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Abstract
Physiologists have devised many models for interpreting water and solute exchange data in whole
organs, but the models have typically neglected key aspects of the underlying physiology to
present the simplest possible model for a given experimental situation. We have developed a
physiologically realistic model of microcirculatory water and solute exchange and applied it to
diverse observations of water and solute exchange in the heart. Model simulations are consistent
with the results of osmotic weight transient, tracer indicator dilution, and steady-state lymph
sampling experiments. The key model features that permit this unification are the use of an axially
distributed blood-tissue exchange region, inclusion of a lymphatic drain in the interstitium, and the
independent computation of transcapillary solute and solvent fluxes through three different
pathways.
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Physiologists are interested in the exchange of material between capillaries and their
surrounding tissues because this process is fundamental to the viability of multicellular life.
The kinetics of coupled solute-solvent exchange across capillary walls can be described
phenomenologically by three parameters: the hydraulic conductivity (Lp), the permeability
(P), and the reflection coefficient (σ) (37). The values of these parameters can be determined
by several experimental methods, including measurement of the outflow concentration time
courses of solutes after a bolus injection of tracers (the multiple-tracer indicator dilution
technique), gravimetric or isogravimetric measurements of the response to perturbations of
osmotic or hydrostatic pressures (the osmotic transient method), and simultaneous
measurements of solute concentrations in lymph and plasma (lymph sampling techniques).
Reasonable fits to data from these sources have been obtained with relatively simple
analytical methods, like the Crone-Renkin (18,52) estimate of capillary permeability, the
Vargas and Johnson (65) estimate of reflection coefficient, and the “pore-stripping” analysis
of Renkin et al. (52a). These analysis methods have enjoyed widespread use in determining
transport parameter values from indicator dilution, osmotic transient, and lymph data,
respectively.

Although mathematically independent, all three phenomenological transport parameters
must ultimately arise from the physical and chemical properties of the exchanging solution
and the anatomic structures that create the pathways for its exchange across capillary walls.
Consequently, hydrodynamic models of solute and fluid movements through the endothelial
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cell junction, represented as idealized pores in the capillary wall, have been developed to
relate the transport parameters to mechanistic quantities such as solute size and diffusion
coefficient and pore radius and relative area (12,19,44,48,49). Even though there is no strict
correspondence between the idealized pores and actual capillary morphology, pore models
have proven useful as both a unified description of diverse sets of exchange data and a
constraint on the possible values of the transport parameters. Models of capillary walls
typically contain three pore systems: a small-pore system corresponding to the endothelial
junction, a large-pore system through vesicles or infrequent breaks in the capillary wall
structure, and a pathway for water only interpreted as transport across the endothelial cell
membranes. More recently, three-dimensional models of the cleft and surface glycocalyx,
derived from the actual morphology of the capillary wall, have provided a more detailed
description of paracellular fluid and solute flows and ascribed at least some of the resistance
to exchange to endothelial glycocalyx rather than the cleft walls (25,34).

However, the results of simple analysis methods for different experiments, looked at
together and interpreted by pore theory, lead to apparent contradictions. Using Crone's
method for estimating the product of capillary permeability and surface area (PS), Alvarez
and Yudilevich (3) observed that the ratios of solute permeability to free diffusion
coefficient (P/D) were very nearly the same for urea, glycerol, glucose, sucrose, and inulin.
This fact was confirmed by other researchers using the same technique (10,45), and
refinements of the methods for tracer analysis have not changed the observation (9). This
result implies that permeation of these solutes is dependent only on the solute diffusion
coefficient and not on any steric hindrance due to glycocalyx or cell walls; the cleft widths
between adjacent endothelial cells must be at least 10–20 nm for this to be true. Size-
independent P/D for small hydrophilic solutes is consistent with the 20-nm widths of the
endothelial junction observed with serial-section electron microscopy (15).

On the other hand, osmotic transient experiments in whole organs (27,64,65,69) and in
single capillaries (21) showed that even the smallest hydrophilic solutes induced transient
transcapillary water exchange, demonstrating that their passage across the capillary wall was
hindered relative to water. Small-solute reflection coefficients were nonzero and weakly size
dependent, implying relative steric hindrance of the same molecules that showed size-
independent permeability estimates. Pappenheimer et al. (49) interpreted similar data from
an isogravimetric hindlimb preparation as requiring a cleft with an equivalent pore width of
6 nm to make the junction a molecular size-dependent filter. The postulation of an additional
pathway for solute-free water exchange, occurring in parallel to the pathway for coupled
water and solute exchange through the endothelial cleft, has partially resolved the problem
by explaining nonzero reflection coefficients as an averaging between selective and
nonselective pathways.

Even detailed models of the endothelial junction and surface glycocalyx do not adequately
explain osmotically driven water fluxes arising from small solutes because the 7-nm spacing
of glycocalyx fibers is too wide to generate a significant osmotic pressure; the addition of a
separate transcellular pathway only for water will be necessary before these types of models
can be considered complete. The evidence supporting a distinct pathway for water flux is
clear; Effros (22) demonstrated that the fluid extracted from lung tissues during an increase
in perfusate osmolarity was essentially solute free, implying the existence of an additional,
presumably transcellular, pathway across the capillary. The recent identification of the
ubiquitous expression of aquaporin water channels in the endothelial cells of most organs
(66) and the demonstration that the movement of osmotically driven water exchange can be
inhibited by known inhibitors of aquaporins (16,23) have precisely identified the molecular
basis for solute-free water movements.
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In the present study, we developed a model of the transcapillary exchange process that
successfully reproduces data obtained from osmotic transient, multiple-tracer dilution, and
lymph sampling methods in whole hearts. The unification of the three major types of data on
solute and water exchange in whole organs is the major contribution of this work.

Model
Microcirculatory exchange (Fig. 1) consists of the coupled transcapillary exchange of fluid
(JVc) and solutes (Js), lymphatic drainage of interstitial fluid (FL), and water exchange
across the parenchymal cell membrane (JVpc). These fluxes determine changes in the fluid
volumes of interstitium (Vf,isf) and parenchymal cells (Vf,pc), perfusate velocities (u) in a
constant-volume capillary, and solute quantities of Ns different solutes in all three regions
(nc, j, nisf, j, and npc, j)

(1)

(2)

(3)

(4)

(5)

(6)

where the physiological variables are assumed to be functions of time (t) and one spatial
dimension (x). Sc and Spc are surface areas of capillaries and parenchymal cells,

respectively, and  is an effective solute concentration in the interstitium. Solute exchange
across parenchymal cell membrane is set to zero because transplasmalemmal fluxes of most
hydrophilic solutes do not occur; even glucose transport is very small (40). The following
sections expand on this foundation by providing more specific definitions of the terms used
and by relating perturbations in organ-level flows, pressures, or perfusate composition to
changes in fluid and solute fluxes at the microvascular level.

