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Nutrient and metabolite transport through the cartilage endplate (CEP) is important for maintaining
proper disc nutrition, but the mechanisms of solute transport remain unclear. One unresolved issue is
the role of dynamic loading. In comparison to static loading, dynamic loading is thought to enhance
transport by increasing convection. However, the CEP has a high resistance to fluid flow, which could
limit solute convection. Here we measure solute transport through site-matched cadaveric human lum-
bar CEP tissues under static vs. dynamic loading, and we determine how the degree of transport enhance-
ment from dynamic loading depends on CEP porosity and solute size. We found that dynamic loading
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Dl;lr?:mic loading significantly increased small and large solute transport through the CEP: on average, dynamic loading
Biotransport increased the transport of sodium fluorescein (376 Da) by a factor of 1.85 + 0.64 and the transport of a

large dextran (4000 Da) by a factor of 4.97 + 3.05. Importantly, CEP porosity (0.65 + 0.07; range: 0.47-
0.76) strongly influenced the degree of transport enhancement. Specifically, for both solutes, transport
enhancement was greater for CEPs with low porosity than for CEPs with high porosity. This is because
the CEPs with low porosity were susceptible to larger improvements in fluid flow under dynamic loading.
The CEP becomes less porous and less hydrated with aging and as disc degeneration progresses. Together,
these findings suggest that as those changes occur, dynamic loading has a greater effect on solute trans-

port through the CEP compared to static loading, and thus may play a larger role in disc nutrition.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Low back pain is the leading cause of disability and is closely
linked to disc degeneration. Although the onset and progression
of degeneration are multifactorial (Buckwalter, 1995), poor disc
nutrition is believed to be a key etiologic factor (Urban et al.,
2004) and is regarded as a major obstacle that limits the capacity
for regeneration (Huang et al., 2014). Due to the avascular struc-
ture of the disc, poor nutrition arises from inadequate nutrient
and metabolite exchange between the disc and its surrounding tis-
sues. Since the main pathway for entering nutrients and exiting
metabolites is through the cartilage endplate (CEP) (Maroudas
et al., 1975; Nachemson et al., 1970; Ohshima et al., 1989; Urban
et al., 1977), understanding the mechanisms of solute transport
through the CEP may provide insight into disc degeneration etiol-
ogy and inform strategies for enhancing transport to slow or
reverse degeneration.
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The mechanisms of solute transport through the CEP remain
unclear. One unresolved issue is the role of dynamic loading. In
comparison to static loading, dynamic loading is thought to
enhance transport by increasing convection (Schmidt et al., 2013;
Zhu et al., 2012). However, the CEP has a high resistance to fluid
flow (DeLucca et al., 2016; Rodriguez et al., 2011), which could
limit convection. Furthermore, the effects of dynamic loading com-
pared to static loading could depend on the porosity of the extra-
cellular matrix. For example, when the CEP matrix is highly
porous, solutes penetrate and diffuse within the matrix more freely
(Roberts et al., 1996; Wu et al., 2016), and thus, dynamic loading
may have a relatively small effect on transport. In contrast, reduc-
tions in CEP porosity, which occur due to changes in biosynthesis
(Antoniou et al., 1996) and which often coincide with increased
calcification (Benneker et al., 2005), could impair diffusion (Grant
et al., 2016). In those cases, dynamic loading may have a larger
effect.

To understand the role of dynamic loading, prior studies com-
pared small solute transport in animal discs between static and
dynamic loading conditions. An early study using dogs found that
dynamic loading from moderate exercise had an insignificant
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effect on net transport into the disc after 2 h (Urban et al., 1982).
Similarly, dynamic flexion/extension of rabbit spines revealed an
insignificant effect on solute uptake into the disc after 1 h (Katz
et al,, 1986). A more recent study using rabbits indicated that
low-rate dynamic loading enhanced transport into the disc at
5min (Gullbrand et al, 2015), but the net effect (16.8% vs.
unloaded controls) was relatively modest. However, those animals
have healthy CEPs with porosities (~0.70-0.80) at the upper end of
the range seen in adult humans (0.43-0.74) (Wu et al., 2016), and
thus, the effects of low CEP porosity on transport enhancement are
unclear. Likewise, because convection depends on solute size
(Albro et al., 2011; Ferguson et al., 2004), the relative influence
of CEP porosity versus solute size also remains unknown. To
address this, we measured the effects of dynamic loading on solute
transport through the human CEP, and we determined how any
transport enhancement from dynamic loading depends on CEP
porosity and solute size.

