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Abstract

Background: Despite exciting advances in regenerative medicine, cell-based strategies for
treating degenerative disc disease remain in their infancy. To maximise the potential for
successful clinical translation, a more thorough understanding of the in vivo microenvironment
is needed to better determine and predict how cell therapies will respond when administered in

Vivo.

Aims: This work aims to reflect on the in vivo nutrient microenvironment of the degenerating
IVD through consolidating what has already been measured together with investigative in-

silico models.

Materials & Methods: This work uses in-silico modelling, underpinned by more recent
experimentally determined parameters of degeneration and nutrient transport from the
literature, to re-evaluate the current knowledge in terms of grade-specific stages of
degeneration.

Results: Through modelling only the metabolically active cell population, this work predicts
slightly higher glucose concentrations compared to previous in-silico models, while the
predicted results show good agreement with previous intradiscal pH and oxygen
measurements. Increasing calcification with degeneration limits nutrient transport into the IVD
and initiates a build-up of acidity; however, its effect is compensated somewhat by a reduction

in diffusional distance due to decreasing disc height.

Discussion: This work advances in-silico modelling through a strong foundation of
experimentally determined grade-specific input parameters. Taken together, pre-existing
measurements and predicted results suggest that metabolite concentrations may not be as
critically low as commonly believed, with calcification not appearing to have a detrimental
effect at stages of degeneration when cell therapies are an appropriate intervention.

Conclusion: Overall, our initiative is to provoke greater deliberation and consideration of the
nutrient microenvironment when performing in vitro cell culture and cell therapy development.
This work highlights an urgency for robust experimental glucose measurements in healthy and
degenerating IVVDs, not only to validate in-silico models but to significantly advance the field
in fully elucidating the nutrient microenvironment and refining in vitro techniques to accelerate

clinical translation.



Human disc nutrient microenvironment

Introduction

For more than three decades lower back pain has remained the leading case of disability
worldwide.! Despite this, conventional treatments continue to focus on alleviating painful
symptoms, often with limited long-term efficacy, rather than treating the underlying cause of
intervertebral disc (IVD) degeneration.?® Degeneration typically manifests within the central
nucleus pulposus (NP) and even early degenerative changes are deemed irreversible, before
progressing outwards through the annulus fibrosus (AF) and entire intervertebral joint.*° As a
result, injectable cell-based therapies are being explored as early strategies, focusing on
stimulating intrinsic repair and/or recreating the biochemical composition and structural
integrity of NP tissue through the use of an appropriate cell-type and biomaterial carrier.5’
These regenerative approaches for IVD degeneration are still very much in their infancy,
particularly at a clinical level, and with an aging and increasingly sedentary population we
anticipate exciting developments in the next few decades.® However, to help improve future
advances the research field requires a more thorough understanding of the NP nutrient
microenvironment, how it changes with degeneration and how potential cell-based therapies
will respond to the specific microenvironment into which they are administered. This not only
has important scientific merit but also significant value for clinical translation as the
avascularity and “hostile” nature of the IVD is often believed to be a key factor linked to high

failure of prospective studies.® !

Cells within the 1D rely on diffusion from blood vessels surrounding the AF and
capillary buds in the vertebral bodies for nutrient and metabolite exchange.'? Axial transport
through the central region of the cartilage endplate (CEP) is the critical pathway for nutrient
supply to the NP and inner AF, while more minor solutes (e.g. negatively charged sulphates)
are predominately supplied via the AF route.*'® These diffusion distances and limited supply

rates, together with the metabolic activity of the disc cells, naturally give rise to nutrient
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gradient profiles and higher acidity levels than the surrounding plasma concentration.!’ Native
NP cells have been shown to adapt to their microenvironment as well as altering expression of
specific acid-sensing ion channels (ASICs) believed to be involved in sustaining local
acidity.’®?! However, the inherent microenvironment conditions may adversely affect the
survival and regenerative capacity of administered cells. A number of studies have investigated
the effect of “disc-like” conditions on potential cell sources such as mesenchymal stem cells
(MSCs)?2728 articular chondrocytes?”?¢, and nasal chondrocytes.?®*° Nevertheless, unity and
harmony are needed across the research field on what are actually considered physiologically
or even pathologically relevant culture conditions. For example, various studies employ culture
medium consisting of one or two vastly different glucose concentrations; either 5.5 mM (1 g/L)
or 25 mM (4.5 g/L). While incubators are commonly operated at oxygen levels of 5 or 20 %0,
in the disc field, some investigators have utilised ranges from 2 — 21 %0,. Importantly noting
that the higher limit, for both nutrients, is considered supraphysiological within the vasculature
system, let alone an avascular musculoskeletal tissue.**? On the other hand, it is more
established to delineate pH levels as a function of degeneration; with pH 7.1 often used to
represent healthy, pH 6.8 being mild degeneration and pH 6.5 representing severe
degeneration.??26:30 Although we regard this as an important advancement in considering the
specific microenvironment of the target stage of degeneration in vitro, we believe the range

may need to be re-evaluated in terms of its clinical relevance for cell-based regeneration.

Over 50 years ago, it was hypothesised that CEP calcification may trigger degeneration through
impeding the passage of nutrients to NP cells.® Early studies have shown increased calcium
deposition concomitant with aging and degeneration grade®*3*, as well as a correlation between
the ease of nutrient transport and calcification.®® More recently glucose transport impaired by
the presence of calcium has been observed in ex vivo organ cultures.® Increasing levels of

calcium appears to diminish collagen and PG synthesis, and thus may impede solute diffusion
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through adversely impacting tissue hydration.*®3" The hypothesis of calcification as a
degenerative trigger is supported by early in vitro studies where limited nutrient supply has

reduced cell viability and functionality3*42

, While more recent work has explored the effects of
additional matrix constituents impeding solute uptake.**** For example, one study directly
investigating solute diffusivity through cadaveric human CEP tissue (38 — 66 years) found

significant variation in diffusion, with the least permeable CEPs having lower aggrecan,

collagen-2, and MMP-2 gene expression.*?

