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Abstract

The cartilage endplate (CEP) is implicated as the main pathway of nutrient supply to the healthy 

human intervertebral disc (IVD). In this study, the diffusivities of nutrient/metabolite solutes in 

healthy CEP were assessed, and further correlated with tissue biochemical composition and 

structure. The CEPs from non-degenerated human IVD were divided into four regions: central, 

lateral, anterior, and posterior. The diffusivities of glucose and lactate were measured with a 

custom diffusion cell apparatus under 0%, 10%, and 20% compressive strains. Biochemical assays 

were conducted to quantify the water and glycosaminoglycan (GAG) contents. The Safranin-O 

and Ehrlich’s hematoxylin and eosin staining and scanning electron microscopy (SEM) were 

performed to reveal the tissue structure of the CEP. Average diffusivities of glucose and lactate in 

healthy CEP were 2.68±0.93×10−7 cm2/s and 4.52±1.47×10−7 cm2/s, respectively. Solute 

diffusivities were region-dependent (p<0.0001) with the highest values in the central region, and 

mechanical strains impeded solute diffusion in the CEP (p<0.0001). The solute diffusivities were 

significantly correlated with the tissue porosities (glucose: p<0.0001, r=0.581; lactate: p<0.0001, 

r=0.534). Histological and SEM studies further revealed that the collagen fibers in healthy CEP 

are more compacted than those in the nucleus pulposus (NP) and annulus fibrosus (AF) and show 

no clear orientation. Compared to human AF and NP, much smaller solute diffusivities in human 

CEP suggested that it acts as a gateway for solute diffusion through the disc, maintaining the 

balance of nutritional environment in healthy human disc under mechanical loading and 

preventing the progression of disc degeneration.
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INTRODUCTION

The cartilage endplate (CEP), a thin layer of hyaline cartilage at the cranial and caudal 

surfaces of human intervertebral disc (IVD), was found to be the main pathway of nutrient 

supply to the disc through in vivo and in vitro studies (Maroudas, et al., 1975; Nachemson, 

et al., 1970; Ogata and Whiteside, 1981; Urban, et al., 1982). Due to the avascular nature of 

the disc, the nutrients from the capillaries in the subchondral plates diffuse into the disc 

through the CEPs, while the metabolites diffuse out through a reversed direction (Huang, et 

al., 2014). Pathological change, such as CEP calcification at the early stage of disc 

degeneration, could break down the precautious nutritional balance inside the disc by 

impeding nutrient/metabolite diffusion through the disc (Benneker, et al., 2005; Roberts, et 

al., 1993). By contrast, fractured or degenerated CEPs have been found to co-occur in 

severely degenerated discs (Adams and Hutton, 1982; Veres, et al., 2010). The lesions in the 

CEP can open up channels and hasten the inflow of cytokines, enzymes or angiogenic 

molecules which have deleterious effects on disc cells and further accelerate disc 

degeneration (Koike, et al., 2003; Rajasekaran, et al., 2004; Roberts, et al., 1996). The 

differential effects of the CEP on solute transport through the disc at different degeneration 

stages suggested that healthy CEP is a critical disc component for maintaining the unique 

disc nutritional environment under the physiological condition. The collapse of the balance 

between nutrient supply and intrinsic cellular demand inside the disc is considered one of 

the major factors for disc degeneration (Huang, et al., 2014; Roberts, et al., 1993).

The CEP has unique biomechanical properties from other disc components [annulus fibrosus 

(AF) and nucleus proposes (NP)] and articular cartilage (Wu, et al., 2015). Although the 

solute diffusion behaviors in human CEP were previously studied using the fluorescein-

labeled markers and contrast agents (Rajasekaran, et al., 2004; Rajasekaran, et al., 2010; 

Roberts, et al., 1996), the diffusivity values of basic nutrient/metabolite (i.e., glucose/lactate) 

in healthy or degenerated human CEP are largely unknown. Glycolysis is believed to be the 

major energy metabolism pathway for disc cells in vivo by consuming glucose to generate 

adenosine triphosphate (ATP) and producing lactic acid as a waste product (Bibby, et al., 

2005). Therefore, the knowledge about the diffusion rates of glucose and lactate in human 

CEP is crucial for understanding disc nutrition.