2. Methods
2.1. CEP sample preparation

Nine fresh cadaveric lumbar spines (age range: 38-73 years,
mean: 60.8 years) were obtained from donors with no medical his-
tory of musculoskeletal disorders (UCSF Willed Body Program).
Intact CEPs, including any calcified cartilage, were lifted from the
subchondral bone and trimmed of nucleus pulposus tissue with a
razor blade, using the relative difference in transparency between
the nucleus tissue and CEP as a guide (Wu et al., 2016). All CEP
samples were taken from the central region adjacent to the nucleus
pulposus. For every level and donor, the harvested CEP tissues
were prepared into site-matched pairs of circular samples using
a biopsy punch (4 mm-diameter), which resulted in 46 CEP sam-
ples (Table 1). In this way, each sample tested under dynamic load-
ing was compared to a donor-, level-, and site-matched control
sample tested under static loading.

2.2. Solute transport measurements

2.2.1. Static and dynamic loading

Since nucleus pressure compacts the CEP and leads to smaller
pore size and lower permeability (Ayotte et al., 2001; Dhillon
et al., 2001), we used a permeation test with a custom loading
apparatus (Fig. 1) to model this in situ condition. This allowed us
to precisely control the driving hydraulic pressure against the
CEP to match physiologic disc pressures. The upstream inlet of
the sample holder connected to a reservoir containing fluores-
cently labeled solutes (Cypstream =0.27 mM in PBS). The solute
reservoir was affixed in-line with the actuator of an ElectroForce
3200 load frame (TA Instruments, Eden Prairie, MN), which pres-
surized the solution by depressing a piston. Fluid and solutes
passed through the CEP and were collected in a chamber down-
stream containing 7 mL of PBS. For static loading experiments,

Table 1

Number and level of 46 human lumbar CEP samples used in the study.
Level CEP samples (n) Spines
L1-L2 superior 6 3
L1-L2 inferior 6 3
L2-13 inferior 10 5
L3-14 superior 8 4
L3-L4 inferior 4 2
L4-L5 inferior 4 2
L5-S1 superior 4 2
L5-S1 inferior 4 2
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Fig. 1. Schematic of apparatus for applying static and dynamic hydraulic pressure
to the CEP. The sample holder of the loading apparatus was comprised of upper and
lower plates that allow fluid flow through a 2 mm-diameter through-hole. The
piston connects to the actuator of a load frame, which maintains the desired
upstream pressures using feedback from a load cell.

we used a pressure magnitude (0.6 MPa) that is in the upper end
of the intradiscal pressure range measured during various static
sitting postures (Nachemson, 1966; Wilke et al, 1999); for
dynamic loading experiments, we applied a pressure range (0.6—
1.0 MPa) and sinusoidal frequency (0.5 Hz) similar to those mea-
sured in the disc during stairclimbing (Wilke et al., 1999). In each
test, fluid pressures were maintained by adjusting the piston posi-
tion using feedback from a load cell (Honeywell Sensotec; Colum-
bus, Ohio, Model 11; Supplement 2A). All loading experiments
were 80 min in duration, since pilot studies conducted to
120 min showed that increases in the downstream concentration
beyond 80 min were only about ~3-4%.