In addition to assessing cell functionality under limited nutrition and acidity, studies
have used these adjusted culture concentrations as a priming strategy to support survival and
enhanced extracellular matrix (ECM) deposition under harsher microenvironments.***” These
studies are preliminary in vitro investigations and in vivo studies must be performed to further
consolidate the efficacy of priming. Another method is preconditioning to improve cell
differentiation into native phenotypes within the diseased microenvironment.!! Hypoxic
preconditioning of MSCs demonstrated promising results pre-clinically*®*°, while human NP
cells preconditioned at 2 %O in a proprietary cocktail have progressed clinically to phase I/11

trials (NCT03347708).%051

While significant advances have been made in developing cell-based regeneration
strategies®®3, these exciting therapies have shown mixed results in terms of IVD
regeneration.>*>% Cell-based regeneration is contingent on cells remaining viable and
maintaining their regenerative response under an exacerbated nutrient deficit.>!%5"% |n total,
16 clinical trials investigating cell-based therapies have been registered worldwide for 1VD
degeneration and although they demonstrate the procedures to be safe, clinical evidence of
positive efficacy remains unclear.8%455%60 Tq fylly realise these strategies and maximise
clinical translation of cell-based therapies, there is an urgent need to consolidate what is already

known regarding the in vivo nutrient microenvironment.
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A number of early studies have measured metabolite (glucose, lactate and oxygen)
concentrations in animal discs.'*%%5 However, their physiological relevance to the human IVD
continues to be an area of debate, for example: geometrical scale, nutrient supply, species-
specific differences in cells and metabolic rates, not to mention differences in aging and
pathophysiological effects.®* Given the inherent complexity of the IVD and difficulty in
obtaining in vivo measurements, the research field is fortunate to avail of two seminal studies
investigating intradiscal pH and oxygen in patients suffering from pathological backpain.5>
To the best of the authors’ knowledge, only one study has experimentally investigated the
human glucose microenvironment through enzymatic analysis of digested human tissue.®’
Unfortunately, from a quantitative perspective, normalised results were presented (e.g. relative
to the IVD concentration at the apex of the scoliotic curvature) and do not provide further
insight into the glucose concentrations in vivo. As a result, in-silico modelling acts as a
complementary approach and a valuable tool to providing insights into the in vivo glucose
concentrations. Schmidt et al. (2013) have compiled a comprehensive overview of in-silico
models for IVD investigation®®, highlighting a number of nutrient transport models elucidating

the metabolite concentrations in both healthy and degenerated 1\VDs.%"

By gathering the results from the aforementioned literature, the current knowledge of
the human nutrient microenvironment is consolidated in Figure 1. The exact location of NP
glucose concentrations extracted from the in-silico studies is highlighted in Figure 1A and the
range of predicted concentrations are presented in Figure 1B all of which will be discussed in
more detail later. Figure 1A also highlights the direction of experimental measurements:
Nachemson (1969) measured the intradiscal pH in 31 patients using a custom-made needle
electrode introduced through a posterolateral approach® '8 while Bartels et al. (1998)
measured the oxygen profile in 13 patients suffering from scoliosis and 11 suffering from back

pain using an anterior approach.%® The full range of intradiscal pH measurements were between
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5.7 and 7.5, with no significant difference between discs with prolapses (6.6 - 7.5) and those
without visible pathologies (6.8-7.4). To re-evaluate these measurements with respect to
potential cell-therapy intervention stage, the results from this early study are re-graphed in
Figure 1C according to perceived pain level (see Methods section for details). Lumbar oxygen
profiles for patients suffering from back pain are presented in Figure 1D, as they are a relevant
cohort with respect to this work. However, the authors did observe considerable variability in
oxygen among the lower back pain cohort and no correlation was determined between oxygen
level and age or stage of degeneration. The metabolite profiles and concentrations presented in
Figure 1 will be discussed in greater depth and re-evaluated with respect to cell-based

regeneration throughout this article.

In summary, in this work we aim to reflect on early measurements of the in vivo nutrient
microenvironment. Using in-silico modelling, underpinned by more recent experimentally
determined parameters of degeneration and nutrient transport, we seek to re-evaluate the
current knowledge in terms of grade-specific stages of degeneration. Focusing on the effect of
considering a metabolically active cell population and grade-specific CEP calcification on the
nutrient microenvironment and their implications for cell-based regeneration. Together we aim
to provoke greater deliberation and consideration of the nutrient microenvironment when

designing in vitro cell culture experiments and cell therapy development.
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Figure 1. (A) A quadrant of a human intervertebral disc (IVD) indicating the location of predicted
glucose, experimental pH and oxygen values. (B) A range of glucose concentrations predicted in a
degenerated human IVD from in-silico models over the last 20 years. A median concentration of 1mM
is highlighted across all studies. (C) The pH level in lumbar IVDs of patients experiencing different
levels of back pain, extracted from Nachemson (1969). Data points highlighted in red included details
of severe visible degeneration and were excluded from the calculated median as they are considered too
late stage for regeneration through cell therapy. (D) Oxygen measurements by Bartels et al. (1998)
from patients suffering from back pain were pooled based on their lumbar level and an average profile
was fit using non-linear regression. A corrected predicted profile to account for elevated oxygen

inhalation during surgery was determined using an in-silico model (Supplementary material).
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Materials & Methods

Re-evaluating the nutrient microenvironment of the human 1VD

NP glucose concentrations were extracted from nutrient transport models developed over the
last two decades and a median value of 1 mM was calculated (Figure 1B) across these studies.
8977 Intradiscal pH measurements from Nachemson (1969) were graphed based on the level of
perceived pain (Figure 1C) and a median of pH 7 was calculated across the three categories of
pain. It is important to note that four measurements in group +++ (red), with severe tissue
granulation, scarring and adhesions were excluded as they are considered beyond the

intervention stage for regeneration through cell therapy.®

Lumbar oxygen profiles extracted from Bartels et al. (1998) were pooled by lumbar level (7
donors; three L3/4 and four L4/5) and the profile was plotted as the mean + standard deviation.
One profile (CS-48yF-L4/L5) was excluded as the intradiscal concentrations were higher than
the boundary concentration. Values were converted from partial pressure (mmHg) to %0-,
using an approximate conversion table.3* An average lumbar profile was created using a non-
linear least squares curve fit (Figure 1D). It is important to acknowledge that the patients
inhaled 30 %0, for at least one hour during surgery as part of general anaesthesia. Although
the authors postulate that this should not significantly alter concentrations beyond 5 mm from
the AF disc surface, the main supply route to the NP through the CEP was not considered.
Taking observations from a canine study investigating the response time for changes in arterial
and intradiscal concentration after alternating the %0, of inspired air®, a time-dependent in-
silico model was performed with an elevated boundary condition in order to predict a corrected

oxygen profile (Supplementary Figure S1).

