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Scaling and systems biology for integrating multiple organs-on-a-chip
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Coupled systems of in vitro microfabricated organs-on-a-chip containing small populations of human
cells are being developed to address the formidable pharmacological and physiological gaps between
monolayer cell cultures, animal models, and humans that severely limit the speed and efficiency of drug
development. These gaps present challenges not only in tissue and microfluidic engineering, but also in
systems biology: how does one model, test, and learn about the communication and control of biological
systems with individual organs-on-chips that are one-thousandth or one-millionth of the size of adult
organs, or even smaller, i.e., organs for a milliHuman (mHu) or microHuman (uHu)? Allometric scaling
that describes inter-species variation of organ size and properties provides some guidance, but given the
desire to utilize these systems to extend and validate human pharmacokinetic and pharmacodynamic
(PK/PD) models in support of drug discovery and development, it is more appropriate to scale each organ
functionally to ensure that it makes the suitable physiological contribution to the coupled system. The
desire to recapitulate the complex organ-organ interactions that result from factors in the blood and lymph
places a severe constraint on the total circulating fluid (~ SmL for a mHu and ~5uL for a uH) and hence
on the pumps, valves, and analytical instruments required to maintain and study these systems. Scaling
arguments also provide guidance on the design of a universal cell-culture medium, typically without red
blood cells. This review presents several examples of scaling arguments and discusses steps that should

ensure the success of this endeavour.

Introduction

Organ-on-chip (OoC) microphysiological systems (MPS)
programs funded by a variety of governmental agencies in the
United States, Europe, and Asia are developing individual
organs-on-a-chip and, more important, coupling human-cell,
multi-organ, organ-on-chip and larger human organ construct
(HoC) systems for drug development and studies of drug toxicity
and efficacy. While individual OoC technologies have advanced
considerably in the past decade,' significant technical challenges
must be met before multiple organs can be integrated into a single
system of coupled organs.! Only limited reports describe coupled
organs,” and there is not yet a full understanding of how
biological scaling laws apply to multiple, coupled OoCs. To
replicate human physiology and drug response with
interconnected human OoCs/HoCs, it is critical that each
OoC/HoC has the correct relative size. Extensive literature
describes differences in organ size between animal species whose
body mass, My, spans 6 orders of magnitude from shrew to whale.
Organ size does not scale proportionally (isometrically) with My,
but instead obeys a number of different allometric power laws
that describe, for example, how as the animal’s linear dimension
L increases, its mass increases as L>, and hence the cross-
sectional area of the bones must increase non-linearly.* Metabolic
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rates may exhibit M,** scaling,”® pulmonary and vascular
networks exhibit My** scaling,”'® and blood circulation time
scales as Mbm.“ Table 1 shows the coefficients A and B, derived
from primates with body masses of 10 g to 100 kg,'? to compute
organ mass M = AM,®. When multiple organs are connected, their
relative size could be normalized to mass, surface area,
volumetric flow, or other geometric measures. The challenge is to
specify the appropriate scaling law(s) for specific applications,
whether it be to construct a physically functional organ (e.g., a
pumping heart), a pharmacodynamic model (3D co-culture
systems), or both simultaneously in a MPS.

For convenience we select three scales for our discussion:
Human (Hu), milliHuman (mHu), and microHuman (uHu); we
assume an adult Hu mass of 70 kg and hence a mHu mass of 70 g
and a pHu mass of 70 mg. In theory, a system with multiple
organs could be designed to represent any fraction of a human,
possibly a nanoHuman (nHu). In this paper we discuss the factors
that guide the specification of the size of each organ in a coupled
system. We hope that this will provide guidance to the ongoing
efforts to design and implement coupled organ systems.

Allometric scaling

i. Principle

Allometric scaling has been of great academic interest, but it is
largely unexplored in the design of coupled microphysiological
systems. As reviewed elsewhere,' allometric scaling formed the
early foundation of pharmacokinetic modeling of the delivery and
activity of a drug within a human relative to experiments using
culture dishes and small mammals, but it has been supplanted by
scaling based upon physiology rather than simply mass or body
surface area.'>!
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ii. Pros/cons
In this review, we follow a similar trajectory, beginning with
simple allometric scaling to estimate organ size, and then
concluding that the requisite OoC and HoC scaling must reflect
s physiological activity and the efficiency with which engineered
tissues can replicate human organ function in vivo. The power of
allometric scaling is that there is a rich literature to guide the
OoC/HoC designer, as provided in the Scaling Spreadsheet in the
Electronic Supplementary Information (ESI). As we will show,
10 allometric scaling provides an excellent starting point for
specifying and validating coupled OoC/HoC systems.
However, this scaling may not produce valid parameters for
mHu and pHu systems. The most notable observation from Table

1 is that the large human brain size (a=85) and its allometric
15 scaling exponent (b=0.66) would produce a pBrain that has twice
the body mass of the pHuman. The nature of this problem can be
seen in Fig. 1. The intersections of the allometric scaling lines for
each organ with the vertical mHu and pHu lines in Fig. 1A
indicate the allometric mass of the mHu and pHu organ in Table
20 1. The scaling of each organ relative to its mass for a 1.0 Hu is
shown in Fig. 1B, which suggests that allometric scaling for the
brain, pituitary, adrenals, and thyroid will produce larger than
average organs, while that for the thyroid will be smaller. Given
its median position, one might consider using the pancreas
25 scaling as a starting point, with B =0.91.

Table 1 Allometric scaling coefficients and organ masses for a Hu, mHu, and pHu based upon primate data. Coefficients from Stahl, 1965."

Human milliHuman (mHu) microHuman (pHu) Relative
Body mass: 60 kg 60 g 60 mg Organ Mass Ratios
Organ A B M, g Organ / Body M, g Organ/Body M, mg Organ/Body Mgu/Mp, M_1/Miy
Liver 33.2 0.93 1496 2.5% 2.4 4.0% 3.9 6.6% 1.62E-03 2.63E-06
Brain 85 0.66" 1268 2.1% 13 22% 139 232% 1.05E-02 1.10E-04
Lungs 9.7 0.94 455 0.76% 0.69 1.2% 1.0 1.7% 1.51E-03 2.29E-06
Heart 5.2 0.97 276 0.46% 0.34 0.57% 0.42 0.70% 1.23E-03 1.51E-06
Kidneys 6.3 0.87 222 0.37% 0.54 0.91% 1.3 2.2% 2.45E-03 6.03E-06
Pancreas 2.0 0.91 83 0.14% 0.15 0.26% 0.29 0.48% 1.86E-03 3.47E-06
Spleen 1.5 0.85 49 0.081% 0.14 0.23% 0.39 0.64% 2.82E-03 7.94E-06
Thyroid 0.15 1.12 15 0.025% 0.0064 0.01% 0.0028 0.0047% 4.37E-04 1.91E-07
Adrenals 0.53 0.7 9.3 0.016% 0.07 0.12% 0.59 0.98% 7.94E-03 6.31E-05
Pituitary 0.03 0.49 0.00081% 0.0044 0.0074% 0.040 0.067% 9.12E-03 8.32E-05

& Coefficients for human brain scaling: 80-90. The corresponding number for monkeys is 20-30, and great apes 30-40.
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30 Fig. 1 How allometric scaling might (mis)inform mHu and puHu scaling when known power laws'? are used to extrapolate from humans. A) Organ mass in
grams. B) The mass of each organ relative to that for a 1.0 Hu. Note the range in allometric slopes for different organs, and that a 10° reduction in body
mass leads to only a 10* reduction in the mass of the brain, pituitary, and adrenals, leading to a pBrain with twice the mass of the uHuman.

There would be similar issues were allometric scaling used to
set the heart rates and blood circulation times. The heart rate of a
35 mouse is approximately one hundred times that of an adult

human, 1

and hence one would not want to assemble a mHu

whose organs and the connecting vasculature would require
perfusion at rates that would not be realistic for a human. Human
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cells might not function properly or for long when placed in
organs sized to a mouse.

Simple scaling will also fail for other reasons. A working heart
cannot be less than one cardiomyocyte thick. Key endothelial
layers must be one cell thick, and only one cell, independent of
organ size. Certain immune cells function at such a low density
(3,000 leukocytes per ml of cerebral spinal fluid (CSF)) that the
breadth of acquired immune response may not be replicable in a
uBrain with a CSF volume of ~ 1 pL that would contain about 3
leukocytes. Cellular heterogeneity should not scale.

Interconnected “histological sections”

i. Principle

Given that cells in OoCs/HoCs may not operate with the same
efficiency as cells in vivo, it may be more realistic to construct an
00C/HoC system that reflects a small fraction of an adult human.
Don Ingber has described this as creating “living histological
‘sections’ of an adult human” (personal communication).

ii. Pros/cons

This approach is ideal for OoC/HoCs operated in isolation, in that
it effectively avoids the need for scaling by simply observing a
small portion of an organ. The rate of perfusion can be
determined by the number of cells being supported and the
section can be studied for as long as it survives. The first
challenge occurs if the media is recirculated — what is the correct
volume for that media? The rate at which the OoC/HoC
consumes nutrients, secretes metabolites, and otherwise
conditions that media is determined by this volume, and to
overestimate the volume might lead to proportion delays in the
appearance, for example, of toxic metabolites, particularly if they
have only limited lifetimes. It is necessary, however, to make the
“section” large enough and sufficiently realistic that the organ
functions in a more physiologically realistic manner than a simple
monolayer monoculture in a Petri dish or well plate. Building a
functional “section” from an individual human’s cells may have
»s advantages over using real ones'® in that it may be possible to
create “sections” of an individual patient’s organs that are not
readily available.

This approach is advantageous when one desires to
recapitulate only a subset of an organ’s function, for example, a
lung alveolus with epithelial, endothelial, immune, and
mechanical interactions but without requiring gas transfer,'”'®
heart-on-a-chip that elucidates drug effects on cardiac
electrophysiology or mechanical activity but doesn’t pump
blood,"*? or a gut-on-a-chip that does not consider bile activity,
nutrient and water uptake, or abluminal transport.?' In this case,
the system may scale linearly, and in effect one is creating a local
system with inputs, outputs, and selected physiological controls.?

However, the situation becomes more complex when two or
more ‘“histological sections” are coupled in series or parallel.
Correct representation of organ-organ interactions is now
determined by the size of each section and the volume of their
shared fluid. A scaling mismatch of the two organs could make
one section either oblivious of the other or dominated by it. Too
large a fluid volume would delay or minimize organ-organ
interactions. Furthermore, a small histological section may not be
representative of the complexity of the organ as a whole and may
be missing essential biological features that can alter biological
responses to stimuli.
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However, engineering all in vivo conditions artificially would

¢ fundamentally eliminate the need to couple the organ systems,

and the same results could be achieved by running each organ in
its own microenvironment. This contradicts the purpose of
coupling the organ systems together, in which the goal is to
observe the most physiologically accurate response and intra-
organ signaling to perturbations in the system without a priori
biases. Hence we need functional scaling of our “sections.”

Functional Scaling

i. Principle

Given the shortcomings of allometric scaling and the
uncertainties of how to scale coupled “histological sections,” it is
worthwhile to examine the obvious alternative: functional or
physiological scaling of coupled organs. With this approach, one
identifies the organ functions that are the most important for the
coupled system, e.g., heart: volume pumped; lung: gas
exchanged; liver: metabolism; kidney: molecular filtering and
transport; brain: blood-brain barrier function and synapse
formation. The functional parameters to be achieved for a
particular implementation are specified, and then the physical
milli- or micro-organ is sized, iteratively if necessary, to achieve
the requisite functional activity given the constraints imposed by
physical architecture, materials, and available cells.

ii. Pros/cons

This is a rational approach to preserve specific organ functions at
their appropriate relative magnitudes, rather than relying on the
classical, allometric approach. Given that the chosen functions
should be quantifiable, this provides a straightforward approach
to designing both the device and the functional readouts of a
complete OoC system.

One limitation of the approach is that functional scaling may
result in oversimplification of OoCs and limit the translatability
of the results achieved. Another is that it may not be possible to
create an organ that recapitulates more than one organ function.
Just as we saw in Fig. 1, different functions may scale differently
with respect, for example, to surface-volume ratio. One could
devise two-part organs, €.g., a heart with separate chambers for
recapitulating mechanical and electrophysiological functions. '**°
iii. Example
Figure 2 shows an example of a coupled mHu HoC system
currently under development by a collaboration between Los
Alamos National Laboratory, Vanderbilt University, the
University of California San Francisco, Charité Hospital Berlin,
Harvard University, and the CFD Research Corporation.* The
design challenges are to properly size all organs to provide
realistic organ-organ interactions, including drug metabolism, and
to do so with a low enough volume of blood surrogate that the
autocrine and paracrine signaling factors released by each organ
are not diluted to below the level of physiological effect for other
organs. A working heart and a functional lung are desired. Simple
scaling would suggest that given an adult blood volume of ~4.5
liters, a mHu and a pHu would have blood volumes of ~4.5 ml
and ~4.5 pl, respectively. A microfluidic cardiopulmonary assist
system might be required as the system is assembled and the
organs grow and stabilize, e.9., if the lungs and heart have not yet
achieved their needed level of gas exchange and pumping. Given
that every organ in the body is not being represented, it may be
necessary to include a microformulator'?*** to add missing blood

This journal is © The Royal Society of Chemistry [year]
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components, as well as a means to neutralize ones that are not
removed by a missing organ. Finally, in recognition that complex
biological systems tend to oscillate, a system for sensing and
control”?* will be required to maintain organ stability and
simulate aspects of neurohumoral physiological control not
explicitly included, thereby ensuring both homeostasis and the
requisite physiological daily and longer biorhythms.

b [Ventilator | B

| System Physiological Sense & Control I

Arterial System
Venous System

Cardiopulmonary Assist

-| Pressure, 0,, CO, Sense and Control I—

Missing Organ pFormulator

Fig. 2 The mHu Advanced Tissue-engineered Human Ectypal
Network Analyzer (ATHENA), a milliHuman (Homo chippus) being
developed by Los Alamos National Lab, Vanderbilt University, Charité

Universititsmedizin Berlin, University of California — San Francisco,
Harvard University, and CFD Research Corporation with the support of
the Defense Threat Reduction Agency (DTRA).” Figure from Wikswo et
al., 2013, with permission.'