2.2.2. Flow rate estimates

During the loading experiments, the control software (WinTest
4.1; TA Instruments) continuously increased the piston displace-
ment to maintain the prescribed loads. These continuous piston
adjustments compensated for the load loss that would otherwise
have occurred as fluid flowed through the CEP (Supplement 2A).
Thus, the total change in piston displacement (Adpison) Over the
course of the 80 min test (At) was used to estimate the average
volumetric flow rate (Q) through the CEP according to the relation
Q = Adpiston " Apiston/ At, where Apiston is the cross-sectional area of the
piston (12.7 mm-diameter).

2.2.3. Fluorescently labeled solutes

To determine the effects of solute size, we conducted experi-
ments with two solutes having different molecular weights: a
376 Da sodium fluorescein salt (Cupstream =0.1 mg/mL, F3677
Sigma-Aldrich, St. Louis, MO) and 4000 Da fluorescein isothio-
cyanate (FITC)-dextran (Cypstream =1.1 mg/mL, 46944 Sigma-
Aldrich). These solutes were chosen because they span a range that
encompasses small nutrients (glucose = 180 Da) and growth fac-
tors (5000 to 10000 Da).

2.2.4. Solute transport measurements

To quantify solute transport through each CEP sample, aliquots
of the solution downstream from the CEP were collected at 0, 5, 10,
20, 40, and 80 min and assayed for solute concentration
(Caownstream)- Fluorescence measurements for each solute (376 Da:
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ex/em 460/515 nm; 4000 Da: ex/em 494/525 nm) were acquired
using a SpectraMax M5 spectrophotometer (Molecular Devices,
San Jose, CA), and were referenced to a standard curve of known
solute concentrations. Downstream solute concentrations were
normalized to the upstream solute concentrations (C = Caownstream/
Cupstream) for each sample to enable comparisons of solute transport
between loading conditions (static vs. dynamic) and solutes
(376 Da vs. 4000 Da). To determine specimen-specific transport
enhancement from dynamic loading, the normalized concentration
ratio for each CEP sample under dynamic loading was divided by
the normalized concentration ratio determined from its site-
matched control sample under static loading (6dynamic/éstatic)-

2.3. CEP biochemical composition and structure

2.3.1. Porosity and hydration

After loading, CEP porosity (¢") was determined using the
buoyancy technique (Gu et al., 1996, 2004), which gives an esti-
mate of the fluid volume fraction:

weight,.. — weighty,, O,
weight,,,. — weight,,. p,,

¢W = Vw/vtotul =

The dry weight (weighty,,), wet weight in air (weight,.) and the
weight in PBS (weight,,s) were measured using a semi-micro ana-
lytical balance fitted with a density kit. CEP hydration, i.e.
(weight.,e; — weightyn,)/weighty,, was also calculated (Supplement
2B).

2.3.2. Biochemical composition

Sulfated glycosaminoglycan (s-GAG) and collagen contents
were determined using dimethylmethylene blue and chloramine-
T assays (Supplement 2B), according to previous methods
(Farndale et al., 1986; Fields et al., 2014; Woessner, 1961).

2.3.3. CEP thickness

Prior to testing, the thickness of the CEP samples was measured
with a micrometer designed to sense the tissue’s electrical conduc-
tivity (Fields et al., 2014).

2.4. Statistical Analysis

We used a two-way ANOVA to evaluate differences in CEP char-
acteristics between samples tested with different loading condi-
tions and with different solutes. Un-paired two-tailed t-tests
were used to compare the average concentration ratios for static
and dynamic loading at each time point. Additionally, Pearson’s
correlation coefficients were used to analyze the role of CEP char-
acteristics in transport enhancement that was determined at the
end of the experiments. Un-paired t-tests were used to compare
transport enhancement between samples tested with different
solutes. All statistical analyses were performed using JMP Pro 14

Table 2
Comparison of compositional traits between CEP subgroups.
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(SAS Institute; Cary, NC). A p-value <0.05 was considered statisti-
cally significant. Data are given as mean * SD.