Compiling metabolite diffusion coefficients for intervertebral disc sub-tissues
Several studies have characterised glucose diffusivity in the NP, AF and CEP of both human

IVDs and bovine discs.”®8 However, many of the values reported are apparent diffusion
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coefficients, while it is the intrinsic diffusivity or effective diffusion coefficient which is
necessary for in-silico modelling. Based on statistical insignificance observed by the work of
Jackson et al. (2012), a strain independent CEP partition coefficient was used to convert
reported apparent coefficients to approximated effective glucose and lactate diffusion
coefficients.828% Where diffusion coefficients were determined at room temperature, the values
were temperature corrected by using relative diffusivity in an aqueous solution.®! Effective
glucose diffusion coefficients in IVD tissue at 37°C are presented in Figure 2A, highlighting
diffusional direction (AF), anatomical location (CEP) and the applied strain condition. The
percentage change in effective glucose diffusion due to increasing applied strain was calculated
and plotted in Figure 2B for NP, AF, and CEP. As measurements for lactate diffusion through
NP and AF tissue are rare in the literature, the values presented in Figure 2C are estimated from
experimental glucose diffusion using the relative diffusivity between glucose and lactate in
aqueous solution. The percentage change in effective lactate diffusion due to increasing applied
strain was calculated and plotted in Figure 2D for NP, AF, and CEP. In Figure 2E effective
oxygen diffusion coefficients in both bovine and human AF were corrected for temperature as
mentioned previously.8® To the best of our knowledge, oxygen diffusion has not been
experimentally measured in NP and CEP tissue. Therefore, theoretically calculated oxygen
diffusion coefficients are presented'*, accompanied by typical values for cartilaginous tissue.®-
87 Due to the limited oxygen data, the percentage change in oxygen diffusion due to increasing

applied strain could only be calculated for the AF, Figure 2F.
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Figure 2. (A) Effective glucose diffusion through nucleus pulposus ° (NP), annulus fibrosus "*%? (AF)
and cartilage endplate (CEP) tissue . Experimental measurement conditions such as directionality
through the anisotropic AF, applied strain for each tissue domain and measurement location within the
CEP are highlighted. NP & AF: solid = human, outline = bovine. CEP: all human. (B) Change in glucose
diffusivity due to applied strain for the two recorded strain levels in NP and three levels in both AF and
CEP. (C) Effective lactate diffusion for NP and AF were estimated from the above glucose diffusion
using relative diffusivity, while CEP values were experimentally measured.®® (D) Change in lactate
diffusivity due to applied strain for the two recorded strain levels in NP and three levels in both AF and
CEP. (E) Theoretical calculations of effective oxygen diffusion in the NP and CEP have been reported

14 while AF values have been experimentally measured.®%8! Values for oxygen diffusion in cartilage
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are also included for comparison.?®88" (F) Change in oxygen diffusivity due to applied strain within
AF only, data subjected to different applied strains are not available for NP and CEP tissue.

Identifying experimental degeneration grade-dependent input parameters for in-silico
models

In this work we are defining Grade 1l as healthy adult, Grade 11l as mild degeneration and
Grade IV as moderate degeneration, while Grade V is considered too severe a stage of

degeneration for regeneration using cell therapies.1%>

Total cell density values were taken from a study which investigated degeneration-
related variation in cell density using H&E staining and Histological Degeneration Score
(HDS) to grade 49 lumbar IVDs (22 donors) from Grade I-1V.8 A more recent study
determined the active or viable percentage of the NP and AF cell population by counting the
proportion of cells stained positively for the formazan product of the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT).% The Pfirrmann scale was used to classify the
degenerative status of two groups: Middle-aged (35-50 years) and Old-aged (>80 years). All
15 IVDs in the Middle-aged group were Grade I-111 and all 13 IVDs in the Old-aged group
were Grade IV or V. As a result, we created an active Criteria 1 (Middle-aged) to apply to total
cell densities from Grade Il & 111 and Criteria 2 (Old-aged) to apply to total cell densities from
Grade IV. The percentage of active AF cells was averaged over the anterior and posterior
regions. As there was no significant difference between the active criteria of NP and AF, we
assumed an average active percentage to apply to the CEP cells (values shown in Figure 4A-
6A). Figure 3A-C presents the total cell density from Liebscher et al. (2011) and an estimated
active cell density after applying the relevant criteria from Martins et al. (2018)) across the
IVD tissue and grades of degeneration. The exact numbers used as input parameters for the cell

density of the grade-specific in-silico models can be found in Supplementary Table S2.
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A 3-D model geometry was created using published dimensions for a human L4/L5
IVD.®! While the anterior to posterior (A-P) and lateral width was assumed to remain constant,
disc height was reduced with degeneration, Figure 3D. Disc height was determined using
ImageJ analysis on macroscopic images of sagittal sections of lumbar 1\VVD: average values for
Grade Il = 11.5 mm, Grade Il = 8.8 mm and Grade IV = 6.7 mm.*? For simplification the
model is presented as a symmetrical quadrant of the full IVD, as highlighted in Figure 3D with
each distinct tissue domain allocated its own cell density (only active is shown). Although an
anatomically accurate CEP is explicitly modelled®, it is not shown for easier interpretation of

the results within the NP, and further details can be found in Supplementary Figure S3.

Mean hydration values were extracted from experimental studies which provided detail
on degenerative appearance or grade and age as well as standard deviation and sample size. All
extracted values are presented in Figure 3E-G, together with an overall mean hydration for
each grade, calculated by combining the summary statistics across studies.** NP hydration
incorporated four studies®™ %, with two providing values for two or more grades of
degeneration.®>% AF hydration incorporated six studies, two of which were additional to those
reported for NP.%°1% [ yons et al. (1981) presented a hydration profile through “healthy” and
“degenerated” discs. We split this profile into NP and AF and the average taken within those
regions. Based on the adult age of the “healthy” group it was assigned to our Grade Il and since
the “degenerated” group underwent spinal fusion it was assumed to be at least Grade V. latridis
et al. (2007) presented their values for Grade Il (n=2) and Grade 111 (n=7) combined. However,
the authors stated that both grades displayed degeneration while Grade | was classified as
“healthy” with no indication of age. Taking this into account as well as the higher proportion
of Grade Il samples we considered it most applicable for our Grade Ill definition. CEP
hydration incorporated four studies®*°*1% two of which provided values for two or more

grades of degeneration.®®1%1 Where values were presented separately for different anatomical
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regions within tissue type e.g. anterior/posterior AF or superior/inferior CEP, an overall
average was calculated for each study. %9100