Pressure-flow relationship in vascular networks
Because capillary hydrostatic pressure cannot be measured directly in intact organs, a
relationship must be defined between this quantity and observable variables such as flow,
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arterial pressure, and venous pressure. The organ's vasculature is modeled with lumped
hydraulic resistances (Ω) to represent different portions of the vascular network, as shown in
Fig. 2A. The relationship between arterial pressure (pa), venous pressure (pv), and flow (F)
at any given time is

(7)

where Ωa, Ωc, and Ωv are arterial, capillary, and venous hydraulic resistances. Under many
experimental situations pa, pv, and F are measurable, allowing calculation of the total
vascular resistance from Eq. 7 (Fig. 2B). The relative distribution of vascular resistances for
the heart (17) and the known geometry of the coronary capillary bed can be used to estimate
Ωc and Ωv. The capillary inlet (pci) and outlet pressures (pco) are then

(8)

(9)

The fluid flow in veins is reduced by net filtration (Jv) from capillary to interstitium.
Because the maximal values of Jv, obtained during the initial phase of an osmotic transient
experiment, are <0.1 ml·min−1·g−1 compared with F of at least 2 ml·min−1·g−1, Eqs. 8 and 9
are good approximations. These pressures and flows should be understood as mean values
averaged over the cardiac cycle; cyclic flows caused by cardiac contraction have a negligible
effect on the rate of solute equilibration between perfusate and interstitial fluid (8) and occur
over a faster time scale than exchange processes. Pressures and flows also vary as hydraulic
resistance is modulated by changes in transmural pressure and neuronal, humoral, and
myogenic regulation, but detailed descriptions of these phenomena are beyond the current
scope of the model.

Cardiac tissue organization
The organ volume is taken to consist of large vessels and a symmetrical array of blood-
tissue exchange (BTEX) units composed of a capillary and surrounding tissue. The
relationships between the dimensions of the BTEX unit (see Fig. 3) and the initial anatomic
volumes (v) and surface areas for exchange (S) of the capillary, interstitial, and parenchymal
cell subregions are

(10)

(11)

(12)
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(13)

(14)

(15)

where dic and dim are distance between capillaries and distance between myocytes or
between capillaries and myocytes, respectively, and lc and rc are capillary length and radius,
respectively. The interstitium and myocardial cells are modeled as a composite of fluid and
solid phases uniformly distributed throughout the region. The solids present in cardiac tissue
are predominantly collagen (subscript col) and other matrix proteins (subscript im) in the
interstitium and myofilaments and other large protein structures in the cells. The fluid
volume and solid volumes in each region (Vf and Vs) are

(16)

(17)

(18)

(19)

(20)

where Qcol is the quantity of interstitial collagen per unit interstitial volume, Qim is the
quantity of other interstitial matrix proteins per unit interstitial volume, Qpc is the cellular
quantity of solid protein components per unit cellular volume, and ρs is the density of the
solid components.

Changes in volumes at the level of BTEX units are related to more readily observable whole
organ quantities (see Table 1). On a whole organ basis, if the volume fraction of the large
vessels is V ̇lv, the fractional volumes (V̇i, ml of i/ml of org) of the capillary (cap), interstitial
(isf), and myocyte (pc) regions are

(21)
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for i = cap, isf, or pc fluid or solid volumes. The density of the organ (ρorg) can then be
computed from

(22)

Specific volumes and surface areas (V̂, ml/g of tissue and Ŝ, cm2/g of tissue) are

(23)

(24)

for i = c or pc, and the number of capillaries per unit organ mass (N̂c) is

(25)

The total number of capillaries in the organ (Nc) remains constant as the product of N̂cap and
the initial organ weight, Wo; capillary recruitment is not considered. The weight of the organ
as a function of time [W(t)] can be found by adding the weights of each region. The weight
of the solid components and vascular regions is constant, so any observed weight change of
the organ is caused by fluid loss or gain in the interstitium or parenchymal cells

(26)

The tissue model can also be used to estimate the hydraulic resistance of the capillary bed,
assuming Poiseuille flow through the bed of parallel cylindrical capillaries

(27)

Fluid exchange
Transcapillary fluid exchange occurs through multiple parallel pathways that are treated
purely phenomenologically in this section. The volume flux through the kth pathway from
capillary to interstitium (Jvk) as a function of axial position in the capillary is given by

Kellen and Bassingthwaighte Page 6

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2011 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(28)

where Lpk is the hydraulic conductivity through the kth pathway, σj,k is the reflection
coefficient of the jth solute in the kth pathway, Πc,j and Πisf,j are the osmotic pressures of the
jth solute in capillary and interstitium, and ΠM is the osmotic pressure exerted by interstitial
matrix proteins. The total transcapillary flux (Jvc) is then the sum of the individual pathways

(29)

The osmotic pressures of the mobile solutes in each region are described empirically by the
virial expansion

(30)

where ϕn is the nth virial coefficient. This expression contains no solute-solute interaction
terms, although these interactions are implied by nonzero second and third virial
coefficients. The virial coefficients for one solute should therefore strictly be considered to
be a function of the concentrations of all other solutes. In practice, we consider only one
solute (albumin) with nonzero terms beyond the first virial coefficient, so this difficulty is
avoided.

The effective concentration (C′) is

(31)

which accounts for the exclusion of the solute from a certain fraction (γ) of the interstitial
space by the interstitial matrix fibers. This fraction is dependent on the solute radius (rj) and
fiber quantity (Qim or Qcol), radius (rf), and density (ρ) (20)

(32)

Distribution effects are neglected in the parenchymal cells, where only total cell osmolarity,
not concentrations of individual species, are modeled.