3. Results

Average compositional traits were similar for the statically and
dynamically loaded samples tested with a given solute (Table 2).
Average CEP porosity was 0.648 * 0.069 (0.47-0.76), which is typ-
ical of CEP tissues from 40—70 year-olds and is within the range of
previously reported values (Wu et al., 2016). Likewise, average col-
lagen content (681 + 171 pg/mg dry weight), average s-GAG con-
tent (103 31 pg/mg dry weight) and average CEP thickness
(0.676 £ 0.351 mm) were also within their respective ranges for
human lumbar CEP tissues (Berg-Johansen et al., 2018; Fields
et al., 2015, 2014; Roberts et al., 1989).

Analysis of the normalized concentration ratios (Cyownstream/
Cupstream) indicated that dynamic loading increased solute transport
for each CEP sample compared to its site-matched control tested
under static loading conditions. However, on average, the group
differences in concentration ratios between statically and dynam-
ically loaded samples were not statistically significant for the
376 Da solute because of the large heterogeneity in transport
within each group (p=0.306-0.880; Fig. 2A). For the 4000 Da
solute, average concentration ratios from dynamic loading were
significantly higher at 20 min and 40 min (p = 0.048; Fig. 2B). For
both loading conditions, average concentration ratios were signif-
icantly lower for the 4000 Da solute than the 376 Da solute at
the end of loading (static: p = 0.045; dynamic p = 0.016).

To investigate CEP-specific factors that influenced the relative
amounts of solute transport under dynamic vs. static loading, final
transport enhancement from dynamic loading was calculated for
each site-matched pair, and variations in transport enhancement
amongst the pairs were related to the average structural and bio-
chemical characteristics for each pair. Results showed that the
degree to which dynamic loading enhanced solute transport
depended on solute size and was most strongly correlated with
CEP porosity (Table 3). Specifically, final transport enhancement
ratios (fdynam,-c/fmn-c) ranged from 1.07-2.67 for the 376 Da solute
and 2.30-9.83 for the 4000 Da solute. Importantly, for both solutes,
transport enhancement was highly correlated with CEP porosity,
with the greatest enhancement occurring for the least porous
CEP samples (Fig. 3). Furthermore, in the CEP samples with low
porosities, the transport enhancement was notably higher for the
4000 Da solute than the 376 Da solute, although the difference
was smaller for higher porosity values (Fig. 3). On average, trans-
port enhancement for the 4000 Da solute was 2.7-fold greater than
the 376 Da solute (4.97 £ 3.05 vs. 1.85 £ 0.64, p < 0.002).

Transport enhancement for both solutes was also indepen-
dently correlated with CEP hydration (376 Da: r=-0.905,
p <0.0001; 4000 Da: r=-0.865, p<0.01). This finding reflected
the strong positive relationship between CEP hydration and poros-
ity (Fig. 4). For the 376 Da solute, transport enhancement was also
significantly greater for CEPs with lower s-GAG content (Table 3).

376 Da 4000 Da ANOVA p-value
Static (n=13) Dynamic (n=13) Static (n=10) Dynamic (n=10)
Porosity 0.652 +0.081 0.660 + 0.061 0.638 +0.061 0.638 +0.076 0.847
Hydration (mg water/mg dry wt) 1.605 + 0.441 1.666 + 0.404 1.585 £ 0.370 1.599 + 0.437 0.965
s-GAG (pg/mg dry wt) 104.0 £17.75 100.9 +22.30 103.6 £45.11 103.6 £42.01 0.995
Collagen (pg/mg dry wt) 692.6 + 156.3 701.8+167.2 659.9 +174.4 665.0 +208.3 0.930
Thickness (mm) 0.800+0.414 0.821+0.401 0.499 +0.130 0.503 +0.186 0.023

" p<0.05 for 376 Da vs. 4000 Da by post-hoc test.
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Fig. 2. Comparison of concentration ratios (Ciownstream/Cupstream) between static and dynamic loading at various time points during the loading experiments performed with
(A) 376 Da solutes and (B) 4000 Da solutes. * p < 0.05 static vs. dynamic unpaired t-test. Bars show mean#SD.