As studies have shown ~10% strain under axial compression simulates physiological
weightbearing®+-1%, effective diffusion coefficients at 10-15% strain were used in the in-silico
model. Where NP diffusion was only available for 0-5% and 20-25% strains (Figure 2), a
midpoint was taken. Reduced NP hydration with degeneration (Figure 3E) was incorporated
by decreasing the diffusion coefficients accordingly between Grades I, 11 and IV. Anisotropic
diffusion in the AF was captured with lowest diffusivity in the radial direction and highest
axially. Diffusion parameters through the central zone of the CEP were chosen as the zonal
differences were relatively small and it is believed that the central region of the CEP is the
predominant transport route to the NP.*5 With no clear trend between hydration and
degeneration in the AF and CEP (Figure 3F,G), the solute diffusion coefficients were
maintained constant. However, in the case of modelling the effect of CEP calcification on
metabolite concentrations, diffusion through the CEP was reduced in accordance with the
increase in calcium deposition. Calcification values of 15% for Grade 11, 34% for Grade |1l and
58% for Grade IV were extracted from a study investigating the percentage of calcified tissue
and Thompson degeneration classification in 60 cervical 1VDs.1%" Diffusion through the CEP
reduces in accordance with an increase in calcium deposition. As a result, the effective
diffusion coefficients were reduced according to the increase in percentage of calcification
between grades of degeneration. The finalised effective diffusion coefficients of glucose,
lactate and oxygen through the different tissue domains are presented in Figure 3H-J and in

Supplementary Table S4.
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Figure 3. In-silico input parameters gathered from experimental literature. (A-C) Total and active cell
density for the nucleus pulposus (NP), annulus fibrosus (AF) and cartilage endplate (CEP). The total
values were extracted directly from a study by Liebscher et al. (2011), while the active density was
extrapolated by applying an active criterion.?® (D) Disc height as a function of degeneration determined
through image analysis of sagittal lumbar 1D sections.®? Inlay of model geometry which represented
a quadrant of a human L4/L5 IVD with an active cell density for each tissue domain highlighted
(cellssfmm?3). (E-G) Tissue hydration as a function of degeneration grade obtained from the literature for
NP, AF and CEP. An overall mean tissue hydration was calculated and highlighted (colour) by
combining the summary statistics across studies. (H-J) Finalised glucose, lactate, and oxygen diffusion

coefficients used in the in-silico model. NP diffusivity reduces with diminishing hydration; anisotropic
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AF diffusion is captured within the shaded range, with higher diffusivity in the axial direction and lower
in the radial direction; CEP diffusivity reduces in the presence of calcification.

Establishing in-silico models as a function of degeneration grade

The in-silico nutrient transport model was created using COMSOL Multiphysics 5.6
(COMSOL Inc., Burlington, USA). The steady-state nutrient microenvironment was governed
by coupled reaction-diffusion equations accounting for the total or metabolically active cell
density and metabolite diffusion parameters through the different tissue domains, specific to
degeneration grade. Briefly, the metabolic rates (nutrient consumption and metabolite
production) were modelled as being dependent on local pH and oxygen concentration by
employing Michaelis-Menten equations.!®1An explanation of the equation coupling, and
computational methodology can be found in our previous work, together with successful
experimental validation, for intact bovine discs in ex vivo organ culture.!? Michaelis-Menten
constants for NP cells (1,4, = 12 nmol/x10%cells/nr and K,,, = 12 uM) and AF cells (Va0 =
8.6 nmol/x108cells/hr and K,,, = 40 uM) were taken from experimental literature considered to
be the most representative of the in vivo microenvironment in terms of maintaining a 3-D
freshly isolated cell phenotype and physiologically relevant glucose concentrations.109110.113
With limited data available for CEP cells, values were obtained from culture expanded cells in
suspension (V4 = 14.1 nmol/x108cells/hr and K,,, = 15 pM).*** Similar to previous numerical
models®®1, it was assumed that glucose and oxygen concentrations at the disc boundary are
that of blood plasma in the surrounding blood vessels, 5.33 mM?3? and 12.6 %0,% respectively.
Holm et al. (1981) measured an oxygen concentration ~ 9.3 % O in the vertebral bodies close
to the CEP. A typical blood plasma pH of 7.35 — 7.45 was converted to lactate using a linear

conversion and assumed constant at the AF and CEP boundaries.'®®
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Investigating the optimal cell number for intradiscal injection

To identify an optimal cell number for intradiscal transplantation we used the active and
calcified in-silico models for Grade Il and IV. 3, 6, 9 and 18 million cells were investigated
based on parameters of ongoing clinical trials from Mesoblast Ltd. (NCT01290367 &
NCT02412735) and DiscGenics Inc. (NCT03347708). Cells were assumed to be
homogeneously distributed throughout the NP, remain viable after delivery, and possess a
discogenic phenotype, thus having similar metabolic rates and nutrient couplings as native NP

cells.

Results

The developed in-silico models predict the relationship between metabolite concentration and
the previously determined tissue properties of healthy adult (Grade I1), mildly (Grade I11) and
moderately degenerated (Grade IV) human IVDs. The results are presented in the form of
contour plots of just the lower quadrant of the disc, the concentration profile from anterior to
posterior at mid-height through the disc, the centre most value in the NP and the percentage
change in concentration due to the different conditions investigated e.g. active cell criteria and
CEP calcification. These results are grouped by metabolite with glucose shown in Figure 4, pH

in Figure 5 and oxygen in Figure 6.