In addition to the osmotic pressure of the solutes present in plasma and interstitial fluid,
interstitial matrix components, especially hyaluronate, exhibit a significant osmotic pressure,
as evidenced by the reduction in tissue water after enzymatic digestion of this molecule (60).
The osmotic pressure of the immobile interstitial matrix components (ΠM) is given by the
empirical relationship
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(33)

where ψn is the nth matrix osmotic pressure coefficient. Similarly, the water flux across the
parenchymal cell membrane from cells to interstitium is given by

(34)

High interstitial pressures and low lymphatic outlet pressures promote drainage of the
interstitium through the lymphatics, and the presence of valves in the lymphatic vessels
prevents back flow (41,55). These facts lead to an empirical relationship between interstitial
pressure and lymph flow (FL)

(35)

(36)

where KL is lymphatic conductance. Capillary hydrostatic pressure is modeled as a linear
gradient with end points set by the whole organ pressure-flow relationship. When water
enters or leaves the capillary, changes in the perfusate flow velocity along the capillary
length alter this relationship. Net transcapillary water exchange is negligible compared with
axial convection, however, so the linear gradient remains a reasonable approximation.
Interstitial and parenchymal cell hydrostatic pressures are in general functions of the change
in volume of these regions and are modeled with an empirical formula

(37)

(38)

(39)

where En is the nth elastance coefficient. Here ΔV is defined as a fractional change in
volume compared with the initial value

(40)
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As a practical matter, terms beyond E1 are small enough that one can assume a constant
compliance, at least over a relatively small range of volume changes. With marked edema,
the interstitium may reach a yield point at which compliance rapidly increases and the linear
model is no longer appropriate.

Capillary flows are assumed to be homogeneous, so the perfusate velocity at the capillary
inlet is given by the boundary condition

(41)

Solute exchange
Solute fluxes are calculated from the nonlinear solute flux equation developed by Patlak et
al. (50). This equation correctly accounts for the coupling between convective and diffusive
flux that occurs when convection alters the quasi-steady-state concentration profile within
the membrane. The total solute flux of solute j from capillary to interstitium, Js,j, is given by
the sum of diffusive and convective transport for each path

(42)

Pej,k is the Péclet number for the jth solute traveling through the kth pathway, defined by

(43)

The boundary conditions at the capillary inlet for solute are

(44)

Pathways for transcapillary exchange
Although transcapillary exchange can be calculated if a complete set of phenomenological
coefficients is given, the number of parameters that must be specified soon becomes
unwieldy for physiologically realistic conditions. A mechanistic model of each pathway for
exchange provides a constraint that limits the values that these parameters can take. Two
pathways for solute and water exchange are modeled as cylindrical pores that permit the
passage of spherical solutes following the equations derived by Bean (12) to relate Lp, P,
and σ to pore and solute geometry

(45)
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(46)

(47)

with α = rs/rp. Values of the hydrodynamic functions F(α) and G(α) are given in Table 1 and
more completely derived in Curry's review (20). An additional pathway exclusive to water
(P = 0, σ = 1 for all solutes), representing transport across the endothelial cell plasmalemma,
is defined by a single value of Lp,endo and the flux is Jv,endo (Fig. 1).

Numerical methods
The numerical solution to the system of the partial differential equations was obtained by
discretizing the blood-tissue exchange unit in space and separating axial convection from
radial exchange (Fig. 4). The model time step was defined as the time for convection to
move the capillary fluid exactly one axial segment downstream in the absence of
transcapillary fluid exchange (6,9)

(48)

where Nc is the number of capillaries in the whole organ and Nseq is the number of axial
segments in a BTEX unit. Radial transfers among the cellular, interstitial, and capillary
regions are computed for each axial segment with a numerical ordinary differential equation
(ODE) solver, either DOPRI5, a fifth-order Runge-Kutta method with adaptive step size, or
RADAU, a stiff ODE solver (29,30). The model was developed with XSIM, a modeling
environment developed by the National Simulation Resource for Circulatory Mass Transport
(http://nsr.bioeng.washington.edu).

The accuracy of the numerical method was validated by comparing representative
simulations under different numerical conditions. The computation of the exchange step by
the Runge-Kutta method was validated by comparison to the results provided by the stiff
ODE solver RADAU; solutions computed by Runge-Kutta and RADAU were identical
within 0.1%. Increasing the number of axial segments provides tighter coupling between the
exchange and convective steps and reduces the artificial axial mixing introduced by the last
step of the algorithm (Fig. 4D). The number of axial segments needed to produce accurate
results depended on the type of data to be fit. A single-segment model was sufficient to
accurately predict lymph-to-plasma ratios, whereas osmotic transient and indicator dilution
studies required accounting for axial concentration gradients in the capillaries. However,
only relatively coarse segmentation is necessary for osmotic transient simulations; 7 axial
segments provide solutions for osmotic transients accurate to within 0.005% compared with
20 segments. Doubling the number of axial segments doubles the number of radial transfers

and halves the model time step, so computational time is approximately proportional to .
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Results
Model parameter values

Model simulations were used to predict the steady-state distribution of fluid exchange across
the capillary wall and were compared with experimental data from lymph sampling,
multiple-indicator dilution (MID), and osmotic transient experiments in whole hearts.
Parameter values were chosen to match the specific experimental conditions where possible,
but typical values (listed in Table 1) obtained from other sources were used when specific
information for a given study was not available. The transport parameters rsp, Asp/SΔr, and
Lp,endo were obtained by fitting the model to osmotic weight transient data collected in the
Ringer-perfused rabbit heart (38); rlp and Alp/SΔr were chosen to fit the CL/Cp data of Laine
and Granger (41).

Steady-state fluid exchange
Because our model conserves volume, steady-state net filtration from capillaries to
interstitium is equal to the rate of lymph formation. Despite the large pore system's relatively
low hydraulic conductivity, ∼90% of the total steady-state filtration occurs through this
system, because the low reflection coefficient of plasma proteins through the large pores
prevents the development of a capillary osmotic pressure that can counterbalance the
hydrostatic pressure difference driving filtration. In the steady state, lower capillary
hydrostatic pressures at the venous end of the exchange unit are partially balanced by
decreased interstitial fluid pressures and increased interstitial osmotic pressures exerted by
components of the interstitial matrix. Net filtration, therefore, declines toward the venous
end (Fig. 5), but it occurs at all positions in the exchange unit because lymph formation is
distributed throughout the interstitial space and interstitial fluid pressure is higher than
venous outflow pressure. The remainder of the transcapillary filtration occurs through the
small pores, while flux across the endothelial cells is near zero and varies between filtration
at upstream regions and readsorption at downstream capillary regions.