Table 3

Associations (Pearson’s correlation coefficient, r) between CEP compositional traits and transport enhancement values for a given solute.

Porosity Hydration s-GAG Collagen Thickness
376 Da Transport Enhancement -0.910* —0.905% —-0.601" —0.054 -0.311
4000 Da Transport Enhancement -0.939% —0.865" -0.138 0.086 0.201
* p<0.0001.
b p<o0.01.
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Fig. 3. Transport enhancement correlated significantly with CEP porosity for tests
using the 376 Da solute (p <0.0001) and the 4000 Da solute (p <0.0001). The
dashed line at y = 1 represents equivalent solute transport under static and dynamic
loading conditions. Solute transport enhancement (ﬁdynm,,ic/fsmm) from dynamic
loading was calculated at the end of the 80 min loading period. The linear equation
used to fit the 376 Da data is y = —9.2x + 7.9. An exponential curve was used to fit
the 4000 Da data because the slope of the relationship significantly decreases in
magnitude at porosities above 0.65. The equation of the exponential curve shown is
y = 2450%¢ 2995,

Neither collagen content nor thickness was independently associ-
ated with transport enhancement for either solute.

In general, downstream concentrations increased rapidly during
the first 20 min and then plateaued (Fig. 5), reaching final concen-
trations that were 0.001-0.01% of upstream values. For CEP sam-
ples with the highest porosities, solute penetration under static
loading occurred readily (Fig. 5A), and thus, dynamic loading led
to only small-to-modest transport improvements (376 Da: Cdynumic/
Cstatic = 1.07; 4000 Da: Caynamic/Cstaric = 2.30). In contrast, for CEPs
with the lowest porosities, solute penetration under static loading
was poor, and thus, the final downstream concentrations only
reached low values (Fig. 5B). In those cases, dynamic loading led
to greater improvements in transport (376 Da: CdynamiJ

CEP porosity

Fig. 4. CEP hydration (water content by weight) was significantly correlated
(p <0.0001) with CEP porosity (water content by volume).

Cytatic = 2.67; 4000 Da: @dy,,am,-c/fsmt,-c=9.83). These observations
were supported by fluid flow estimates, which showed large
increases in flow under dynamic loading (Fig. 5C).

4. Discussion

We measured the effects of dynamic loading on small and large
solute transport through human cadaveric CEP tissues, and we
determined how the degree of transport enhancement from
dynamic loading depends on CEP porosity and solute size. On an
individual basis, dynamic loading significantly increased transport
through each CEP sample compared to its statically loaded, site-
matched control. However, on average, the effects of dynamic load-
ing were obscured by CEP-specific characteristics. To investigate
these characteristics, we analyzed the transport enhancement val-
ues for site-matched CEP samples (Table 3). One important charac-
teristic that strongly influenced the degree of transport
enhancement was CEP porosity, which ranged from 0.47-0.76.
Specifically, for both 376 Da and 4000 Da solutes, transport
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Fig. 5. Downstream concentration ratios (Cgownstream/Cupstream) increased dramatically during the first 20 min and then plateaued. Final downstream concentrations were
0.001-0.01% of upstream concentrations. For CEPs with low porosity, solute penetration under static loading was so poor that convective pumping from dynamic loading
substantially increased solute transport. (A) Examples of solute transport kinetics through CEPs with high porosity (¢" =0.71 with 376 Da; ¢" = 0.68 with 4000 Da). (B)
Examples of solute transport kinetics through CEPs with relatively low porosity (¢" = 0.54 with 376 Da; ¢" = 0.59 with 4000 Da). (C) Flow rate estimates were significantly
correlated with CEP porosity (dynamic loading: r = 0.84, p = 0.001; static loading: r = 0.69, p = 0.018). The slowest flow rates calculated for low porosity CEPs were consistent
with the low concentration ratios measured for low porosity CEPs in panel (B). On average, the flow rate was an order of magnitude faster for dynamic loading compared to
static loading (6.2 +2.6 x 1072 m?/s vs. 4.7 2.4 x 107> m?[s, p < 0.001). Flow rate estimates were pooled from experiments performed with 376 Da and 4000 Da solutes.
The specimen-specific flow rate enhancement from dynamic loading (Quaynamic/Qstatic) Was greatest for the lowest porosity CEPs. For example, (Qaynamic/Qstacic = 18.5 for

