. It is assumed here that AF progenitor cells behave as
fibroblasts and may be aligned by either linear surface patterning or
by axial strain. Below a threshold axial strain cells proliferating on the
surface of the cylinder will align with orientation of surface fibers, and
above it they will align with the direction of peak strain.2’ These sim-
ple assumptions, applied to the osmotic swelling of a cylinder, are suf-
ficient to produce the AF structure through the process described
below and shown in Figure A2.

Upon initial closure of the notochordal sheath (Figure A2A), cells
will form rings and begin depositing extracellular matrix fibers in a
shallowly pitched winding around the circumference,?” resulting in an
anisotropic material with a higher elastic modulus in the circumferen-
tial direction than in the axial. Osmotic pressurization of the noto-
chord will thus result in axial elongation (Figure A2B), which will pull

t.2% Deposition of

the circumferential fibers into a helical arrangemen
subsequent fibers will follow those of the existing substrate, however,
increasing material anisotropy will cause osmotic pressure to deform
the cylinder into a corkscrew shape (Figure A2C) with handedness
opposite to that of the dominant fiber orientation. In the illustrated
example, the single population of left-handed fibers in (Figure A2B)
will result in a right-handed corkscrew in (Figure A2C). When strain
reaches a threshold value (Figure A2D), cells proliferating on the sur-
face begin to align with the direction of maximum strain, depositing a
new layer of fibers in a helical pattern with handedness opposite to
that of the layer below. In this case, that layer will be right-handed.
Deposition of fibers in this layer will reduce material anisotropy,
straightening the cylinder (Figure A2E,F). However, as fiber deposition
continues the material will become anisotropic again, causing the cyl-

inder to return to a corkscrew shape (Figure A2G), now of handedness
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FIGURE A1 Both magnitudes of applied principal stresses and
tissue anisotropy arising from density of aligned fibers dictate polar
distributions of axial strain.

FIGURE A2 Theoretical basis for the development of lamellar
pattern (A-H) followed by segmentation (l).

opposite to that of fibers in the second layer. As this cycle repeats,
the notochordal sheath will develop concentric layers with opposite
fiber handedness (Figure A2H). It should be noted that the point of
maximum distortion from cylindrical (Figure A2D), splitting of the sur-
face sheet may occur resulting in incomplete layers.'2 Continued elon-
gation of the cylinder during this cycle will result in a decrease in
helical pitch from the inner to the outer wall.22 While this process is
schematically represented as a semi-infinite cylinder in Figure A2,
layers may continue to accumulate after vertebral body condensations
begin to form.2> This may impose additional constraints on surface
strains. Within established layers, cell proliferation and fiber deposi-
tion will continue to favor the existing fiber orientation. Though this
process has not yet been corroborated experimentally, it is sufficient
to produce the immature state fiber angle distributions used in the
preceding model. Furthermore, the prior observation of more rapid
growth in diameter in the central portion of the notochord than
toward the ends,?®> then explains the discrepancy between best-fit

lumbar and caudal span angles in the model.
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