Lymph studies
Net flux of solute from capillary to interstitium must also balance the quantity drained away
by the lymphatics in steady state. The transcapillary concentration ratio approaches 1 for
solutes with high diffusive permeability compared with convective transport (low Péclet
number) and falls to 1 − σ for exchange dominated by convection, assuming that the
capillary wall acts as a single-path semipermeable barrier to exchange. This fact has been
exploited to measure the selectivity of the capillary wall, with lymph-to-plasma
concentration ratio (CL/Cp) commonly used as an approximation of capillary filtrate-to-
plasma concentration ratio.

A model prediction of CL/Cp as a function of molecular size (Fig. 6) was generated for
baseline conditions by matching fixed model parameters to the protocol of Laine and
Granger (41). However, CL/Cp values are of little use unless they are obtained at high
enough filtration rates to ensure that the limit of 1 − σ is reached or lymph formation rates
are measured simultaneously and used to correct for diffusive flux. Experimental data are
particularly lacking in the heart, because multiple venous outlets into the right ventricle limit
experimental interventions to raise venous pressure, the usual mechanism of increasing
lymph flows. Pilati (51) is the only investigator to achieve filtration rate independence for
solutes as small as albumin, but he required infusion of adenosine in addition to coronary
sinus occlusion to produce this effect. Pilati's data are well fitted by the lower limit of CL/Cp
produced by the model by both increasing the venous pressure and lowering the lymph back
pressure until approximately constant values of CL/Cp were obtained. Under normal control
conditions, model CL/Cp values are significantly higher, in rough agreement with most of
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the published observations. The series of Arturson et al. (4) shows an unrealistic flattening
out of CL/Cp vs. rp, probably because dextrans are long strands that reptate through narrow
passages head on and additional molecular length does not significantly increase their
resistance to transcapillary exchange.

The model fits can be greatly improved when model parameters, including the venous
outflow pressure and lymph conductance, can be matched to the experimental conditions.
The parameters for transcapillary exchange were optimized by comparing simulated lymph
flow, interstitial pressure, and albumin and β-lipoprotein concentrations with data taken
from Laine and Granger (41) (Fig. 7). In these experiments, the capillary filtration rate was
elevated by raising venous pressure, which in turn increased the hydrostatic driving force for
fluid filtration out of the capillaries. Under these conditions, the interstitium gained volume
until increasing mechanical forces in the tissue raised interstitial pressure to balance
capillary pressure, resulting in a new steady state at a higher filtration rate, and lowered CL/
Cp for albumin and β-lipoprotein. Model steady-state filtration rates and interstitial pressures
at given venous pressures closely matched the experimental data, although some
experimentally observed plateauing of interstitial pressures at high venous pressure is not
shown by the model because a linear approximation to the interstitial pressure-volume
relationship has been used.

Multiple-indicator dilution studies
Solute permeability in whole organs can be measured by the MID technique. In the simplest
type of MID experiment, inflow and outflow concentration time courses are measured as a
bolus containing two tracer solutes passed through an organ. One solute, for example,
albumin, is restricted to the vascular space and provides a measurement of the distribution of
transit times through the organ; the other, for example, L-glucose, is permeant and enters the
interstitial space, resulting in a lower and broader peak relative to the vascular reference.
Models ranging in complexity from the simple Crone (18) expression to physiologically
detailed models like MMID4 (9) can then be fit to extracellular tracer data to estimate a
lumped solute conductance: the permeability-surface area product, PS. However, all
previously described models assume purely diffusive solute exchange across the capillary
wall.

The L-glucose indicator dilution data of Kuikka et al. (Ref. 40,Fig. 8) was fit with a
concentration input function obtained by deconvolution of the albumin reference curve and
optimized by varying only Asp/SΔr. Under these conditions, Asp/SΔr is proportional to PS
determined from the tracer flux. The optimized value of Asp/SΔr for the data set shown in
Fig. 8 translated into a PS of 1.1 ml·s−1·g−1, identical to the value obtained in the original
paper (40) with a model specialized for tracer transient analysis (MMID4). Model
predictions were also validated against a specialized model (MMID4) for tracer exchange
kinetics (9) and found to reproduce that specialized model's concentration outflow
waveforms to within 0.01% over a range of PS values.

Extensive data, summarized in Fig. 9, show that solute permeabilities as measured by MID
are roughly proportional to free diffusion coefficients for hydrophilic solutes smaller than
inulin, although charge effects may also play a role in ion exchange. This observation
implies a lack of relative restriction among this group of solutes, so any aqueous pores must
be large compared with the solutes. Model predictions were generated for an ideal spherical
solute obeying the Stokes-Einstein equation: rs = RT/NA6πηD, where R is the gas constant
and T is absolute temperature, in water at 37°C. L-Glucose and the other solutes shown in
Fig. 9 are markedly hydrophilic and therefore are limited to the extracellular space. Note
that there is an approximately twofold increase in solute permeability for Ringer-perfused
hearts compared with blood-perfused preparations. We have used two values of Asp/SΔr, 4.5
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cm and 2.5 cm, to account for this disparity. For technical reasons, all reported CL/Cp data in
the heart have been obtained from blood-perfused preparations whereas osmotic transient
experiments have relied exclusively on the Ringer-perfused preparation. It was also
necessary to vary the small-pore radius from 9 to 5 nm in Ringer- and blood-perfused data
sets to provide good fits to all data sets. The model parameterizations for the large-pore and
endothelial transcellular pathways remain constant in all simulations.

Osmotic transient experiments
Figure 10 shows a representative fit to osmotic transient experiments in an isolated rabbit
heart. In this experiment, the interstitium has gained a large quantity of water before the
transient because of low (1 g/l) levels of albumin in the perfusate and the vascular resistance
has been reduced by perfusion with papaverine, requiring modifications in the basic
parameter set. After a step change in perfusate osmolarity using 20 mM NaCl, there is an
initial rapid loss of water from the interstitium and cells to the plasma as osmotic
equilibrium is restored. This is followed by a slower phase where the solute enters the
interstitium to partially dissipate its transcapillary concentration gradient and mechanical
elastic and secondary osmotic forces act to partially restore interstitial volume. A steady-
state interstitial-to-plasma concentration ratio is achieved when the rate of solute entry into
the interstitium is equal to the rate of removal by lymph. The time course of weight change
is substantially different for larger solutes like albumin. Because only 0.5 mM albumin was
used, the initial rate of weight loss is less than for NaCl, despite albumin's higher reflection
coefficient. However, the duration of the weight transient is longer because transcapillary
concentration gradients persist as the test solute penetrates the interstitium only very slowly.