¢ =0.55 and Quynamic/Qstaic = 11.3 for ¢* = 0.74).

enhancement was greater for CEPs with low porosities than for
CEPs with high porosities (Fig. 3). This is because the CEPs with
low porosities were susceptible to large improvements in fluid
flow under dynamic loading (Fig. 5C). Moreover, the transport
enhancement from dynamic loading had a greater effect on the
4000 Da solute than the 376 Da solute: dynamic loading signifi-
cantly increased 376 Da-fluorescein transport by up to 2.67-fold
compared to static loading and 4000 Da-dextran transport by up
to 9.83-fold. Transport of the 4000 Da solute through the CEP
occurred relatively slowly under static load (Fig. 2B), especially
in cases where CEP porosity was low (Fig. 5B). The CEP is an impor-
tant gateway for nutrient and metabolite exchange between the
nucleus pulposus and vertebral capillaries. Prior work indicates
that the CEP becomes less porous (Grant et al., 2016), less hydrated
(Antoniou et al., 1996; Maroudas et al., 1975), and less permeable
(DeLucca et al., 2016) with aging and as disc degeneration pro-
gresses. Taken together, our results suggest that as those changes
occur, dynamic loading has a greater effect on solute transport
through the CEP compared to static loading, and thus, dynamic
loading may play a larger role in disc nutrition.

Our experiments reveal that the degree to which dynamic load-
ing improves solute transport compared to static loading depends
on matrix porosity and hydration. Prior studies found that dynamic
loading had an insignificant effect on small molecule transport into
the disc in adult dogs (Urban et al., 1982) and rabbits (Katz et al.,
1986), which have healthy discs and CEP tissues. The present find-
ings similarly indicated that when CEP porosity was high, small
solute transport under static loading was appreciable, and thus,
dynamic loading led to relatively small transport enhancement
(average C‘dymmic/fsmﬁﬁ 1.25 for CEPs with ¢" > 0.70). However,
when the CEP was less porous, we found that dynamic loading
greatly increased small molecule transport (average ﬁdy,,am,-c/
Cstaric = 2.63 for CEPs with ¢* <0.60). In those cases, fluid flow
under static loading was relatively low, but increased dramatically
with dynamic loading (Qqynamic/Qstaric = 18.5 for¢"™ = 0.55, Qaynamid
Qstaric = 11.3 for ¢ =0.74). To understand the importance of fluid
flow in those cases, we estimated Peclet (Pe) numbers according
to the relationship Pe = UL/D (Jackson and Gu, 2009), where U is
the fluid velocity, L is the CEP thickness, and D is the solute diffu-
sivity (Supplement 2C). If Pe > 1, convection dominates transport,
whereas for Pe < 1, diffusion is more important. For the smaller
solute under static loading, estimated Peclet numbers ranged
between 3.28 and 4.83 (3.90 £ 0.74); for dynamic loading between
46.41 and 74.98 (70.35 + 19.47). This suggests that dynamic load-

ing improves solute transport by enhancing convective transport,
and that convection may be the dominant mode of transport, even
under static loading of this magnitude. On the basis of these find-
ings, it appears reasonable to hypothesize that convective trans-
port has a considerable impact on disc nutrition. These results
also motivate future studies of disc nutrition to consider high
and low CEP porosities, especially when studying the effects of
aging or disc degeneration.