Examples of organ scaling

We now present several examples of scaling considerations that
might apply to the creation of individual organs. In the ESI
Scaling Spreadsheet, we present an extensive compilation, with
appropriate references from a vast and often inconsistent
literature, of ~250 anatomical and functional parameters for the
brain, heart, kidney, liver, lung, and blood that can be used to
guide the design, modeling, and validation of OoCs and HoCs,
using either allometric or functional scaling. In the following
paragraphs we provide a brief discussion of the importance of
several of the parameters for each organ.

Our examples are limited to the major organs that are common
therapeutic targets and do not include other significant tissues
such as adipose, bone, endocrine, skeletal muscle, or skin tissues.
When attempting to recapitulate in vivo metabolic and
physiologic demands of a coupled organ system, one must
consider that these tissues also play a key role in metabolic
demands and biochemical signaling. As a result, design criteria
for OoC scaling should take into consideration the presence,
absence, and simulation of various organs when scaling certain
physiologic parameters. The ESI Scaling Spreadsheet and the
discussion of each example below should provide guidelines for a
rational approach to the design of integrated HoC/OoC systems.
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Brain

40 There are a growing number of reports on in vitro, flow-based

models of the neurovascular unit (NVU) and blood-brain barrier
(BBB),”! and other neural co-cultures.”” For this scaling
analysis, we choose to reduce the brain from its extreme
structural and functional complexity and focus our analysis on
scaling of the NVU, which is the most important functional unit
for ADMET (absorption, distribution, metabolism, and excretion
toxicity) studies and functionally represents the BBB. The NVU
consists of a capillary and its surrounding cell types, including
endothelial cells, pericytes, astrocytes, microglia, and neurons.
Correct and, importantly, feasible scaling of an NVU will require
a unique combination of geometrical and biochemical scaling.

This is important because the brain is particularly complex,
and the literature is riddled with inconsistent physiological data.
For example, one of the most common misconceptions of brain
physiology is that glial cells outnumber neurons by ten to one,
where in fact the ratio for neocortical glia to neurons is 1.2, and
the ratio of non-neuronal to neuronal cells ranges from 0.2 to 1.5,
depending upon the brain region. These ratios are of exquisite
importance when constructing a brain-on-a-chip.

Many of these misconceptions arise from the difficulty of
studying the brain. Brain tissue is very diverse across species, and
therefore studying the physiological parameters of rodent or other
brains will not give an accurate representation of human
physiology. The best understanding we can gain from non-human
studies comes from the primate brain. The architectural
complexity of the brain also complicates the analysis of simple
parameters such as capillary density and cell numbers. Neurons
can traverse multiple brain regions. Significant advances have
been made in this regard by Herculano-Houzel et al., with their
isotropic fractionator technique,’® and improvements will
continue to be made with more advanced analytical techniques
such as the transparent brain recently developed by Chung et al.*’

As the ESI Scaling Spreadsheet indicates, gray matter and
white matter may also contain different ratios of cell types and
orientations. These parameters are important for scaling in brain
region-specific ways. The task of assembling these parameters is
complicated because most groups studying the brain make
empirical measurements on a specific brain region and not the
whole-brain scale. In addition, metabolic parameters such as
oxygen consumption are difficult to measure for specific brain
regions, but capillary density and cell number distribution are far
ecasier to measure for isolated brain regions. To further complicate
gathering this information, many of these parameters had to be
assembled by studying the control groups from manuscripts
investigating a specific disease state. Finally, it is unclear which
of these parameters will be most important for the end goal of
creating and integrating a brain-on-a-chip. Therefore, in the
Scaling Spreadsheet we present our best understanding of the
necessary physiological parameters and their sources for the
reader to evaluate and employ as necessary. We envision this
table of parameters as evolving as alongside our understanding of
the human brain and the challenges of building HoCs.

Functional scaling of the brain is largely driven by
metabolism. In humans the brain represents 20% of the overall

s metabolic load and 2% of overall body mass. 5% Moreover, the

relative metabolic demand of the brain grows more slowly than
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body and brain mass (allometric exponent 0.873).***! The total
energy consumption by the brain varies linearly with the number
of neurons in the brain at a rate of 5.79x10”° pmol glucose-min
'neuron”.* However, it is unclear if an in vitro brain-on-a-chip
(BoC) can recapitulate the metabolic rate of the in vivo case.
Therefore, we believe that a mHu and pHu BoC, for example,
should be scaled linearly by the number of neurons in the adult
human brain, and the remaining components of the brain should
be scaled according to the metabolic demand of the number of
neurons in the BoC. Autoregulation of the BBB by all cellular
components of the NVU also necessitates correct scaling of the
cell numbers in the BoC and capillary surface areas in relation to
the metabolic demand of the neurons which they support.
According to the cellular composition of the cerebral cortex, the
NVU should consist of 1.2 astrocytes/neuron, 0.46 vascular
cells/neuron, and 0.2 microglia/neuron.*

The greatest challenge in geometrical scaling of the brain is
realization of the capillary density of the brain, which has one of
the largest capillary densities of any organ. The average human
adult has between 12 and 18 m? of BBB, or 150 to 200 cm’g™ of
tissue. The necessity of providing neurons with such a high
capillary surface area per neuron (174 pm’neuron™) will
challenge fabrication techniques and is most feasible in
microfluidic systems.**** In association with the vasculature,
pericytes cover around 30% (5 m?, 667 cm’g’) and astrocytes
cover around 99% (18 m% 200 cm’g™) of the abluminal surface
of brain microvasculature.***¢

Scaling of blood flow in a BoC relative to other OoCs could
present significant challenges. The human brain has a flow rate of
7 L-min"!, which accounts for 13% of total blood flow.*”*° This
number should scale functionally with the size and metabolism of
the BoC in order to supply sufficient glucose, oxygen, and other
nutrients and remove resulting metabolites. Values such as the
central metabolic rate for oxygen (CMRO2) of 3.2 mL/100 g-min
should remain constant with decreased size and will be a useful
readout of BoC success.”” Another critical factor is maintenance
of the shear stress at the endothelial barrier. Blood surrogate flow
must be supplied to a BoC with a sufficiently small capillary
cross-sectional area to maintain a shear of around 1.5 Pa without
excessive volumetric flow rates.’'™> This value will also
determine the pharmacokinetic parameters of the brain by
influencing the residence time and Péclet number of the BoC
capillaries.

In summary, the scaling of a BoC revolves around the NVU
and is focused on delivering the correct metabolic demand
relative to other organs and the unique transport properties of the
BBB. As these technologies develop it will become more clear
which of these scaling laws are critical to success, and also where
scaling can or must be broken in favor of realistic implementation
of these technologies for routine studies.

Heart

The scaling considerations that apply to the development of heart
tissue revolve around tissue architecture and composition,
electrical conduction, biochemical factors, metabolism, and fluid
flow. An important decision that must be addressed early in the
development of an OoC/HoC heart is whether it is to be a
working heart, i.e., support the flow of blood against a
mechanical load (including the pulmonary or peripheral

o0 effects of drugs and their metabolites on cardiac performance.
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vasculature),

The cardiac parameters in the ESI Scaling Spreadsheet support
several of the major cardiac scaling issues we have discussed. For
example, if a heart construct is to be used as the fluidic pump that
provides and supports circulation of a blood surrogate through a
coupled OoC system, then functional parameters such as
transport capacity, ejection fraction, and fractional cell shortening
become scaling issues of paramount importance. The ESI Scaling
Spreadsheet is constructed to circumvent the need to look up
individual organ parameters, which often vary throughout the
literature and species type. Furthermore, a desired organ size can
be used to quickly calculate approximate parameter values for an
organ of a certain size based upon both allometric and functional
scaling. Thus the table is a valuable resource for quickly and
efficiently approximating functional and structural parameters for
OoC design, and it also highlights a number of the scaling issues
that must be considered in terms of design criteria.

Composition and biochemical factors are of significant import
in modeling mammalian heart tissue, which is intrinsically
heterogeneous, containing cardiomyocytes, fibroblasts, vascular
smooth muscle cells, endothelial cells, and neuronal cells among
other less abundant non-myocytic cells.”® These cell types all
interact through a variety of biochemical factors and signaling
mechanisms to maintain cardiomyocyte phenotype and tissue
function.®®® In terms of these fundamental signaling pathways,
one may need to consider exogenous sources of biochemical
factors that are scaled to the targeted tissue construct’s mass,
volume, and composition. One must also consider that the size of
the organ construct will limit the ability to accurately recreate
features of the mammalian heart (e.g., if the size of a heart
construct is limited to 1-2 cells thick, as would be required for a
uHeart, then the realization of an endocardium and the
incorporation of all native cell types will not be feasible),
whereas this might be possible with a 15-myocyte thick mHeart.

Tissue architecture and metabolism must also be considered.
The specialized cells that comprise heart tissue are organized in a
highly specific structure that results in a transendothelial
biochemical gradient that forms the blood-heart barrier.
Furthermore, the fibers in the heart are aligned in anisotropic,
helically wound layers that impart unique, spatiotemporally
dynamic biomechanical properties to heart tissue. This issue is of
key importance when considering the use of a scaffold or
substrate as a culture platform, since mismatched substrate and
tissue properties can result in a significant reduction in cardiac
pump function. In addition to its complex architecture, heart
tissue is very metabolically active and requires sufficient
oxygenation. Thus, scaling cellular metabolism is another
concern, as the balance of energy supply and demand is essential
for maintaining cardiac pump function. To meet this demand,
native heart tissue contains a dense, complex network of
myocardial capillaries that penetrate orthogonally through the
myocardium. However, recapitulating a complex network of
small diameter capillaries may not yet be feasible in vitro,
although recent developments are promising.“®’ As a result, the
utilization of planar diffusion may suffice for now, as the reduced
thickness of the cultured myocardium of engineered heart tissue
may allow for adequate oxygenation without vascular perfusion.
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Fluid flow and other biomechanical stimulation of cardiac
tissue are integral to a variety of the heart’s intrinsic control
mechanisms. Synchronized cardiomyocyte contraction results in
complex mechano-electrical feedback mechanisms through the
activation of stretch-activated channels and modulation of
cellular calcium handling, the endocardium responds to both fluid
shear stresses and pulsatile cyclical strain by releasing paracrine
and endocrine factors, and baroreceptors transduce sensory
feedback into various forms of cellular signaling. Under normal
fluid shear conditions, endothelial and vascular smooth muscle
cells have relatively low rates of proliferation, whereas abnormal
hemodynamic conditions result in pathological cellular
phenotypes that are associated with a number of cardiovascular
diseases.®® The proper scaling of biomechanical properties in
conjunction with fluid dynamics is therefore crucial to modeling
both normal and pathological cardiac tissue. In order to achieve
physiologic fluid shear stresses in miniaturized working heart
constructs, one must appropriately apply volumetric and
resistance scaling by modulating flow rates and blood
surrogate/media viscosity in accordance with the geometry of the
bioreactor and tissue construct. These scaling issues only gain
significance when integrating heart-on-a-chip technologies into
multi-organoid constructs, especially if the heart tissue is to be
responsible for cardiac output to perfuse the entire organ network.
Here, cardiac output (i.e., stroke volume, heart rate, ejection
fraction, etc.), tissue size, metabolic and perfusion demands of
other tissues, total peripheral resistance, and resident blood
surrogate volume are all variables that need to be properly scaled
relative to each other. However daunting it may be, the scaling of
biological variables for the integration of multiple human organ
constructs provides a basis for fabricating functional mHu or pHu
constructs that would streamline drug development and discovery
and produce a more realistic cellular microenvironment than
monolayer monocultures in Petri dishes or well plates.

Overall, each of these scaling issues merits consideration in the
design of engineered heart constructs, and optimization of heart-
on-a-chip technologies, not to mention all organ-on-a-chip
technologies, is a compromise between verisimilitude and a
functional abstraction.

Kidney

Building an in vitro kidney model necessitates architectural,
functional, and biochemical scaling. The nephron consists of
three structurally and functionally distinct subunits—glomerular
filtration, proximal reabsorption and secretion, and urine
concentration—-which must scale individually as well as relative to
one another in order to preserve whole organ functionality.

The ESI Scaling Spreadsheet provides examples and literature
references for a range of functional and structural factors that
need to be considered in kidney scaling. First and foremost, the
kidney model must scale in order to sufficiently filter the
circulating volume of blood in the HoC construct and achieve
physiologically relevant rates of the glomerular filtration. Second,
the model must be manipulated to facilitate physiological rates of
fractional reabsorption, a challenging feat due to the wide
discrepancies between in vivo functionality and in vitro
performance. The kidney also provides a unique example of an
organ in which the preservation of geometrical features, such as
the countercurrent mechanism and exchanger, is critical to
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realizing an accurate model of the human kidney.

Functional scaling begins in the glomerulus. The glomerular
filtration rate (GFR) in a 70 kg human produces 125 mL/min of
ultrafiltrate and therefore 125 pL/min in a functional milliHuman
(mHu).*® The ratio of the surface area of the glomerular
hemofilter to porous surface area can be optimized in the model
to achieve this rate of filtration, given that a physical filter will be
different from a biological one.