Discussion
The model presented here has a number of features that allow it to realistically simulate fluid
and solute exchange under a variety of experimental conditions. The most significant
advances are the use of an axially distributed blood-tissue exchange (BTEX) region,
inclusion of a lymphatic drain in the interstitium, and the independent computation of
transcapillary solute and solvent fluxes through three different pathways.

Geometry of the BTEX region
Accurate simulations of osmotic transient and MID data can only be achieved by an axially
distributed BTEX region. Our results show that compartmental models, which by definition
impose a uniform capillary solute concentration, always underestimate σ during an osmotic
transient experiment because the influx of solute-free water into upstream capillary regions
dilutes solute in downstream regions (38). Well-mixed compartments, even in interstitial and
parenchymal regions, are also inadequate for analyzing indicator dilution curves because
they imply an infinite diffusion coefficient. Coupling a compartmental interstitium to an
axially distributed capillary model would lead to solute leaving upstream regions of the
capillary on one model time step and then reentering downstream regions ahead of the
convective front on the next time step, preventing an accurate reproduction of the
postcapillary concentration waveform.

In the long and narrow BTEX regions of cardiac tissue, radial exchange and axial
convection in capillaries are rapid compared with axial transport times in interstitium and
neglecting axial diffusive and convective fluxes is an appropriate approximation. The
intracapillary transient time (∼0.75 s) and the radial diffusive relaxation times are both
several orders of magnitude faster than the axial diffusive relaxation time. The radial
diffusional relaxation time for albumin, with an estimated interstitial diffusion coefficient of
1 × 10−7 cm2/s, or 10% of its value in free solution (5) based on a capillary-to-myocyte
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spacing of 2 μm, is ∼0.2 s for mixing in the region adjacent to the capillary and ∼3.2 s for
complete radial interstitial relaxation with a half-intercapillary distance of 8 μm. The axial
diffusive relaxation time in a 639-μm BTEX region would be almost 6 h. Axial gradients in
the interstitium and cellular regions are therefore modest. Three-dimensional convective and
diffusive fluxes of water and solutes in the interstitium have been modeled by Taylor et al.
(62) and Levick (43), but application of these models in practical settings has been limited
because measurements of interstitial hydraulic resistances, diffusion coefficients, and
sieving coefficients are technically difficult to obtain.

The use of uniform hexagonal Krogh cylinders to describe BTEX geometry is reasonable in
cardiac tissue. The approach assumes that solute entry into adjacent capillaries is
synchronous and perfusate velocities are the same so that there is no net exchange among
adjacent units. Although it is known that staggering of parallel capillaries and cross-
connections between adjacent capillaries increases transport efficiency beyond that predicted
by the Krogh model (13,36), these anatomic features are most relevant for highly diffusible
flow-limited solutes like O2 and CO2, which are not coupled to fluid exchange. We also
assume that transport properties remain uniform along the length of the capillary and that all
exchange occurs in a well-defined bed of parallel capillaries. In reality, there is no clear-cut
distinct division between exchange and transport vessels; the venular ends of capillaries may
have higher permeabilities in some vascular beds (68). However, an alternative form of the
model in which the large pores were localized to the downstream end of the capillary
segment did not substantially affect the model fits to data presented in this paper.

Flow varies among exchange units in a whole organ, and flow heterogeneity within a
vascular bed can influence transport, particularly for highly diffusible solutes like water, O2,
and CO2 (13,39). Heterogeneity effects have been successfully modeled by splitting the
capillary flow among a number of parallel pathways. For the data set given in Fig. 8, a
multicapillary tracer model gave an estimated PS 21% greater than the value obtained by
neglecting flow heterogeneity (40). We have ignored flow heterogeneity because the time
course of bulk fluid and hydrophilic solute exchange is much slower than tracer water and
gas exchange, so the dispersion introduced by flow heterogeneity is less important for
osmotic transient and lymph studies. Seale and Harris (57) found that estimated parameter
values varied by < 10% between homogeneous and heterogeneous flow models in
experiments on osmotically driven water exchange in the lung.

Lymph formation
Inclusion of a lymphatic drain is necessary to achieve the correct steady-state distribution of
material across the capillary wall. A model by Grabowski and Bassingthwaighte (27) that
neglected the role of the lymphatics had a steady state with no net fluid flux across the
capillary wall. Consequently, all solutes eventually diffused to a uniform concentration in
plasma and interstitial fluid, a model prediction incompatible with observed lymph-to-
plasma concentration ratios. This assumption also led the authors to incorrectly predict that
the mechanical elasticity of the tissue would eventually force the interstitium to return to its
original volume after a plasma osmolarity change, because it forced their model to a unique
interstitial equilibrium volume independent of plasma osmolarity. However, our model
shows that an increased plasma osmolarity leads to a new steady state at a lower Jv, Visf, and
pisf after the transient transcapillary concentration difference dissipates.

The simple empirical model of lymph formation represented by Eqs. 35 and 36
approximates complex three-dimensional flows of water and solutes from interstitium to
terminal lymphatics by a distributed consumption of interstitial fluid driven by a single
hydrostatic pressure difference across a uniform lumped hydraulic resistance. The actual
mechanism of lymph formation is more complex and most likely depends on rhythmic tissue
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motion to fill terminal lymphatics through gaps free of junction strands between lymphatic
endothelial cells, which act as one-way valves (55). Because lymphatic endothelial cells lack
the surface glycocalyx and tight junction strand proteins that could lead to restriction of
solutes and development of an osmotic pressure difference, our empirical formulation is
consistent with this mechanism on time scales that are long compared with the heart rate.
The approach presumes that myocardial contractility and heart rate remain constant over the
course of a simulation, because it is well established that cyclic muscular contraction
augments lymph flow, which would change the effective KL. Accounting for the
relationships among fluid gain, myocardial force development, and lymph formation is
beyond the scope of this study.