The rate of solute diffusion in cartilaginous tissue is governed by solute diffusivities which 

are affected by the composition and structure of the tissue matrix, as well as mechanical 

strains on the tissue (Jackson and Gu, 2009). Therefore, the objective of this study was to 

measure the nutrient/metabolite diffusivities of healthy human CEPs in four regions (central, 

lateral, anterior, and posterior) under three compressive strains (0%, 10%, and 20%). 

Specifically, the effect of mechanical strain on the glucose/lactate diffusivities in the CEP 

was determined using the diffusion cell method (Jackson, et al., 2008). Biochemical 

compositions of the CEP were characterized and correlated with the diffusion properties. 
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The microstructures of healthy human CEP were further revealed using histological staining 

techniques and scanning electron microscopy (SEM). We hypothesized that the diffusivities 

of glucose and lactate in healthy human CEP were region-dependent due to its unique tissue 

composition and structure; and mechanical loading impacts the rates of solute diffusion in 

this tissue by changing the tissue hydration. The goal of this study was to establish a 

baseline measurement of nutrient/metabolites diffusivities in healthy human CEPs. The 

results of this study may facilitate the understanding of the role of human CEP in IVD 

nutrition and provide new insights into nutrition-related mechanisms of disc degeneration 

and regeneration.

METHODS

Specimen Preparation

Twelve human lumbar spines (33–65 years old) obtained from an Organ Procurement 

Organization (LifePoint Inc., Charleston, SC) were screened based on the Thompson 

grading system (Thompson, et al., 1990) under an institutional approval. To establish a 

quality baseline measurement in healthy CEPs, only spines without degenerated discs 

(Grade III–V) and related diseases were selected. To limit the tissue variation, only L2–L3 

and L3–L4 discs were used. Further, only healthy CEPs without artifacts, such as fissures 

and calcification, were included for the measurements. Considering these criteria, six disc 

motion segments were harvested from three lumbar spines within 24 hours after death (58 

year old female, 42 year old male, and 54 year old female). Three L3–L4 disc motion 

segments were used for diffusion experiments, while three L2–L3 disc motion segments 

were used for histological and SEM studies. Healthy human CEPs were harvested and tested 

within three days after receiving the spine.

The disc motion segments were opened through the median plane of the disc with a scalpel. 

Cylindrical plugs of NP or AF/endplate/bone were extracted from four regions (center, 

lateral, anterior, and posterior) from both superior and inferior surfaces of the disc with an 8 

mm diameter corneal trephine (Figure 1). The plugs harvested from the left lateral region 

were used for diffusion, histological staining and SEM protocol development. The right 

lateral region was used for diffusivity and image data collection. The plug was microtomed 

to carefully remove the overlying NP/AF (relatively more transparent than CEP tissue) and 

the vertebral bone. The final disc-shape CEP specimens were punched out with a 6 mm 

diameter trephine for the diffusion experiment. The specimen preparation was conducted in 

a moisturized hood to prevent tissue dehydration. The prepared CEP specimens (n=24, from 

3 L3–4 discs of 3 spines) had an average initial thickness of 0.734±0.103 mm, which is in 

the same range as stated in previous studies (Roberts, et al., 1989).

Glucose and Lactate Diffusivity Measurements

A previously established custom diffusion cell was used to measure the strain-dependent 

diffusivities of glucose and lactate in the CEP specimens (Jackson, et al., 2012; Jackson, et 

al., 2008). It consisted of two non-conductive acrylic solution chambers with a channel 

separated by the specimen holder (Figure 1B). The specimen was held between two rigid 

porous plates (hydrophilic polyethylene, 50–90 μm pore size, Small Parts, Inc., Miami 
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Lakes, FL) to inhibit swelling and sealed with an O-ring. The compressive strains were 

applied to the CEP specimens by changing of the spacers placed between the two chamber 

halves.