Recapitulation and subsequent scaling of the specific transport,
metabolic, endocrine, and immune activities of the renal tubules
pose formidable fabrication and scaling challenges.®° A
potential approach begins with functional scaling of active solute
reabsorption rate in the proximal tubule. For example, a 70 kg
human normally filters 180 g per day of D-glucose, almost all of
which is reabsorbed in the proximal tubule; therefore, a mHu
kidney must scale to filter and subsequently reabsorb about 180
mg of glucose per day.”' Because metabolic activity and active
transport abilities of the proximal cells in vitro may differ
significantly from in vivo quantities, preliminary in vitro studies
must be conducted to characterize the phenotype of human
proximal tubule cells in single hollow fibers. From these results,
we can predict the number of cells and surface area required for
functional scaling of solute reabsorption. Manipulation of
geometric dimensions or the use of parallel proximal tubule
modules can ensure that the proximal tubule model can receive
the appropriate volume of ultrafiltrate from the glomerular unit.

Although the scaling of the urine-concentrating mechanism
must encompass functional scaling concepts, the approach must
also pay particular attention to scaling the critical architecture of
the loop of Henle. Although the relation of absolute loop length
and urine-concentrating ability between species is highly debated,
the creation of the corticomedullary osmotic gradient is
unequivocally linked to active reabsorption of Na' as well as the
complex geometry of the loop of Henle.”””® In an approach
similar to that of the proximal tubule model, functional scaling in
the loop of Henle can be achieved by scaling the rate of Na'
reabsorption. Active reabsorption of Na™ by Na/K-ATPase pumps
located in the thick ascending limb of the loop of Henle (TAL)
effectively drives the passive H,O reabsorption in the descending
limb. Additionally, the Na/K-ATPase pump has been extensively
characterized and is tunable with a variety of solutes, hormones,
and drugs, and therefore may serve as a point of modulation for
scaling purposes.” Successful scaling may be impossible without
the preservation of architectural features such as the
countercurrent mechanism and exchanger. Computational
modeling can be used to optimize the length and surface area to
volume ratios needed to establish a physiologically relevant
osmotic gradient for a human, 300 to 1200 mOsm regardless of
size.” Additionally, “preconditioning” of long loops with short
loops, as seen in Vvivo in a ratio of 85 short to 15 long in humans,
may help to maximize urine-concentrating ability.”*"®

The kidney is an excellent example of a key OoC/HoC design
concept: while functional and biochemical scaling may provide
the best approach to scaling a histological section of a human,
some organ functionalities cannot be achieved without
reproduction and scaling of certain physiological architectures.

Liver

The ESI Scaling Spreadsheet provides an overview of the
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available allometric scaling laws for the liver and a basis from
which we can evaluate parameters that will scale and those that
will not.”” Intuitively, we can identify certain parameters that will
not scale. For example, cellular parameters such as sinusoidal
endothelial cell (SEC) fenestration size will remain 100-1000 nm
in diameter.” Additionally, hepatocyte density (1.39x10° cells/g
liver), protein concentration (90 mg/g liver), and liver density
(1.03 g-liver/mL) are not expected to show appreciable scaling in
our milli/microliver.**”

There are, however, central design parameters for which there
are allometric scaling laws, but from which we can justifiably
deviate for functional scaling. For functional scaling, we argue
that the hepatic mass will not follow the allometric power law
and instead represent 1/ 10° or 1/10° of what is found in a normal
human. For example, although an allometric power law exists for
oxygen consumption, we instead use functional scaling given that
the metabolic demand per hepatocyte—approximately 0.3 to 0.9
nmol/sec/10° cells—will be equivalent in our scaled O0C.5**! The
allometric value for oxygen consumption in the mHu
(0~0.035M,*%°, with M, in g, such that a 60 g mHu would have
a hepatic oxygen consumption of 0.59 ml/min) underestimates
consumption when compared to a functional proportion of a
normal human (2.06 ml/min).” Note that if oxygen transport
through the blood surrogate is insufficient, a system of
hydrophobic hollow fibers could be used to increase the
interstitial oxygen concentration without affecting interstitial or
blood volumes, as has been done quite successfully for liver
HoCs.®%

In addition to proper oxygen delivery, there is also a need to
30 seed the appropriate number of cells with sufficient exposure to a
blood surrogate. In vivo hepatocytes sit adjacent to the 1.4 pm
perisinusoidal space (i.e., the space of Disse), which separates the
hepatocytes from the sinusoidal capillary that averages 10 um in
diameter and 275 pum in length. Appropriate concerns are whether
35 a longer and larger in vitro model of a hepatic sinusoid unit via
hollow fiber (HF) bioreactors will affect nutrient delivery, create
unwanted oxygen gradients, and/or add to necessary volume
given the limitations of HF fabrication. Although the number of
hepatocytes needed for a functional mHu is calculated to be
3x10® cells, it is unclear if current HF technology can support
this.¥%5 Neither 3-D, planar microfabricated, or hollow-fiber
livers have yet achieved collection of bile, generated by the liver
canaliculi, into bile ducts.

Validation of the milli- and microliver models will primarily
occur via iterative in vitro-in vivo correlation of xenobiotic
clearance. Several groups have conducted correlation studies,
with a general belief that each drug compound, unsurprisingly,
may have its own allometric power law across species (due to
metabolic variations) and also a different scaling factor (due to
assumptions made in their model such as diffusional barriers).***>
For example, Naritomi et al. found that they could predict human
in vivo clearance rates of eight model compounds from human in
vitro data by using an animal scaling factor (Clig vivo/Clin vitro) from
either a rat or a dog. Scaling factors were similar across species
for each of the eight compounds, but varied from 0.3 to 26.6-fold
among the compounds.®

While this variation may prove to be troublesome in the
analysis of unknown compounds during drug evaluation and
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discovery stages, awareness of the properly scaled input

0 parameters and thorough analysis of a wide range of model

compounds (e.g., acetaminophen, diazepam) will assist in
building predictive pharmacokinetic/pharmacodynamic (PK/PD)
models of the OoC system.

Lastly, Boxenbaum notes in an early paper on allometric
scaling of clearance rates that these models may not prove to be
accurate, particularly at small masses, as the intercept of the
allometric equation predicts a non-zero clearance rate at 0 g. This
collapse of allometric theory at the micro- and milliscale gives
credence to the necessity to scale based on organ function.??

Lung

Within the lung, the bronchial tree and the alveoli can be scaled
separately. The main structures in the lung that do not scale with
system size are the individual cell parameters, such as cell
volume and radius. While one might not expect to scale the
percent distribution of cells, this may be necessary if the
efficiency of a particular cell type in a mHu or pHu differs from
that in a Hu.

The ESI Scaling Spreadsheet provides a collection of both
functional and structural lung variables. Inconsistencies between
the allometric exponents show a disconnect between structure and
function, illustrating a novel problem when constructing HoCs.
As we have discussed, additional support systems, such as
assistance from a microformulator, may be necessary to ensure
the most accurate structure/function plung construct
incorporated onto a HoC. A robust table of scaling values is
therefore a valuable reference tool when making the inevitable
compromises while designing a coupled OoC system.

Allometric scaling in the bronchial region is found in the
diameters of the trachea and bronchioles. Allometrically, the
diameter of the terminal bronchiole scales with an exponent of
0.21, while the radius of the trachea scales with an exponent of
0.39. However, this presents a problem: allometrically scaled, a
pHu would have a terminal bronchiole diameter of 30 pm , which
is near the limit of current soft-lithographic microfabrication
technology; were hollow fibers used for the larger bronchial
tubes, with a minimum diameter of 200 pm, the microfluidic
network would require approximately six binary splittings to
achieve a 240 pm diameter. Either scaling laws must be broken or
novel fabrication techniques® utilized to accommodate and create
a viable pHu trachea/bronchi system.’

Allometric scaling in the alveoli is critical as well. The most
important function of the alveolus is oxygenation, so scaling
should be addressed to meet oxygenation needs, if required for
the MPS. The critical parameter to be properly scaled is surface
area, as it is the main component of Fick’s law and governs
diffusion capacity across the alveolar-capillary barrier.
Pulmonary diffusing capacity (DL,) scales linearly with body
mass with an exponent of ~1.%° This means that the DL, /body
mass ratio is relatively constant in all mammals. Diffusing
capacity is related to alveolar surface area, mean barrier
thickness, and capillary blood volume, and the allometric
coefficients are 0.95 for surface area, 0.05 for barrier thickness,
and about 1 for capillary blood volumes.”’

To replicate a uHu, alveolar diameter would be 21 pm —an

s order of magnitude less than the average 200 um diameter of a

human. The diameter of a type 1 epithelial cell is around 20 pm.
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Thus any individual pHu alveolus would require only a single
epithelial cell,”* but the entirety of alveolae for a 0.1 pHu might
well be modeled by a rectangular membrane of the appropriate
area.'”"!®

Another scaling argument that should be considered is the
mass-of-tissue to volume-of-media, in this case lung tissue
volume to blood volume. Blood volume is linearly related to
body mass in mammals (allometric exponent of 1). Thus scaling
lung tissue surface area and blood substitute volume in the HoC
depends on the total mass of the system, and if both are scaled
correctly then oxygen concentration should be sufficient. If
scaling is ignored, problems could arise with the surface area
required to supply the blood with sufficient oxygen for metabolic
needs.”

A pLung would have 184,000 cells in the alveolar region.
Around 37% of those (the interstitial cells) could be eliminated,
since only endothelial, type I and II cells, and macrophages are
needed to create a functional alveolar-capillary unit. The correct
percentage breakdown of cells is important to assure sufficient
paracrine factors and surfactant production.””*

The scaling factor that appears to present the greatest challenge
to a pLung is respiration rate. Were we to use allometric scaling,
a pLung would have to inspire 643 times per minute to maintain
proper oxygenation. Due to the strain this would put on a 1 um
thick polymer membrane, it is likely that this frequency would
have to be slowed to prevent rupture. As a result, more surface
area would need to be added or higher oxygen concentrations
used to compensate for the loss of rate in order to maintain a
minute volume of 0.17977 mL/min consumption of oxygen. This
highlights the challenges of scaling, especially into the micro-
and nano-scales, where the limitations imposed by non-biological
fabrication technologies prevent meeting design parameters
without violating scaling laws,'® which could result in a less
accurate abstraction. Hence it is critical to specify the desired
35 lung functions and scale the device to achieve them.

Blood

A universal media, or blood surrogate, for HoCs and OoCs must
be able to support each cell type in addition to recapitulating the
blood’s critical role in homeostasis through the transport of
dissolved gases, carrier proteins with bound molecules, soluble
nutrients, metabolites, and signaling molecules. Since blood
“maintenance” is dynamic but tightly controlled by several
organs and biochemical processes, development of a blood
surrogate is non-trivial.

Allometric scaling of blood components gives some insight
into how the surrogate should be constructed. The ESI Scaling
Spreadsheet corroborates the scaling issues that must be
considered in designing a blood surrogate. First, it can be seen
that the concentrations of blood remain virtually the same in
organisms of all sizes: conveniently, the concentrations of a
remarkably large number of blood components do not scale with
body mass.'®" This means that the creation of a blood surrogate
can benefit from the large body of work that has been completed
on creating cell media. Second, it can be noted that blood volume
scales linearly with mass; thus, the total volume of the blood
surrogate in an OoC/HoC device should be proportional to the
entire size of the device. For all non-aquatic mammals, the blood
volume is about 6-7% of the total body volume.'® Scaling the
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blood surrogate volume with the size of the OoC/HoC device is

o necessary to ensure that signaling and other transported

molecules are not excessively diluted and that the total mass of
transported blood surrogate components is enough to support the
organs. Third, the spreadsheet shows the critical functional
parameters for ensuring that the cells behave in a physiological
manner. The epithelial cells in contact with the blood surrogate
must have the same shear stress that cells experience in the body
to achieve the requisite polarization. In addition, the cells must
experience the same levels of oxygen and carbon dioxide, which
are dictated by the gas transport capabilities of the blood
surrogate, in order to maintain the physiological metabolism of
the cells. The physical properties of a number of different oxygen
carriers are also shown. The spreadsheet is based upon the scaling
of a complete system; as discussed above, it may be necessary to
correct for the hydrodynamic, metabolic, and chemical activity of
organs that are not included in the system.

Hence, little should be changed in normal blood to form a
blood surrogate. However, there are other scaling issues that must
be considered to ensure that the cells in the mHu and pHu behave
physiologically.

First, the blood surrogate must recapitulate physiological
oxygen transport properties. Experiments have shown that the
rate of oxygen delivery to the cells affects the cells’ metabolic
rate.'”? There are programmatic differences relative to the
suitability of serum in an OoC/HoC system: the Defense Threat
Reduction Agency (DTRA) program announcement™ precludes
the use of serum, whereas the the Defense Advanced Research
Projects Agency (DARPA) program'® does not. If simple serum-
free aqueous culture media is used, the low concentration of
dissolved oxygen in the media may limit metabolic rates and
affect capillary surface-to-volume scaling. Therefore, the level of
oxygen transport that cells experience in vivo as enabled by
hemoglobin must be functionally mimicked with the blood
surrogate. Were erythrocytes not used, perfluorocarbons and
hemoglobin-based oxygen carriers may be very effective for
achieving this.'®'% If human or animal serum is not utilized,
appropriate concentrations of molecular-carrier proteins such as
albumin may be required to replicate organ-organ chemical
communication.

For the purpose of supporting HoCs, the blood surrogate must
maintain multiple cell types while also optimizing physiological
processes. While there is no known universal serum-free media, a
number of different formulations of minimal media can be used
as a starting point for the creation of a medium that can support
multiple cell types.'””'® To achieve optimal cell functionality
and longevity, supplements must be added to this minimal
medium.'?”