As expected for a large avascular structure, the results showed that nutrient concentration
decreases with distance from the blood supply at the disc periphery. This is most apparent in
Grade Il where the disc height is greatest (~ 11.4 mm) and the lowest glucose and oxygen
concentrations are observed at the NP and inner AF (Figure 4A and Figure 6A). However, as
the CEP transport route shortened with reduced disc height of Grade 111 (~ 8.8 mm) and Grade
IV (~ 6.7 mm), the nutrient concentrations and pH within the NP increased. Focusing first on

the total cell density model, this is evident in the contour plots (Figure 4A-6A) but is also
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summarised in Figure 4C-6C where the centre-most value is compared for all degeneration
grades. However, diffusion distance from the supply source is only one factor influencing the
distribution of metabolites within the IVD. By considering the density of specifically
metabolically active cells, rather than assuming that the total cell density present are
contributing to consumption and production rates, the nutrient demands within the tissue are
altered. Applying the active cell criteria resulted in an increase in glucose concentration (Figure
4A) and a reduction in lactic acid build-up due to glycolysis (Figure 5A). The greatest impact
can be observed in the oxygen contour plots, Figure 6A, where there is a notable smoothening
of the gradient through the AF due to the lowest activity within this domain and a significant
increase in oxygen within the NP. To quantitatively compare total and active cell density, the
predicted concentration profiles at mid-height through the 1'VD are presented in Figure 4B-6B.
The predicted profiles are overlaid with values reported in the literature for the NP region of
the disc. As previously highlighted in Figure 1, the overlaid glucose range is from published
in-silico models®-"7, pH values are those experimentally measured together with a clinically
relevant median value®® and the oxygen range are experimental measurements which have been

corrected for an elevated boundary concentration during the surgical procedure.5
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Figure 4. (A) Predicted glucose contour plots within a healthy adult (Grade 1), mildly (Grade I11) and
moderately (Grade IV) degenerated in-silico intervertebral disc model. Each degeneration grade was
investigated for a total cell density, a metabolically active cell density and the effect of cartilage endplate
(CEP) calcification in the active model. Cell density was altered for degeneration grades, as highlighted
for each tissue domain: /A and \ indicates < 30% increase and decrease, respectively; ¥\ = ~ 60%
decrease and MM = ~ 180% increase. (B) Predicted glucose profile at mid-height through the
corresponding in-silico model, from the anterior to the posterior surface. The range of concentrations
predicted within the nucleus pulposus (NP) by previously published models is overlaid in orange,
together with a median value calculated across those studies. (C) Central glucose concentration for all
three degeneration grades under each of the investigated conditions.
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Figure 5. (A) Predicted pH contour plots within a healthy adult (Grade II), mildly (Grade 1lI) and

moderately (Grade 1V) degenerated in-silico intervertebral disc model. Each degeneration grade was

investigated for a total cell density, a metabolically active cell density and the effect of cartilage endplate

(CEP) calcification in the active model. Cell density was altered for degeneration grades, as highlighted

for each tissue domain: A and W indicates < 30% increase and decrease, respectively; v\ = ~ 60%
decrease and MMM = ~ 180% increase. (B) Predicted pH profile at mid-height through the
corresponding in-silico model, from the anterior to the posterior surface. The range of pH values

measured with the nucleus pulposus (NP) is overlaid in purple, together with a clinically relevant

median value.®® (C) Central pH for all three degeneration grades under each of the investigated

conditions.
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Figure 6. (A) Predicted oxygen contour plots within a healthy adult (Grade I1), mildly (Grade I11) and
moderately (Grade IV) degenerated in-silico intervertebral disc model. Each degeneration grade was
investigated for a total cell density, a metabolically active cell density and the effect of cartilage endplate
(CEP) calcification in the active model. Cell density was altered for degeneration grades, as highlighted
for each tissue domain: /A and \ indicates < 30% increase and decrease, respectively; o\ = ~ 60%
decrease and MM = ~ 180% increase. (B) Predicted oxygen profile at mid-height through each of the
corresponding in-silico models, from the anterior surface to the posterior surface. The range of boundary
corrected oxygen measurements within the nucleus pulposus (NP) and average central concentration
are overlaid in blue.®® (C) Predicted central oxygen concentration for all three degeneration grades under

each of the investigated conditions.
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While the number of metabolising cells influences the minimum concentrations within the
IVD, changes in cell distribution between the NP, AF and CEP affect the metabolite gradients
between degeneration grades. Focussing on the total and/or active cell density contour plots in
Figure 4A-6A. When advancing from Grade Il to mildly degenerated Grade 111, not only does
the axial transport route shorten but the CEP cell density decreases ~ 60%, facilitating greater
diffusion of nutrients into the NP and metabolic waste out, despite modelling a slight increase
in NP cell density (less than 30%). It is important to note this is assuming a constant boundary
supply and not considering other impeding artefacts such as calcification at this point.
Advancing from Grade Ill to moderately degenerated Grade 1V, despite a slight increase in
CEP cell density (less than 30%), further reduction in disc height and a slight decrease in NP
cell density (less than 30%) predicts an increase in nutrient concentration in the NP. However,
modelling a very significant increase in AF cell density (~ 180%) predicts greater impedance
of nutrients through the peripheral AF transport route due to high consumption and a shift in
the location of lowest nutrients laterally. Similarly, more concentrated lactate production within
the densely populated degenerated AF results in greater acidity in the disc periphery rather than
centrally. The effect of AF cell density in Grade IV is most apparent in the anterior and

posterior regions of the metabolite profiles in Figure 4B-6B.

Calcification of the CEP, at each degeneration grade, decreased the glucose, pH and oxygen
concentrations within the NP and inner AF, with close to no effect on the outer AF region.
Calcification was simulated in the active cell density models only and the regional effects can
be seen in both the contour plots (Figure 4A-6A) and the anterior to posterior profiles (Figure
4B-6B). At Grade 11 with ~ 15% calcification, a minor reduction on transport in and out of the
NP through the CEP transport route was observed, with an insignificant effect on the central
metabolite levels within the IVD (Figure 4C-6C). At Grade 111 (~ 34% calcification), nutrient

concentrations did not appear to change significantly. Meanwhile Grade IV, with ~ 58%
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calcification, resulted in nutrient and pH values dropping below those predicted within the NP
for a total cell density (i.e., assuming every cell present is contributing to consumption). This
can be seen in the anterior to posterior metabolite profiles for Grade IV (Figure 4B-6B) and in
Figure 4C-6C where the centre-most glucose, pH and oxygen values are summarised for all

degeneration grades under all investigated conditions.