The CEP specimen was first held at its initial thickness (0% strain level). 500 μL of 20 

mg/mL glucose with 10 mg/mL lactate mixed into normal phosphate-buffered saline (PBS) 

was pipetted into the upstream chamber while 200 μL of concentrated PBS solution was 

pipetted into the downstream chamber. The concentrated PBS solution was used to balance 

the osmolarity of the glucose/lactate solution in the upstream chamber (530 mOsm/L) to 

prevent any convection through the specimen due to osmosis. The diffusion cell was placed 

in an incubator with 37°C. The stir bars were utilized to maintain constant solute distribution 

within the solution. After glucose and lactate were allowed to diffuse through the tissue 

specimen for a 15-minute time interval, the contents of the downstream chamber were 

emptied and glucose and lactate concentrations were measured with YSI 2700 Select 

Biochemistry Analyzer (YSI Inc., Yellow Springs, OH). Following each 15-minute time 

interval, the downstream chamber was refilled with 200 μL of fresh PBS solution, while the 

upstream chamber was refilled with 500 μL of fresh glucose/lactate solution. The experiment 

was repeated until the same concentration (within 5%) in the downstream chamber was 

obtained for 2–3 consecutive readings, suggesting that steady state had been reached. An 

average of 2.5 hours (10 intervals of 15 minutes each) was necessary to reach steady state. 

Once steady state was achieved at 0% compression, the experiment was repeated for 10% 

and 20% compressive strains. The apparent diffusivity (Dapp) was calculated based on the 

one-dimensional steady state diffusion theory (Jackson, et al., 2008):

(1)

where Cup is the concentration in the upstream chamber which is assumed to be constant. 

Cdown(t0) is the downstream concentration at initial diffusion time t0 and Cdown(t) is the 

concentration at time t. h is the thickness of the specimen, and A is the cross section area 

through which the diffusive flux occurs. This area was calculated as 50% of the area of the 

porous plates confining the specimen, as the porous material has a 50% open area. Vdown is 

the volume in the downstream well. Due to solution replacement at the start of each 15-

minute interval, the value of Cdown(t0)Cdown(t) is the averaged value of the 2–3 consecutive 

readings of downstream concentration at steady state.

Histological and SEM Studies

Bone/CEP/disc tissue plugs were taken at the four regions from both superior and inferior 

surfaces of two disc motion segments at L2–L3 level (Figure 1A). The plugs were rapidly 

fixed in 10% neutral buffered formalin, decalcified, and paraffin wax embedded. Ehrlich’s 

hematoxylin and eosin (H&E) and Safranin-O & Fast Green were used with the wax 

sections (7 μm). For the SEM study, bone/CEP/disc tissue plugs were taken from one disc 

motion segment at L2–L3 level. The plugs from the inferior surface were microtomed to 

remove both bone and disc tissue to reveal the collagen fibers of the CEP on the horizontal 
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plane (X–Y plane; Figure 2). Meanwhile, the plugs from superior surface were cut 

anteroposteriorly to show the microstructures of bone, CEP, and disc tissue on the vertical 

plane (Y–Z plane; Figure 2). The specimens were then fixed in PBS solution with 2.5% 

glutaraldehyde, dehydrated with a series of ethanol, and dried in hexamethyldisilazane 

(HMDS) solution. A gold layer with 20 nm thickness was coated on the specimens to 

enhance contrast. Images were taken under a JEOL JSM-5600LV SEM (JEOL USA, Inc., 

Pleasanton, CA) at 35x, 50x, and 500x magnifications.

Porosity and GAG Measurements

A buoyancy method was used to determine the initial porosity (ratio of water volume to wet 

tissue volume) of the CEP specimens at 0% strain level (Gu, et al., 1996):

(2)

where  is initial porosity, Wwet, WPBS, and Wdry are weights of specimens in the air, in 

PBS solution and after lyophilized. ρPBS and ρw are the densities of the PBS solution and 

water. The porosities of the CEPs under 10% and 20% strain levels were calculated based on 

the relationship between tissue porosity and dilatation e (e = J−1 where J is the tissue 

deformation) (Lai, et al., 1991),

(3)

The lyophilized tissues were then assayed for glycosaminoglycan (GAG) content. The 

Blyscan Glycosaminoglycan Assay kit (Biocolor Ltd., Newtonabbey, Northern Ireland) was 

used to determine the GAG content based on 1,9-dimethylmethylene blue dye binding, with 

standards provided by the manufacturer.

Statistical Analysis

The measurements were reported using the means and standard deviations (SD). The 

glucose and lactate diffusivities were examined for significant differences by mechanical 

strain and disc region using two-way ANOVA that allowed for correlation among 

measurements from the same spine and also incorporated error heterogeneity by disc region. 

The porosity and GAG content were similarly examined for differences by disc region. 