Large solutes are excluded from an appreciable fraction of the interstitial volume by
components of the interstitial matrix, which raises their activity in the remainder of the
solution. The extravascular volume available to albumin, for example, has been estimated at
∼62% of interstitial fluid in cardiac tissue (60), less than our prediction of γ = 0.78 from Eq.
32, probably because negative charges on both albumin and matrix proteins cause a greater
exclusion than would be expected based on size alone. Solute-free interstitial water is likely
closely associated with components of the interstitial matrix, whereas lymph is likely
composed primarily of more free-flowing fluid. Therefore, true capillary filtrate
concentrations rather than bulk interstitial concentrations were used to estimate lymph
concentrations in the model.

Multiple-pathway models for transcapillary exchange
Our modeling suggests that the interplay among different pathways across the capillary wall
is at least as important to understanding the transcapillary exchange processes as a detailed
understanding of the mechanics of exchange through each pathway. Understanding how the
proportions of Jv among the pathways change during an intervention is necessary to properly
interpret experimental data and is particularly important during osmotic weight transient
studies because the equivalent single-path phenomenological model is dependent on the
relative magnitudes of Jv in each pathway (53) and this quantity changes over the course of
the experiment.

Unlike osmotic transient experiments, measurements of σ based on CL/Cp are typically
obtained by proportionally increasing Jv through all pathways by hydrostatic pressure
changes. Because increases in capillary hydrostatic pressure would cause increased fluid
filtration and convective solute exchange through even the largest pores, a lower estimate of
σ will be obtained by lymph analysis than osmotic transient methods if a multipath model is
not used. There is some evidence of higher reflection coefficients for large solutes measured
with the osmotic transient technique compared with CL/Cp analysis; σalbumin was only 0.59
by Pilati's (51) measurement of filtration rate-independent CL/Cp. However, a more careful
comparison of the two techniques in the same experimental system is needed to make
definite conclusions.

Morphological basis for transcapillary pathways
Osmotic transient, lymphatic, and indicator dilution data sets are all consistent with a three-
pathway description of capillary wall morphology. The small-pore pathway likely
corresponds to the periendothelial cleft. We have used the simple classic small- and large-
pore approach in this paper for simplicity, which places the steric hindrance at the cleft
walls. Although straight-walled cylindrical pores are only a crude approximation of capillary
wall morphology, the areas and radii used in simplified pore theories provide a rough
correspondence to observable anatomy. Our model requires a small-pore radius of ∼9 nm to
provide some restriction to solutes the size of albumin (σ = 0.45 for this path) but at the

Kellen and Bassingthwaighte Page 15

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2011 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



same time allow significant penetration of albumin into the interstitium by ∼ 15 min into an
osmotic transient. This estimate of small-pore width is larger than that obtained by other
investigators using osmotic transient methods (14,27,49), but the fits to a complete albumin
transient have never been reported and good fits to the initial slopes of the transients can be
obtained with smaller pore sizes. Steady-state lymph-to-plasma concentration ratios,
performed under blood perfusion, suggest a more restrictive 5-nm-radius pore. The fact that
small-solute permeabilities vary by over a factor of 2 between blood- and Ringer-perfused
preparations suggests that this is likely a consequence of real differences in capillary
function between the preparations.

Detailed three-dimensional models of the capillary glycocalyx and cleft junction provide a
more complete description of pericellular transport (34) but do not eliminate the need for
multiple pathways. With fibers of 0.6-nm radius spaced ∼7 nm apart, these models suggest
that the capillary glycocalyx could provide restriction to solutes the size of albumin, but a
transcellular pathway for water alone is still necessary to explain the large transient fluxes of
solute-free water that leave the tissue in response to an acute increase in small-solute plasma
concentration. Tracer labeling of the interendothelial clefts (25), observations of the
endothelial junction morphology (2,15), and increases in capillary permeability following
pronase digestion of glycocalyx (1,35) provide support for this view. Thinning of the
glycocalyx under Ringer perfusion would also be interpreted as an increase in apparent
small-pore area and radius.

A large, nonselective pore provides a transcapillary passage for even very large solutes, but
its exact nature remains open to debate (46,53). Large pores could occur as junctions
between three endothelial cells, vesicular transport, transport through fused vesicles, or
infrequent gaps or thinning of the capillary glycocalyx. These are probably more frequent
toward the venous end of capillaries as shown by the preferential escape of water-soluble
dyes from the venous end of the microcirculation (68). However, an alternate form of our
model in which the large pores were localized to the last axial segment of the BTEX unit
gave model fits nearly identical to the distributed form. Developing a detailed mechanistic
model of large-pore structure is relatively unimportant, because these pores are large even
compared with macromolecules.

The pathway exclusive to water exchange is likely through the endothelial plasmalemma,
and the pathway is at least partly mediated by the aquaporin-1 water channels present on
cardiac endothelial cells (32,66). Recent experiments have shown that mercurials, known
inhibitors of aquaporin-1, inhibit osmotically induced water exchange across the renal vasa
recta and pulmonary capillaries (16,23,47). The effect is most evident for small solutes like
NaCl and sucrose, likely because small solutes exert significant osmotic pressure across only
the water-exclusive aquaporin channels. Larger solutes like albumin induce fluid movements
even in the presence of aquaporin-blocking agents because they have a significant reflection
coefficient for paracellular exchange. These results are qualitatively consistent with our
three-pathway description of transcapillary fluid exchange, but quantitative comparisons of
model and experiment are problematic because the toxicity of mercury makes well-
controlled experiments under physiological normal conditions difficult.