The relative effects of dynamic loading on transport also
depended on solute molecular weight. The 4000 Da solute showed
greater increases in transport from dynamic loading than the
376 Da solute. This finding may be explained by results from pre-
vious studies, which showed that larger solutes have lower parti-
tion coefficients in the CEP, and thus, they enter and permeate
within the matrix to a lesser extent than the smaller solutes
(Roberts et al., 1996). Consequently, the larger solutes benefit more
from convective transport (Ferguson et al., 2004; Gantenbein et al.,
2006; O’Hara et al., 1990). Although the results from the 376 Da
experiments are most relevant to small nutrients and metabolites
and the 4000 Da is similar in weight to small growth factors, it is
worth noting that the 4000 Da dextran has a linear molecular
structure, which can affect transport independently of size. Specif-
ically, the linear structures can readily bend, allowing them to
move more easily through a tortuous cartilage matrix in compar-
ison to globular or spherical solutes of the same molecular weight
(DiDomenico et al, 2018). In comparing our transport data
between the two solutes, it is also worth noting that CEP samples
in the 4000 Da group were 38% thinner than those in the 376 Da
group (p < 0.05; Table 2). Although there was no significant corre-
lation between CEP thickness and transport enhancement for
either solute in the range of thicknesses respectively tested
(Table 3), it is possible that testing thicker CEP samples with the
4000 Da solute would slow its transport, thereby accentuating
the differences in transport and transport enhancement between
the two solutes.

One limitation of the study is that we removed the CEP from the
bony endplate, and this could alter the transport properties. For
example, compaction of the CEP against the bony endplate could
decrease the pore space and thereby lower permeability (Ayotte
et al,, 2001). Using our flow rate estimates and Darcy’s law, we
estimate that the statically loaded CEPs had an average hydraulic
permeability of 1.27 x 107'% +0.49 x 10~ '® m*/Ns, which is simi-
lar to human CEP permeability determined in confined compres-
sion (1.62 x 107+ 1.08 x 10" m*/Ns for CEP samples from
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Pfirrmann grade 3 discs) (DeLucca et al., 2016). This suggests that
any effects of removing the CEP from the bone were small. More-
over, CEP permeability is an order of magnitude lower than bony
endplate permeability, and accordingly, the net permeability of
the two combined is more highly correlated with the cartilage
component (1° = 0.96; p <0.0001) than with the bony component
(? =0.08, p=0.06) (Rodriguez et al., 2011). Thus, we expect that
retaining the bone would not change our overall conclusions.

It is also appreciated that the effects of dynamic loading on
solute transport depend on solute charge (Gu et al., 2004) and
loading magnitude/frequency (DiDomenico et al., 2016). Addi-
tional testing showed that using a higher static pressure
(1.0 MPa) increased the fluid flow rate compared to the original
protocol with lower static pressure (0.6 MPa static:
47 x 1073 +2.4 x 107 m?[s; 1.0 MPa static: 9.7 x 10712 £ 4.3 x
1073 m3/s; see Supplement 2D). However, the corresponding
decrease in transport enhancement from dynamic loading was just
4.6% on average (p = 0.75). Part of the reason for this small effect is
that the increase in transport with the higher static load was rela-
tively small compared to the increase from dynamic loading. Thus,
while any estimates of transport enhancement likely depend on
the relative magnitudes of static vs. dynamic pressures, these find-
ings suggest that for our prescribed loading conditions, the pres-
sure magnitude effect was small compared to the dynamic effect.
Clearly, additional studies with human CEP tissues are needed to
address different pressure magnitudes, loading frequencies, and
solute charges.

In summary, our findings reveal that dynamic loading enhances
small and large solute transport through the human CEP compared
to static loading, and that the degree of transport enhancement is
greater for CEPs with low porosities and for larger solutes. We con-
clude that dynamic loading may play a consequential role in disc
nutrition, although the effectiveness of dynamic loading as a strat-
egy for improving disc nutrition is likely to depend on patient-
specific factors such as CEP porosity. Furthermore, the present rela-
tionships may be useful in developing more physiologic computa-
tional models of disc nutrition and for guiding the design of
replacement tissues with improved transport characteristics.
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