Although a number of effective medium formulations for the
growth and maintenance of multiple cell types have been
developed, these media mixtures have not been widely tested for
interconnected HoCs. For OoC/HoC systems, this represents a
significant challenge due to differential scaling, simultaneous
maintenance of multiple cell types, and the recirculatory nature of
HoCs. Logic dictates that during flow-through of the blood
surrogate within a HoC, some components will be absorbed or

11s metabolized, while others will be added to the blood surrogate,

with a negative impact on downstream HoCs.
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One method that has been successfully used to create a
common blood surrogate for a number of different cells in an
0OoC/HoC first involves combining the established serum-free
mediums of each cell type, which can be found in the literature,
to create a base medium. Next, various other components, such as
growth factors and supplements, are added to optimize for
physiological functionality, based on a number of different
physiological measures. Finally, since some of the components of
the medium support one type of cell but hinder others, one of
several different techniques is used to ensure that each organ
receives an optimal subset of the components of the blood
surrogate. Zhang et al. '° demonstrated this method by creating a
blood surrogate that supported four cultured cell types: liver
(C3A), lung (A549), kidney (HK-2), and adipose (HPA). Another
option is to grow cells in isolated OoC/HoCs on their preferred
media, and then gradually, though controlled valves, wean them
slowly from this media to the universal one.

In addition, some properties of blood and related structures
that exist physiologically cannot yet be replicated with HoCs. For
example, capillaries, which have relatively constant size across
species, are too small to be recreated at present, so care must be
taken to design the HoCs such that the physical characteristics of
the blood surrogate, such as flow, volume, and shear stress, match
those found in the tiny capillaries. It is imperative to match the
wall shear stress in HoCs to that of microvessels to achieve the
same mechanotransduction and gene expression in endothelial
cells as in humans.*” This might be addressed by self-organizing
on-chip microvasculature.®*¢

Furthermore, it is important to understand PK/PD scaling in
order to add drugs to the HoC/OoCs at proper levels and to use
the HoC/OoCs to predict the pharmacokinetics in humans.>* The
classical scaling relationship for drug/signal dosing is that the
body’s ability to use and metabolize drugs/signals varies with
surface area.''’ But these scaling laws are critically dependent on
the biochemical mechanisms and physical properties of the
organs.111 If the organs do not functionally mimic physiology,
they could fail to predict the PK/PD of humans. Differences in
drug transport and metabolism in the HoC can render typical
allometric PK/PD scaling useless. This can be seen clearly by the
fact that PK/PD varies significantly between infants and adults.'"

Finally, the blood surrogate will require supporting systems
that can provide missing functionality required for blood
surrogate and organ maintenance. As required, a
microformulator'® can provide media supplements specific to
each organ.'”® The microformulator could be used to locally add
media components to a particular organ. A size-exclusion filter or
an affinity capture chamber or matrix (Donna Webb, personal
communication) could be used to remove any toxic molecules
produced by one organ before they reache other organs.
Computer-controlled microformulators could also provide the
regulated injection of molecules that cannot be maintained by the
system alone and those from organs not in the HoC.2*'"?

8

Cellular Heterogeneity

In contrast to the common monocultures and occasional co-
cultures used in much of cellular biology, organs present a much
richer cellular heterogeneity. Cellular heterogeneity is a key issue
to consider when applying scaling laws to OoCs,
downscaling an organ may result in a reduction in the number of

since

cell types present. Furthermore, achieving a complex co-culture

0 system that preserves native cellular heterogeneity in an organ,
much less coupled organs, is still far from realization. As a result,
in addition to scaling issues, the choice of cell types used to
develop an OoC may also be altered in order to focus on a
biological response that is specific to a certain cell population in

os the organ of interest. Table 2 indicates the relative fractions of the
most common cells in each of the organs considered. In the ESI,
we present these data in terms of Shannon-Wiener Index
(SWI),"#115 3 yseful method to quantify cellular heterogeneity.
We were unable to identify from the literature a self-consistent

70 set of cell distributions for the kidney. One could also argue that
the erythrocytes and leukocytes could be treated separately.

Table 2 Heterogeneity of cell types in different organs.

# of cell
Organ  types, N Cell type %
Brain
(Neocortex)”? 4 Glia 41%
Neurons 33%
Vascular 17%
Microglia 8%
Total 100%
Heart™”® 5 Cardiomyocytes 55%
Fibroblasts 25%
Vascular smooth muscle 10%
Endothelial 7.0%
Neuronal 3.0%
Total 100%
Liver''® 4 Hepatocyte 60%
Sinusoidal endothelial 20%
Kupffer 15%
Hepatic stellate 5.0%
Total 100%
Lung 5 Endothelial 39%
(Alveolar) 7 Interstitial 29%
Type 11 epithelial 18%
Type I epithelial 11%
Alveolar macrophages 3%
Total 100%
Blood'"” 6 Erythrocytes 99%
Neutrophils 0.50%
Lymphocytes 0.30%
Monocytes 0.050%
Eosinophils 0.025%
Basophils 0.007%
Total 99.9%

Engineering Challenges

We have discussed a number of criteria for scaling mHu and pHu
s organs as required to design and validate realistic, coupled
HoC/OoC systems. That said, there are also a number of
engineering challenges that must be met before it is possible to
construct a realistic mHu as shown in Fig. 2 or a pHu as shown
schematically in Fig. 3. These challenges are cataloged in detail
elsewhere,' and include determining the proper size of each
organ, fluidic control of mL and pL volumes, analytical
chemistry in pL and nL volumes, including comprehensive
molecular characterization in real time, maintaining and
controlling coupled organ systems, vascularizing organs with
appropriate surface-to-volume ratios, developing a universal
blood surrogate, accounting for missing organs and the
adjustment of blood surrogate, modeling coupled organ systems,
characterization of organ health and disease, and minimizing
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organ cost to enable high-content screening. Several of these can
be revisited based upon our detailed scaling analysis.

Fig. 3 A concept drawing of a four-organ pHu (Homo chippiens). A)
An on-chip peristaltic ventricular assist, B) Right heart, C) Lung, D) Left

[

heart, E) Liver (courtesy of Kapil Pant), F) Peripheral circulation''®

(courtesy of Kapil Pant), G) Microchemical analyzer of metabolic
activity.'"” The system would operate on a single microfluidic chip, with
on-chip pneumatic valves controlling system functions and connections.

1o The circulating volume of perfusate of an OoC/HoC must
match organ size, lest metabolites, hormones, and paracrine
signals be diluted to the point that each organ operates in a large
reservoir independent of the other organs, thereby precluding
accurate study of the desired organ-organ interaction so necessary

is for PK/PD'?°, ADMET,'”" and drug safety/toxicity studies.'?*'*
The aforementioned ~4.5 mL and ~4.5uL blood volumes for a
mHu and pHu will place severe constraints on not only the
fraction of an organ bioreactor that must be occupied by cells, but
also limits the size of in-system sensors and the volume that can

20 be withdrawn for analysis of the system’s state and subsequent
control adjustments. The scaling arguments applied to the organs
also apply to the instruments that will analyze their performance.

One might also wonder whether the ratio of cell-to-perfusate
volumes alone precludes the use of conventional well plate cell

»s culture in creating properly coupled HoC/OoC systems: blood
and interstitial fluid volumes for organs in vivo are a small
fraction of the volume of the organ itself. Well-plate tissue
cultures without internal vascularization can seldom support
tissues thicker than 100 to 300 um without necrosis, so the height

30 of fluid above such tissues grown in a well plate would have to be
a small fraction of the thickness of the cell layer to maintain the

proper tissue-fluid volume ratios. Because of surface tension
effects, it is difficult to pipette fluid from such a thin layer of
fluid without damaging the underlying cells. This argues for
flow-based HoC/OoC systems that can function within the
aforementioned volume constraints. The capabilities of
microfluidic systems will be critical to produce compact organs
with both appropriate temporal responses and the ability to
produce and react to circulating cytokines,'**'?® and to work with
small quantities of rare or expensive human cells.'”’

Another issue that has been largely overlooked yet is critical to
consider in OoC/HoC design is temporal scaling in reference to
disparate cell growth and turnover rates between tissues and
between in vivo and in vitro conditions, particularly when
studying drugs with slow kinetics. It is well recognized that
cellular co-cultures are subject to being overrun by one of the two
cell types, although components can be added to culture media to
retard proliferation of one species'®® or accelerate the growth of
the other. It may be possible to design a mechanical means to
address cellular turnover, for example by adding or removing
sections of cells from an organ as the entire MPS ages.

While fluorescence sensors can be used to record metabolic
signals such as acidification and oxygenation, it may be wise to
reserve optical bandwidth for intracellular fluorescent probes, and
instead utilize miniature, wide-bandwidth electrochemical sensors
matched to small cell populationsm'131 or single cells."* Itisa
great advantage that, typically, the signal-to-noise ratio of
electrochemical sensors does not increase as the electrodes are
miniaturized,*® and it has been shown possible to make
electrochemical measurements of single cells and small cell
populations, 3135137138

A larger problem is to characterize the circulating molecules
either consumed or produced by each organ, given the small
volumes and the need to track concentrations of many molecules
over long periods of time. Nanospray injection, ion mobility-mass
spectrometry (nESI-IM-MS) may prove to be the key technique
for rapid OoC state monitoring, given that IM separations require
milliseconds rather than the hour or so of high pressure liquid
chromatography,**'* with the recognition that nESI requires
desalting of the media that can now be done on-line.'*!
Ultimately, the sensors and controllers might be interconnected in
a way that would lead to automated inference of model-based
control algorithms.**'*?

An additional implication of the small fluid volumes in a mHu
or pHu is that adjustment of the chemical concentrations of the
perfusion media, for example to simulate humeral control of
organ function, requires injection of small volumes of precisely
mixed fluids. While a high-throughput screening fluidic robot or
droplet injector can handle nl to pl volumes, it is a non-trivial to
connect one of these into a closed, circulating system of coupled
HoCs/OoCs. It is yet another problem to achieve the dynamic
range of concentrations of different chemical species found in
typical cell culture media without the use of large volumes of
media and serial dilution techniques. It will also be necessary to
provide the signaling molecules and metabolites from missing
organs, as well as apply localized biochemical perturbations to
assess the response of the other organs, but note that this has to be
done as a small perturbation of the mL to uL volume of the blood
surrogate with a temporal resolution guided by the requisite
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controller bandwidth. A microfluidic microformulator as we
discussed earlier may meet these needs.

As the complexity of a coupled OoC system increases with the
number of organs integrated, organ scaling will become more
complicated, since the metabolic demands and relative scaling
between organs will undoubtedly be affected. We also believe
that the scaling in multi-organ OoC/HoC systems, particularly for
dynamic metabolic phenomena, will require systematic design
such that the functional scaling of any organ system is not
significantly altered by another organ, and no single organ
receives a substantial, unintended scaling priority.

Coupled non-linear biological systems can spontaneously
oscillate and may require external stabilization, which in turn will
require the use of sensors and controllers, possibly at the level of
each organ. The neurohumoral control of human homeostasis
may in fact be simulated by a properly configured sensor and
control system, which in turn will benefit from both properly
scaled sensors and the ability to rapidly reformulate the perfusion
media. That said, regulatory noise may contain useful information
about system interconnections.

It will be interesting to determine whether cellular
heterogeneity in mixed cultures, critical to cellular signaling
mechanisms in vivo, can be maintained for long times in vitro in
coupled HoC/OoC systems. Given the regulatory role of the
cellular microenvironment in vivo,'**'* there would be reason to
expect that it might in fact become easier to maintain
heterogeneity as multiple cell types are grown together in
balanced environments with self-conditioned media. The
Shannon-Wiener Index may prove important in assessing and
30 controlling this.

We have not yet addressed in detail the scaling issues
associated with microfluidics, oxygen carrying capacity of the
blood surrogate, and the distributed hydraulic impedance of both
the individual organs and the coupled system. This is of particular
35 significance for mHu and pHu systems with working hearts. One
would expect that designing around these constraints would
benefit greatly from multiphysics, computational biology
modeling tools."**!*¢ Optimized microfluidic design using a first-
principles optimization of vascular branching'*"'*’ may be better
suited than approaches that assume a particular scaling law.’

Ultimately, there may be significant technical and economic
advantages to creating a pHuman on a single microfluidic chip as
shown schematically in Fig. 3. Simpler implementations are
already being developed.'”™ The total volume of fluidic
interconnects is minimized. On-chip valves can be utilized to
bypass individual organs while the organs are being seeded and
grown to a stable state, and to adjust the duty cycle by which they
are connected to the entire system so that conditioning of media
can be gradual rather than sudden, providing time for cellular up-
and down-regulation of signaling and control genes. Multi-organ
integration is not, however, a practical approach until each organ
has been perfected individually, albeit at the correct size. Hence
as we gain experience in this field, we need to make our HoCs
and OoCs small, but not too small.

Conclusions

It is reasonable to assume that the many issues addressed in this
review can be resolved through careful attention to engineering
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and physiological details, particularly with the large number of
well-funded investigators now working on this worldwide.
Clearly, this does represent a Lab-on-a-Chip challenge of
unprecedented complexity and significance. It is most important
to recognize that there are obvious trade-offs between realism and
simplicity, since the ability to sense and control the microscale
environment in microfabricated organs-on-a-chip may provide a
solution to the current impasse in extending existing in vitro
models, most of which are based upon single-layer cellular
monoculture, to greater realism and utility.'>

There will undoubtedly be requests to make these OoC/HoC
systems ever-more realistic, and to criticize them for their
shortcomings. There have been similar drives for perfect
reductionist representations, particularly in the regulatory
networks and systems biology communities, where computational
models continue to grow in complexity and may operate at a very
small rate compared to real time. It is important to realize that
O0C/HoC systems reside in a niche of abstraction that will
improve constantly with technology but will never exactly
recreate a full human, which represents ~10° years of
evolutionary engineering. It may be most useful if OoCs and
HoCs are viewed as simplified model systems for PK/PD and
systems biology studies, not small humans.