In conclusion, the biggest barrier to large-scale physiological model development is the
scarcity of readily available high-quality data obtained under precisely defined experimental
conditions. As models grow more complex and require multiple experimental methodologies
for validation, systematic databasing will be needed to provide fuel for development.
However, once developed, a model becomes a powerful tool for uniting disparate
observations into a common theoretical framework.
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The key contribution of the model we have presented is its ability to integrate several
distinct sets of experimental data into a single self-consistent theoretical framework.
Detailed models of tracer kinetics in whole organs are already in widespread use for the
analysis of tracer-transient data. These models are computationally faster and a better choice
for the practical analysis of MID experiments because they include phenomena that are
ignored by our model such as flow heterogeneity and the uptake and metabolism of
substrates by cells. However, a fundamental assumption made by these types of models is
that bulk fluid exchange is negligible, which clearly precludes their application to osmotic
transient and lymph sampling techniques. Likewise, the steady-state sampling of lymph fluid
does not require an elaborate kinetic model; current analysis techniques are adequate to
explain most observations. However, analysis methods based on a steady-state assumption
are fundamentally unsuited for application to understanding transient kinetic behaviors. It is
in the osmotic transient experiment, in which a severe perturbation to the system causes
large and transient bulk fluid flows, that the model presented in this paper has its greatest
utility. The analysis of osmotic transient data sets, resulting in the estimation of parameters
used in this paper, is the subject of the companion paper (38).
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Fig. 1.
Mass transport in a blood-tissue exchange unit: axial flow through the capillary (F),
transcapillary fluid flux (through 3 paths, Jv,k, calculated in Eq. 28) and solute flux (Js,
calculated in Eq. 42) through large (lp)- and small-pore (sp) pathways, fluid flux only across
endothelial cells (Jv endo) and into parenchymal cells (Jv,pc, calculated in Eq. 34), and
drainage of interstitial fluid by the lymphatics (FL, calculated in Eq. 35).
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Fig. 2.
A: flow through a vascular network modeled as flow through 3 lumped resistances
corresponding to arteries, capillaries, and veins. Electrical analog circuit is shown at top. B:
at very low flows the observed pressure-flow relationship may deviate from linearity
because of changing vascular volumes, but the slope is constant in the normal physiological
range, even if the venous pressure (pv,effective) does not match the actual zero-flow pressure
(pv,actual). Pa, Pv, arterial and venous permeabilities; Ωa, Ωc, Ωv, arterial, capillary, and
venous vascular resistances.
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Fig. 3.
Cardiac tissue geometry is modeled with a hexagonal array of Krogh cylinders, with 1
capillary per blood-tissue exchange (BTEX) unit. Intercapillary distance dic = 19 μm,
capillary radius rc = 2.5 μm, intermyocyte spacing dim = 1.8 μm, and capillary length lc =
639 μm.
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Fig. 4.
Outline of steps for numerical computation of model solutions at Nseg axial segments in
capillary and interstitium. The cellular region is segmented in the same manner as the
interstitial region, but is omitted from the figures for clarity. A: regions are initially divided
into Nseg axial segments of equal volume. B: axial convection occurs with a time step chosen
to match the time needed for fluid to move exactly 1 segment downstream. At each time
step, the first capillary segment is filled with inflowing fluid (Vin), and the other segments
are each displaced by one to the right, and the end segment slides to the outflow (Vout). C:
radial fluid and solute exchange occurs among regions. Because the capillary is modeled as
a constant volume, net volume influx into the capillary segments causes axial expansion,
whereas net volume efflux from capillary to ISF causes axial shrinkage. D: the final
operation with the time step is to recalculate the contents of the expanded or shrunken
volumes associated with each capillary segment to match the contents to the original spatial
grid; Vout is the outflow from the BTEX region during this time step.
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Fig. 5.
Steady-state volume flux (Jv) across the capillary wall for each pathway as a function of
axial position within the BTEX unit.
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Fig. 6.
Steady-state lymph-to-plasma concentration ratio (CL/Cp) values predicted by the model for
control conditions (thin line) and at filtration rate independence (thick line) compared with a
compilation of experimental data in mammalian cardiac tissue. Parameter values are from
Table 1. P, σ, and γ are functions of molecular size and diffusion coefficient given by Eq.
32, 46, and 47; D was assumed proportional to 1/rs. Pilati's data are the most definitive; the
other data were acquired and partially flow-limited conditions.
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Fig. 7.
Simulated effect of changes in venous pressure (solid lines) at constant flow on the steady-
state transcapillary filtration rate (Jv, top), interstitial pressure (pisf, middle), and CL/Cp
(bottom) compared with data from dog heart (41).
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Fig. 8.
Model fit to multiple-indicator dilution data (data set 13078-1, Ref. 40). Data are normalized
to give the transport function for passage through a BTEX unit [h(t)]. Model parameters
taken from the paper are F = 1.7 ml·min−1·g−1, V ̂c = 0.035 ml/g, and V̂isf = 0.28 ml/g.
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Fig. 9.
Comparison of model permeability predictions for blood-perfused (thin line) and Ringer-
perfused (thick line) preparations to experimental results from multiple-indicator dilution
studies in mammalian cardiac tissue. Experimentally measured values of permeability-
surface area product (PS) were converted to pure permeabilities by assuming a capillary
surface area of 500 cm2/g for comparison to values calculated by the model. Data sets taken
from Ringer-perfused hearts are indicated by filled symbols and references marked with *.
D, free diffusion coefficient.
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Fig. 10.
Model fit to osmotic transient data (38). The basic parameter set was adjusted by increasing
dim to 3 μm and decreasing collagen and interstitial matrix quantities (Qcol and Qim) to 0.021
and 5.4 × 10−4 g/ml, respectively, to account for edema present in the experimental
preparation. Flow was 13 ml/min, pa was 24 mmHg, pisf was 5.45 mmHg, and Ωa was 1.33
mmHg·min·ml−1. A: fit of model (solid line) to organ weight data with 20 mM NaCl as the
osmotic agent. B: fit to transient in the same heart with 0.5 mM albumin as the osmotic
agent. (The small sharp rise in weight at time = 4 min is due to the increased viscosity of the
albumin-containing solution.)
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Table 1
Terminology and parameter values

Symbol Definition Values Units

Asp/Sc Small-pore fractional area 2.25 × 10−5 (Ringer perfused); 1.05 × 10−5 (blood
perfused)

Dimensionless

Aip/Sc Large-pore fractional area 2.5 × 10−7 Dimensionless

C Concentration
 (perfusate)

mM

dic Distance between capillaries dic = 18 (9) μm

dim Distance between myocytes or between
capillaries and myocytes

dim = 1.8 (estimated from Ref. 26) μm

Dj Free diffusion coefficient of jth solute (at 37°C) DNaCl = 2.0 × 10−5 (67); Dsuc = 7.0 × 10−6 (67); Dalb =
9.1 × 10−7 (61)

cm2/s

En nth Elastance coefficient (interstitium, cell) E1 = 15 mmHg (5); E2 = 0, E3 = 0 Variable

F Flow through organ 28.8 ml/min

F ̂ Specific flow through organ 4.8 ml · min−1 · g−1

FL Flow through lymphatics 0.22 (steady state) ml/min

F(α) Fractional reduction of D inside pore F (α) = 1 − 2.104α + 2.089α3 + … (20) Dimensionless