Figure 7 (A-F) elucidates the effect of injecting 3, 6, 9 or 18 million into the NP of the
calcified Grade 111 model. As expected, the concentration of nutrients and the pH reduces with
an increase in the number of cells injected. As the cells are assumed to be homogenously
injected into the NP, the change in metabolite concentrations within the disc are concentrated
within the NP, as highlighted in the contour plots (A-C) and the A-P profile (D-F). Although
the contour plots are not shown for Grade 1V, the minimum nutrient concentrations and pH

predicted within the NP for Grade 111 and IV are compared in Figure 7 (G-1).
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Figure 7. Predicted glucose (A), pH (B) and oxygen (C) contour plots for a calcified Grade Il disc
injected with 3, 6, 9 or 18 million discogenic cells. (D-F) Predicted metabolite profile at mid-height
through each of the corresponding in-silico models, from the anterior surface to the posterior surface.
The shaded region highlights the nucleus pulposus (NP) where the injected cells are assumed to be
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() within the NP of a calcified Grade Il and Grade 1V disc following transplantation of 3, 6, 9 or 18
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pH3¥8:39113115 \while the oxygen concentration for optimal regeneration is highlighted in green.42116-119
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Discussion

Due to the avascularity of the 1\VVD, tissue nutrient transport rates and inherent cell metabolic
rates naturally give rise to concentration gradients. This work aimed to reflect on what is
already known about these concentrations in vivo and re-evaluate them in terms of clinically
relevant degeneration grades. Using in-silico modelling we incorporated newer experimental
data on degeneration grade-specific metabolically active cell densities®, tissue hydration®%-
103 diffusion parameters’®-8’ and calcification & and assessed the implications for developing

cell-based regeneration strategies.

Disc cells primarily obtain their energy through anaerobic glycolysis making glucose the
critical nutrient for disc cell survival.}*#2 However, there is a lack of directly measured values
of glucose concentration in disc tissue and in-silico modelling is typically used to surmise or
predict in vivo concentrations. Models presented in the literature have estimated a glucose
range from 0.25 mM to above 2 mM with the median NP concentration across all the studies
being 1 mM. Together these have established the conjecture that NP glucose concentrations
are critically low, making it particularly inhospitable to potential cell therapies.>®%%120
Although it is important to note that each of these studies investigated effects such as reducing
nutrient supply or exchange area® " and altering tissue diffusivity®® %72 particularly through
reducing CEP permeability or porosity through parametric analysis.”>"4’" Other osmo-
mechanical properties include altering water content, fixed charge, deformation’®’* and
dynamic loading.”"® Despite significant advances interrelating metabolic rates!®!!! and
incorporating cell death with nutrient deprivation’>!?, in-silico models remain limited by
availability of experimental data, both as input parameters and for subsequent validation of
predictions. Therefore, we believe that the multivariance models presented in this work
advance the research field through pooled grade specific experimental data for more accurate

modelling parameters of a dehydrated NP, anisotropic AF, and calcified CEP. Additionally, we
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have consolidated what has previously been measured in vivo and used this information to help

validate the predictive models with these key experimental studies.

We predicted slightly higher glucose concentrations within the disc compared with the
overlaid range from previous reported in-silico models in the literature. As expected, the total
cell density model was most comparable with the overlay, as the previous models had not
accounted for a proportion of the cell population not being metabolically active. Overall, the
current models predict a trend of increasing glucose concentration with degeneration (ignoring
calcification in this instance), as there is a compensation of decreased diffusional distance due
to reduced disc height. This has also been predicted in another in-silico model where halving
the disc height reduced the cell death ratio through increasing critical glucose and reducing pH
levels.”® It is important to reiterate that the literature models investigate a wide range of
parameters and several studies circumvent the lack of experimental input through parametric
analysis.®®™* Consequently, it is possible that the modelling scenarios presented for glucose are
far more severe than the clinically relevant grades of degeneration being elucidated here, thus
over-estimating the harshness of the microenvironment. Experimental glucose measurements
in other species include dogs and pigs with one study reporting levels below 1 mM through
micro-dialysis measurement, and the other measured a central NP concentration of ~ 3 mM
through biochemical analysis.®*122123 Qur predictive models are in good agreement with the
latter and are more plausible in terms of sustaining the NP cell population which has been
shown to experience significant cell death when glucose drops below 0.5 mM for more than 3
days.383°19 Even with an array of predicted and measured glucose concentrations (0.25 — 3.5
mM) it is a relatively narrow range confined by the upper supply limit of blood glucose levels
(2.6 — 6.1 mM).%2 Despite this more than 50% of publications utilising NP cells report high
glucose culture medium (25 mM or 4.5 g/L). Together this highlights an urgency for robust

experimental glucose measurements in healthy and degenerating human IVDs, not only to
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permit validation of in-silico models but to significantly advance the field in fully elucidating
the glucose microenvironment and refinement of in vitro culture conditions for physiological

relevance.

A significant advancement in the current model is the availability of recent data on human
cell densities and particularly metabolically active cell densities, which explains important
differences with the in-silico literature. Previously, studies have relied on cell densities from
early work, limited in sample size and donor age, while techniques have also developed and
advanced significantly since.®? The current work has greater precision at capturing
degeneration grades by employing values from a study, with a far larger sample size,
specifically investigating degeneration-related variation in cell density.® Furthermore, the
inclusion of only cells positive for metabolic activity is particularly important as NP cells have
been shown to experience a loss of both proliferative capacity and anabolic activity with normal
aging and degeneration.'®° As captured by the results, when there is a reduction in the number
of cells metabolising, there is an increase in the nutrient concentrations and a reduction in the

build-up of lactic acid within the disc.

Additionally, the models capture a potential shift in the overall distribution of metabolites
due to the changes in local cell density and activity between the different tissue domains. For
example, pH was predicted to reduce within the AF of Grade 1V, rather than the NP, due to an
almost 2-fold increase in the total AF cell density and an increase in the percentage of active
cells. However, the current model assumes no change in nutrient supply or waste removal,
while the relationship between the surrounding microvasculature and transport is not
straightforward. A recent review reported the prevalence of vascular ingrowths extending into
the inner AF through degenerative fissures, which may explain the large increase in AF cell
density and their ability to remain viable.'?*1% Alternatively, subchondral bone sclerosis and

occlusion of marrow contact channels may affect the vertebral supply route, with a correlation
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reported between functional capillary bud density and diffusion.'?512” This may contribute to
lower nutrient availability through the EP route'?31 which could create a shift in the
predominance of the transport routes. Thus, more quantitative measurements of nutrient supply
and metabolite concentrations at the boundary of the IVD are needed to ascertain confidence

in nutrient-transport models and may need to be assessed in a patient specific manner.