The drive to perfect reductionism is put in perspective by both
Jose Luis Borges and Lewis Carroll, in which a map of an
empire/country the size of an empire/country is not found
useful.””"'*Just as a perfect map resolves few problems and
produces others, the creation of a near-to-perfect in vitro replica
of a human may accomplish little at great expense. We believe
that with the proper application of scaling and a balance between
abstraction and realism, we should be able to learn much about
the complexity of human biology'*® and its interaction with drugs
from each implementation of a HoC/OoC. Ultimately, we may be
able to create OoC/HoC surrogates for specific genetic or disease
subgroups for drug development or for individual patients to
optimize their treatment.
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Electronic Supplementary Information (ESI)

We provide in both PDF and Excel formats a Scaling
Spreadsheet with ~250 physiological parameters describing brain,
heart, kidney, liver, lung, and blood. In this section, we also
discuss in more detail than in the manuscript the Shannon-Wiener
Index as a measure of cellular heterogeneity.

Cellular Heterogeneity

The Shannon-Wiener Index (SW1)*2 provides a useful measure of
the effective heterogeneity of organs that can guide organ-on-chip
(00C) and human organ construct (HOC) design:

N

SWI =->"p,log, p, -

where there are N cell types and p; is the probability that a cell is
of type i. By using log base 2, we compute SWI in bits. The
Diversity Index (DI)! is simply 2°' and indicates the effective

number of cell types in the tissue. If we have only one cell type in
a tissue, then SWI =-1log, 1 =0, and DI = 1. If we have two cell
types that are equally abundant (i.e., p; = p,= 0.5), SWI = -(0.5
log,(0.5) + 0.5 10g,(0.5)) = -(0.5 x -1 + 0.5 x -1) = 1. If we have
two cell types with disparate abundances (e.g., p; = 0.1 and p, =
0.9), then SWI = -(0.1 log,(0.1)+ 0.9 log,(0.9)) = -(0.1x-3.32+
0.9x-.152) = -(-.332 + -.136) = 0.469, and DI = 2°4%° = 1.38. So
the more monodisperse (less heterogeneous) is a two-cell tissue,
the closer the SWI is to 0 because one cell type dominates. The
more heterogeneous the tissue, then the closer is SWI to 1, since
each cell type is equally represented (DI = 2). If the abundance of
the two cell types is imbalanced, then the SI is intermediate
between 1 and 2. Table S1 lists SWI and DI for several organs,
which we can use in designing and validating OoCs and HoCs.
The sources of the brain data are listed in the Scaling
Spreadsheet. We were unable to identify from the literature a self-
consistent set of cell distributions for the kidney.

Table S1 Heterogeneity of cell types in different organs and the corresponding the Shannon-Wiener Index (SWI), in bits, and the effective number of cell
types, known as the diversity index (DI= 25"")

Shannon-
# of cell Wiener P; =1/N for uniform
types, Index, distribution of N cell SWI for uniform cell-
Organ N Cell type % SWI Diversity Index, DI types type distribution
Brain
(Neocortex)®* 4 Glia 41%
Neurons 33%
Vascular 17%
Microglia 8%
Total 100% 1.8 3.4 0.25 2.0
Heart*® 5 Cardiomyocytes 55%
Fibroblasts 25%
Vascular smooth muscle 10%
Endothelial 7%
Neuronal 3%
Total 100% 1.7 3.3 0.20 2.3
Liver® 4 Hepatocyte 60%
Sinusoidal endothelial 20%
Kupffer 15%
Hepatic stellate 5%
Total 100% 15 2.9 0.25 2.0
Lung 5 Endothelial 39%
(Alveolar)’ Interstitial 29%
Type Il epithelial 18%
Type | epithelial 11%
Alveolar macrophages 3%
Total 100% 2.0 4.0 0.20 2.3
Blood® 6 Erythrocytes 99%
Neutrophils 0.50%
Lymphocytes 0.30%
Monocytes 0.050%
Eosinophils 0.025%
Basophils 0.007%
Total 99.9% 0.1 0.1 0.20 2.3

a Vanderbilt Institute for Integrative Biosystems Research and Education, Nashville, TN 37235, USA. E-mail: john.wikswo@vanderbilt.edu
b Department of Biomedical Engineering, Vanderbilt University, Nashville, TN 37235, USA
¢ Department of Molecular Physiology & Biophysics and Department of Physics & Astronomy, Vanderbilt University, Nashville, TN 37235, USA




Scaling Spreadsheet

The following pages contain a PDF of Table S1. Structural and functional parameters to guide the scaling of organs-on-chips and
human organ constructs based upon human and animal data. This is in the form of a spread sheet, with ~250 parameters from brain,
heart, kidney, liver, lung and blood that are useful in designing coupled organs on a chip. The user is urged to validate all numbers from
the primary references therein and report any discrepancies to the authors. A live version of the spread sheet can be downloaded from
http://www.vanderbilt.edu/viibre/organs-on-a-chip.php . There is a moderated section for comments on and additions to the table.
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Table S1. Structural and functional parameters to guide the scaling of organs-on-chips and human organ constructs based upon human and animal data. The user is urged to validate all numbers from the primary references cited and report any di ies to john.wil bilt.edu
Version: 6/10/2013

A live version of the spread sheet can be downloaded from http://www.vanderbilt. il gans-on-a-chip.php . There is a moderated section for comments on and additions to the table.
mHu mass,| | Mouse uH mass,) nH mass,| <<ENTER
Hu mass, kg| 7.00E+01 | P 7.00E-02 mass, kg 2.00E-02 kgl 7.00E-05 I kgl 7.00E-08 MASS
5 q Allometric
Organ Type ?' Quantity Base unit Allom.e Sjchalicmetiic +- SE Reference Notes umag +* SE iy . ml-!u Mouse * SE A ull . ul:l ] " "':l References
Quantity coefficient A power B Unit (Hu) Allometric Functional F ic F

Brain  Structural Organ volume L 0.029 0.922 Scaled to body mass. Brain Mass and 1.45E+00 250E-03  145E-03 428E-06 145E-06 | 7.34E-09  1.45E-09 |1

volume scale linearally
Brain  Structural Intracranial Volume mm3 Total volume of gray matter+White 1.50E406  0.15 N/A  150E+03 N/A  150E+00 | N/A 1.50E-03 |2

matter+cerebrospinal fluid
Brain Structural Gray Matter V cm”3 gray matter mass=volume (cm"3) 5.72E+02 N/A 5.72E-01 N/A 5.72E-04 N/A 5.72E-07
Brain Structural White Matter V cm”3 1 1.23 Scaled to gray matter volume 2.46E+03 N/A 2.46E+00 N/A 2.46E-03 N/A 2.46E-06 |3
Brain  Structural White Matter V ome2 1 1243+ 0.036 \White mater surface area is used to 2.69E+03 NIA  2.69E+00 NA  269E03 | NA  2.69E-06 |3

derive White Matter Volume
Brain  Structural Interstitial Volume w Extracellular space s 200ullg fissue LA | 3 026405 NA  3.02E+02 NA 302601 | NA 30204 |4
Brain Structural Organ Mass (primates) g 0.029 0.922 Scaled to body mass 1.51E+03 299.14 2.50E+00 1.51E+00 4.16E-01 4.28E-03 1.51E-03 | 7.34E-06 1.51E-06 [1;5
Brain Structural Cerebellum Mass g 1.54E+02 19.29 N/A 1.54E-01 5.60E-02 N/A 1.54E-04 N/A 1.54E-07 |5
Brain Structural Rest of Brain Mass g 1.18E+02 45.42 N/A 1.18E-01 N/A 1.18E-04 N/A 1.18E-07 |5
Brain  Structural Whole Cortical Mass g 1.05E-08 1.097  +-  0.081 Scaled to # gray matter neurons. Mass 1.23E+03 233.68 N/A 6.31E-01 1.73E-01 N/A 3.23E-04 N/A 1.65E-07 [3;5

from LHH Ref 2.

Scaled to # gray matter neurons. >40% of
Brain Structural Cortical White Matter Mass g 4.35E-10 1.197 +-  0.091 cerebral cortex in humans, mass of one 5.23E+02 119.7 N/A 1.34E-01 N/A 3.44E-05 N/A 8.81E-09 (3
hemisphere from LHH Ref 2.

Brain  Structural Cortical White Matter Mass 9 3.88E-09 1032+ 004 Scaled to # of cortical non-neuronal cells. | 5 53p,55 1497 NA  419E-01 NA  336E-04 | NA  269E-07 |3
Other cells are primarily oligodendrocytes