Correlations between solute diffusivities and porosity were determined marginally 

(Nakagawa and Schielzeth, 2013) using the linear mixed effects model with a random effect 

for spine. Due to the limited sample size, the sex and age effects were not considered in this 

study. The statistical analysis was conducted in R (R Core Team, 2015) using the package 

nlme.
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RESULTS

Glucose and Lactate Diffusivities

The apparent glucose and lactate diffusivities were measured for healthy human CEP at 0%, 

10%, and 20% compressive strains (Figure 3A&B). A significant strain effect was found for 

the diffusivities of both solutes (p<0.0001). The cross-region glucose diffusivity at 0% strain 

was 2.68±0.93×10−7 cm2/sec, at 10% strain it decreased to 1.96±0.81×10−7 cm2/sec 

(−27%), and at 20% strain was 1.44±0.68×10−7 cm2/sec (−46%). The lactate diffusivity was 

4.52±1.47×10−7 cm2/sec, 3.56±1.20×10−7 cm2/sec (−21%) and 2.76±1.08×10−7 cm2/sec 

(−39%) for 0%, 10%, and 20% strains, respectively. A significant regional effect was also 

found for the diffusivities of both solutes (p<0.0001). The glucose diffusivity in the central 

region at 0% strain (Central: 3.44±0.97×10−7 cm2/sec) was significantly higher than in the 

lateral and posterior regions (Lateral: 2.46±0.86×10−7 cm2/sec, p=0.020; Posterior: 

1.91±0.39×10−7 cm2/sec, p<0.0001). The lactate diffusivity in the central region at 0% strain 

(Central: 5.52±1.52×10−7 cm2/sec) was also significantly higher than in the lateral and 

posterior regions (Lateral: 4.11±1.48×10−7 cm2/sec, p=0.036; Posterior: 3.36±0.64×10−7 

cm2/sec, p<0.0001). No significant difference was detected for both glucose and lactate 

diffusivities between central and anterior regions (Glucose: 2.78±0.83×10−7 cm2/sec, 

p=0.085; Lactate: 4.88±1.34×10−7 cm2/sec, p=0.391). There was no evidence for an 

interaction between region and strain for either glucose (p=0.983) or lactate (p=0.986).

Porosity and GAG content

The cross-region porosity in CEP was 0.667±0.049 (at 0% mechanical strain) and significant 

variation among the four regions was detected (p=0.034) with the central region having 

higher values (p<0.04) than the anterior and posterior regions, but not differing from the 

lateral region (p=0.31) (Table 1). The average GAG content in CEP was 90.08±17.77 μg/mg 

dry tissue and also differed among the four regions (p=0.001) with the central region 

significantly higher than the lateral, anterior, and posterior regions (p<0.009).

Histological Appearance and Collagen Fiber Microstructure

Histological images (H&E; Safranin-O&Fast Green) showed that there was a thin layer of 

cartilage endplate between the interface of the human vertebral body and disc tissue (Figure 

2A). In the Safranin-O images, the CEP region appeared to be bright red. The thickness of 

the CEP varied by region, with a value between 0.6 mm and 1.2 mm. SEM images further 

revealed the unique sandwich structure consisted of bone, CEP, and disc tissue (Figure 2B). 

It is apparent that collagen fibers in CEP layer were more compacted compared to NP and 

AF tissues. There is no clear fiber orientation in both horizontal and vertical planes for the 

CEP.

Correlation between Material Properties and Tissue Biochemical Composition

The correlations between solute diffusivities (glucose and lactate) and porosities were found 

to be statistically significant, as shown in Figure 4A&B (Glucose: r=0.581, p<0.0001, n=72; 

Lactate: r=0.534, p<0.0001, n=72). No statistical significant correlations were observed 

between solute diffusivities and GAG contents (p>0.11).
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DISCUSSION

This study was commenced to determine the baseline nutrient/metabolite solute (glucose and 

lactate) diffusivities in healthy human CEP and further investigate the effects of disc region 

and mechanical strain on the tissue transport properties. The results showed that the solute 

diffusivities in human CEP were much smaller than those in other disc components (e.g., 

AF) and articular cartilage (Table 2). This suggested that healthy human CEP may act as a 

gateway for nutrient/metabolite solute inflow/outflow through the disc (Nachemson, et al., 