G(α) Ratio of solute velocity to solvent velocity on
the pore axis

G(α) = 1 − 0.667α2 − 0.1628α5 (20) Dimensionless

ISF or isf Interstitial fluid

JS,j Total net transcapillary solute flux of jth solute 0–1.6 × 10−9 mol · s−1 · cm−2

JV,k Transcapillary volume flux through kth path 0–1 × 10−7 cm/s

JV,endo Transendothelial volume flux of pure water

JV,pc Volume flux across parenchymal cell
membrane

0 (steady state) cm/s

JL,s Mass loss through lymphatics 3.2 × 10−5 (steady state) mol/s

KL Lymphatic conductance 1 × 10−4 (41) ml · s−1 · mmHg−1 ·
g−1

lc Capillary length 639 (11) μm

Lp,sp Small-pore hydraulic conductivity 1.3 × 10−8 (blood perfused); 8.8 × 10−8 (Ringer
perfused)

cm · s−1 · mmHg−1

Lp,lp Large-pore hydraulic conductivity 6.8 × 10−9 cm · s−1 · mmHg−1

Lp,endo Transendothelial cell hydraulic conductivity 1.4 × 10−8 cm · s−1 · mmHg−1

Lp,pc Hydraulic conductivity across parenchymal cell
membrane

1 × 10−9 cm · s−1 · mmHg−1

n Quantity of solute 0–0.014 mol

Nc Number of capillaries in whole organ 2.8 × 107 Dimensionless

N̂c Capillary density 4.6 × 106 g−1

Nseg Number of axial segments in BTEX unit 7 Dimensionless

p Pressure (arterial, capillary inlet, capillary
outlet, venous, interstitial, lymphatic)

pa = 87; pci = 16.9; pco = 13.3; pv = 7; pist = 13 (at steady
state); pL = pv

mmHg

Pj Permeability of jth solute (blood perfused or
Ringer perfused)

PNaCl = 3.5 × 10−5 or 8.1 × 10−5; Psuc = 1.0 × 10−5 or 2.6
× 10−5; Palb = 3.5 × 10−7 or 4.3 × 10−7

cm/s

Pe Péclet number 0–2 Dimensionless
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Symbol Definition Values Units

Q Quantity (interstitial matrix, collagen,
parenchymal cell)

Qim = 0.05 (5); Qcol = 0.0013 (5); Qpc = 0.32 g/ml

rc Capillary radius 2.5 (9) μm

rf Fiber radius (interstitial matrix, collagen) rf,im = 0.3; rf,col = 4 nm

rsp Small-pore radius 9.0 (Ringer perfused); 5.0 (blood perfused) nm

rlp Large-pore radius 23.5 nm

rs Solute radius rNaCl = 0.22; ralbumin = 3.6; rsucrose = 0.45 nm

Δr Capillary wall thickness 0.5 μm

R Gas constant 8.314 J · mol−1 · K−1

S Surface area per BTEX unit (capillary,
parenchymal cell)

Sc = 1.00 × 104; Spc = 3.67 × 104 μm2

Ŝ Specific surface area (capillary, parenchymal
cell)

Ŝc = 487; Ŝpc = 1,780 cm2/g

t Time Independent variable s

T Absolute temperature 310 °K

u Perfusate velocity in capillary 0.075 cm/s

v Anatomic volume (BTEX unit, capillary,
interstitial, parenchymal cell)

vbtex = 1.77 × 105; vc = 1.25 × 104; visf 4.44 × 104; vpc =
1.20 × 105

μm3

Vf Fluid volume (capillary, interstitial,
parenchymal cell)

Vf,c = 1.25 × 104; Vf,isf = 4.30 × 104; Vf,pc = 9.06 × 104 μm3

Vs Solid volume (capillary, interstitial,
parenchymal cell)

Vs,c = 0; Vs,isf = 1.78 × 103; Vs.pc = 2.99 × 104 μm3

V ̑ Whole organ volume fraction (large vessels,
capillaries, interstitium, parenchymal cells)

V ̑lv = 0.085; V̑c = 0.064; V̑f, isf = 0.226; V̑f, pc = 0.462;
V ̑s, isf = 0.009; V̑s, pc = 0.154

Dimensionless

V ̂ Specific volume (large vessels, capillaries,
interstitium, parenchymal cells)

V ̂lv = 0.080 (26); V̂c = 0.060 (26); V̂f, isf = 0.213 (26);
V ̂f, pc = 0.436 (26); V̂s, isf = 0.008 (26); V̂s, pc = 0.146
(26)

ml/g

W Organ weight Wo = 6 g

x Axial coordinate along capillary length Independent variable cm

α Ratio of solute radius to pore radius 0–1 Dimensionless

γ Fractional volume of distribution in interstitium
(of a solute)

γNaCl = 0.99; γsuc = 0.99; γalb = 0.78 Dimensionless

η Perfusate viscosity (at 37°C) 0.007 g · cm−1 · s−1

Π Osmotic pressure 0–5,400 mmHg

ρ Density (solid, fluid, organ) ρs = 1.33 (7); ρf = 1.01 (67); ρorg = 1.06 (7) g/ml

σ Reflection coefficient of jth solute through
small pore (blood perfused or Ringer perfused),
large pore, endothelial cell

NaCl: σsp = 0.01 or 0.00; σlp = 0.0; σec = 1.0; sucrose:
σsp = 0.03 or 0.01; σlp = 0.0; σec = 1.0; albumin: σsp =
0.89 or 0.44; σlp = 0.07; σec = 1.0

Dimensionless

ϕ n nth Virial coefficient NaCl: ϕ1 = 1.87; ϕ2 = 0; ϕ3 = 0 (67); sucrose: ϕ1 = 1.0;
ϕ2 = 0; ϕ3 = 0 (67); albumin: ϕ1 = 0.92; ϕ2 = 0.48; ϕ3 =
0.30 (43)

Variable

ψ Matrix osmotic pressure coefficients ψ1 = 13.5; ψ2 = 2,320; ψ3 = 1.54 × 105 (58) Variable

Ω Vascular resistance (arterial, capillary, venous,
total)

Ωa = 2.43; Ωc = 0.12; Ωv = 0.22; Ωtot = 2.77 (59) mmHg · min · ml−1

Numbers in parenthesis indicate references.
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