Brain Structural Cortical White Matter Mass g 0.3572094 1.148 Scaled to gray matter mass 5.23E+02 119.7 0.00E+00  1.34E-01 6.43E-14 1.71E-14 | 2.00E-17  2.69E-18 |3
Brain  Structural Cortical Gray Matter mass g 2.25E-09 1043 +- 0073 Scaled to whole brain # neuronal cells. 5.72E+02 105.32 0.00E+00  4.25E-01 792E-12  250E-12 | 6.97E-15  1.22E-15 3,5
Mass from LHH Ref 2.
Brain Structural Cortical Surface A cm”2 1.43E+00 1.059 Scaled to brain mass (g) 3.33E+03 3.77E+00  2.21E+00 4.44E-03 1.47E-03 | 5.23E-06 9.79E-07 |6
Brain Structural White Matter Surface A cm”2 8.88E-07 0.873 +- 0.102 Scaled to # gray matter neurons 5.74E+02 0.00E+00  1.38E+00 2.96E-09  3.32E-03 1.10E-11 7.98E-06 |3
Brain Structural Capillary Linear Dimension um per neuron 4.60E+01 N/A 4.60E+01 N/A 4.60E+01 N/A 4.60E+01 |7
Brain  Structural Capillary Length Per Neuron (Calculated) um/neuron C_a!culated from total capillary length 7.55E+00 N/A 7.55E+00 N/A 7.55E+00 N/A 7.55E+00
divided by number of neurons
Brain Structural Capillary Luminal Diameter um 3.00E+00 N/A 3.00E+00 N/A 3.00E+00 N/A 3.00E+00 (8
Brain Structural Total Capillary Length km Calculated by length/neuron*# neurons 6.50E+02 N/A 6.50E-01 N/A 6.50E-04 N/A 6.50E-07 (8
Brain Structural Capillary Volume (resident blood vol) mL From LHH source 13 1.00E+00 N/A 1.00E-03 N/A 1.00E-06 N/A 1.00E-09 |8
Brain Structural Capillary Volume (calculated) mL Calculated from diameter and length 4.59E+00 N/A 4.59E-03 N/A 4.59E-06 N/A 4.59E-09 (9
N N
Brain  Structural Total Capillary Volume u ;laelr‘:)’gaf/c";:‘s"’" X Whole Brain # 113E+04  1.06E+03 | 0.00E+00 1.13E+01 0.00E+00  1.13E-02 | 1.34E-03 1.13E-05 |2
Brain Structural Cerebrospinal fluid volume mL 1.60E+02 N/A 1.60E-01 1.60E-04 1.60E-07 (10
Brain Structural Capillary Surface Area cm*2/g 1.75E+02 25 N/A 1.75E+02 N/A 1.75E+02 N/A 1.75E+02 |4;8;11
Brain  Structural Capillary Surface Area mh2 Average of total capillary surface area 1.50E+01 3 N/A 1.50E-02 N/A 1.50E-05 N/A 1.50E-08 [4;8;11
range from multiple sources 12-18 m"2
N .
Brain  Structural Total Capillary Surface Area umh2 :\L‘:};’:;g;;eumn X Whole Brain # 1.50E+13 0.00E+00  1.50E+10 0.00E+00  1.50E+07 | 1.77E+06  1.50E+04
Brain  Structural Axonal Cross Sectional Area um2 369E01 0032 +-  0.049 Essentially invariant for primate brains. 7.85E-01 0.00E+00  7.58E-01 300E01 758E-01 | 244E-01  7.58E-01 |312
Scaled to cortical gray matter # neurons
Brain Structural Axonal Length mm 0.662 +-  0.186 Scaled to cortical radius NV N/A NV N/A NV N/A NV 3
Brain Structural Axonal Length mm 0.242 +/-0.085 Scaled to cortical gray matter # neurons NV N/A NV N/A NV N/A NV 3
Brain Structural mitochondrial surface area 0.86 ;oallsosws metabolic rate and scales to brain
Brain Structural Total cell number cells 1.70E+11 1.39E+10 0.00E+00  1.70E+08 0.00E+00  1.70E+05 | 1.06E+04  1.70E+02 (1
Brain Structural Whole Brain # Neuronal Cells cells 5.49E+06 0.801 Scaled to body mass 8.61E+10 8.12E+09 0.00E+00 8.61E+07 0.00E+00 8.61E+04 | 1.02E+04 8.61E+01 |1;5
Brain Structural Whole Brain # Non-Neuronal Cells cells 5.49E+06 1 Scaled to body mass 8.46E+10 9.83E+09 0.00E+00  8.46E+07 0.00E+00 8.46E+04 | 3.84E+02 8.46E+01 |1;5
Brain Structural Whole Brain: #Non-Neuronal/#Neuronal 9.83E-01 N/A 9.83E-01 N/A 9.83E-01 N/A 9.83E-01
Brain Structural Cerebellum # cells cells 8.51E+10 6.92E+09 N/A 8.51E+07 N/A 8.51E+04 N/A 8.51E+01 |5
Brain Structural Cerebellum # Neurons cells 6.90E+10 6.65E+09 N/A 6.90E+07 4.20E+07 N/A 6.90E+04 N/A 6.90E+01 |5
Brain Structural Cerebellum # Non-Neuronal cells 1.60E+10 2.17E+09 N/A 1.60E+07 N/A 1.60E+04 N/A 1.60E+01 |5
Brain Structural Cerebellum: #Non-Neuronal/#Neuronal 2.32E-01 N/A 2.32E-01 N/A 2.32E-01 N/A 2.32E-01
Brain Structural Cerebral Cortex # cells cells 7.72E+10 7.72E+09 N/A 7.72E+07 N/A 7.72E+04 N/A 7.72E+01 |5
Brain Structural Cerebral Cortex # Neurons cells 1.63E+10 2.17E+09 N/A 1.63E+07 1.30E+07 N/A 1.63E+04 N/A 1.63E+01 |5
Brain Structural Cerebral Cortex #Non-Neuronal cells 6.08E+10 7.02E+09 N/A 6.08E+07 N/A 6.08E+04 N/A 6.08E+01 |5
Brain  Structural Cerebral Cortex: #Non-Neuronal/#Neuronal 3.72E+00 N/A 3.72E+00 N/A 3.72E+00 N/A 3.72E+00
Brain Structural Cortical Grey matter # Neurons cells 1.89E+07 0.911 Scaled to cortical mass 1.24E+10 3.44E+09 0.00E+00  1.24E+07 1.45E-03  1.24E+04 | 2.40E-06 1.24E+01 |5
Brain Structural Cortical Grey matter # Non-Neuronal cells 1.74E+10 1.56E+09 N/A 1.74E+07 N/A 1.74E+04 N/A 1.74E+01 |5
Brain  Structural Cortical Gray Matter: #Non- 1.40E+00 N/A 1.40E+00 N/A 1.40E+00 N/A 1.40E+00
Neuronal/#Neuronal
Brain Structural Cortical White Matter # Neurons cells 2.58E+09 1.08E+09 N/A 2.58E+06 N/A 2.58E+03 N/A 2.58E+00 |5
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Brain Structural Cortical White Matter # Non-Neuronal cells 6.95E-02 1.165 +- 0.07 Scaled to cortical gray matter # neurons 3.98E+10 5.66E+09 0.00E+00  3.98E+07 3.44E-05 3.98E+04 | 1.97E-08  3.98E+01 (5
Cortical White Mater: #Non- 1.54E+01 N/A 1.54E+01 N/A 1.54E+01 N/A 1.54E+01
Neuronal/#Neuronal
Brain Structural Rest of Brain # Cells cells 8.42E+09 1.50E+09 N/A 8.42E+06 N/A 8.42E+03 N/A 8.42E+00 (5
Brain Structural Rest of Brain # Neurons cells <1% total cells 6.90E+08 1.20E+08 N/A 6.90E+05 N/A 6.90E+02 N/A 6.90E-01 |5
Brain  Structural Rest of Brain # Non-Neuronal cells E;?n:tgrisa' ganglia, diencephalon, 7.73E+409 1.45E+09 N/A  T7.73E+06 N/A  7.73E+03 NA  7.73E+00 [5
Brain Structural Rest of Brain: #Non-Neuronal/#Neuronal 1.12E+01 N/A 1.12E+01 N/A 1.12E+01 N/A 1.12E+01
Brain Structural Neocortical # Cells cells 3.87E+10 N/A 3.87E+07 N/A 3.87E+04 N/A 3.87E+01 |13
Brain Structural Neocortical # Neurons cells 1.67E+10 N/A 1.67E+07 N/A 1.67E+04 N/A 1.67E+01 |13
Brain Structural Neocortical # Glia cells 1.92E+10 N/A 1.92E+07 N/A 1.92E+04 N/A 1.92E+01 |13
Brain Structural Neocortical: # Glia/# Neurons 1.15E+00 N/A 1.15E+00 N/A 1.15E+00 N/A 1.15E+00
Brain Structural Neocortical # Vascular Cells cells 7.73E+09 N/A 7.73E+06 N/A 7.73E+03 N/A 7.73E+00 |13
Brain Structural Neocortical # Microglia cells 3.48E+09 N/A 3.48E+06 N/A 3.48E+03 N/A 3.48E+00 (13
Brain Functional Cell Turnover % Scales with Age 1.00E+01 9
Brain Functional Cerebral Blood Flow L/min 13% of total body blood flow 7.00E-01 N/A 7.00E-04 N/A 7.00E-07 N/A 7.00E-10 (14
Brain  Functional Cerebral Blood Flow  mL/100g.min Agrees with cerebral blood flow in Limin | 5 57,44 NA  5.27E+01 NA  5.27E+01 NA  5.27E+01 |15
when calculated with brain mass
Brain Functional CBF changes with aging linear regression with age, slope = -1.18E-01 0.043 N/A N/A N/A N/A N/A N/A 16
Max around 10 (microvessels) min around
Brain Functional Capillary Shear Stress Pa 57.13 -1.5779 0.28 (venules). Scaled to capillary 1.54E+00 1.54E+00 N/A 1.54E+00 N/A 1.54E+00 |17;18
diameter
Brain Functional Mean Arterial Blood Pressure mmHg 8.20E+01 N/A 8.20E+01 N/A 8.20E+01 N/A 8.20E+01 (15
Brain Functional Cerebral Vascular Resistance mmHg/100g 1.56E+00 N/A 1.56E+00 N/A 1.56E+00 N/A 1.56E+00 |15
Brain Functional Arteriovenous Oxygen Difference volume % 6.10E+00 N/A 6.10E+00 N/A 6.10E+00 N/A 6.10E+00 (15
Brain  Functional Oxygen extraction fraction Cha"gez;’i”:g Linear regression with age, slope = 1.00E-03 N/A NIA NIA N/A NIA NIA
Brain Functional Arterial CO2 content volume % 4.75E+01 N/A 4.75E+01 N/A 4.75E+01 N/A 4.75E+01 |15
Brain Functional CO2 Partial Pressure mmHg 3.71E+01 N/A 3.71E+01 N/A 3.71E+01 N/A 3.71E+01 (19
Decreased connectivity as the cortex
grows. This decreases the average
Brain Functional Conduction Velocity sh-1 0.242 +-  0.085 conduction delay along global NV N/A NV N/A NV N/A NV 3
connections. Scaled to cortical gray matter|
# neurons
Brain Functional Conduction Velocity Primates 0.165 Scaled to cortical gray matter # neurons NV N/A NV N/A NV N/A NV 3
Brain Functional Conduction Velocity Rodents 0.466 Scaled to cortical gray matter # neurons NV N/A NV N/A NV N/A NV 20
Brain Functional Computational Capacity Primates 0.623 Scaled to cortical gray matter # neurons NV N/A NV N/A NV N/A NV 20
Brain Functional Computational capacity Rodents 0.446 Scaled to cortical gray matter # neurons NV N/A NV N/A NV N/A NV 20
Brain Structural Non-Neuronal (Glial) cell density per Neuron 1 Scaled to whole brain # neuronal cells. NV N/A NV N/A NV N/A NV 21
Brain  Structural Neuronal Cell Density (Primates)  Neurons/mg 0.123 Q"ﬁﬁzﬁeﬁiy papers +/- Stdev. Scaled NV N/A NV N/A NV N/A w22
Brain Structural Neuronal Cell Density (Rodents) -0.367 Scaled to brain mass NV N/A NV N/A NV N/A NV 21
Brain Structural neuronal density with brain mass (all) -0.172 Scaled to brain mass NV N/A NV N/A NV N/A NV 21
Brain Functional metabolic demand/value range  Metabolic Rate/g -0.14 Scaled to brain mass NV N/A NV N/A NV N/A NV 21
Brain Functional Whole Brain Glucose Consumption umol/min 0.785329379 0.873 Across 6 species. Scaled to brain mass 4.68E+02 1.75E+00  2.05E-01 3.70E-01 6.72E-03  2.05E+02 | 2.59E-05 2.05E+05 |21
Brain Functional Glucose consumption per mass umol/g.min 0.785329547 -0.127 Across 6 species. Scaled to brain mass 3.10E-01 6.99E-01 3.10E-01 8.90E-01 1.57E+00  3.10E-01 | 3.52E+00  3.10E-01 |21
Calculated from whole brain glucose
Functional Glucose per neuron umol/min 1 consumption divided by number of 5.44E-09 5.44E-09 5.44E-09 5.44E-09
neurons
Across 6 species, human number average
Brain Functional Whole Brain Oxygen Consumption mL/min 0.092281743 0.862 of 2 sources +/- Stdev. Scaled to brain 5.07E+01 21 2.03E-01 5.28E-02 1.90E-01 8.39E-04 5.28E-05 | 2.59E-05  8.85E-07 (10;21
mass.
For humans, calculated from whole brain
Brain Functional Whole Brain Oxygen Consumption mL/g.min oxygen consumption divided by organ 3.50E-02 0.005 8.13E-02  3.50E-02 0.084 (rat) 1.96E-01  3.50E-02 | 3.52E+00  3.50E-02 |10
mass
Brain Functional Cerebral Cortex Glucose Consumption umol/g.min 3.40E-01 0.05 N/A 3.40E-01 1.10E+00 N/A 3.40E-01 N/A 3.40E-01 (10
Brain Functional Cerebral Metabolic Rate (oxygen/mass) mL/100g.min 3.21E+00 N/A 3.21E+00 N/A 3.21E+00 N/A 3.21E+00 |15
Brain Functional CMRO2 changes with aging Linear regression with age, slope = -2.40E-01 0.05 16
Brain  Functional Firing Rate -0.15 Also differs for type of neuron. Scaled to 1-40 Hz 1-40 Hz 1-40 Hz 140Hz (10
body mass
Heart Structural Organ Weight g 5.05E+00 0.98 w/o blood 2.55E+02 + 2.40E+01 3.73E-01 2.55E-01 1.50E-01 + 5.00E-02 4.28E-04  2.55E-04 | 4.92E-07 2.55E-07 |22;23
Heart Structural Organ Volume L 4.21E-03 1.00 2.95E-01 + 1.50E-02 2.95E-04  2.95E-04 9.50E-05 295E-07 2.95E-07 | 2.95E-10  2.95E-13 (14
Heart Structural Organ Mean Linear Dimension cm 3.25E+00 0.33 13.5 15 1.35E+00  1.35E+00 1cm 1.38E-01 1.35E-01 1.41E-02 1.35E-02 (23;24
Heart Structural LV Weight g 3.51E+00 0.98 1.78E+02 + 4.40E+01 2.59E-01 1.78E-01 9.10E-02 + 2.00E-02 297E-04  1.78E-04 | 3.41E-07 1.78E-07 (25
Heart Structural LV Wall Thickness mm 1.80E+00 0.33 7.5 25 7.50E-01 7.50E-01 1.50E+00 7.67E-02  7.50E-02 | 7.85E-03  7.50E-03 (26;27
Heart Structural LV Wall Thickness cells 3.61E+01 0.33 150 30 1.50E+01  1.50E+01 150 (rat) 1.53E+00 1-2 1.57E-01  1.00E+00 (28;29
Heart Structural LV Surface Area cm? 1.32E+01 0.67 Ranges from 180-260 cm? 2.23E+02 + 3.75E+01 2.23E+00  2.23E+00 1.00E+00 217E-02  2.17E-02 | 2.12E-04  2.17E-04 (30;31
Heart Structural LV Radii mm 7.73E+00 0.33 3.22E+01 + 2.25E-01 3.22E+00  3.22E+00 5.15 (rat) 3.29E-01 3.22E-01 3.37E-02  3.22E-02 |32
Heart Structural LV Radius of Curvature mm 8.45E+04 3 2.90E+00 2.90E+01  2.90E+01 19.4 (rat) 2.90E-08 2.90E+02 | 2.90E-17  2.90E+03 (33
Heart Structural Resident Vascular Blood Volume L 3.83E-04 1.00 ~10.5 mL/100g of tissue 2.68E-02 2.68E-05  2.68E-05 2.84E-05 2.68E-08  2.68E-08 | 2.68E-11 2.68E-11 |34;35
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Heart
Heart
Heart
Heart
Heart

Heart

Heart

Heart
Heart
Heart
Heart
Heart

Heart
Heart

Heart

Heart
Heart
Heart

Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney

Kidney
Kidney
Kidney

Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney

Kidney

Structural
Functional
Structural
Structural
Structural

Structural

Functional

Functional
Metabolic
Functional
Functional
Functional

Functional

Metabolic

Structural

Structural
Metabolic
Structural

Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural

Structural
Structural
Structural

Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Metabolic
Metabolic
Metabolic
Metabolic

Metabolic

End Diastolic Vlood Volume
Perfusion Rate

Total Cell Number

Mass Per Cell

Cell Density

Number of Important Cell Types

Cell Turnover Rate

Fractional Cell Shortening
MVO,

Total Transport Capacity
Ejection Fraction
Oscillatory Frequency

Wall Shear Stress
Max O2 Consumption nmol/mm*3/s

Capillary Density
Myocyte Fractional area
Max MVO2 Calculation
% Mitochondria (v/v)

Kidney Mass

Kidney Mass

Kidney Volume

Kidney Volume

Cortical Thickness
Medullary Thickness
Outer Medullary Thickness
Inner Medullary Thickness
Loop Length

Renal Blood Flow (RBF)

Renal Blood Flow (RBF)
Plasma Flow Rate (PFR)
Plasma Flow Rate (PFR)