1970; Roberts, et al., 1996). The mechanical strain-dependent solute diffusivities further 

suggested that CEP may facilitate the maintenance of a stable extracellular nutrient 

environment by impeding the solute transport through the disc under mechanical loading 

conditions. These results correspond to recent findings in the literature that the CEP could 

act as a mechanical barrier by facilitating interstitial fluid pressurization and resisting disc 

herniation under abnormal loadings (Fields, et al., 2014; Rajasekaran, et al., 2013; Wu, et al., 

2015). In addition, the results of this study further supported the previous notion that healthy 

CEP may play an important role in ECM homeostasis and the progression of angiogenesis, 

which is associated with disc degeneration, by blocking the rapid diffusion of cytokines, 

enzymes, or angiogenic molecules such as vascular endothelial growth factor (VEGF) into 

the disc (Koike, et al., 2003; Lotz and Ulrich, 2006; Rajasekaran, et al., 2004; Roberts, et al., 

1996; Urban and McMullin, 1988).

Conversely, due to the avascular nature of human IVD, the main pathway for nutrient supply 

to the disc is diffusion through the CEP. The low solute diffusivities in the CEP can lead to a 

critical nutrient environment in human IVD (i.e., a steeper nutrient/metabolite gradient with 

low oxygen and glucose, and high lactate concentrations at the center of the disc) (Urban, et 

al., 1982). Such delicate nutrient environment may be vulnerable to any pathological 

changes of the CEP, such as calcification (Huang, et al., 2014; Roberts, et al., 1996). The 

deterioration of the extracellular nutrient environment will change the metabolism and 

synthesis behaviors of disc cells and affect the cell viability, leading to initiate/accelerate 

disc degeneration (Bibby, et al., 2005; Bibby and Urban, 2004; Guehring, et al., 2009; 

Ishihara and Urban, 1999).

The diffusivities of nutrient/metabolite solutes were found to be region-dependent with 

significantly higher values in the central region, which is consistent with a previous study of 

glucose diffusivities in human CEP (Maroudas, et al., 1975). This can be associated with the 

regionally dependent biochemical composition in the CEP with the highest porosity being in 

the central region. Our results showed that the glucose and lactate diffusivities in healthy 

human CEP were significantly correlated with the tissue porosities instead of the GAG 

contents. This finding further supported the previous hypothesis that water content is 

generally a dominated determinant for the diffusion properties of small solutes (molecular 

weight < 5000 Dalton) in cartilaginous tissues (Gu, et al., 2004; Nimer, et al., 2003; Torzilli, 

et al., 1997). Compared to other disc components and articular cartilage, the smaller solute 

diffusivities in healthy human CEP can also be attributed to its ECM structure with 

compacted collagen fibers, as shown in our histological and SEM studies (Figure 2). This 

was in agreement with the high collagen content and tensile modulus of human CEP in a 

recent study (Fields, et al., 2014).
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Due to the technical challenges of in vivo measurements, finite element (FE) models were 

commonly used to predict the extracellular mechano-electrochemical environment in the 

human IVD (Huang and Gu, 2008; Jackson, et al., 2011; Shirazi-Adl, et al., 2010; Soukane, 

et al., 2007). Although there were a variety of characterizations on material properties of AF 

and NP tissues (Gu, et al., 1999; Maroudas, et al., 1975; Nachemson, et al., 1970; Roberts, et 

al., 1996; Setton, et al., 1993), the tissue properties, especially transport properties, of human 

CEP are rare. Consequently, the CEP were either excluded or modeled with material 

properties of other disc components or articular cartilage in current FE models. Our results 

clearly showed that the diffusion properties of human CEP were significantly different from 

other disc components (Table 2). Therefore, the region and strain-dependent solute 

diffusivities, as well as the porosities, determined in this study should be incorporated into 

the FE models to better predict the physiological nutrient environment in human IVD, which 

can serve as a baseline for future analysis on disc degeneration and regeneration.

Several limitations of this study should be noted. To establish a quality baseline 

measurement in healthy human CEP, the disc motion segments were screened by age (30–65 

years old), disc level (L2–L4), and degeneration conditions (Grade I–II). Although only 

twenty four healthy CEP specimens obtained from three fresh, healthy, and mature lumbar 

spines were eligible for the diffusion study, the results successfully demonstrated the 

statistical significance for testing the hypothesis. Due to the scarcity of human disc samples, 

a future study with a larger sample size needs to be conducted to fully understand how other 

factors (e.g. age, sex, disc level, and CEP calcification) affect the diffusion properties in the 

CEP and gain a further understanding on the role of CEP in the progression of disc 

degeneration.