Acidity has been shown to be important for maintaining NP cell activity.>® However, too
low a pH is detrimental for proteoglycan (PG) synthesis rates which have been seen to reduce
significantly below pH 6.8.419%115 Hence, it is vital to consider the in vivo pH
microenvironment at difference stages of degeneration in developing a cell therapy to survive
and reach full regenerative capacity within the patient’s specific microenvironment.
Additionally, it is of utmost importance to re-evaluate the typical “disc-like” conditions used
during in vitro cell assessment. As mentioned previously, a healthy state is typically
represented by pH 7.1, mild degeneration by pH 6.8 and severe degeneration by pH 6.5.22726:%
However, when we visualise the data from Nachemson (1969) we see that the pH may not be
as critically low as commonly believed (Figure 1 (C)). Only 4 out of 38 measurements were
below 6.5 and each of these were noted as having an abundance of degenerative artifacts
(granulation tissue, scars and adhesions) in conjunction with severe pain, thus making their
degenerative state too advanced for regeneration through cell therapy.%>” A median value of
pH 7 was observed across the three levels of back pain (excluding the aforementioned
statistically different values). Furthermore, 50% of measurements were actually at or above pH
7 and only 18% of the + or ++ groups were below pH 7. Therefore, we believe that if cell-
based therapies are to be used to suppress deterioration and restore IVD homeostasis, at an
earlier stage of the degenerative cascade, then pH may not play as significant a role as

commonly believed.
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The pH profiles predicted in the current work all fall within the range of intradiscal
measurements, although above the calculated median of pH 7. The total cell density model at
Grade Il and 111, the most comparable to published literature as mentioned earlier, also show
good agreement with in-silico models which predicted a range of 7 — 7.2 within the NP.7%71.77
However, it is important to note that the intradiscal measurement range of 7 — 7.5 is large in
terms of the pH scale and most prolapsed discs showed values above pH 7, although the author
states that no statistical difference due to prolapse was demonstrable.®® Our conjecture that pH
may not be as critical as commonly believed is supported by human lactate concentrations of
2 -6 mM (pH 7.3 - 6.9) from Bartels et al. (1998), which saw only one outlier below pH 6.5

in a disc adjacent to a fused motion segment.5®

Oxygen plays a pivotal role in regulating the biosynthesis of native NP cells and many of
the potential regenerative cell sources being explored.!'’ Highest PG synthesis rates have been
recorded at approximately 5 %0 and synthesis appears to be inhibited significantly in an
oxygen-dependent manner below this.*? Although disc cells reside in an avascular niche which
is commonly characterised as hypoxic, potential cell therapies are still often assessed under
normoxic conditions (20 - 21 %0,).2224282%"Physijoxia” (~5 %02) remains the most commonly
accepted culturing condition in vitro for the musculoskeletal field. However, studies have used
lower hypoxic concentrations of 0.1 - 1 %0 and a higher concentration of 10 %0,.2"%°
Although lower oxygen appears to provide optimal functioning for native NP cells and some
potential cell sources®®!32, hypoxia and matrix acidity are also linked to the progression of a
pro-inflammatory microenvironment®**% in particular, interleukin-1 p (IL-1p) and tumour
necrosis factor-o. (TNF-a)) which are believed to be critical in inducing degeneration of the
ECM through cell senescence and upregulation of matrix metalloproteinases (MMPs).351%6
Therefore, we need to consolidate what “physioxia” means in terms of the IVD

microenvironment and re-evaluate the culturing conditions used in vitro.
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The average lumbar profile curve fitted to the data of Bartels et al. (1998) suggests that
the central NP concentration is slightly higher than traditional hypoxia (2 - 5 %0>), with a
value of ~ 8 %0, from the raw measurements or closer to 6 %O when corrected for the
elevated oxygen administered during general anaesthesia (Supplementary Figure S1). In the
current work, the oxygen profiles predicted for an active cell density fall within the range of
intradiscal measurements, while the total cell density profiles fall just below the measured
range. This supports our conviction that identifying the metabolically active cell density is a
particularly important parameter for in-silico modelling. It is unlikely that in a healthy adult
(Grade 1) that NP cells could sustain ECM homeostasis at less than 1 %0, as was predicted in
the total cell density model. Like glucose, oxygen concentration appears to increase with
degeneration and in particular, Grade IV shows good agreement with the overlayed
measurements. This may be credible as the majority of patients undergoing spinal surgery were
at least Grade 1V.%® Furthermore, a recent review also suggests that oxygen concentration
increases with degeneration due to blood vessel invasion and speculates that this may in fact
aggravate the “physioxic” conditions favoured by potential cell sources.>® Therefore, the
research field should re-evaluate the in vivo oxygen microenvironment in order to ascertain the
clinical relevance of in vitro testing conditions and potentially consider patient or degeneration

grade-specific treatments based on microenvironmental concentrations.

Like previous models, calcification effects were simulated in this work through reduced
CEP diffusion’®, although degeneration grade specific levels of calcification were applied
based on experimental quantification.” In this work, the levels of calcification at Grade 1l and
Grade I11 were not predicted to significantly impact the central metabolite concentrations. Only
at Grade IV did calcification appear to impede diffusion to a greater extent, with central glucose
and pH levels dropping below those predicted of the total cell density models. Therefore, the

current work suggests that at mild and moderate stages of degeneration, the effect of
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calcification would not appear to be as critical a factor on nutrient supply as commonly
speculated for cell-based regeneration, with the glucose concentration only reducing by less
than 1 mM and oxygen concentration reducing by ~ 1.5 %0, (Grade 1V). However, if the
central concentrations are lower than those predicted, then such a reduction in nutrients may
be critical. Additionally, lactic acid build-up due to calcification did result in a 0.1 reduction
on the pH scale. From this work we can only speculate that the effect of calcification becomes
more pertinent at Grade V, which we have already deemed too degenerated for cell-based
regeneration. It is also important to note that human disc histopathology studies have revealed
that not all degenerated discs exhibit calcification of the CEPs.*3” Therefore, this work sought
to capture models of each grade with and without calcification, despite the limitation of generic
models of each grade with mean parameters rather than a range of plausible bounds to the
mean.