# Nephrons, Both Kidneys

# Glomeruli, Both Kidneys

# Nephrons/g of Kidney

Glomerular Surface/g of Kidney
Total Glomerular Volume

Total Glomerular SA
SA/Glomerulus

Proximal Tubule Length

Proximal Tubule Diameter

Proximal Tubule Volume

Total of Proximal Tubule Volumes
Proximal Tubule Volume/g of Kidney
Mean Glomerular Diameter
Glomerular Filtration Rate (GFR)
Glomerular Filtration Rate (GFR)
Single Nephron GFR

Urine Flow

Urine Flow

Urinary Concentrating Ability (*#4)
Clearance

Clearance, Urea

Clearance, Inulin

Clearance, Creatinine

Clearance, Methotrexate (MTX)
Clearance, Para-aminohippurate (PAH)
Excretion, Urinary Nitrogen
Excretion, Creatinine Nitrogen
Excretion, Neutral Sulfur

Species Basal Metabolic Rate
Species Mass Specific Metablic Rate
Kidney Mass Specific Metabolic Rate
Mass Specific Oxygen Consumption

Mitochondrial Volume Density (% of cell vol)
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mL
L/ min
cells
9
cellsicm®

cell types

new cells (yr'w)

um/cell
ml O,/100g/min
mL/min
%
bpm

dynes/cm2

nmol/mm*3/s

capillaries/mm*2

%
mL 02/100g/min

um
mL/min

mL/min
mL/min

mL/min

mm*2
mL
mm*2
mm*2
mm
mm
mm*3
mm*3
mm*3
um
mL/min
mL/min
nL/min
mL/day
mL/day
mmol/kgH20

mL/hr
mL/min
mL/min
mL/min
mL/min
mg/day
mg/day
mg/day
w
Wikg
kJ kg-1 day-1

%

1.71E+00

9.92E-03
N/A
N/A
N/A

N/A

N/A

N/A
4.13E-01
2.17E+02

2.02E+02
1.66E+01

N/A

N/A

N/A
N/A
N/A

2.12E-02

2.18E-02
2.62E+00
8.15E+00
3.17E+00
5.09E+00
1.85E+03

4.31E+01

8.45E-02

1.88E+05
1.91E+05
3.24E+04
2.81E+03
1.37E-01

8.37E+03
8.60E-02
1.43E+01
6.00E-02
4.60E-02
4.28E+03
1.47E+03
6.10E+01

5.36E+00
2.80E+01

6.09E+01
2.67E+03

1.59E+00
5.36E+00
8.20E+00
1.09E+01
2.18E+01
1.46E+02
1.27E+01
6.85E+00
3.89E+00
3.89E+00
2.89E+03

3.80E+01

1.00
0.75
N/A
N/A
N/A

N/A

N/A

N/A
0.75
0.75

-0.25
-0.20

N/A

N/A

N/A
N/A
N/A

0.85

0.84
0.17
0.13
0.18
0.14
1.02

0.77

0.80

0.62
0.62
-0.32
-0.15
0.85
0.73
0.18
0.10
0.02
0.12
0.68
-0.20
0.11

0.72
0.10

0.75
-0.10
0.75
0.72
0.72
0.69
0.69
0.77
0.72
0.90
0.74
0.76
-0.24
-0.08
-0.10

-0.14

Using 20,000,000 cells/cm®

Cardiomyocytes, Fibroblasts, VSMCs,
ECs, neurons

1% turnover at 25, 0.45% turnover at 75
years (calculated assuming 1% turnover)

Experimental: -0.2027; Theoretical: -0.375

Human value is average at rest (250 mL
0, min)

in children and adults, higher density in
infants

in men
% of CM cytosolic volume

Mass from literature

Mass from allometric scaling
Volume from literature
Volume from allometric scaling

Renal Blood Flow from literature
Renal Blood Flow from allometric scaling
Plasma Flow Rate from literature

Plasma Flow Rate from allometric scaling

Urine Flow from literature
Urine Flow from allometric scaling
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1.20E+02
2.40E-01
5.90E+09
4.32E-08
2.00E+07

5.00E+00

5.90E+07

1.05E+01
1.00E+01
5.25E+03
6.25E-01
6.50E+01

7.00E+00

5.55E-01

2.39E+03

1.20E+01
5.59E+01
2.53E-01

3.10E+02
2.78E+02
2.80E+02
2.65E+02
5.39E+00
1.41E+01
6.81E+00
9.23E+00
0.00E+00
1.24E+03

1.13E+03
7.00E+02
6.50E+02

2.62E+06
2.66E+06
8.32E+03
1.49E+03
5.07E+00
1.86E+05

1.85E-01
2.19E+01
6.53E-02

7.66E-02
7.70E+04
6.29E+02
2.08E+02
1.25E+02
1.14E+02
4.28E+01
1.40E+03
1.47E+03
1.77E+03

3.39E+01
1.14E+02
1.54E+02
2.04E+02
5.74E+02
3.11E+03
5.71E+02
1.59E+02
9.82E+01
1.40E+00
2.06E+03

7.96E+00

WO R

*

+

3.00E+00
9.75E+02
7.50E-02

7.50E+01
5.90E+00

1.20E-01
1.35E-03

N/A

5.62E-02
2.95E+01

3.93E+02
2.84E+01

7.85E-01

7.83E-01

1.67E+00

5.78E+00

1.96E+00

3.51E+00
0

5.56E+00

2.55E+00

3.62E+04
3.67E+04
7.59E+04
4.19E+03
1.43E-02
1.20E+03
5.33E-02
1.10E+01
5.69E-02
3.34E-02
7.02E+02
2.51E+03
9.73E+01

7.90E-01
2.15E+01

8.28E+00
3.45E+03

2.34E-01
7.90E-01
1.31E+00
1.74E+00
2.81E+00
2.15E+01
1.17E+00
9.57E-01
5.15E-01
7.36E+00
3.57E+03

2.09E+01

1.20E-01
2.40E-04
5.90E+06
4.32E-08
2.00E+07

5.00E+00

5.90E+04|

1.05E+01
1.00E+01
5.25E+00
6.25E+01
6.50E+01

7.00E+00

1.25E-01

1.14E-01

6.00E-02
2.80E-04
2.81E+06
5.34E-08
5.80E+07

5.00E+00

1.41E+01

4.14E+00

8.30E-01
2.00E+01
6.60E+01
6.32E+02

3.50E+01

7.00E-01

2.25E+03

8.21E+01
6.77E+01
3.80E-01

3.20E-01
2.71E-01
3.40E-01
2.72E-01
1.35E+00
4.92E+00
1.57E+00
2.94E+00
0
1.30E+00

2.12E+00
8.00E-01
9.34E-01

1.66E+04
1.69E+04
1.13E+05
5.05E+03
4.93E-03
4.81E+02
4.25E-02
9.69E+00
5.55E-02
2.88E-02
3.00E+02
3.22E+03
8.48E+01
2.80E-01
3.21E-01
1.89E+01
1.00E+00
3.24E+00
3.90E+03

9.51E-02
3.21E-01
5.51E-01
7.33E-01
1.07E+00
8.73E+00
3.82E-01
3.79E-01
1.99E-01
9.95E+00
3.95E+03

2.50E+01

+

+

1.20E-01

5.00E+00
4.00E+00
5.68E+01

8.50E+01
9.00E-01

1.20E-04

7.59E-06
N/A
N/A
N/A

N/A

N/A

N/A
3.16E-04
1.66E-01

N/A
2.21E+03

1.15E+02

2.21E-03

2.32E-03

5.15E-01

2.37E+00

5.66E-01

1.33E+00
0

2.72E-02

1.00E-02

4.99E+02
5.06E+02
6.92E+05
1.18E+04
4.03E-05
7.76E+00
1.54E-02
5.50E+00
4.96E-02
1.46E-02
6.40E+00
9.97E+03
0.00E+00

5.47E-03
1.08E+01

4.66E-02
6.75E+03

1.62E-03
5.47E-03
1.11E-02
1.48E-02
1.38E-02
1.49E-01

2.40E-03
5.77E-03
2.71E-03
3.86E+01
6.21E+03

5.51E+01

1.20E-04
2.40E-07
5.90E+03
4.32E-08
2.00E+07

1-2

5.90E+01

1.05E+01
1.00E+01
5.25E-03
6.25E-01
6.50E+01

7.00E+00

1.25E-04

1.14E-04

1.20E-07

4.27E-08
N/A
N/A
N/A

N/A

N/A

N/A
1.78E-06
9.34E-04

N/A
1.24E+04

4.67E+02

6.23E-06

6.85E-06
1.59E-01
9.73E-01
1.63E-01
5.07E-01

1.33E-04

3.93E-05

6.89E+00
6.98E+00
6.31E+06
3.32E+04
1.14E-07
5.01E-02
4.43E-03
2.76E+00
4.32E-02
6.37E-03
5.84E-02
3.97E+04
2.13E+01

3.78E-05
5.39E+00

2.62E-04
1.32E+04

1.12E-05
3.78E-05
9.48E-05
1.26E-04
6.75E-05
1.03E-03
4.93E-06
3.48E-05
1.42E-05
2.03E+02
1.08E+04

1.45E+02

1.20E-07

2.40E-10

5.60E+00
4.32E-08
monolayer

1.00E+00

5.60E-02

1.05E+01
1.00E+01
5.25E-06
6.25E-01
6.50E+01

7.00E+00

36;37

29;39

40;41

27,42;43
44;45
46,47
37,48
49

56,57
53
52;55
53;58
52;55;61
61

58

60

60

60

57

57
51,62
63

64

6/11/2013



Kidney
Kidney
Kidney
Kidney
Kidney
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver

Liver
Liver

Liver

Liver

Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver

Liver
Liver

Liver

Liver
Liver

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Metabolic
Metabolic

Metabolic

Metabolic

Metabolic

Structural
Structural
Metabolic
Functional
Structural
Functional
Structural
Structural
Functional
Structural

Functional

Metabolic

Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional

Functional

Functional

Functional

Functional
Functional

Structural

Structural

Structural

Structural

Structural

Functional

Functional

Functional

Functional

Functional

Functional

Structural

Structural

Structural

Mitochondrial Membrane SA (m”2) per cm”3
Tissue

Vol Mitochondria/mTAL Cell Vol

Inner Mitochondial Membrane Area/Vol
mTAL Mito

Inner Mitochondial Membrane Area/mTAL
Cell Vol

Basolateral Membrane Area/mTAL Cell Vol

Organ Weight

Organ Volume

Oxygen Consumption
Blood Flow

Resident Blood Volume
Bile Flow

Hepatocytes
Hepatocyte Cell Density
Protein Concentration
Liver Density

Potassium Uptake Rate

Tissue Metabolic Rate (Oxygen)

Shear Stress
Cl, intrinsic
Antipyrine
Caffeine
Mibefradil
Moforotene
Theophylline
Tolcapone

Bromazepam
Clonazepam

Chlordiazepoxide

Antipyrine
Phenytoin

Total Lung Capacity (TLC)

Functional Residual Capacity (FRC)

Tidal Volume

Dead Space

Frequency of Respiration

Minute Volume (ml/min)

Lung Compliance

Flow Resistance

Diffusion Capacity CO

Power of Breathing

Organ Weight

Acinar Diameter

Terminal Bronchiole Diameter
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m*2/cm*3
%
umA-1
um”-1

um”-1

9
mL
mL/min
mL/min
mL
mL/day
cells
cells/g liver
mg/g liver
g liver/mL

umol K+/g wet * min

pmol O2/g wet * min

MPa

mL/min
mL/min
mL/min
mL/min
mL/min
mL/min

mL/min
mL/min

mL/min

mL/min
mL/min

mL

mL

mL

mL

min-1

mL/min

mL/cm H20

cm H20/(L/sec)

mL/mmHg/min

g*cm/min

cm

cm

2.17E+01
5.62E+01
4.90E+01

2.75E+01

5.50E+00

3.70E-02

3.50E-02
9.40E-02
2.50E-02

9.10E+06

1.20E+00

3.60E+00

5.00E-02
7.00E-02
3.63E+01
1.00E+02
3.00E-02
1.03E+02

8.16E+00
4.71E+01

5.35E+01

2.41E+01

7.69E+00

2.76E+00

5.35E+01

3.79E+02

2.10E+00

2.44E+01

2.20E-01

9.62E+02

1.13E+01

4.20E-02

5.20E-03

-0.22
-0.06
-0.03

-0.09

-0.08

0.85

0.69
0.75
0.86

0.89

-0.14

-0.21

1.84
1.53
1.31
1.64
1.71
1.51

0.89
0.92

1.06

1.13

1.04

0.96

-0.26

1.08

-0.70

1.14

0.78

0.99

0.17

70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat
70 kg

human ..

kg rat

Liver sinusoid

Corrected with brain weight

Corrected with brain weight

Corrected with brain weight

Corrected with brain weight

Corrected with brain weight

Corrected with brain weight

Adjusted from reference weight to 70kg
human

Adjusted from reference weight to 70kg
human

Adjusted from reference weight to 70kg
human

*averaged values - Reported
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1.87E+00
4.43E+01
4.24E+01