The rigid porous plates in the diffusion cell to compress the specimens may cause a stagnant 

layer formation between the tissue and the solution, although they were much more 

permeable than the CEP tissue. The stirring rod could minimize the effect of boundary layer 

formation, but it may not be eliminated entirely (Maroudas and Bullough, 1968). As shown 

in the previous studies, a 7% less of the apparent glucose diffusivity was found in porcine 

articular cartilage which was measured with porous plate than that without porous plate 

(Jackson, et al., 2012; Jackson, et al., 2008). However, the porous plates were necessary in 

this study to confine the CEP specimens due to significant tissue swelling and provide the 

means to control the strain levels of the specimens. In addition, the apparent diffusivities 

(Dapp) measured in this study represent the coupling effect of the intrinsic diffusivity (D) and 

partition coefficient (K) (Dapp=KD). A previous study has shown that the partition 

coefficient was dependent on the mechanical compression in cartilage tissues (Quinn, et al., 

2001). To characterize the intrinsic diffusivity which is more essential for the FE modeling 

of the IVD, further experiments are necessary to determine the strain-dependent solute 

partition coefficients in the CEP.

In summary, this study measured the baseline nutrient/metabolite solute (glucose and 

lactate) diffusivities in healthy human CEP and further studied the effects of disc region and 

mechanical strain on the tissue transport properties. The diffusivities of glucose and lactate 

in healthy human CEP were region-dependent due to its unique tissue composition and 

structure; and mechanical loading impedes the rates of solute diffusion by changing the 
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tissue porosity. Compared to the AF and NP, human CEP has much smaller solute 

diffusivities and acts as a gateway for solute diffusion through the disc. The results of this 

study may facilitate the understanding of the role of human CEP in IVD nutrition and 

provide new insights into nutrition-related mechanisms of disc degeneration and 

regeneration.
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Figure 1. 
(A) Schematic of specimen preparation. Human VB/CEP/Disc tissue plugs were harvested 

from various regions of the disc motion segment (VB: vertebral body). Disc-shape human 

CEP specimens were prepared using a microtome and corneal trephine for diffusion and 

biochemical measurements. (B) Schematic of diffusion cell for glucose/lactate diffusivity 

measurements.
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Figure 2. 
(A) Histological images for the sandwich structure between the human VB, CEP, and disc 

tissue (NP or AF) at superior surface of the disc motion segment under 4x and 10x 

magnifications (10x images with blue outlines were enlarged from the corresponding 

marked areas in 4x images). The two rows of images on the top were from Safranin-O slices, 

while the two rows on the bottom were from H&E slices (CENT-Central; LAT-Lateral; 

ANT-Anterior; POST-Posterior). (B) SEM images for CEP and disc tissue at central region 

under 35x, 50x, and 500x magnifications.
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Figure 3. 
Effect of compressive strains on the regional distribution of (A) glucose diffusivity and (B) 

lactate diffusivity of human CEP. (Sample size n=6)
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Figure 4. 
Correlation between tissue porosity and (A) the glucose diffusivity and (B) the lactate 

diffusivity. (Sample size n=74)
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Table 2

Glucose and lactate diffusivities (mean ± standard deviation) in human CEP and other cartilaginous tissues. 

(CEP: cartilage endplate; AF: annulus fibrosus; AC: articular cartilage)

Species DGlucose 10−7 cm2/s DLactate 10−7 cm2/s Source

Human CEP

3.44±0.97-Central 5.52±1.52-Central

Present study (0% strain)
2.46±0.86-Lateral 4.11±1.48-Lateral

2.78±0.83-Anterior 4.88±1.34-Anterior

1.91±0.39-Posterior 3.36±0.64-Posteror

Human CEP
5.8±2.1-Central

---- (Maroudas, et al., 1975)
1.8±0.3-Peripheral

Human AF
17±1.5

----
(Maroudas, et al., 1975)

7.56±0.75 (Jackson, et al., 2012)

Bovine AF 13.8±0.15 ---- (Jackson, et al., 2008)

Human AC 13.5–14.6 ---- (Maroudas, 1970)
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