When investigating the effect of injecting 3 — 18 million discogenic cells into the NP
of a calcified Grade Ill and IV disc, the current work found that glucose and pH did not appear
to be the limiting factor, with minimum concentrations remaining above the threshold at which
viability has been reported to be impaired (0.5 mM glucose or pH 6.8).383%113.115 However,
simulating an injection of 9 or 18 million cells predicted that the oxygen level drops below 1
%0-. This is important in terms of the regenerative potential as studies have shown 5 %0;
oxygen to be optimal for GAG synthesis**'’, while others have shown that hypoxia as low as
1 %0 did not significantly reduce regenerative capacity.!!611811% Although the concentrations
were not critical, comparing glucose and pH results for Grade 11l and 1V show that it is likely
that different cell numbers will be needed based on degeneration stage and patient-specific
factors which affect the local microenvironment, as discussed previously. Interestingly, we did
not see a difference in the minimum oxygen concentration between Grade I11 and IV due to the

injected cells. This suggests that any reduction in disc height between grades compensates for
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the effect of calcification, which is more prominent for the larger solutes (glucose and lactate).
The current work, while considering all caveats of the in-silico models, suggests that 3 or 6
million cells is the optimal number for intradiscal injection. We believe that these results may
provide further insight into the progression of clinical trials and the potential to refine the
design of trials. For example, some of the earlier clinical trials used 20 — 60 million cells per
disc**®141 while more recent trials from Mesoblast Ltd. used 6 and 18 million cell doses in
their Phase 2 trial (NCT01290367) before progressing into Phase 3 with just the lower dose of
6 million cells (NCT02412735). Additionally, DiscGenics Inc. used 10 million cells in their
pre-clinical animal rabbit model®°, before progressing with a low dose of 3 million and a high
dose of 6 million cells in their ongoing clinical trials (NCT03347708).

The causal link between degeneration and transport inadequacy remains complicated
and a limitation of the current work is the assumption of pure diffusion, while mechanical
loading could enhance nutrition through forced solute convection. This may be particularly
important in aging and degeneration with the CEP becoming less porous, less hydrated and the
presence of calcification impeding diffusion.'*> However, studies have also reported increased
porosity, due to osteoporosis and osteochondral remodelling, and speculate it to be linked to
degenerative features such as the loss of NP osmotic pressure, antigen exposure and immune
inflammation.*® Therefore, the significance of convection due to dynamic loading may vary

significantly from patient to patient depending on individual matrix composition and porosity.

Conclusion

As tissue engineering and regenerative approaches advance rapidly there is a pressing
need for a more thorough understanding of the metabolite concentrations present in the human
IVD microenvironment and how they govern the behaviour of potential cell therapies. In this

work we consolidated glucose, pH and oxygen levels previously measured or predicted within
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the NP, with the aim of re-evaluating the microenvironment at stages of degeneration which
are clinically relevant for cell-based regeneration. Additionally, we have advanced in-silico
modelling through a strong foundation of experimentally determined grade-specific input
parameters (diffusion coefficients, cell density, tissue hydration, disc height and CEP
calcification). Taken together, pre-existing measurements and our predicted results suggest that
metabolite concentrations may not be as critically low as commonly believed. In fact, nutrient
concentrations may increase due to reduced disc height and vasculature ingrowth. Additionally,
calcification does not appear to have a detrimental effect at earlier stages of degeneration when
cell therapies are deemed an appropriate treatment. Ultimately the goal is to recapitulate the
different microenvironmental niches in vitro, leading to more effective therapies with greater

potential for reversing or slowing down degeneration in patient-specific microenvironments.
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Supplementary Figure S1. (A) Bartels et al. (1998) reported that patients inhaled 30 %O, for at least
one hour as part of general anaesthesia, as a result oxygenation is increased by 50% compared to normal
respired air. According to Holm & Selstam (1982) alterations in inspired oxygen would have caused an
immediate change in arterial oxygen concentration (within 10 seconds) and an intradiscal response time
of minutes (depending on the distance from the endplate). Taking all of this into consideration, an in-
silico model was established with an elevated oxygen boundary condition at the bone-cartilage interface
of the endplate. The oxygen concentration on the surface of the annulus fibrosus (AF) was measured by
Bartels et al. (B) Firstly, the steady-state oxygen gradient through the disc is established for normal
(basal) oxygenation levels (solid black line). Secondly, a time-dependent analysis was performed with
elevated boundary concentrations to determine the effect of the duration of anaesthesia on the central
oxygen concentrations. The profile at mid-height through the disc from the anterior to the posterior
surface is presented graphically. Due to the elevated oxygen inhalation lasting at least 1 hour, we predict
that the oxygen concentration is inflated by ~ 2 %0, in the disc centre due to the cartilage endplate

transport route.
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Supplementary Table S2. Cell density parameters used in the nucleus pulposus (NP), annulus fibrosus

(AF) and cartilage endplate (CEP) for each grade-specific in-silico model.

Cell density (cells/mm?)

NP AF CEP

Grade Il | Total 2,452 2,432 27,215
Active 1,155 1,048 12,246

Grade 111 | Total 3,183 1,855 10,149
Active 1,499 800 4,567

Grade IV | Total 2,307 5,297 10,574
Active 1,373 2,998 6,133

Supplementary Figure S3. (A) Model geometry for a quadrant of a L4/L5 intervertebral disc with
distinct cartilage endplate (CEP), annulus fibrosus (AF) and nucleus pulposus (NP) regions. The lateral
and anterior to posterior (A-P) widths remain constant with degeneration for each region and so does
the thickness of the CEP. (B) The disc height reduces as a function of degeneration. Half the thickness
of the disc is shown for the external edges and at the AF-NP interface for each grade. Additionally, the

maximum central disc height has been added for the full thickness of the IVD.

(A) Model Geometry — dimensions constant with degeneration Quadrant of L4/L5 IVD (B) Disc height - as a function of
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Supplementary Table S4. Finalised input parameters used in the grade-specific in-silico model to
capture the effective diffusion of the relevant metabolites (oxygen, glucose, and lactate) through the
nucleus pulposus (NP), annulus fibrosus (AF) and cartilage endplate (CEP).

Diffusion coefficients (mm?/hr)
AF CEP
NP Axial | Radial | No calcification | Calcification
Grade Il | Oxygen 3.08 2.20 3.08 4.15 3.53
Glucose | 0.45 0.37 0.45 0.14 0.12
Lactate 0.61 0.50 0.61 0.25 0.21
Grade 111 | Oxygen 3.08 2.20 3.08 4.15 2.74
Glucose | 0.45 0.37 0.45 0.14 0.09
Lactate 0.61 0.50 0.61 0.25 0.16
Grade IV | Oxygen 3.08 2.20 3.08 4.15 1.74
Glucose | 0.45 0.37 0.45 0.14 0.06
Lactate 0.61 0.50 0.61 0.25 0.10
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