1.86E+01

4.00E+00

1.52E+03
1.69E+03
2.07E+03
1.45E+03
3.50E+02
3.00E+11
1.39E+08
9.00E+01
1.03E+00

5.00E+01

3.43E+02
1.40E+02
4.90E+02
7.70E+02
4.27E+01
1.89E+02

6.78E+01

4.28E+02

4.46E+02

5.50E+03

3.05E+03

4.50E+02

1.50E+02

1.65E+01

6.50E+03

1.63E+02

1.40E+00

3.35E+01

4.00E+04

1.00E+03

2.86E-01

4.40E-02

*

+

+

t

+

+
+

t

*

+

2.50E+07
1.70E+01

5.00E+02

6.50E+02

5.00E+01

0.00E+00

5.50E+00

5.00E+02

3.75E+01

5.00E-01

1.65E+01

1.00E+04

8.53E+00
6.53E+01
5.36E+01

3.52E+01

6.71E+00

1.36E+00

6.56E-01
2.27E+00
9.65E-01

3.92E+08

6.62E-01

1.48E+00

3.75E-04
1.20E-03
1.11E+00
1.28E+00
3.18E-04
1.86E+00

7.76E-01
4.13E+00

3.19E+00

1.19E+00

4.84E-01

2.15E-01

1.07E+02

4.52E+01

1.19E-01

1.57E+02

1.06E-02

1.21E+02

8.12E-01

2.66E-02

2.97E-03

1.52E+00
1.69E+00
2.07E+00
1.45E+00

3.50E-01
3.00E+08
1.39E+05
9.00E-02
1.03E-03

5.00E-02

3.43E-01
1.40E-01
4.90E-01
7.70E-01
4.27E-02
1.89E-01

5.50E+00

3.05E+00

4.50E-01

1.50E-01

1.65E-02

6.50E+00

1.63E-01

1.40E-03

3.35E-02

4.00E+01

2.86E-04

4.40E-05

1.12E+01
7.00E+01
5.59E+01

3.95E+01

7.38E+00

1.50E+00
1.30E+00

2.00E+00

1.35E+02
1.15E+02

9.50E+00

1.50E+00

1.65E+00

7.90E-01

1.06E+02

2.00E-01

4.50E-01

9.50E+01

4.50E-02

6.25E+02

1.50E+00

7.40E-02

4.10E-03

1.00E+01
7.00E+00

*averaged

3.90E+01
9.61E+01
6.78E+01

6.64E+01

1.13E+01

3.87E-03

5.59E-03
1.28E-02
2.54E-03

8.63E+05

1.74E+00

6.29E+00

1.13E-09
3.08E-08
1.31E-04
1.53E-05
2.36E-09
5.48E-05

1.32E-02
4.13E+00

2.11E-03

4.86E-04

3.67E-04

2.83E-04

6.44E+02

1.80E-01

6.84E-05

1.98E+04

4.03E-06

5.53E-01

8.70E-04

8.10E-03

6.97E-04

1.52E-03
1.69E-03

1.45E-03

3.50E-04
3.00E+05
1.39E+02
9.00E-05
1.03E-06

5.00E-05

3.43E-04
1.40E-04
4.90E-04
7.70E-04
4.27E-05
1.89E-04

5.50E-03

3.05E-03

4.50E-04

1.50E-04

1.65E-05

6.50E-03

1.63E-04

1.40E-06

3.35E-05

4.00E-02

1.00E-03

2.86E-07

4.40E-08

1.78E+02
1.41E+02
8.58E+01

1.25E+02

1.89E+01

1.10E-05

4.76E-05
7.19E-05
6.68E-06

1.90E+03

4.58E+00

2.68E+01

3.42E-15
7.91E-13
1.54E-08
1.84E-10
1.75E-14
1.62E-09

2.91E-05
7.44E-03

1.39E-06

1.98E-07

2.79E-07

3.73E-07

3.88E+03

7.16E-04

3.93E-08

2.49E+06

1.53E-09

2.53E-03

9.33E-07

2.47E-03

1.63E-04

1.52E-06
1.69E-06

1.45E-06

3.50E-07
3.00E+02
1.39E-01
9.00E-08
1.03E-09

5.00E-08

3.43E-07
1.40E-07
4.90E-07
7.70E-07
4.27E-08
1.89E-07

5.50E-06

3.05E-06

4.50E-07

1.50E-07

1.65E-08

6.50E-06

1.63E-07

1.40E-09

3.35E-08

4.00E-05

1.00E-06

2.86E-10

4.40E-11

64
63
63
63
63
65
14
65;67

14;65
65

61

61

66
66

73
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Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung

Lung
Lung
Lung
Lung

Lung
Lung

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural
Structural
Structural
Structural

Structural
Metabolic

Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural
Structural

Alveolar Diameter

Surface Area Alveolar Epithelium

Surface Area Type 1 Epithelium

Surface Area Type 2 Epithelium

Capillary Endothelium

Total Alveolar Septal Tissue Volume

Type 1 Cell Volume

Type 2 Cell Volume

Interstitial Cell Volume

Interstitial Matrix Volume

Endothelial Cell Volume

Alveolar Macrophage Volume

Total cell number

Type 1 Epithelial Cell Number

Type 2 Epithelial Cell Number

Interstitial Cell Number

Endothelial Cell Number

Alveolar Macrophages Number

Tracheal Radius
Volume of Alveolus
Number of Alveoli
Area of Alveolus

Area of Lungs
02 Consumption Rate

Volume
Albumin
Creatinine
K+

Urea
Hematocrit
Hemoglobin
Glucose
Triglycerides
Total Protein
Ca2+

Na+
Phospohorus

Wikswo_0oC_Scaling_Spreadsheet_2013_06_11_0828.xlIsx

cm

cm
cm
cm
cm
cm
cm

cm

cm

pm®

pm?

2

m
mL/hr/g

mL
glL
umol/L
mmol/L
mmol/L
% Volume
glL
mmol/L
mmol/L
glL
mmol/L
mmol/L
mmol/L

3.10E-03

N/A
N/A
N/A
N/A

N/A
N/A

7.60E-02
5.68E+00
5.83E+01
5.20E+00
7.30E+00
4.21E+01
1.44E+02
6.40E+00
9.00E-01
6.43E+01
2.60E+00
1.46E+02
1.90E+00

0.15

1.00

1.00

1.00

1.00

1.00

0.39
0.25
0.75
0.17

0.95
0.75

1.00
0.30
0.14
-0.03
-0.08
-0.02
-0.02
-0.05
-0.14
0.01
-0.01
0.00
-0.02

70 kg
human .25
kg rat

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

70 kg
human, 20 g
mouse

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

69 kg
human, 19.2
g mouse

cell number increases proportionally with
body mass

Theoretical: 0.375 Experimental: 0.39
Theoretical: 0.25 (assuming sphere and
radius of 100 um)

Theoretical: 0.75

Theoretical: 0.167 (assuming sphere and
radius of 100 um)

Theoretical: 0.92 Experimental: 0.95
Theoretical: 0.75 Experimental: 0.76

p value<.001
p value<.01

p value<.001
p value<.001
p value<.001
p value<.001
p value<.001
p value<.001
p value<.001
p value= 0.011
p value=0.034
p value=0.039
p value=0.118

50f7

1.82E-02

1.02E+02

9.60E+01

6.20E+00

7.23E+01

2.30E+02

3.39E+01

2.23E+01

3.84E+01

8.55E+01

4.14E+01

8.20E+00

1.84E+11

+

+

+

+

+

+

+

+

+

+

+

+

2.05E+01

1.91E+01

1.50E+00

1.65E+01

3.80E+01

3.39E+01

2.23E+01

3.84E+01

1.06E+01

1.28E+01

3.10E+00

6.40E+10

1.96E+10 + 9.00E+03

3.29E+10

5.25E+10

7.32E+10

5.99E+09

2.50E+00
4.19E+06
4.00E+08
1.26E+05

7.00E+01
2.00E-01

4.85E+03
4.50E+01
8.90E+01
4.80E+00
4.10E+00
5.05E+01
1.53E+02
4.95E+00
9.00E-01
7.20E+01
1.17E+00
1.41E+02
1.25E+00

t
+
+

+

+

k4
k4
k4
k4
k4
k4
k4
k4
k4
k4
k4
k4
k4

1.36E+10

1.18E+10

2.88E+10

1.90E+09

1.00E+08

1.50E+02
1.00E+01
2.90E+01
1.30E+00
2.90E+00
1.15E+01
2.25E+01
1.15E+00
3.00E-01

1.20E+01
1.35E-01

6.00E+00
2.50E-01

2.07E-03

5.32E-03
2.59E+00
3.99E+01
5.66E+00
9.10E+00
4.45E+01
1.53E+02
7.25E+00
1.29E+00
6.21E+01
2.67E+00
1.47E+02
2.00E+00

1.82E-05

1.02E-01

9.60E-02

6.20E-03

7.23E-02

2.30E-01

3.39E-02

2.23E-02

3.84E-02

8.55E-02

4.14E-02

8.20E-03

1.84E+08

1.96E+07

3.29E+07

5.25E+07

7.32E+07

5.99E+06

2.50E-03
4.19E+03
4.00E+05
1.26E+02

7.00E-02
2.00E-04

4.85E+00
4.50E+01
8.90E+01
4.80E+00
4.10E+00
5.05E+01
1.53E+02
4.95E+00
9.00E-01
7.20E+01
1.17E+00
1.41E+02
1.25E+00

4.48E-03

5.00E-02

5.00E-02

1.00E-03

4.00E-02

6.30E-02

1.40E-02

5.00E-03

+

+

+

+

+

+

+

2.00E-02

2.00E-02

2.00E-04

1.00E-02

1.20E-02

3.00E-03

1.00E-03

1.30E-02 + 4.00E-03

7.00E-03

2.20E-02

1.30E-03

1.19E+08

+

+

+

+

2.00E-03

3.00E-03

2.00E-04

2.70E+07

1.16E+07 + 3.60E+06

1.48E+07

+

3.90E+06

2.69E+07 + 3.60E+06

6.28E+07

+

1.53E+07

2.90E+06 + 5.00E+05

8.40E-01

2.00E+00

2.41E+00

+
+
+
+
+
+
+
+
+
+
+
+
+

5.00E-01
2.50E+00
3.09E+01
1.25E+00
2.08E+00
5.00E+00
3.20E+01
3.14E+00
2.40E-01
1.85E+01
3.70E-01
1.00E+01
5.65E-01

7.31E-04

5.32E-06
3.35E-01

1.48E+01
7.06E+00
1.62E+01
5.15E+01
1.81E+02
1.00E+01
3.27E+00
5.68E+01
2.86E+00
1.51E+02
2.30E+00

1.82E-08

1.02E-04

9.60E-05

6.20E-06

7.23E-05

2.30E-04

3.39E-05

2.23E-05

3.84E-05

8.55E-05

4.14E-05

8.20E-06

1.84E+05

1.96E+04

3.29E+04

5.25E+04

7.32E+04

5.99E+03

2.50E-06
4.19E+00
4.00E+02
1.26E-01

7.00E-05
2.00E-07

4.85E-03
4.50E+01
8.90E+01
4.80E+00
4.10E+00
5.05E+01
1.53E+02
4.95E+00
9.00E-01
7.20E+01
1.17E+00
1.41E+02
1.25E+00

2.58E-04

5.32E-09
4.33E-02
5.53E+00
8.81E+00
2.87E+01
5.95E+01
2.14E+02
1.39E+01
8.32E+00
5.19E+01
3.07E+00
1.55E+02
2.64E+00

1.82E-11

1.02E-07

9.60E-08

6.20E-09

7.23E-08

1.02E-07

9.60E-08

6.20E-09

7.23E-08

2.30E-07

3.39E-08

2.30E-07

1.84E+02

1.96E+01

3.29E+01

5.25E+01

7.32E+01

5.99E+00

2.50E-09
4.19E-03
4.00E-01
1.26E-04

7.00E-08
2.00E-10

4.85E-06
4.50E+01
8.90E+01
4.80E+00
4.10E+00
5.05E+01
1.53E+02
4.95E+00
9.00E-01

7.20E+01
1.17E+00
1.41E+02
1.25E+00

74

74

74

74

74

61,76

77-79
77,78,80
77-79
77,78;81
77,78;81
77-79
77-79
77-79
77,78
77,78
77,78;81
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Blood Structural Cl- mmol/L 1.05E+02 -0.01 p value=0.299 1.08E+02 + 7.50E+00 1.07E+02  1.03E+02 9.90E+01 + 1.10E+01 1.13E+02  1.03E+02 | 1.19E+02  1.03E+02 |(77;78
Blood Structural Total Bilirubin umol/L 4.20E+00 -0.09 p value=0.528 1.34E+01 + 1.17E+01 5.32E+00  1.34E+01 7.70E+00 + 7.70E+00 9.84E+00  1.34E+01 | 1.82E+01  1.34E+01 |77;78;81
Blood Structural Mg2+ mmol/L 9.00E-01 -0.03 p value=0.721 1.90E+00 + 4.00E-01 9.64E-01  1.90E+00 2.35E+00 + 1.55E+00 1.15E+00  1.90E+00 | 1.38E+00  1.90E+00 |(77;78;82
Blood Structural Cholesterol mmol/L 2.70E+00 -0.04 p value=0.774 4.75E+00 + 1.75E+00 3.00E+00  4.75E+00 2.88E+00 + 6.70E-01 3.96E+00 4.75E+00 | 5.22E+00 4.75E+00 |77-79
Blood  Functional Wall Shear Stress Along the '”':J’s:fj dyn/emt2 260E+00  -0.38 pvalue<.05 480E+00 + B3.00E-01 | 7.14E+00 4.80E+00 | B.76E+01 + B.30E+00 | 9.86E+01 4.80E+00 | 1.36E+03 4.80E+00 |83
o (mL Oxygen

0 Relative oxygen 02/(mL B binding YN o Blood 02

Blood Functional Oxygen Carriers capacity *atm)) at 37  capacity Oxygen Diffusivity *109 (m*2/s) i
c (mL O2/a)
Blood Functional Water 1 2.39E-02 - 2.89 84,85
Blood Functional Hemoglobin 70 3.30E-02 1.37 0.838 85
Blood Functional Perfluorocarbon 20 3.50E-01 - 8.29 86,87
Blood Functional Blood 70 2.23E-02 - 133 85
NOTES
1 In certain cases, the literature values for the allometric scaling laws were for body mass in units other than kg, and hence have been scaled for consistency
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